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Once their behavior is understood, soap films become a powerful tool for the study of sur
face and colloidal phenomena. This is because their geometry is well defined, their mono- 
layer structure is relatively simple, and their behavior is easily observed. The formation 
and evolution of relatively thick films are controlled by ordinary hydrodynamics, without 
any indication of the existence of rigidified aqueous layers near the surface. Thinner 
films show the effect of both double-layer repulsion and van der Waals attractions. These 
forces balance at a thickness of the order of 100 A. Some problems in the interpretation 
of recent measurements of these equilibrium thicknesses and some approaches leading 
to further information about these forces are discussed. Under certain conditions the films 
thin even further to about 45 A. This is a thermodynamically stable state, which, though 
first observed by Newton, is still far from understood.

Soap films—the gossamer sheets which form a child’s 
soap bubble, the pleasurable head on beer, or the dis
tressing overflowing foam of the production vessel— 
have a respectable scientific history since the days when 
Robert Hooke2 first called the attention of the Royal 
Society and of Newton to the optical phenomena which 
they exhibit. They have assisted in the development 
of the theory of optics, 3 of capillary forces, 4'6 and of 
minimal area problems6; they have served as delicate 
tools for detecting the magnetism of gases7 and as 
analog computers in solving differential equations with 
complicated boundary conditions .8 Today soap films 
serve science again in the elucidation of a number of 
problems in surface and colloid chemistry such as those

of phase transitions in monolayers, of the structure of 
solvent in the neighbornood of a surface, of Gibbs film 
elasticity, of the magnitude of the double-layer re
pulsion, of the law of van der Waals attraction at.

(1) Based on the Kendall Award Lecture presented a t the 148th 
National Meeting of the American Chemical Society, Philadelphia, Pa., 
April, 1064. I t  reviews our work on films of ionic surfactants, which 
began under a 1-year grant from the American Chemical Society 
Petroleum Research Fund, was supported for several years by the 
Air Force Office of Scientific Research, and now continues with sup
port from the National Science Foundation.
(2) R. Hooke, Communication to the Royal Society, March 28, 1672; 
T. Birch, “ History of the Royal Society,” Vol. I l l ,  A. Millard, 
London, 1757, p. 29.
(3) I. Newton, “ Opticks,” Book I, P a rt 2, expt. 4; Book II, P a rt 1,
obs. 17-21, London, 1704.
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medium range, and of factors governing specific ionic 
interactions.

E xperim enta l Background. Just as the classical 
applications of soap films required the development 
of appropriate new techniques—since Newton first 
put a soap bubble under a bell jar to protect it from air 
currents and excessive evaporation3—so the recent 
developments have required new experimental ap
proaches to produce the desired quantitative data. 
In addition, a new look was needed a t the basic mech
anisms by which a soap film is formed initially as a 
rather thick sheet of the order of 1 n and then thins 
more or less gradually to an equilibrium structure 
whose thickness may be somewhat less than 50 A . 4 5 6 7 8 9

The basic condition for observing soap films over any 
length of time is tha t evaporation be absent so tha t 
closed vessels and good therm ostats or minute circular 
films completely surrounded by a meniscus10 11 are used. 
P lateau’s4,11 expedient of adding a hygroscopic agent, 
glycerine, to prevent bursting by evaporation has the 
basic disadvantage tha t the composition of the film 
changes all the time so tha t its behavior becomes much 
more complicated.

Soap films are almost always observed in reflected 
light so tha t the interference of the beams reflected by 
their front and rear surfaces produces colors or varia
tions of intensity by which film thickness can be esti
mated and the motion of patches of different, thick
nesses observed. The direct and reflected beams may 
be either separate or combined by means of a semi
transparent mirror.

Visual observations are easiest when the films are 
large and flat. For this reason most of our work in
volved films several centimeters on a side or in diameter. 
Vertical films such as shown in Fig. 1 are most easily 
produced by submerging a rectangular frame in a solu
tion and then withdrawing it partially. Horizontal 
films such as shown in Fig. 2 and 3 can be supported 
by the top of a funnel with a narrowed mouth. Very 
slight curvatures may then be produced by slight 
changes of air pressure inside the funnel.

Phase T ransitions and F ilm  E lastic ity . There is 
a striking difference between two types of films. One, 
the mobile film, thins in minutes, shows turbulent 
motions along the edges, and has a horizontal layering 
of interference colors. The other, the rigid film, thins 
in hours, shows little motion, and has a generally ir
regular arrangement, of colors. Most ionic surfactant 
solutions give mobile films. Rigid films are formed 
by a few combinations of surfactants capable of giving 
rigid monolayers12 by tight packing of adsorbed mole
cules, 13 the two-dimensional equivalent of solid bodies. 
The transition between the two—the “melting” of

Figure 1. A rigid film (left) changes largely to  a mobile 
one (right) as the to tal surface is rapidly expanded.
Note th a t most fringes have become horizontal 
and th a t a remaining rigid area has risen to  the 
top of the film. Film height is about 3 cm.

the rigid film—can be effected by a slight change of 
tem perature14 15 and also by an isothermal change in the 
surface area available per molecule as we found a few 
years ago with Dr. J. Skewis. The apparatus used 
was the same as devised for measuring Gibbs film 
elasticity . 16 A rectangular frame is rapidly raised 
from the solution or lowered into it. Both frames 
operate within a square bottle, 5 X 5  cm. As the 
total area of the solution is quite small, this motion 
of the second frame produces large percentage changes 
in the area available per adsorbed molecule before sur-

(4) J. Plateau, “Statique Experimentale et Théorique des Liquides 
Soumis aux Seulles Forces Moléculaires,” Gauthier-Villars, Paris, 
1873.
(5) J. W. Gibbs, Trans. Connecticut Acad., 3, 108, 343 (1876-8); 
“Collected W orks,” Vol. I, Longmans Green, New York, N. Y., 1928, 
1931: (a) p. 300; (b) pp. 301-3C3; (c) p. 309.
(6) R. C ourant and H. Robbins, “ W hat is M athem atics?” Oxford 
University Press, New York, N. Y., 1941.
(7) M. Faraday, Phil. Trans. Roy. Soc. London , 141, 7 (1851).
(8) L. Prandtl, P hysik . Z ., 4, 758 (1903); B. Johnston, Civil Eng. 
(N. Y.), 5, 698 (1935).
(9) K. J. Mysels, K. Shinoda, and S. Frankel, “ Soap Films—Studies 
of Their Thinning,” Pergamon Press, New York, N. Y., 1959: (a) 
Chapter I I I ;  (b) p. 34-38, 85-88, pi. I I ;  (c) p. 20-24; (d) p. 38-40; 
(e) p. 36; (f) p. 58-60; (g) p. 74-76; (h) Chapter V; (i) p. 69-71.
(10) A. Scheludko and D. Exerowa, Kolloid-Z ., 155, 39 (1957).
(11) C. V. Boys, “ Soap Bubbles and the Forces Which Mould 
Them ,” Society for Promoting Christian Knowledge, London, 1890, 
1912, and recent reprints, Appendix.
(12) J. Ross and M. B. Epstein, J . Phys. Chem., 62, 533 (1958).
(13) A. Wilson, M. B. Epstein, and J. Ross, J . Colloid Sei., 12, 345 
(1957).
(14) M. B. Epstein, J. Ross, and C. W. Jakob, ibid., 9 , 50 (1954); 
M. B. Epstein, A. Wilson, C. W. Jakob, L. E . Conroy, and J. Ross, 
J . Phys. Chem., 58, 860 (1954).
(15) K. J. Mysels, M. C. Cox, and J. D. Skewis, ibid., 65, 1107
(1961).
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Figure 2. Marginal regeneration in an almost horizontal 
mobile film. Similarly oriented arrows indicate the 
same regions of the film in two successive stages which show 
the motion of thicker regions towards the border and th a t of the 
thinner ones away from it. The rim of the supporting funnel 
is a t the bottom. The area shown is about 6 mm. across.

Figure 3. An almost horizontal mobile film. The round 
feature near the bottom  edge is a droplet of solution some 4 
mm. in diameter. The whole thick patch indicated by arrows 
on the left nas been sucked in by the border of the drop as 
shown on the right. Note also the growth of the black film and the 
formation of thicker film areas by the displaced liquid.

face equilibrium is re-established. Hence the surface 
(or parts of it) loses its rigidity when the auxiliary frame 
is drawn out and becomes rigid again as it is lowered. 
Figure 1 shows selected frames from a color movie16 

recording the process.
The expansion and contraction of the area of the 

observed film as the auxiliary frame oscillates up and 
down can be evaluated from a photographic record. 
The corresponding variation of surface tension of the 
system can be recorded simultaneously. This gives15 

the two quantities needed to calculate the film elastic
ity E  as defined by Gibbs.5b

E  = 2 d<r/d In s (1)

where a is the surface tension, and s the area of the film.
Gibbs5b has also shown th a t in a two-component 

system this elasticity should be given by

E  =  4r2(dM/d G) (2)

where T is the surface density of the solute, ¡j. its chem
ical potential, and G its total amount present per unit 
film surface. Verification of this relation requires 
experiments on rigorously purified systems since the 
presence of enough contaminant to form a fraction of 
a monolayer is enough to completely vitiate the results. 
We are now developing techniques17 for working with 
pure surfaces, and as these are perfected it should 
become possible to test eq. 2  and perhaps use soap 
films to measure Y and d,u.

T h inn ing  M echanism s. Rigid films thin primarily 
by the gravitational outflow of the solution from be
tween the two immobile surface layers, and this seems 
to obey the simple laws of hydrodynamics.9“ As the 
constraining surfaces are so near each other, the ordi
nary viscosity of water reduces the rate of outflow to 
the point where it takes hours for the film to thin.

In mobile films the situation is more complex. Their 
rapid thinning involves the relative motion of whole 
patches of film, the two surfaces and the intralamellar 
solution moving together over easily visible areas and 
shearing against adjacent patches of the film. This 
motion is due to two different causes. The first is 
gravit,y5c'9b which causes the thinner (and therefore 
lighter) areas to move upwards replacing the ones 
th a t are thicker (and therefore heavier), thus leading 
to the horizontal stratification of colors. The other is 
the effect of the capillary suction a t the border where 
there must always be a curved meniscus (the so-called 
Plateau border) through which the excess liquid 
flows down to the level of the bulk solution . 911 This 
suction exerts a greater force upon a thick film than 
upon a thin film, thus causing the thick film to be pulled 
into the border while thin film is simultaneously pulled 
out of the border to replace the lost area of the film. 
This “marginal regeneration” mechanism90 is best 
observed in almost horizontal films where the effects 
of gravity are minimized.9e Figures 2 and 3 show the 
reality of marginal regeneration by stills from two color 
movies of such films. Whereas the details of the 
pulling-in process are difficult to analyze theoretically9* 
and have not yet been isolated experimentally, the 
pulling-out has been studied further as we shall see 
shortly.

(16) First shown a t the 196 ) Colloid Symposium a t Lehigh Uni
versity .
(17) P. Elworthy and K. J. Mysels, to be published.
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As the film becomes thinner it reaches a point where 
it appears black because of the disappearance (or more 
exactly great reduction) of the reflected light as the 
two surfaces come close together. This low intensity 
of the reflected beam can still be measured plioto- 
electrically and gives a sensitive measure of film thick
ness. To the naked eye, however, the film is invisible. 
This illusion is heightened by the sharp and abrupt 
transition between the uniformity of this black film 
and the colorful and smooth variations of the neigh
boring thicker film. Perrin likened it to the clean 
cut produced with a punch . 18 However, recent careful 
observations by Miss M cEntee19 have shown tha t a 
transition region can sometimes be seen in horizontal 
films. This boundary is frequently the site of a third 
thinning mechanism as the area of black film grows 
spontaneously a t the expense of the thicker film. 
The film disproportionates, and the excess liquid, 
originally present in the area whose thickness decreases, 
is forced into a thicker welt which gradually grows in 
thickness and in area and then flows to a lower level 
by gravity (Fig. 3).9g

van der W aals Forces. The forces causing the growth 
of the black film must be van der Waals attractions 
between molecules, as has been emphasized by Over- 
beek . 20 Here these forces are exerted over distances 
of the order of the film thickness, i.e., some hundreds 
of angstroms. This is a range in which these forces 
cannot be studied directly by most other techniques, 
yet it is also the range of significance in the interaction 
of colloidal particles.

Furthermore this intermediate range is of more 
general interest because it includes the transition 
region in which the distance dependence of van der 
Waals forces—or, more specifically, London dispersion 
forces—changes from the inverse seventh to the in
verse eighth power. Hence, quantitative measure
ments in this domain would provide a severe test of the 
theories which have predicted correctly the short range 
as well as the retarded, long range behavior but do 
also specify21 the still untested details of the transition 
region.

In this transition region, the distances are too long 
and the dispersion forces are too weak to be studied 
by their effect on the individual molecules. At the 
same time, the distances are too short and the forces 
are too strong to allow the application of the elegant 
and sensitive methods using macroscopic plates and 
lenses. 22 Yet, the simplest apparatus permits the 
direct observation of their effects in soap films.

At first sight it may be surprising th a t the same 
forces which cause the attraction of two glass plates 
across a thin film of vacuum should also cause the

thinning of a material film having air (which is practi
cally vacuum) on both sides. Yet quantitative calcu
lations show20’ 23 tha t the pressures involved are exactly 
the same in both cases, and the following simple picture 
explains qualitatively why this is so.

Let us consider a transition region between thin 
and thick film in the range where van der Waals forces 
are significant as indicated in Fig. 4. A water molecule, 
such as A, situated in this region will be subject to 
attractions by all its neighbors, but within sphere I 
these effects all cancel each other since, for every mole
cule such as B, there is one B ' located diametrically 
opposite. Beyond this sphere, however, there are 
molecules such as C and D which do not have any 
opposites, precisely because the film is wedge-shaped. 
Their attractions therefore do not cancel and give a 
resultant force directed towards the thick film and 
tending to move our molecule away from the black 
film. Thus, the thin film becomes thinner, and the 
thick one thicker under the influence of van der Waals 
forces.

The rate of this growth of black film can be measured 
quite readily as has been done for several systems by 
Overbeek and M cEntee19; it depends on such factors 
as the thickness of the thick film and the ionic strength, 
but the kinetics of the process still need clarification. 
When this is achieved we may have a very simple way 
of estimating van der Waals forces in this range.

Figure 4. van der Waals forces in a transition region cause 
the intralamellar liquid to flow towards the thicker film.

(18) J. Perrin, A n n . Phys. (Paris), [9] 10, 165 (1918).
(19) Unpublished results.
(20) J. Th. G. Overbeek, J . Phys. Chem., 64, 1178 (1960).
(21) H. B. G. Casimir and D. Polder, P hys. Rev., 73, 360 (1948); 
H. B. G. Casimir, Proc. K oninkl. Ned. A kad. W etenschap., 51, 793 
(1948) ; I. E. Dzyaloshinskii, E. M. Lifshits, and L. P. Pitaevskii, Usp. 
Fiz. N auk, 73, 381 (1961).
(22) E.g., B. V. Derjaguin and I. I. Abrikosova, D iscussions Faraday 
Soc., 18, 24 (1954) ; J. A. Kitchener and A. P. Prosser, Proc. Roy. Soc. 
(London), A242, 403 (1957); W. Black, J. G. V. de Jongh, J. Th. G. 
Overbeek, and M. J. Sparnay, Trans. Faraday Soc., 56, 1597 (1960).
(23) A. Scheludko and D. Exerowa, Kolloid-Z.. 168, 24 (1960).
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The N onrig id ity  o f W ater near the Surface. Acting 
alone, the van der Waals forces would cause a self- 
accelerating thinning and bursting of the film. In 
fact, however, once the black-film stage is reached, 
many films remain unchanged for an indefinite time. 
The fact th a t the limiting thickness depends on the 
ionic strength has naturally led to the invocation of 
the double-layer repulsion theory. This is especially 
convincing when the surfactant is ionogenic, although 
water surfaces and those of solutions of nonionic sur
factants probably always have a surface potential. 24 25 

However, there has been also a massive body of argu
ments th a t a rigidification of water near the surface, 
perhaps an ice-like formation, is important in preventing 
the approach of the two surfaces. 26 A very direct 
refutation of this latter idea can be obtained by a 
careful study of the pull-out of soap films. 26

Frankel has analyzed the hydrodynamics in the 
narrow transition region between the Plateau border 
and the film proper and has shown911’ 27 that if one makes 
the assumptions th a t the surface of the solution is in- 
extensible in this region and th a t the viscosity of the 
solution remains the same as in the bulk clear up to 
the surface, then it follows that the thickness 8 is re
lated to the velocity of pull-out, v, the viscosity, 
y, surface tension, 7 , density, p, and gravity, g, by

Except for the numerical constant, this is the same 
formula which had been developed much earlier by 
Derjaguin28 in connection with the very different 
problem of a liquid layer left on a solid inextensible 
substrate withdrawn from a liquid having a completely 
extensible surface and thus incapable of forming soap 
films.

The experimental test of Frankers relation is some
what difficult for thick (0 .2 - 1 0  p) films because of the 
need to extrapolate to zero film height where the 
experimentally accessible velocity of the frame ap
proaches tha t of the film being withdrawn. Never
theless, good agreement has been obtained for a variety 
of films having very different surface properties . 27 

For thin films (<2000 A.) the experimental problems 
are different, but, once these are overcome, it is pos
sible to make very precise measurements . 26

Equation 3 uses macroscopic, independently meas
ured properties of the liquid to define a direct propor
tionality between the measured thickness and the two- 
thirds power of the velocity of pull-out as shown in 
Fig. 5. Any increased rigidity near the surface leads 
to an additional thickness, i.e., to a positive intercept 
a t the origin. Deviations from normal hydrodynamic

Figure 5. The relation between film thickness and 
rate of pull-out. Several types of deviations from 
the simple Frankel law are indicated schematically.
At low speeds a  thickness independent of rate indicates 
th a t a  state cf equilibrium has been reached.

behavior should alter the slope. Double-layer re
pulsions and van der Waals attraction should become 
noticeable for thin films and lead to larger and smaller 
thicknesses, respectively . 20’ 29 In fact, measurementso
on rigid films below some 800-1000 A. showed marked 
deviations from the straight line, but higher thick
nesses gave linear results which could be extrapolated 
to give an intercept of the order of two surface mono- 
layers. 26 This is as would be expected for these rigid 
films and shows tha t there are no solidified layers of

(24) E.g., D. Exerowa and A. Scheludko, paper subm itted a t the 4th 
International Congress on Surface Active Substances, Brussels; 
September, 1964.
(25) J. C. Henniker, Rev. Mod. P hys., 21, 322 (1949); B. V. Der
jaguin and A. S. Titijevskaya, D iscussions Faraday Soc., 18, 27 (1954); 
G. J. Dasher and A. J. Mabis, J . Phys. Chcm., 64, 77 (1960).
(26) J. Lyklema, P. C. Scholten, and K. J. Mysels, ibid., in press.
(27) K. J. Mysels and M. C. Cox, J . Colloid Sci., 17, 136 (1962).
(28) B. V. Derjaguin and S. M. Levi, “ Fiziko-khimiya Naneseniya 
Tonkikh Sloev na Dvizhushchuyusya Podlozhki,” USSR Acad. 
Sci., Moscow, 1959; B. V. Derjaguin, Zh. Eksperim . i Teor. F iz.. 15, 9 
(1945); see also B. V. Der aguin and T. N. Voropayeva, ./. Colloid 
Sci.. 19, 113 (1964).
(29) J. Lyklema, Rcc. trav. chim ., 81, 890 (1962).
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water within the experimental error of, say, 10 A. 
for each surface, which is negligible in comparison with 
the equilibrium thicknesses.

Double-Layer R epulsion. These hydrodynamic ex
periments show, therefore, that in our systems the 
equilibrium thickness must depend only on repulsive 
forces (as opposed to structures). The obvious origin 
of such forces lies in the double-layer repulsion, i.e., the 
total electric interaction of the two charged surfaces, 
as modified by the ion atmosphere of each. The theory 
of this interaction is well developed, based on the exact 
solution of the Boltzmann-Poisson equations with the 
assumption of point charges under the influence of the 
average potential. 30 M any proposed refinements31 

have only minor effects on the result. The repulsion 
increases very rapidly as the two charged planes ap
proach each other beyond a certain point. The 
separation a t which this repulsion becomes im portant 
increases rapidly as the ionic strength of the solution 
is lowered. The effect is shown schematically in 
Fig. 6  for two ionic strengths.

A necessary parameter in this calculation is the 
surface potential of the film. This is not easily ac
cessible experimentally but fortunately is not of critical 
importance. A good estimate for this potential is 
1 0 0  mv., based on electrokinetic measurements on 
micelles32 which should have a surface similar to that 
of the soap films. A change of potential corresponds 
to a vertical shift of the repulsion lines of Fig. 6  by a 
factor of less than two, even if the potential is assumed 
to be infinite or only 60 mv., both highly unlikely 
possibilities. Such a vertical shift of these lines has 
only a slight percentage effect upon the thicknesses 
involved because of the almost vertical direction of 
the lines themselves.

E q u ilib riu m  Thickness. An evaluation of the van 
der Waals attractions can be also made on the basis 
of the estimated properties of water and gives values 
which are large for thin films but decrease so rapidly 
as the thickness increases that, for thick films, they be
come negligible compared to the hydrostatic suction 
due to the height of the film above bulk level. Figure 
6  shows also the net resultant of these van der Waals 
and hydrostatic thinning forces. The intersections of 
this fine with those representing the double-layer re
pulsion give, therefore, the theoretically anticipated 
thicknesses.

This theoretical development has essentially the 
same basis as has been used in the modern discussion 
of the diuturnity83a and flocculation of hydrophobic 
colloids. 33*5 The main difference is tha t there it leads 
to the prediction of a kinetic process involving, in addi
tion, the theory of the rate a t which particles approach

Figure 6. The intersection between double-layer 
repulsion and the resultant of van der Waals attraction  and 
hydrostatic suction gives the equilibrium thickness.

each other, the more complicated equations for spheres, 
and the uncertain, and generally polydisperse, dimen
sions of the particles. In  soap films, on the contrary, 
the geometry is tha t of simple planes, and both cal
culation and experiment can deal with an equilibrium 
state with all the attendant simplification.

The equilibrium thicknesses can be obtained as the 
limit of the thickness a t very small velocities of pull-out 
as indicated in Fig. 5. This is a very reliable measure
ment because the thickness does not vary significantly 
over a broad range of experimentally accessible low 
rates . 34 The same result is obtained by allowing a 
thick film to drain spontaneously until it does not 
change further with time.

A very different technique has been developed by 
Scheludko10 who forms a microscopic film completely 
surrounded by a meniscus by controlled withdrawal

(30) E.g., J. Th. G. Overbeek in “Colloid Science,” H. R. K ruyt, 
Ed., Elsevier Publishing Co., Amsterdam, 1952, C hapter VI.
(31) D. A. Haydon in “ Recent Progress in Surface Science,” J. F . 
Danielli, K. C. A. Pankhurst, and A. C. Riddiford, Ed., Academic 
Press, New York, N. Y., 1964, C hapter 3.
(32) D. Stigter and K. J. Mysels, J . Phys. Chern., 59, 45 (1955).
(33) (a) Typical hydrophobic colloids are unstable but very long 
lived, i.e., diuturnal; (b) B. V. Derjaguin and L. Landau, Acta  
Physicochim . U R S S , 14, 633 (1941); J . E xptl. Theoret. Phys. 
(USSR), 11, 802 (1941); E. J. W. Vervey and J. Th. G. Overbeek, 
“ Theory of the Stability of Lyophobie Colloids,” Elsevier Publishing 
Co., Amsterdam, 1948; H. R. K ruyt, “Colloid Science,” Vol. I, 
Elsevier Publishing Co., Amsterdam, 1952.
(34) J. Lyklema and K. J. Mysels, to be published.
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Figure 7. The principle of Scheludko’s apparatus for 
producing films by gradual removal of liquid 
from a glass ring a few millimeters in diameter.

of liquid from a short piece of tubing, about 3 mm. 
in diameter, as indicated in Fig. 7. This technique 
gives excellent protection from evaporation and a 
rapid approach to equilibrium. The results obtained 
by these very different methods are quite concordant 
and agree qualitatively well with the theory. There 
are, however, quantitative discrepancies which are 
very disturbing. Thus, for example, the van der Waals 
attraction as calculated from these results seems to 
follow a third power dependence on distance for thick
nesses23' 34 where it should be rather close to the fourth 
power.

Testing the Double-Layer R epulsion Theory. A 
test of the theory which involves both double-layer 
repulsion and van der Waals attraction simultaneously 
will always be complicated unless agreement is perfect 
since it is difficult to trace the source of any discrep
ancy. Hence, it would be better to test only one theory 
first, and tha t of the double-layer repulsion seems more 
easily isolated. Consideration of Fig. 6  shows that, 
a t low ionic strengths, hydrostatic pressure is the domi
nant thinning force. A method for varying this pres
sure over a wide range should permit us to test the 
course of the double-layer repulsion curve independently 
of any van der Waals actions and at constant compo
sition of the system.

Derjaguin and T itijevskaya25 were able to cover a 
range of about 2 cm. of water (2 X 103 dynes/cm.) 
in an apparatus from which that of Fig. 7 was evolved 
and based on the same principle. The suction that 
can be applied in these instruments is limited by the 
capillary pressure of the orifice connecting the liquid 
to the outside; above this value air is drawn through 
the tube.

In order to overcome this limitation we are now 
developing a device for greatly extending this range of 
attainable pressures. I t  is shown schematically in 
Fig. 8 . The film is formed in a tube of sintered glass

POROUS RING

Figure 8. Apparatus for obtaining large hydrostatic suctions 
within a film produced by withdrawing liquid from a porous ring.

or porous porcelain which permits easy passage of the 
liquid from the interior of the film but can support 
large air pressures up to several atmospheres (1 0 6 to 
107 dynes/cm.). Once experimental difficulties are 
ironed out, this should permit an extremely straight
forward test of the double-layer repulsion theory.

L ight Scattering. Another new approach35 to the 
problem of measuring the forces determining the equi
librium thickness of these films is now being developed 
in Overbeek’s laboratory. I t  is based on the measure
ment of the intensity of light, not reflected—as is done 
in thickness measurements—but scattered at angles 
other than tha t of the reflection. This scattering is 
due to minute fluctuations in thickness caused by 
thermal agitation and resisted by the same forces 
which yield the equilibrium value. When further 
developed, light scattering should prove just as power
ful a tool for the determination of thermodynamic 
parameters in these systems as it is accepted to be in 
bulk solutions.

The Second B lack F ilm . In some systems there is a 
further stage of thinness, the abrupt transition from 
the “first” black film to a “second” black film. 
Whereas, the former, as discussed above, has a variable 
thickness depending on ionic strength, the latter has 
a constant thickness of about 45 A. At this thickness 
the film still contains several layers of water molecules 
between the two outer surfactant layers. A t first we 
thought9' th a t this second black film—like Perrin’s 
stratified films18—was caused always by evaporation, 
and others have suggested th a t it was due to impurities, 
but now further work by Drs. Scholten and Jones has 
shown36 that its appearance is not an artifact but an 
equilibrium phenomenon depending on tem perature 
and on ionic strength.

(35) A. Vrij, “ Interdisciplinary Conference on Electromagnetic 
Scattering,’’ M. Kerker, Ed., Macmillan and Co., New York, N. Y., 
1963, p. 387; J . Colloid Sci., 19, 1 (1964).
(36) M. N. Jones, P. C. Scholten, and K. J. Mysels, to be published.
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Our attention has been particularly attracted  by the 
fact tha t this equilibrium between first and second 
black films is extremely sensitive to the nature of the 
counterions present. This is in marked contrast to 
the phenomena discussed heretofore, which are quite 
unspecific both with respect to the surfactant ion and 
with respect to the counterion. The second black 
film, on the other hand, exhibits the same kind of sen
sitivity to the specific nature of the counterion as so 
many colloidal and other phenomena, but this sensi
tivity seems to be greater by orders of magnitude. 
This makes it easy to discern the same kinds of in
fluences tha t are apparent for example in the effect

of counterions on the critical micelle concentration 
in bulk solutions of surfactants , 37 namely the role of the 
hydrated size of the ions and tha t of specific binding 
by hydrophobic bonds.

Thus here, as in many of the aspects which we have 
briefly reviewed, soap films offer an effective and unique 
tool to approach a problem in colloid and surface chem
istry in addition to their intrinsic interest and aesthetic 
appeal.

(37) P. Mukerjee and K. J. Mysels, paper presented a t the 131st 
National Meeting of the American Chemical Society, Miami, Fla., 
April, 1957, and unpublished results.

The Interaction o f Water with Lecithin M icelles in Benzene

by P. H. Elworthy and D. S. M cIntosh

Pharmacy D epartm ent, Royal College o f Science and Technology, Glasgow, C .I., Scotland  (Received A p ril S, 1964)

When water was introduced into the lecithin-benzene system, it was solubilized by the 
solute. Light scattering, viscosity, and diffusion measurements on the solubilized systems 
indicated tha t the number of monomers in the micelle was independent of solubilizate 
concentration between zero and 0.25 g. of water/g. of lecithin. The viscosity results 
indicated th a t as the water content was increased from zero to 0.055 g. of water/g. of 
lecithin, micellar asymmetry developed; the addition of more water caused an alteration 
in micellar structure, and spherical micelles were present at high water contents. A 
maximum solubilization of 0.33 g. of water/g. of lecithin was recorded.

The critical micelle concentration (c.m.c.) of lecithin 
in benzene at 25° has been reported 1 to be 33 X 10_5 

% ; above the c.m.c. small micelles containing four or 
five monomers are formed. A second association limit 
is present at 0.073%, where the small micelles aggre
gate into large ones. 2 The large micelles have the struc
ture of bimolecular leaflets, with the polar head groups 
in the interior of the micelles and the hydrocarbon 
chains directed outward into the solvent3; a t 25° 
the micellar weight was 55,000 to 57,000; at 40° it 
was 43,000. I t  was felt4 tha t these large micelles might 
provide a biologically significant model of part of nerve 
myelin, as Finean5 has shown that a similar bimolecular

leaflet structure occurred in nerve myelin. Studies6’7 

of the effect of dielectric constant on micellization by 
lecithin have suggested a potential mechanism of 
cell wall permeability.

Although some solubilization studies1’ 4 on the dry

(1) I. Blei and R. E. Lee, J . Phys. Chem ., 67, 2085 (1963).
(2) P. H. Elworthy, J . Chem. Soc., 813 (1959).
(3) P. H. Elworthy, ibid., 1951 (1959).
(4) P. H. Elworthy, ibid., 139 (1960).
(5) J. B. Finean, Experientia , 9, 17 (1953).
(6) P. H. Elworthy and D. S. M cIntosh, J . Pharm . Pharmacol., 13, 
663 (1961).
(7) P. H. Elworthy and D. S. M cIntosh, Kolloid-Z ., 195, 27 (1964).
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lecithin-benzene system have been made, it was felt 
tha t the large micelles would provide a more realistic 
biological model if water were present in the head group 
region of the bimolecular leaflets. The solubili
zation of water by lecithin has been studied by Dem
chenko ,8 who found the maximum quantity of water 
solubilized to be 0.33 g./g. of lecithin and to be inde
pendent of the solvents used (benzene, toluene, and 
xylene).

Experimental

M aterials. Lecithin was prepared from chickens’ 
egg yolks9 by treatm ent with alumina to remove nin- 
hydrin-reacting materials, followed by chromatography 
on silica to  remove lysolecithin. I t  was deionized by 
dissolving in chloroform and stirring with mixed strong 
ion-exchange resins (biodeminrolit, B.D.H., previously 
well extracted with chloroform) for 2-3 hr. After 
several precipitations from dry ether into dry acetone, 
it was stored under dry acetone. The sample had 
N, 1.87%, P, 4.13%, I2 no. 62. (Molecular weight 
calculated from N and P analysis figures =  750). 
Analar benzene was fractionally frozen and fractionally 
distilled, being stored over sodium, and had r 25d

1.4979 (1.4981 Timmermans10). Tropaeolin 000
(Orange II) was recrystallized twice from water.

Light Scattering M easurem ents. The apparatus of 
Elworthy and M cIntosh6 was used. Solutions were 
made dust-free by filtering through sintered glass disks 
(mean pore size, 1 y), concentrations being checked 
interferometrically after filtration. Solutions con
taining more than 0.15 g. of w ater/g. of lecithin could 
not be satisfactorily clarified either by filtering or by 
centrifuging. Specific refractive index increments 
(dn/dc) were measured on a Hilger-Rayleigh interfer
ence refract.ometer using Bauer’s 11 technique for mono
chromatic light. All measurements were made a t 20° 
using the 5461-A. green line.

D iffusion  M easurem ents. The modified interfer
ence refractometer was used as previously described7; 
Harned and N uttall’s treatm ent12 of restricted diffusion 
was applied to measurements of concentrations at 
levels in the diffusion column V# and 5/e the column 
length. Differential diffusion coefficients were ob
tained, the concentration a t the end of an experiment 
being determined from the interferometer reading 
after mixing the cell contents.

Viscosity M easurem ents. A suspended level dilu
tion viscometer was used, the error in the relative 
viscosity being ±0.2% . A few representative solu
tions were checked for Newtonian flow in a Couette 
viscometer. Each intrinsic viscosity reported was

obtained from eight to ten individual measurements 
as a function of concentration.

Solubilization o f Tropaeolin 000. Powdered dye, 
the solution of lecithin in benzene, and a glass marble 
were placed in flasks whose stoppers were sealed in 
with parafilm. The flasks were rocked in a therm ostat 
bath, samples being withdrawn occasionally. Optical 
densities were measured at 483 iur in 1-cm. cells against 
benzene using a Hilger and W atts Uvispek. Uptake 
of dye was complete in 3 days. Negligible amounts 
of dye were taken up in dry benzene (optical density 
in 1 -cm. cell = 0.006).

Solubilization o f W ater. W ater was incorporated by 
either shaking the lecithin solution with a weighed 
quantity of water in a sealed flask or allowing dry 
lecithin to adsorb the required amount of water vapor 
and dissolve in dry benzene. No differences in be
havior were observed between solutions made by the 
two methods. To give a value of the maximum water 
uptake, optical densities of 1 %  lecithin solutions con
taining various amounts of water were measured a t 546 
m/x (Fig. 2). Vapor phase equilibrium experiments be
tween lecithin solutions and benzene with added 
water were carried out by connecting two flasks con
taining the solutions with a U-shaped adapter.

Results and Discussion
Figure 1 shows the results for the solubilization of 

Tropaeolin 000 by lecithin in benzene. The c.m.c. 
is 26 X 10_5%  a t 20°. Taking this value with 
Blei and Lee’s 33 X 10-5%  at 25° and mean value of 
8 6  X 10- 5  at 40° and using the standard relationships13 

derived for the two-phase model of micelle formation, 
AH m = —10 kcal. mole- 1  and AS m =  —35 cal. deg . - 1  

mole- 1  for the heat and entropy of micellization, re
spectively. These results must be treated tentatively 
because of the smallness of these micelles and the limi
tations of the pseudo-phase model of micellization.

The second association limit occurs at 0.075%, in 
reasonable agreement with the value found a t 25° 
(0.073%). As we are interested in the large micelles, 
this higher transition concentration was used for cor-

(8) P. A. Demchenko, Colloid J .  U SSR , 22, 309 (1960).
(9) P. H. Elworthy and L. Saunders, J . Chem. Soc., 330 (1967).
(10) J. Timmermans, “ Physico-Chemical C onstants of Pure Or
ganic Compounds,” Elsevier Publishing Co., New York, N. Y., 1950, 
p. 147.
(11) N. Bauer, K. Fajans, and S. Z. Lewin, “ Physical M ethods of 
Organic Chemistry,” A. Weissberger, Ed., Vol. I, 3rd Ed., Inter- 
science Publishers, Ltd., New York, N. Y., 1960, Part 2, p. 1139.
(12) H. S. Harned and R. L. Nuttall, J . A m . Chem. Soc., 69, 736 
(1947).
(13) K. Shinoda, “Colloidal Surfactants,” Academic Press, London, 
1963, p. 30.
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( 1 0 0 0 )  ( 2 0 0 0 )  (3 0 0 0 )
Lecithin concn. X IO4, %.

Figure 1. Solubilization of Tropaeolin 000 by lecithin in benzene 
in the absence of water. Determination of c.m.c. (B) and second 
association limit (A). Optical densities of solutions in 1-cm. 
cells. Values in parentheses are for the upper scale.

recting viscosity results for the presence of the small 
micelles, in the manner previously described3; the 
corrections are small. As irreproducible results for 
dye (Solubilization were obtained when water was pres
ent in the micelles, the value obtained in the dry con
dition was used in the correction procedure. The ir- 
reproducibility may be due to the effect of water on the 
nature of the micelles.

It is necessary to gain some idea of the location of the 
water in the lecithin-benzene system, as there is the 
possibility of a significant partition between the micelles 
and the surrounding benzene. Lecithin is intensely 
hygroscopic, making it seem likely that nearly all 
the water is associated with the solute; as the interpre
tation of the viscosity results depends to some extent 
on knowing the location of the water, an attempt 
was made to determine its position. Benzene saturated 
with water was equilibrated through the vapor phase 
with a 3% solution of lecithin in dry benzene. After
6-8 days, the presence of water in the benzene was no 
longer detectable, while it could be detected in the 
lecithin-benzene solution. Other tests indicated that 
there was no loss of water from the system, i.e., 
transfer between water saturated and dry benzene 
gave the correct equilibrium distribution. Further 
tests on benzene saturated with water in vapor phase 
contact with a solution containing 0.15 g. of water/g. 
of lecithin also showed that an undetectable amount 
of water remained in the benzene at equilibrium.

If the partition of water favored the benzene rather 
than the micellar solute in the benzene, a significant 
amount of water would be expected to remain in the 
benzene in vapor contact with this system. There

must be some equilibrium between the water in the 
micelles and in the surrounding benzene, and since the 
amount of water remaining in the benzene was too 
small to be detected, it seems reasonable to assume 
that almost all the water present is associated with the 
solute.

The maximum amount of water that could be solu
bilized by 1% solutions of lecithin in benzene was 
found to be 0.33 g. of water/g. of lecithin (Fig. 2), 
which agrees well with the value of Demchenko.8

The light scattering results are given in Fig. 3 as 
plots of H(c — Ci)/(T — T{) against (c — Ci) where

Figure 2. Optical densities (in 1-cm. cells) of 
1% lecithin solutions in benzene as a function 
of the water content of the lecithin.

Figure 3. Light scattering results for lecithin in 
benzene: A, lecithin containing 0.053 g. of water/g. of 
lecithin; B, containing 0.105 g. of water/g. of lecithin.

H — 327r3n02(dn/dc)2/3XW; c is the total concentra
tion of lecithin plus solubilized water in g./mk, c\ 
is the second association concentration, and 1\ is the 
turbidity at this concentration. Z values of close to 
unity were obtained (Table I) indicating that no di
mensions of the micelles exceeded X/20. The results 
have been corrected for depolarization. Micellar 
weights were calculated from the usual two-component 
theory

H(c -  Ci)/(T -  Ti) = 1/M  +  2B(c -  c.) (1)

Provided that the solubilizate is completely associated 
with the micelles, it seems reasonable to treat the
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Table I

% (w/w) H,0 
in lecithin 10 >Da M  1.8.6 Mob Mpro Msolv Mcalcd dn/dc Z„c p

5.3 59 63 - 0  052 1.00 0.028
5 .4 0.976 64 67 63 63

10.5 65 66 -0 .0 5 8 1.01 0.050
25.5 0.962 71 73 71 75

“ D = diffusion coefficient at c.ra.c. in cm.2 sec.“1. b All micellar weights X 10“3, Mcaicd = 60,000 +  amount of water solubilized/ 
micelle. c Z ib = dissymmetry at 45°.

system as essentially a two-component one. This 
treatment has been used elsewhere for the light scatter
ing of solubilized systems.14 Because of the smallness 
of the specific refractive index increments, the solutions 
possessed only small turbidities, and this, together with 
the ±7-10%  error in the determination of molecular 
weights by light scattering,15'16 make further checks 
on the micellar weight necessary. A combination 
of diffusion coefficients (after extrapolation to the 
second association concentration) (Fig. 4) and intrinsic 
viscosities (Fig. 5) give the micellar weights reported 
in Table I, which are calculated for three alternative 
interpretations of the deviation of the viscosity in
tercept from the Einsteinian value, e.g., for oblate 
(Mob), prolate (Mpro), ellipsoids of revolution, and for 
spherical particles solvated with solubilized water
( M sol v ) .

The micellar weight grows as the amount of water 
solubilized increases. Under dry conditions,7 M  =
60,000, and the increase of micellar weight reported 
here, within experimental error, corresponds to 60,000 
plus solubilized water. This indicates that the number 
of monomers per micelle remains reasonably constant, 
as the concentration of water solubilized increases.

The intercept from the viscosity runs (the same ratio 
of water to lecithin being maintained in each run) 
(Fig. 5) shows an increase from [77 ] = 2.84 at zero water 
content to a peak value of [77) = 3.94 at 0.055 g. of 
water/g. of lecithin, followed by a decrease when 
further water is incorporated. At 25°, under anhy
drous conditions, [17] = 2 .82, close to the value found 
here at 20°. Using

[v] = v[V, +  W M ]  (2 )

where v = Simha’s shape factor,17 V2 = specific volume 
solute, Wi = g. of solvating solvent per g. of solute, 
and Fi° = specific volume solvent; the viscosity 
intercepts for spherical particles using W  = g. of 
water solubilized/ g. of solute were calculated (Fig. 5B). 
This treatment does not account for the observed be
havior of the viscosity intercepts at low water con-

Figure 4. Diffusion coefficients (cm.2 sec.-1) of lecithin 
in benzene: A, lecithin containing 0.054 g. of water/g. of 
lecithin; B, containing 0.255 g. of water/g. of lecithin.

Figure 5. Intrinsic viscosities of lecithin-benzene 
systems as a function of the amount of water solubilized 
by lecithin: A, experimental; B, calculated for 
spherical micelles containing solubilized water.

tents, indicating that changes in micellar shape occur 
in this region.

A short extrapolation of Fig. 5 to 0.33 g. of water/g. 
of lecithin gives [77 ] = 3.2s, yielding W  = 0.327 g. 
of water/g. of lecithin from eq. 2, assuming that the 
particles are spherical. The agreement between this 
value and the actual amount of water present indicates

(14) T. Nakagawa, K. Kuriyama, and H. Inouye, J . Colloid Sci., 
15, 268 (1960).
(15) N. Robinson and L. Saunders, J . P harm . Pharmacol., 11, 115T 
(1959).
(16) P. H. El worthy and C. E. Macfarlane, J . Chem. Soc., 537 (1962).
(17) R. Simha, J . P hys. Chem., 44, 25 (1940).
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that the micelles do become spherical at this water 
content. A spherical cavity of radius 19.8 A. in the 
micelle center would be filled by 0 . 3 2 7  g. of water/g. 
of lecithin.

Assuming, as in the calculations above, that no élec
trostriction of solubilized water takes place and that 
the micelles are unsolvated with respect to benzene 
(which seems reasonable from preceding work3), 
some idea of the changes of micellar shape occurring 
on addition of water may be gained using models of 
the lecithin micelles. Molecular models show that the 
polar head group can be represented as a block 7 X 
8  A., and, using the length of half the bimolecular 
leaflet (36 A.), it is possible to calculate fo] for a 
micelle of 80 monomers arranged to form prolate or 
oblate ellipsoids.

When water is absent, the short semiaxis for the 
prolate model is b = (56 X 40/7r)1/l enabling a/b 
to be found (a = 36 A.), and this gives [77] = 2.54, 
rather lower than the experimental result. In the 
presence of water, we shall attempt to calculate [17] 
at 0.055 g. of water/g. of lecithin, i.e., a t the peak of 
the intrinsic viscosity-water content curve. There are 
two principal ways of incorporating this amount of 
water. Firstly, it may lie in the gap between the two 
sheets of polar groups, and its incorporation would in
crease the a dimension ; 0.055 g. of water/g. of lecithin 
corresponds to 2.3 water molecules per monomer, and 
even allowing a row of six water molecules between 
the two halves of the leaflet gives [7?] = 2.87, which is 
much lower than the experimental value of 3 . 9 4  at this 
water content. Secondly, water may be inserted be
tween the polar heads in each sheet, giving an increase 
in the cross-sectional micellar area, i.e., an increase in 
b, the summation of the areas of polar heads plus the 
areas of water molecules giving [7;] = 2.62. The 
third possibility is that both types of micellar expan
sion may occur, but these changes are likely to balance 
one another as far as asymmetry is concerned.

From water vapor sorption studies on lecithins18' 19 

it was shown that 2.5 water molecules/molecule of 
lecithin represented the completion of first-layer sorp
tion; this figure agrees reasonably well with the water 
content giving the peak value of [77] in Fig. I t  was

also shown, in interpreting the transport properties 
of lysolecithin, that this first layer might fit into 
cavities in the polar head group, with little increase 
in the effective monomer length.

A consideration of oblate ellipsoids is more difficult 
as decisions have to be made regarding the geometry 
of the sheet of polar head groups. Solubilization 
studies4 indicated that the sheet of polar head groups 
was three times as long as it was wide. If the shorter. o o
dimension is taken as 32 A. (=  2a =  4 X 8  A.), then 
b1 = 44.6 A., using the mean of 44.6 and 36 A. to give 
an average value of 5; [7 7] = 3.0g in the absence of 
water. Incorporation of six rows of water molecules 
between the two polar sheets gives [7 7] = 3.5, while 
using the water to increase the area of the sheets gives 
[77] = 3.6. These calculations for the oblate model 
are tentative, being sensitive to the exact geometry 
of the lecithin head group, and having the drawback 
that the model does not exactly fit the oblate shape. 
Nevertheless, they do provide a guide to the develop
ment of micellar asymmetry.

Over-all, it appears that the micelles resemble 
oblate ellipsoids and that the addition of water initially 
increases their asymmetry. Above 0.055 g. of water/g. 
of lecithin, the micelles tend toward a more spherical 
shape as [7 7] decreases with increases of solubilizate 
concentration. This change may represent a rearrange
ment of micellar structure. To prevent contact be
tween the water-treated polar heads and benzene, as 
the volume of water in the micelle center grows, the 
micelle shape tends to become spherical and finally 
reaches this condition at 33% water.

This system, with water incorporated between two 
polar sheets of phosphatide materials, resembles part 
of the structures found in Finean’s5' 20 X-ray studies 
of nerve myelin and has promise as a model of part of 
this structure.

Acknowledgment. We thank Miss M. Buchanan 
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The Solubility of Alkali Dinonylnapthalenesulfonates in Different Solvents 

and a Theory for the Solubility of Oil-Soluble Soaps

by R. C. Little and C. R. Singleterry

U. S . N aval Research Laboratory, W ashington, D . C. 20350  (Received M arch 26, 1964)

The solubility of the alkali metal dinonylnaphthalenesulfonates parallels that of dinonyl- 
naphthalene in low polarity solvents. In sulfonate-solvent systems showing limited solu
bility, the equilibrium is characteristic of a liquid-liquid pair having a critical solution 
temperature, the condensed soap phase behaving as an extremely viscous liquid. Micelle 
size in low polarity solvents decreases as the solubility parameter increases, probably 
because such a variation improves the match in solubility parameter between micelle and 
solvent by exposing more of the polar core. In moderately polar solvents, the sulfonate is 
freely soluble as an equilibrium mixture of monomer, dimer, and possibly higher units. 
Pure crystalline alkali metal carboxylates do not show high solubility in hydrocarbons 
unless they are heated to a temperature at which they pass over into a liquid-like phase; 
noncrystalline carboxylates, or mixtures of many different branched chain carboxylate 
species, have high or unlimited solubilities and appear to behave as liquid-liquid systems 
in much the same way as the alkali metal sulfonates.

Introduction
The behavior of the dinonylnaphthalenesulfonates 

has been well studied in benzene,1’2 and this report 
is an extension of that work into other solvent systems 
with a view toward determining the influence of cation 
and solvent upon the apparent soap solubility (defined 
as the total solubility of associated and nonassociated 
sulfonate-derived species which are in thermodynamic 
equilibrium).

The published data on the solubility of soaps in 
various solvent environments are often difficult to 
interpret, each soap-solvent system appearing to have 
its own individual character.3-10 Winsor11 has at
tempted to clarify and classify some of this work. 
His theory, however, refers primarily to solutions 
containing water as an important component and is 
most readily exemplified in systems of high soap con
tent.

The need for a more comprehensive theory of soap 
behavior in nonaqueous systems continues to exist.

Experimental
The lithium, sodium, and cesium salts of a special 

grade of dinonylnaphthalenesulfonic acid (HDNNS)

(abbreviated LiDNNS, NaDNNS, and CsDNNS, 
respectively) were prepared by neutralization of an 
aqueous alcoholic solution of the acid by the appro
priate base. The soaps were then lyophilized and 
stored in a desiccator over P20 5 until used. This 
acid and its salts have been described previously.1

All of the solvents used were ACS grade or better 
except for the 0.65, 1, 2, and 10 centistoke silicones, 
which were commercial samples. All solvents were 
passed through Linde molecular sieve materials and 
Florisil in order to remove water and polar contami- 1 2 3 4 5 6 7 8 9 10 11

(1) S. Kaufman and C. R. Singleterry, J . Colloid S ri.,  10, 139 (1955).
(2) S. Kaufman and C. R. Singleterry, ibid., 12, 465 (1957).
(3) S. S. Marsden, Jr., and J. W. MeBain, J . Chem. P hys.,  16, 633 
(1948).
(4) S. R. Palit and J. W. MeBain, In d . Eng. Chem., 38, 741 (1946).
(5) G. H. Smith and J. W. MeBain, J . P hys. Colloid Chem., 51, 1189 
(1947).
(6) P. N. Cheremisinoff, J  A m . Oü Chemists' Soc., 28, 278 (1951).
(7) A. Bondi, J . Colloid Sri.,  5, 458 (1950).
(8) S. M. Nelson and R. C, Pink, J . Chem . Soc., 1744 (1952).
(9) H. Kambe, B ull. Chem. Soc. J a p a n , 35, 265 (1962).
(10) I. Satake and R. M atuura, Kolloid-Z ., 176, 31 (1961).
(11) P. A. Winsor, “Solvent Properties of Amphiphilic Compounds,” 
Butterw orth and Co., Ltd., London, 1954.
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nants. A check on the efficiency of the percolations 
was made, in the case of dioxane, by means of a Karl 
Fischer titration. No water could be detected within 
the precision of the method. The cyclohexane used 
was of very high purity (99.92 mole %) and was ob
tained by fractional crystallization. The dimethyl- 
siloxanes were specially prepared monodisperse species 
available from the Dow-Corning Corp. The nitro- 
paraffins were fractionally distilled from the best 
available grade of Eastman Kodak solvents. Their 
boiling points and refractive indices corresponded 
closely to the literature values. The preparation and 
purification of the fluoro compounds have been de
scribed.12 All solvents were stored over molecular 
sieve pellets in glass-stoppered bottles and were used 
as soon as possible after percolation.

Benzil (used for calibrating the osmometer) was twice 
crystallized from anhydrous ethanol, dried at 50°, 
and stored in a vacuum desiccator over P20 6 until 
used.

Methods
The apparatus used for the determination of the 

apparent soap solubility in various solvents consisted 
of a stationary NBS certified 0.1-deg. thermometer 
upon which was mounted a baffle to promote agitation. 
A rotator turned a solution cell within an air space 
surrounded by a bath of controlled temperature. A 
magnetic stirrer provided agitation of the bath while 
a copper heat exchange coil permitted easy change of 
temperature conditions by means of the thermostated 
reservoir. A solubility determination was made by 
preparing a sulfonate solution of known molality at a 
higher temperature and allowing it to cool at a rate of 
0.1°/min. in the vicinity of the temperature at which 
precipitation would occur. Rates of cooling from 0.05 
to 0.2°/min. gave the same results within the experi
mental error of ±0.2°. The point at which precipi
tation occurred was determined by visual observation 
of the turbidity in a concentrated light beam directed 
at a right angle to the observer.

I t  should be noted that the separating phase in the 
solvent-rich systems was soap saturated with solvent. 
The possibility of undercooling in these systems was 
explored by comparing the temperature for disap
pearance of turbidity upon warming with that for its 
appearance upon cooling. An undercooling no greater 
than 0.2° was observed and is considered to be within 
the precision of the solubility determinations.

Vapor pressure lowering data were obtained by means 
of a commercial thermoelectric device—the Mechrolab 
Model 301A osmometer. In all cases, a drying agent— 
Linde molecular sieves—was added to the solvent cup

in order to maintain a water-free solvent atmosphere 
in the measuring chamber. Some difficulty was ex
perienced with the osmometer in measuring solutions 
containing significant concentrations of ions. This 
was due to the fact that the thermistor leads of the 
nonaqueous type probe support are not insulated. 
Substitution of a matched pair of glass probe-type 
thermistors for the glass bead type furnished with the 
commercial unit eliminated this difficulty, which was 
apparently due to ionic conductance between the 
thermistor leads.

Liquid crystal systems were detected by means of 
crossed polaroid sheets. Conductivity measurements 
were made with a portable conductivity bridge, 
Industrial Instruments, Inc., Type RC16B1. Measure
ments were made at 35.02 ± 0.02° in a cell protected 
from atmospheric humidity by means of molecular 
sieve materials. The cell was surrounded by an oil 
bath.

Results
In order to facilitate discussion of the experimental 

results the sulfonate-solvent systems have been 
divided into four rather arbitrary classes based upon 
their experimental behavior (see Table I).

Type I. Sulfonate is Miscible with the Solvent in 
All Proportions; Micellar Size Is Constant in a Given 
Solvent. Figure 1 presents the data obtained from 
vapor pressure lowering measurements in terms of 
osmotic coefficient vs. concentration. Two generali
zations may be made which are consistent with results 
previously obtained by Kaufman and Singleterry2 
on benzene solutions of lithium and sodium dinonyl-
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Figure 1. Osmotic coefficient vs. concentration 
for sulfonates in low polarity solvents (35°).

(12) P. D. Faurote, C. M. Henderson, C. M. M urphy, J. G. O’Rear, 
and H. Ravner, In d . Eng. Chem., 48, 445 (1956).
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Table I : Solubility of Sodium Dinonylnaphthalenesulfonate in Different Solvents

NaDNNS, 1 m NaDNNS, 1 m DNN, 1 m DNN, 1
Solvent Dielectric constant soin, at 25° soin, at —78° soin, at 25° soin, at — '

Type I solvents
n-Heptane 1.924 (25°) oo a CO CO CO
Cyclohexane 2 .0 1 (2 5 °) CO f 00 f
Siloxane dimer 2 .2  (25°) CO CO CO CO
Dioxane 2.21 (25°) CO f 00 f
Carbon tetrachloride 2.24 (25°) CO f oo f
Benzene 2.27 (25°) CO f CO f
Chloroform 4 .8 1 (2 5 °) CO f CO f

Type II solvents
Ethyl acetate 6.02 (25°) CO oo CD CO
Methyl isobutyl ketone 13.11 (25°) CO oo CO oo
Acetone 2 0 .7 (25°) CO 0.12 œ 0.03
Ethanol 24.3 (25°) CO CO 0.09 1°

Type III solvents
Siloxane nonoamer 2 .5 -2 .6  (25°) 0.20 i CO s d
Siloxane octamer 2 5 - 2 .6  (25°) 0.30 i CO s
Siloxane heptamer 2 .5 -2 .6  (25°) s i CD CO
Bis( '-heptyl) /S-methylglutarate 6.1 (20°) 0.0001 f S.S.* f
Ethyl perfluorobutyrate 0.0001 i s .s . i
Bis(i/',-amyl) diphenate 8 .0  (20°) 0.001 f s .s f
Bis(\t'-propyl) diphenate 9.70 (20°) 0.01 f s .s . f
^'-Amyl alcohol 16.93 (20°) 0.04 i
Nitroethane 28.6 (25°) > 1 i CO 0.006
Nitromethane 36.6 (25°) <0.001 f s .s f
Acetonitrile 36.7 (25°) <0.001 f s f
Water 78.54 (25°) d f f i f

Type IV solvents
Silicones 10 centistokes and higher i i OO s
Silicones 100 centistokes and higher i i Solubility decreases
Monochloropentadecafluorodimethylcyclohexane i i i i

miscible in all proportions. h f, solvent freezes. ' i, insoluble. d S, soluble. ’ S.S., slightly soluble. 1 d, disperses.

naphthalenesulfonates. First, the aggregation number 
is independent of the concentration and, second, the 
aggregation numbers of the lithium and sodium salts 
are identical within the precision of the method. 
I t should be noted here that aggregation numbers in 
benzene at 35° were lower (n = 7) than those from 
fluorescence depolarization studies (n = 10) a t 25°.2 
The discrepancy is slightly greater than the absolute 
uncertainty estimated for the fluorescence depolariza
tion method by Singleterry and Weinberger.13 The 
consistency of results obtained by either method alone 
is much better, so that the relative aggregation numbers 
reported by the osmometer method are believed 
reliable to ±1 or better. The difference in micelle 
weight obtained by the two methods, however, merits 
further study.

Precise conductivity measurements on sulfonate 
solution in solvents of this type were not possible with

the simple conductivity bridge used in this work. It 
is sufficient for purposes of this study to state that the 
specific conductivity o: the solutions was less than 8 
X 10“8 mho/cm., indicating that ionic concentrations 
of any soap species in solvents of this type must be 
extremely low. Table II lists the conductance results 
obtained.

Type II. Sulfonate Is Miscible in All Proportions 
with the Solvent, but the Extent of Association and/or 
Dissociation Is Concentration Dependent. Figure 2 
illustrates the osmotic behavior which is characteristic 
of this solvent group. The sulfonates form conducting 
solutions in these solvents, as is shown by the data of 
Table II. Solutions in ethanol showed the highest 
conductance whereas solutions in ethyl acetate showed

(13) C. R, Singleterry and L. A. Weinberger, J . A m . Chem. Soc., 73, 
4574 (1951).
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T a b le  II : Equivalent Conductance of Dinonylnaphthalenesulfonate Solutions at 35°

Solvent
Solvent

type
Dielectric constant at 

25° Soap
Soap concen
tration, M

Equivalent
conductance

Cyclohexane i 2.01 LiDNNS 0.01 <0.005
Dioxane i 2.21 LiDNNS 0.01 <0 005
Carbon tetrachloride i 2.24 LiDNNS 0.01 <0.005
Benzene i 2.27 LiDNNS 0.01 <0.005
Ethyl acetate i i 6.02 NaDNNS 0.018 0.036
1,1,5-Trihydroperfluoroamyl alcohol h i 16.93 (20°) LiDNNS 0.002 0.18
1,1,5-Trihydroperfluoroamyl alcohol i n 16.93 (20°) CsDNNS 0.002 0.97
Acetone i i 20.7 LiDNNS 0.002 12.2
Ethanol i i 24.3 LiDNNS 0.002 23.5
Ethanol i i 24.3 CsDNNS 0.002 27.7
Nitroethane i n 28.6 LiDNNS 0.002 0.13
Nitroethane i n 28.6 CsDNNS 0.002 36.4
Nitromethane h i 36 6 CsDNNS 0.002 63.2
Water h i 78.54 LiDNNS 0.002 72.2

the lowest. The decrease in the ability of the solvent 
to dissociate ion pairs reflects the decrease of dielectric 
constant. Two distinct processes appear to control 
osmotic behavior of sulfonate solutions from this sol
vent class—ionic dissociation and molecular associa
tion. The equilibria which apply in solvents of this 
type probably involve simple ions, ion pairs, triple 
ions, associated ion pairs, and larger clusters, perhaps 
both charged and neutral.

In ethanol, analysis of the data indicates that the 
equilibrium involves predominantly simple ions and 
ion pairs. An apparent equilibrium constant of 7.0-
7.6 X 10-3 was found to fit the osmotic data for 
NaDNNS solutions over the experimental range of 
0.002 to 0.04 m assuming the ion-ion pair model. Be
cause the ethanol used contained some foreign ions

Figure 2. Concentration dependence of sulfonate 
osmotic coefficients in polar solvents (35°).

which could not be removed by percolation, no serious 
attempt was made to determine the thermodynamic 
equilibrium constant, which would have required 
measurements in solutions so dilute as to permit 
serious interference by the foreign ions.

In acetone, methyl isobutyl ketone, and ethyl 
acetate, association products larger than simple ion 
pairs appear to be formed. In acetone solutions, the 
osmotic coefficient data indicate the formation of as
sociation products equivalent to sulfonate dimer 
and trimer (not necessarily neutral in charge); in 
ethyl acetate solutions, association products corre
sponding to clusters containing the equivalent of three 
and four sulfonate molecules (again not necessarily 
neutral in charge) appear to exist. Solvents of this 
type may or may not differentiate between the osmotic 
behavior of lithium and sodium soaps (see Fig. 2).

In water, the equilibrium appears to involve ions 
and much larger aggregates—probably aqueous micelles. 
This conclusion is supported by the following evidence:
(1) high conductance at low soap concentrations (see 
Table II), (2) high light-scattering power of the dis
persions, (3) ability to solubilize an oil-soluble dye— 
Sunbeam Yellow, and (4) easy passage of the dispersions 
through a 100-m/u Millipore filter.

Type III. Solubility Is Limited, and the Solubility 
Limit Varies with Temperature. The dinonylnaph- 
thalenesulfonates exhibit a positive temperature co
efficient for the solubility limit in solvents of this type. 
That is, the systems absorb heat when the sulfonates 
undergo solution in these solvents, and solubility in
creases with temperature. Figure 3 exemplifies, in a 
very general way, the type of behavior shown by the 
soaps in solvents of this type. Four solvent families 
belong to this group: (1) the higher members of the
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weight dimethylsiloxanes as a function of 
temperature: • ,  LiDNNS; O, NaDNNS; ©, CsDNNS.

polymethylsiloxanes, (2) fluorinated esters, (3) nitro- 
paraffins, and (4) alkyl cyanides. It will be convenient 
to consider these families separately.

Polymethylsiloxanes. The dinonylnaphthalenesulfo
nates are dissolved by the lower homologs of the 
polydimethylsiloxanes in all proportions; this solubility 
extends up to the hexamer siloxane in the case of the 
lithium and sodium salts and to the trimer in the case 
of the cesium salt. The sulfonates exhibit limited 
solubility in the higher polysiloxane homologs, 
and Fig. 4 illustrates the effect of solvent homology 
upon the dinonylnaphthalenesulfonates. The most 
complete data are shown for the cesium salt. The plot 
of the log of the saturating molality vs. N, the number 
of siloxane units in the polymer chain, led to the de
scriptive equation for data taken at 45°

log m = -0 .289N  +  0.225

Initial slopes for the NaDNNS and LiDNNS lines 
were found to be —0.247. The data for the cesium 
sulfonate over the experimental range 30 to 65° may 
be summarized to within 8% of the experimental by 
the empirical relation

log m = A /T  +  B N  +  C

where A  = —1304, B  = —0.289, and C = 4.33. 
Differential heats of solution were not calculated from 
the solubility data because the activity of the sulfo
nates was not known.

Nitroparaffins. The solubility behavior of the 
sodium sulfonate in the first three nitro paraffins is 
shown in Table I. Solubility increases as the pro
portion of hydrocarbon in the solvent molecule is in

Figure 4. Solubility of the sulfonates in siloxane 
polymers at 45° as a function of polymer size.

creased, going from barely detectable solubility in 
nitromethane to miscibility in all proportions with 1- 
nitropropane. The cesium sulfonate is much more 
soluble in nitroethane than either the lithium or sodium 
sulfonates. The cesium salt, moreover, has a moderate, 
though limited, solubility in nitromethane.

The conductance behavior of cesium sulfonate 
solutions as compared with lithium sulfonate solutions 
in Table II is of interest. In the solvent series— 
ethanol, nitroethane, nitromethane—the limiting con
ductance of the cesium salt increased along with the 
increase in dielectric constant in accordance with the 
Nernst-Thompson rule. On the other hand, the con
ductance of the lithium salt is two orders of magnitude 
less in nitroethane than in ethanol. While the cesium 
salt readily dissociates in nitroethane, the lithium salt 
does not. Osmotic measurements indicate that the 
lithium sak is moderately associated in both nitro
ethane (5 = 11.1) and 1-nitropropane (6 = 10.2) with an 
aggregation number of 5 in both solvents. The dif
ference in conductance reflects the difference in cation 
radii; the small radius of the lithium ion favors co
ordination bonding to the sulfonate oxygen, which 
opposes ion dissociation. As would be expected, the 
solubility of the sulfonates in the nitroparaffin family 
increases very rapidly as the hydrocarbon radical is 
increased in size, paralleling the increased solubility 
of the HDNN hydrocarbon. Dinonylnaphthalene 
is completely miscible with nitroethane at 25°. The
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sulfonates were found to be completely miscible with 
1-nitropropane at 25°.

Fluoro Compounds. Table I lists the solubility 
characteristics of NaDNNS and DNN in a fluoro 
alcohol and several fluoro esters. Again, the low 
solubility of the dinonylnaphthalene parallels that of 
the sulfonates. Although the cesium and lithium 
salts formed conducting solutions in the ^'-amyl 
alcohol, the limiting conductance was low as a result 
of the lower dielectric constant (16.93) and high vis
cosity of the alcohol.

Type IV . Soap May Show No Detectable Solubility. 
Solvents in this class include fluorocarbons and higher 
molecule weight silicones. The insolubility of the 
sulfonate approximately parallels the immiscibility of 
the dinonylnaphthalene.

Effect of Water on Solutions of the Dinonylnaphthalene- 
sulfonates. The effect of water on solutions of dino- 
nylnaphthalenesulfonates depends upon whether the 
solvent mixes with water freely and upon whether the 
salt shows limited or unlimited solubility in the sol
vent. It is convenient to discuss the effects of water- 
immiscible and water-miscible solvents separately.

Water-Immiscible Solvents. Simple water titrations 
indicate that water is solubilized in solutions of the 
dinonylnaphthalenesulfonates in excess of the amount 
soluble in the pure solvent. Solubilization of water by 
sulfonates in hydrocarbon solvents has been reported 
previously by Mathews and Hirschhorn14 and by 
Kaufman and Singleterry.2 Continued addition of 
water leads to a stable water-in-oil emulsion and 
finally, upon addition of a large excess of water, oil-in
water emulsions result which are partly stabilized by 
films of precipitated soap. When a small amount of 
water was added to sodium sulfonate swollen with 
about 5% benzene, the viscous mixture became flow 
birefringent. The addition of a further small amount 
of benzene destroyed the birefringence.

Water-Miscible Solvents. Water added to a con
centrated solution of the DNNS soap in a solvent which 
was completely miscible with water led to the precipi
tation of liquid crystals. Six different solvents were 
found which gave this effect: ethanol, dioxane, ace
tone, glycerol, n-butylamine, and pyridine. Only two 
conditions seem necessary in order to produce the effect 
in the case of the dinonylnaphthalenesulfonates:
(1) high solubility of the sulfonate in the solvent and
(2) miscibility of the solvent and water in all propor
tions. Additional experiments with the DNNS salts 
and water alone indicate that even the water-miscible 
solvent itself is not needed to secure the effect since it 
was found that a thick paste of the sulfonate mixed 
with water in a mortar and pestle was birefringent.

This liquid crystal, however, it is not necessarily 
equivalent to the liquid crystal which precipitates from 
the solvent upon addition of water. Aqueous solutions 
of the dispersed sulfonates are easily precipitated by 
the addition of a chloride solution of the corresponding 
cation. Although the coagulum was not initially 
birefringent, it could be made so by smearing it on a 
glass slide. These generalizations pertain only to the 
dinonylnaphthalenesulfonates, the aryl stearates form
ing liquid crystals under quite different conditions.15

Rheopectic properties were shown by the NaDNNS- 
dioxane-water system at mole percentages of 0.1,
1.0, and 98.9, respectively. The birefringent gel 
initially prepared slowly transformed over a 24-hr. 
period into an isotropic liquid (which showed flow 
birefringence). Gentle agitation of the liquid regen
erated the gel which again slowly reverted to the iso
tropic liquid.

Nonsolubilization of Certain Nonionic Polar Molecules 
by Alkali Sulfonates. I t was recognized that large 
polar organic molecules might possibly be present as 
impurities in either the soaps or the solvents employed. 
Experiments were designed to determine whether such 
molecules would be included in the sulfonate micelles 
or would exert independent osmotic effects in the solu
tion. The systems examined included dinonylnaphtha
lene in a cyclohexane solution of NaDNNS and in a ni- 
tropropane solution of LiDNNS, a 9-siloxane polymer 
in a cyclohexane solution of NaDNNS, and 1-nitro- 
naphthalene in a benzene solution of LiDNNS. In 
no case was there an indication of segregation of the 
additive in the micelles. The total osmotic activity 
was in all four cases the sum of that to have been 
expected from the sulfonate and the additive inde
pendently. This behavior contrasts with the distinct 
solubilization reported for acetic acid, methanol, 71- 
propylamine, acetone, ethyl acetate, and ether.16 17 ~18 
It shows that any unsulfonated dinonylnaphthalene 
carried as a residual impurity in the soap would act 
independently in the solvent to lower the apparent 
micelle size found by vapor pressure osmometry.

Discussion
A Theory of Micellar Solubility in Nonaqueous Sol

vents. The solubility phenomena exhibited by oil- 
soluble soaps are too complex and depend upon too 
many factors to justify any hope of systematizing all

(14) M. B. Mathews and E. Hirschhorn, J . Colloid Sci., 8, 86 (1953).
(15) J. Honig and C. R. Singleterry, J . Phys. Chem., 60, 1114 (1956).
(16) W. D. Bascom and C. R. Singleterry, J . Colloid Sci., 13, 569 
(1958).
(17) S. Kaufman, ibid., 17, 231 (1962).
(18) S. Kaufman, J . Phys. Chem., 68, 2814 (1964).
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the data by means of one simple theory. Nevertheless, 
the data available as a result of this and previous 
studies encourage an attempt to develop a theory 
applicable at least to the oil-soluble DNNS salts of the 
alkali cations. The attempt is especially promising 
for those solvents in which the sulfonate can be shown 
to exist in solution preponderantly as micelles whose 
size is independent of solute concentration. The 
solvents meeting this qualification include all of those 
listed as Type I solvents and those solvents of Type III 
having dielectric constants below 10 (siloxanes and 
fluoro esters).

The data of this report suggest the following generali
zations about the solubility of the alkali metal sulfo
nates and their properties in micellar solutions in low 
polarity solvents.

(1) The equilibrium between solution and “solid” 
is effectively an equilibrium between sulfonate micelles 
of a characteristic size and a solvent-swollen sulfonate 
phase which is essentially a highly viscous liquid rather 
than a crystalline phase. The solubility phenomena 
observed are those characteristic of binary liquid 
systems.

(2) The solubility characteristics of the sulfonate 
are determined by the composition and properties of 
that exterior part of the micelle which is located so 
that it can interact with the molecules of the solvent. 
To a very rough first, approximation this portion of the 
micelle consists of the DNNS radical; the cation and 
the charged sulfonate portion of the anion are con
sidered to be located in the central region of the 
micelle. As a result of this structure, the solubility 
in hydrocarbon solvents parallels that of the hydro
carbon, dinonylnaphthalene, again to a rough first 
approximation.

(3) The solubility parameter of Hildebrand and 
co-workers,19 rather than the dielectric constant or the 
dipole moment, is the property of a solvent which most 
accurately forecasts the micellar solubility of the alkali 
sulfonates in that solvent. As the solubility parameter 
of the solvent is increased, the micelles tend to assume 
a smaller size. This size reduction gives a looser pack
ing of the DNNS tails and, thus, exposes the more 
interactive aromatic and polar parts in such a way as 
to reduce the difference between the solubility param
eter of the solvent and the effective solubility param
eter of the solvent-accessible portions of the micelle.

(4) As the solubility parameter of the solvent in
creases, this tendency to match solubility parameters 
leads to the breakdown of the micellar regime and 
produces systems which are most readily treated as 
concentration-dependent equilibrium mixtures of the 
monomer, dimer, trimer, and possibly tetramer. In

solvents of high dielectric constant there may also 
be substantial dissociation into ions of various com
positions. The interaction of the polar heads with the 
polar solvent molecules may also lead to solvation 
which modifies the effective solubility parameter of the 
solute.

The available data are generally consistent with 
these generalizations (see Table III). With all sol
vents having solubility parameters between 5 and 10; 
the alkali metal dinonylnaphthalenesulfonates are 
miscible in all proportions. Dinonylnaphthalene, with 
a solubility parameter of 7.5, is similarly miscible with 
these same solvents, although, as a result of the lower 
molecule volume, miscibility in the case of dinonyl
naphthalene extends to slightly lower and higher values 
of the solubility parameter. Miscibility in all pro
portions is characteristic of liquid pairs whose solubility 
parameters do not differ by more than approximately
3.5 units.15 The degree of mismatch tolerated is less 
if the effective molecular volumes differ by an order 
of magnitude, as in the case of the sulfonate micelles 
in a volatile solvent. Unlimited miscibility is not often 
encountered for pairs consisting of a crystalline solid 
and a liquid. The belief that the alkali metal sulfo
nates behave essentially as liquids in the presence of 
organic solvents is supported by the nature of the tem
perature-composition diagram observed for one case 
of limited sulfonate solubility, as shown in Fig. 5. 
Here the compositions of the two equilibrium phases 
are plotted as a function of the temperature for the case 
of LiDNNS in the dimethylsiloxane heptamer. The

Figure 5. Mutual solubility of LiDNNS 
and dimethylsiloxane heptamer.

(19) J. H. Hildebrand and R. L. Seott, “ The Solubility of Nonelec
trolytes,!; 3rd Ed., Reinhold Publishing Corp., New York, N. Y., 
1950.
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Table III: Physical Properties of Selected Solvents

Solubility Dielectric Dipole DNN Surface
Solvent parameter 5° constant e° moment solubility6 tension0

D.c. 200, 10-cs. silicone 2.6 0“ m.a.p.
Siloxane octamer 4 .72"c 2 .5 0 m.a.p. 18.03
Siloxane hexamer 5.0" 2.5 0 m.a.p. 17.42
Siloxane pentamer 5.2" 2.5 0 m.a.p. 17.08
Monochloropentadecafluorodimethylcyclohexane 6. l h Low 0 i
Siloxane dimer 6.5" 2.2 0 m.a.p. 14.82
Ethyl perfluorobutyrate 6 .8 “ s.s. 19-20?
Bis(i/',-heptyl) (3-methylglutarate 6 .8“ 6.1 (20°) 3.83 s.s. 25.6 (20°)
Squalane 7 .1“ Low 0 m.a.p. 28.6
Bis(i/',-amyl) diphenate 7.2“ 8 .0  (20°) 4.06 s.s. 28 .4  (20°)
Diethyl ether 7 .4h 4.34 (20°) 1.1 m.a.p. 17.0 (20°)
n-Heptane 7.45h 1.924 0 m.a.p. 19.27 (30°)
Dinonylnaphthalene 7 .5“ Low 0 m.a.p. 3 1 .2 (2 0 °)
Bisfi/''-propyl) diphenate 7 .8“ 9 .7 (2 0 °) 3.84 s.s. 31.1 (20°)
Hexadecane 8 .0 h Low 0 m.a.p. 2 7 .4 (2 0 °)
Cyclohexane 8 .2h 2.01 0 m.a.p. 25.3 (20°)
i^'-Amyl alcohol 8 .3 “ 16.93 (20°) 2.88 i 25 ?
n-Butylamine 8 .5 “ 5.3 1.40 m.a.p. 19.7 (41°)
Carbon tetrachloride 8 .6h 2.24 0 m.a.p. 27.0  (20°)
Isopropylbiphenyl 8 .9“ Low 0 m.a.p. 34.8
Benzene 9 .15h 2.27 0 m.a.p. 29.02 (20°)
Chloroform 9 .3 h 4.81 1.2 m.a.p. 27.1 (20°)
Methyl isobutyl ketone 9 .5 ” 13.11 (20°) m.a.p. 23.64 (20°)
Acetone 9 ,9h 20.7 2.7 m.a.p. 23.7  (20°)
Ethylacetate 9 .9 “ 6.02 1.7 m.a.p. 24.3 (20°)
Dioxane 10.0h 2.21 0.45 m.a.p. 32.20 (30°)
Pyridine 10.7h 12.3 2.2 m.a.p. 38.0  (20°)
1-Nitropropane 10.2“ 23.2 (30°) 3 .6  (vapor) m.a.p. 29.28
Nitroethane 11 .l h 28.6 3.3 m.a.p. 32.3 (20°)
Acetonitrile 11.9h 36.7 3 .5 s 29.3 (20°)
Nitromethane 12.6h 36.6 3.19 s.s. 36.8 (20°)
Ethanol 12.9" 24.3 1 7 0.09 22.75 (20°)
Glycerol 13.2“ 42.5 2.56 i 63 (20°)
Methanol 14.4h 32.63 1.66 i 2 2 .6 (2 0 °)
Water 23 .8h 78~54 1.84 i 72.75 (20°)

“ At 25°, unless otherwise indicated. b Solubility notations', m.a.p., miscible in all proportions; i, insoluble; s, soluble; s.s., slightly 
soluble. c Calculation of S values: h, Hildebrand and Scott; v Heat of vaporization data; ", Hildebrand rule; “, surface tension data. 
d Calculation of the dipole moment of the silicones from their dielectric constants by the Onsager equation (J. B. Romans and C. R. 
Singleterry, J .  Chem . E n g .  D a ta ,  6, 56 (1961)) gave values of 0.0 ±  0.01.

curve is typical of a pair of liquids having a critical 
solution temperature (consolute temperature) above 
which they are miscible in all proportions. The sulfo- 
nate-rich equilibrium fractions at temperatures below 
the consolute point are seen to contain substantial 
amounts, of silicone although their viscosities are so 
high that casual inspection might have classified them 
as soft solids. In the other cases of limited solubility 
examined, complete data were collected only for the 
composition of the solvent-rich phase, but these data 
are consistent with the picture developed for. the Li- 
DNNS in siloxane heptamer. In several cases the 
critical solution temperature has been established.

The fact that practical oil-soluble soaps are usually 
either miscible with a solvent in all proportions or es
sentially insoluble is another observation which accords 
with the hypothesis that the oil-soluble soaps have the 
solubility characteristics of liquids. The range of 
solubility parameter mismatch permitting appreciable 
but limited miscibility is narrow. It corresponds to 
those pairs having critical solution temperatures only 
moderately higher than ambient. When the mis
match of parameters is greater, the consolute tempera
ture is high and the mutual solubilities of solvent and 
soap become negligible. (The case of crystalline soaps 
is special and requires separate consideration.)
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Figure 6. The dependence of the aggregation number of 
sulfonate micelles upon the solubility parameter of the solvent.

The Relation of Solubility Parameter to Micelle Size. 
Figure 6 shows that the micelle size of sodium dinonyl- 
naphthalenesulfonate decreases approximately linearly 
with increasing solubility parameter of the solvent in 
the range of solvent solubility parameters between 6.5 
and 10. The solvent effects noted by other workers20-24 
appear to show a similar relation although the data 
cover a much shorter range of solubility parameter, 
e.g., for solutions of Aerosol OT, nonaethylene glycol 
laurate, monocaprin, calcium dinonylnaphthalenesul- 
fonate, and sodium 2,6-di-n-alkylnaphthalene-l-sulfo- 
nates. The automatic matching of solubility param
eters for micelle and solvent by reduction in micelle 
size and packing in solvents of high solubility pa
rameter recalls the behavior of linear macromolecules 
in solvents of different solvent power. In the latter 
case, the polymer coil expands to permit greater inter
action with the solvent as the solubility parameter for 
the solvent approximates that of the repeating unit 
in the polymer chain. In the case of the sulfonates, de
crease in micelle size opens the structure and increases 
the opportunity for sulfonate-solvent interaction as un
coiling of a macromolecule does in polymer solutions.

The points for the oxygen-containing solvents at the 
lower end of the line in Fig. 6 are not mutually con
sistent with any simple extension of the best line 
through the points for hydrocarbon solvents. The 
nitroparaffins differ from dioxane in having strong 
permanent dipoles, which may introduce a new factor 
into the interaction between solvent and micelle. 
The data are insufficient for useful theorizing.

In solvents with solubility parameters lower than
6.5 the sulfonates exhibit limited solubility of the 
liquid-liquid type. Examination of molecular models

suggests thac an aggregate containing 15 to 20 DNNS 
units is as large as can be formed without radical de
formation of the micelle toward a prolate or oblate 
spheroid of high eccentricity. This limit exists be
cause the polar head of the sulfonate molecules has a 
smaller cross section than the branched hydrocarbon 
tail. If such a size limit is operative, the limited or 
negligible solubility in solvents of lower solubility 
parameter reflects the inability of the micelle to go 
further in adjusting its external shell to match the 
properties of the solvent. I t  may be expected that 
the micelle sizes of sulfonates showing limited solubility 
in solvents of lower solubility parameter will all lie 
near the limiting value noted above.

In an attempt to explain the observed relation of 
aggregation number to solubility parameter on a semi- 
quantitative physical basis, a conceptual model was 
devised on the basis of five specific assumptions. 
These assumptions include those already made in the 
foregoing qualitative theory of soap solubility (mono- 
disperse micelles having a central polar core and a 
liquid-like structure for the condensed sulfonate phase) 
plus two additional assumptions.

(1) When the sulfonate molecules associate to 
form aggregates or micelles, their polar heads are 
shielded so that the solubility parameter of the aggre
gate tends to approach the solubility parameter of the 
solvent.

(2) When a sulfonate molecule is added to an 
aggregate, the degree of shielding is increased, so that 
the solubility parameter of the aggregate is reduced by 
the amount K. The change in solubility parameter, 
A$2, for n molecules forming an aggregate would be 
(n — T)K. I t  is recognized that this assumption may 
be an oversimplification although it corresponds to the 
general trend of the shielding effect.

The basic equation :o be operated upon is Hilde
brand’s expression for the free energy of mixing of two 
liquids19

AFm = R T(X , In Xi +  X2 In X t) +

Vm(8i — 52)V i<02 (1)

where AFm is the free energy of mixing, R  is the gas 
constant, T is the absolute temperature, A’ is the mole 
fraction, Vm is the volume of mixing, 8 is the solubility 
parameter, and <p is the volume fraction.

(20) A. Kitahara, T. Kobayashi, and T. Tachibana, ./. P hys. Chem. 
66, 363 (1962).
(21) F. M. Fowkes, ibid., 66, 1843 (1962).
(22) E. Gonick, J . Colloid Sci., 1, 393 (1946).
(23) P. Debye and H. Coll, ibid., 17, 220 (1962).
(24) I. J. Heilweil, ibid., 19, 105 (1964).
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If the solute molecules are predominantly in the 
associated state as monodisperse micelles, the mole 
fraction of micelles having an aggregation number n 
will be X i' =  X-Jn. The free energy of mixing of 
sulfonate micelles and solvent then becomes

X*
n

In +  Tm[5i — S2 +  (n — l)R]Vi(p2 (2)

where <52 refers to the solubility parameter of the non- 
associated soap molecule. The free energy of mixing 
is then minimized with respect to the aggregation num
ber, holding temperature, solvent mole fraction, and 
solvent solubility parameter constant

d(AFm)\  = _ X J t T  ^  /  X i  \  

à n  ) X\Ti6\ n 2 \ n  -  X J

2 V m K  < p i ( p 2 [ ô i  — S2 +  (n —  1)K] =  0 (3)

Rearrangement yields

— ¿¡i 1 (.
n = - K + K { 5’ +

(  r t x 2 \ r  /  x ,  \ i \
\ 2 < p i ( p 2 V m K n 3 / ] _  \ w  — X J \ )

+  1 (4)

This compares with the experimentally observed rela
tion

n = -3.45, +  36.7 (5)

for sulfonates of the periodic group I cations.
Comparison of eq. 4 and 5 leads to values of K  = 

0.295 and 52 = 10.5 for aggregation numbers of 5 or 
greater. Evaluation of the complex term in eq. 4 
showed that it amounted to 3% or less of the 52 value 
for aggregation numbers of 5 or greater. A simplified 
working form of eq. 4 for aggregates of 5 or more 
monomers would then be

n
K

S2
+ K  + l m

Equation 4 is not applicable at high dilutions of solute,
i.e., in the region of the critical micelle concentration, 
since the assumption can no longer be made that X 2 =  
X i/n. The extrapolation of the linear eq. 6 to n <  3 
is not strictly justifiable because the degree of hydro
carbon shielding is decreased by a much larger fraction 
in passing from n = 3 to n = 2 than in any step be
tween adjacent higher values of n. The effect is even 
more pronounced if we pass to n = 1, and, in addition, 
the isolation of the ion-pair dipole from other dipoles

with which it would interact will further increase the 
relative polarity of the monomer. I t  must therefore 
be expected that 5 for the unsolvated monomer will be 
substantially greater than the 10.5 indicated by the 
extrapolation.

In order to determine whether a 52 of 10.5 or some
what greater was a reasonable value, a crude calcula
tion was devised, in which the heats of vaporization 
of typical group I ionic compounds were estimated at 
298°K. from their boiling points using the Hildebrand 
rule. A solubility parameter of 45 was estimated 
for the ionic head, and the volume fractionwise com
bination of this value with the value of 7.5 for dinonyl- 
naphthalene determined from surface tension measure
ments leads to an estimated value of 11.0 for the 
average solubility parameter of the soap molecule. 
Although the Hildebrand rule was not intended for 
estimating parameters of ionic compounds, the esti
mated parameter is in good agreement with the one 
derived from the semitheoretical treatment of the data 
and tends to validate the association model.

The controlling influence of solubility parameter 
match on micelle size is further substantiated by ob
servations on the nonvariance of micelle size with 
temperature. Measurements of the vapor pressure 
lowering of benzene solutions of CsDNNS at 35 and 
50° and of freezing point depression2 led to a micellar 
aggregation of 5.8 over the 45° temperature range. 
This is to be expected under the theory proposed 
because, while 8 values are somewhat temperature 
dependent, differences in 8 values are relatively in
sensitive to change in temperature.

The association behavior of dinonylnaphthalene- 
sulfonic acid in solvents of different solubility param
eter does not parallel that of the alkali sulfonates. 
Kaufman2 found the acid to be dimeric (n = 1.7) in 
benzene by freezing point depression. Vapor pressure 
osmometer measurements made at 35° in connection 
with the present study gave an association number 
of 2.0 in benzene and of 2.4 in siloxane dimer. It 
appears that here, as with the carboxylic acids, mutual 
hydrogen bonding to form an eight-numbered ring 
gives a configuration having lower free energy than 
does association into more complex units.

Nonmicellar Solubility of Dinonylnaphthalenesulfo- 
nates in Polar Solvents. When the solubility param
eter of the solvent exceeds 10, it would be expected 
from the analogy with the solubility of dinonylnaph- 
thalene hydrocarbon that sulfonate solubility would 
become limited. A few cases were in fact found in 
which the sulfonate solubility paralleled the decreasing 
solubility of the dinonylnapht.halene. Two of these 
solvents were nitromethane (5 = 12.6) and nitroethane
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(5 = 11.1). Acetone (6 = 9.9) permits mixing in all 
proportions at room temperature, but allows only 
limited solubility at —78°. In most solvents of high 
solubility parameter, however, the dinonylnaphtha
lenesulfonates were soluble in all proportions.

The solubility of the dinonylnaphthalenesulfonates 
in polar solvents having solubility parameters sub
stantially higher than that estimated for the sulfonate 
monomer results from at least two causes. One is 
that the ionic end of the sulfonate molecule is solvated 
by coordination and/or hydrogen bonding with func
tional groups of the solvent in such a way as to improve 
the solubility parameter match between solvent and 
the solute units. The other cause is believed to be 
tail-to-tail association which increases the relative 
contribution of the polar heads to solute-solvent inter
action in the more polar liquids. In the extreme 
case of water, this association leads to the formation 
of large aqueous micelles in which the polar heads lie 
on the exterior of the micelle.

It is recognized that the application of the solubility 
parameter concept to polar compounds goes beyond 
the original definition of 5 in terms of London forces 
alone, but such an extension, which takes account of 
dipole forces as well as dispersion forces, has been 
made by Hildebrand and Scott.19 Estimates of & for 
polar molecules by the Hildebrand rule automatically 
include the electrostatic effects.

Solvents capable of coordination or hydrogen bonding 
include acetone, methyl isobutyl ketone, ethyl acetate, 
ethanol, and methanol. The work of Kaufman17 
has shown that alcohols are strongly solubilized from 
toluene solutions by sodium sulfonate and that hy
drogen bonding of the solubilized alcohol can be de
tected by infrared examination. He found evidence 
of solubilization for acetone also,18 but the effect was 
weaker. When the ketone is present in overwhelming 
proportions as the solvent species, even a modest 
tendency of the ketonic oxygen to coordinate with 
the cation will lead to substantial solvation. The 
osmotic coefficients of Fig. 2 suggest that the solvated 
dimer, and to a lesser extent the trimer, are the pre
dominant solute species but that at low sulfonate 
concentrations appreciable proportions of the solvated 
monomer may exist. These conclusions apply particu
larly to solutions in methyl isobutyl ketone and ethyl 
acetate, whose dielectric constants are below 14.

Other work25 has shown that the alkali sulfonates 
form strongly conducting solutions in alcohols and ke
tones and that some solutions in nitroparaffins are 
also conductors. In general, strong ionic conductance 
is coupled with a decreased tendency to sulfonate mono
mer association into dimers or larger aggregates: Both

effects imply stronger solvation of one or both ions of 
the alkali sulfonate ion pair in these solvents.

It is of interest to examine the solubility and micellar 
phenomena observed for the group I dinonylnaphtha
lenesulfonates in relation to the general theory of 
micelle formation advanced by Winsor.11 This author, 
considering systems containing an amphipathic com
pound in the presence of varying proportions of water 
and a hydrocarbon, postulates an equilibrium

aqueous --->
Si micelles_ <---

lamellar large (or liquid 
crystals) “G” micelles

nonaqueous 
S2 micelles

Such an equilibrium is most readily demonstrated in 
concentrated solutions in which the amphipath has a 
suitable balance of lipophilic and hydrophilic com
ponents. In the sulfonate systems of the present 
study, the transition from hydrocarbon to water en
vironment was obtained by choosing a series of pure 
solvents of increasing polarity, rather than by varying 
the proportions of water and hydrocarbon present. 
Under these conditions the S2 micelle decreases in 
size as the polarity of the liquid is increased, approach
ing monomeric dispersion in the lower alcohols; typical 
Si micelles are formed only in water. Progressive 
addition of water to dilute hydrocarbon solutions of the 
sulfonate does not lead to the separation of a liquid 
crystalline phase but, after a substantial solubilization 
of water, to the formation of water-in-oil or oil-in-water 
emulsions stabilized by precipitated sulfonate. How
ever, addition of a small and critical amount of water 
to the solvent-free sulfonate, or to a sulfonate contain
ing less than 10% of benzene, does produce a biréfrin
gent phase. Birefringence appears to depend upon 
some specific action of water; it was encountered in no 
system from which water was absent. The Si and S2 
micelles and the G liquid crystals of Winsor’s model, 
thus, can be demonstrated in suitably chosen hydrocar- 
bon-water-sulfonate systems, but the intermediate liq
uid crystalline phase can exist only in the presence of an 
overwhelming preponderance of the sulfonate. No 
indication of an intermediate G structure involving 
aggregates larger than the S type micelles was found 
in any water-free solvent of intermediate polarity.

Solubility Behavior of Crystalline Soaps. The rela
tion of soap crystallinity to soap solubility has been 
discussed briefly by Kaufman and Singleterry.26 They

(25) R. C. Little and C. II. Singleterry, J . Phys. Chem., 68, 2709 
(1964).
(26) S. Kaufman and C. II. Singleterry. ibid., 62, 1257 (1958).
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noted that the solubility of crystalline sodium 2- 
ethylhexylsebacate in benzene was undetectably small 
at room temperature but that it increased sharply in 
the neighborhood of 47° to give miscibility of soap 
and solvent in all proportions. This behavior recalls 
that of aqueous soap systems at the Krafft point. 
Similar sharp transitions in solubility have been re
ported for zinc laurate and stearate in various solvents.27 
Murray and Hartley28 have explained the Krafft point in 
aqueous soap solutions as the temperature at which 
the solubility of the crystalline soap reaches the c.m.c. 
for micelle formation. At temperatures higher than 
the Krafft point, the crystalline phase, therefore, cannot 
exist in equilibrium with micelles. The same explana
tion is applicable in principle to the sudden increases 
in solubility noted for amphipathic salts in low polarity 
solvents. However, as Winsor11 has pointed out, the 
critical increase in solubility may sometimes occur as 
a sudden large increment accompanying a change of 
state from solid to liquid crystalline or liquid phases, 
either of which is likely to have a solubility greater 
than the c.m.c. for the micellar form. It should be 
noted that the temperature of a phase change such as 
melting or the formation of liquid crystals is lowered 
by the presence of a solvent which can swell or dissolve 
in one or both of the phases involved in the transition.

Kissa29-31 has reported extensive data on the solu
bility of crystalline lithium salts of aliphatic and ali- 
cyclic acids (9-16 carbon atoms) at 27°. He found 
pure crystalline salts, whether straight-chain, branched, 
or alicyclic, to have low solubilities at this temperature, 
the normal chain acids being most insoluble. Although 
Kissa’s data are for carboxylates, which do not always 
form the small isometric micelles characteristic of the 
sulfonates,15 31'32'33 the theory proposed for the sulfonates 
appears capable of extension to the carboxylates. It 
may be noted that when Kissa mixed lithium salts 
of nine pure branched-chain acids, the solubility was 
increased 400-fold over the sum of their separate solu
bilities. The major change in the thermodynamic 
situation when the pure salts are mixed is that the con
densed salt phase becomes a solid solution of geometri
cally unlike molecules which approaches the character 
of the viscous liquid phase just postulated for the sulfo
nates. The solubility then becomes that appropriate 
to a liquid-liquid mixture. Kissa reported difficulty 
in reaching equilibrium solubilities with some mixtures. 
It is thus not clear whether these mixed salt systems 
were above or below their critical solution temperatures. 
In the case of the nine-salt mixture, the fact that the 
solution passed to a gel as the concentration was in
creased suggests that this system was above the critical 
temperature and, so, was miscible in all proportions.

The salts of isomeric mixed acids from commercial 
intermediates had solubilities as much as 1000 times 
that of some of the pure single salts of which they were 
composed. They appear to have been miscible with 
isooctane in all proportions but to have had limited 
liquid-liquid solubility in benzene, except for the 
lithium tridecanoate mixture which formed gels in con
centrated solutions.

The differences in solubility behavior of the pure 
crystalline salts and of mixtures of the same pure salts 
are most readily understood if attention is focused on 
the different free energies of the solid phases involved, 
rather than on changes in micelle stability or structure 
as a result of mixing species. Straight-chain aliphatic 
radicals can pack closely in the crystal, allowing strong 
dispersion force interactions between the methylene 
groups of the chain.34 The standard free energy de
crease for a molecule passing from hydrocarbon solu
tion into the crystal is relatively large and the solu
bility accordingly small. Mixing straight-chain salts 
causes only a minor decrease in the amount of inter
action between chains, so mixtures of straight-chain 
salts show no enhanced solubility. In the small, non- 
aqueous micelle the hydrocarbon chains must be in 
rather intimate contact with the disordered solvent 
molecules rather than adlineated to each other as in 
the crystal, so the standard free energy change for 
micelle formation is less than that for crystal forma
tion. Consequently, the micellar phase is unstable 
with respect to the crystal until the temperature of 
the system approaches the melting point of the soap, 
when there is usually a sharp transition to unlimited 
solubility. When, on the other hand, the carboxylate 
molecules are branched, the molecules cannot pack so 
closely in the crystal, and there is less dispersion force 
interaction between chains. In addition, the branched 
chains contain additional methyl groups, which inter
act less strongly than methylene groups. Mixing 
branched-chain species results in further decrease in 
geometrical economy of packing and in an increase in 
entropy which still further minimizes the free energy of 
solid formation and increases the equilibrium solu

(27) E. P. M artin and R. C. Pink, J . Chem. Soc., 1750 (1948).
(28) R. C. M urray and G. S. Hartley, Trans. Faraday Soc., 31, 183 
(1935).
(29) E. Kissa, J . Colloid S c i., 17, 857 (1962).
(30) E. Kissa, ibid., 18, 147 (1963).
(31) E. Kissa, ibid., accepted for publication.
(32) J. G. Honig and C. R. Singleterrv, J . P hys. Chem., 58, 201 
(1954).
(33) J. G. Honig and C. R. Singleterry, ibid., 60, 1108 (1956).
(34) W. C. Bigelow, E. Glass, and W. A. Zisman. J . Colloid Sci.. 2, 
563 (1947).
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bility. As the complexity and heterogeneity of the 
molecules in the solid carboxylate phase are increased, 
a point is reached at which the mixture is in equi
librium with a higher concentration of dissolved species 
than is required for the formation of micelles. The

solid phase then passes over completely to the micellar 
state unless the system is below the critical solution 
temperature, in which case a solvent-swollen “solid” 
phase equilibrates with the micellar solution, i.e., there 
is limited micellar solubility.

Molecular Association in Pairs of Long-Chain Compounds.

II. Alkyl Alcohols and Sulfates

by H. C. Rung and E. D. Goddard

Research Center, Lever Brothers C om pany, Edgewater, N ew  Jersey (Received A p ril 8, 1964)

In our previous studies, which described the formation of 1:2 association complexes be
tween alkyl alcohols and sulfates, sample preparation was by a dry melt method. The 
present work involves studies on samples prepared from aqueous or aqueous-ethanol 
solutions of lauryl alcohol and sulfate and of myristyl alcohol and sulfate. It is shown 
that, over a range of concentration, mixing ratio, and solvent composition, the specimens 
which settle out of solution have a composition corresponding to a 1:2 alcohol-sulfate 
ratio and that their differential thermal, infrared, and X-ray patterns correspond to those 
of the previously reported complexes. No evidence of free alcohol was obtained. Dif
ficulty was encountered in preparing the “ 1:1” adducts reported by other workers; how
ever, although some samples having approximately the 1:1 composition were obtained, the 
above techniques showed the adducts to be of an ill-defined nature and to contain uncom
bined alcohol under the test conditions used. It is also shown that reaction between alkyl 
alcohols and sulfates is rapid when the alcohol is melted.

It has been shown in a previous paper1 that alkyl 
alcohols and sodium alkyl sulfates combine to form 
1:2 association complexes with the release of a con
siderable amount of energy. In these studies samples 
were prepared by a melt method in order to avoid the 
effects of solvent inclusion. As there is interest in 
the interaction of the above species when present in 
aqueous solution or a t aqueous interfaces, it seemed 
desirable to establish whether or not the same com
plexes form in an aqueous environment. Work of 
this type has been done previously. In their studies 
on phase relations in the system sodium lauryl or 
myristyl sulfate, lauryl alcohol, and water, Epstein,2

et al., isolated crystalline adducts in which the ratio of 
alcohol to sulfate was 1:2; later 1:1 adducts were 
isolated.3 However, little information on these ad
ducts, other than their composition, was published.

The purpose of this work was to prepare such ad
ducts and to establish their identity or nonidentity 
to the melt-prepared complexes by use of the differential 
thermal analysis (DTA), infrared, and X-ray tech

(1) H. C. Kung and E. D. Goddard, J . Phys. Chem ., 67, 1965 (1963).
(2) M. B. Epstein, A. Wilson, C. W. Jakob, L. E. Conroy, and J. 
Ross, ibid., 58 , 860 (1954).
(3) M. B. Epstein, A. Wilson, J. Gershman, and J. Ross, ibid., 60, 
1051 (1956).
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niques used previously.1 In addition, further experi
ments have been carried out to establish the conditions 
under which interaction occurs in the absence of sol
vent.

Experimental
The specimens of lauryl alcohol (LOH), myristyl 

alcohol (MOH), sodium lauryl sulfate (NaLS), and 
myristyl sulfate (NaAIS) have been described pre
viously. 1 Adducts were prepared as follows : appropri
ate quantities (see Tables I and II) of long-chain al-

Table I : Composition of Solutions and Adducts.
LOH-NaLS

✓------Initial solution, g./100 ml. of water------
% by wt. 
of LOH in

N a L S L O H N a C l adduct

1 0.805 0.154 24.1
2 0.810 0.414 0.12 25.8
3 0.801 0.542 0.12 25.1
4 0.800 0.605 0.12 26.1
5 0.813 0.425 0.12 38.3
6 0.803 0.553 0.12 39.8

Table I I : Composition of Solutions and Adducts.
MOH-NaMS

% by wt.
.--------- I n i t i a l  s o l u t i o n ,  g . / l O O  m l .  o f  w a t e r ---------- '  o f  M O H  in

N a M S M O H NaCl a d d u c t

7 0.812 0.207 0.12 24.7
8 2 .4 0.41 24.3
9 2 .3 “ 0.68 24.9

10 0.801 0.409 0.12 36.2

° Water replaced by 50:50 water-ethanol.

cohol, long-chain sulfate, and water or water-ethanol 
were stirred together at room temperature. The 
solvent was generally added last. In some experi
ments a small amount of sodium chloride was included.8 
Stirring was continued while heating to 75-80° and 
maintaining at this temperature for a few minutes. 
The systems were more or less turbid at this point and 
were then allowed to cool slowly to room temperature. 
Crystals of adduct grew as small, thin plates. After 
separation and drying over phosphorus pentoxide, 
their content of long-chain alcohol was determined 
by the method of Epstein, et al.2 This involves trans
ferring a weighed amount of the crystals into a fritted 
glass filter funnel and extracting with successive 
small portions of heated petroleum ether to constant

weight. The water content of the crystals, where 
tested, was found to be <0.1%.

In addition to 1:2 alcohol-sulfate complexes Ep
stein, et al.,3 reported that 1:1 adducts will form if 
conditions are appropriate. To favor formation of the 
adduct with the higher level of alcohol the relative 
amount of alcohol to sulfate in the starting mixture 
was increased. Although this yielded the desired 
result for the myristyl system (see Table II), it was in
effective for the lauryl system. We therefore resorted 
to additional cooling of some of the mixtures of this 
series (members 5 and 6, Table I) at 5° to accomplish 
our purpose.

To obtain an idea of their mutual reactivity in the 
absence of water, long-chain alcohol and sulfate, in 
amounts equivalent to a 1:2 molar ratio, were mixed 
for a few minutes at room temperature and then 
placed in the DTA equipment for a thermal study.

The DTA, infrared, and X-ray procedures used have 
been previously described. For DTA the specimens 
were cooled where necessary to 0-10° before starting 
the experiment, and a heating rate of 1.6°/min. was 
used. For infrared studies the materials were dispersed 
as a mull in Nujol.

Results
Composition of Adducts. Composition data for the 

initial mixtures and the separated adducts are given in 
Tables I and II. In the lauryl system, two compositions 
of adduct are approached—that corresponding to a 
mole ratio of 1:2 LOH-NaLS (24.5% LOH) and that 
to a mole ratio of 1:1 (39.3% LOH). Evidence of 
a continuum of crystal composition was not obtained.3 
In the myristyl system, for which the theoretical MOH 
contents of the 1:2 and 1:1 MOH-NaMS compo
sitions are 25.3 and 40.4%, respectively, results are 
similar. However, evidence for the formation of an 
adduct with the 1:1 composition is less convincing 
in this case.

DTA. The DTA patterns of adducts 1-4, Table I, 
were similar to one another and to that of the 1LOH-2- 
NaLS composition formed by the melt method. Curve 
a, Fig. 1, obtained for adduct 1, is given as an example. 
The pattern consists of a large endothermic peak near 
60°. There is a complete absence of a peak caused 
by melting of LOH. We interpreted1 a similar pattern 
for the melt-prepared 1:2 mixture as indicating the 
existence of a 1:2 complex having a melt decomposi
tion point near 60°. The differential thermogram of 
adduct 5 (curve b, Fig. 1) consists of five peaks of 
various sizes. The peak near 24° is probably caused 
by melting of the alcohol (or alcohol-rich eutectic) 
and that a t 60° by the melting and decomposition

T h e  J o u r n a l  o f  P h y s ic a l  C h e m is tr y



M o l e c u l a r  A s s o c i a t i o n  i n  P a i r s  o f  L o n g - C h a i n  C o m p o u n d s 3467

Figure 1. DTA curves of crystallized adducts: a, adduct 1;
b, adduct 5; c, adduct 7; d, adduct 10.

of the complex. The nature of the other peaks is not 
clear. I t  appears that this adduct is not a single 
entity but a mixture of several species, despite its com
position which approaches the 1LOH- -INaLS mole 
ratio. Adduct 6 gave a similar pattern to that of 
adduct 5.

Essentially the same DTA patterns were obtained 
with adducts 8 and 9 as was obtained with adduct 7; 
this is shown as curve c, Fig. 1. No peak due to 
melting of MOH is evident. The endothermic peak 
near 70° suggests incongruent melting of a 1MOH 2- 
NaMS molecular complex since this is the peak char
acteristic of decomposition of the complex formed by 
the dry melt method. The thermogram for adduct 
10 has three peaks, that at 41° being associated with 
free MOH (or eutectic) and that at 74° very likely with 
the decomposition of the 1:2 complex. The origin 
of the peak near 80° is not establ shed.

Differential thermograms for 1:2 mixtures made at 
room temperature in the absence of water are given in 
Fig. 2. For the myristyl pair there is a peak at 38° 
corresponding to the melting of the alcohol. This is 
followed by a broad exothermic peak at 43°. We 
interpret this as indicating that reaction starts, very 
soon after the MOH is molten, to form the complex 
which subsequently decomposes as shown by the endo
thermic peak at 64°. WTe note also that the areas of 
the exothermic and second endothermic peaks are ap
proximately the same. This is consistent with our 
interpretation which associates the second endo
thermic peak with the melt decomposition of the com
plex. However, under the conditions of this experi
ment, thè temperature of the peak is slightly lower 
than before. For the LOH-NaLS system mixed at 
room temperature the thermogram consists of a major 
endothermic peak at 60° and minor peaks at 18, 23,

Figure 2. DTA curves of LOH-NaLS and MOH-NaMS 
mixtures: a, b, mixtures of 1LOH and 2NaLS, 1MOH and
2NaMS, respectively, made at room temperature; 
c, shock-cooled mixture of 1MOH and 2NaMS (see text).

and 54°. This suggests that during room temperature 
mixing, at which temperature the LOH is liquid, re
action to form the complex had gone virtually to com
pletion. The melt decomposition of the complex 
formed in this way agrees satisfactorily with that ob
served previously.

The third curve in Fig. 2 represents the heating 
pattern of a lMOH-2NaMS mixture which had been 
heated beyond the melt decomposition temperature in 
the DTA apparatus and cooled suddenly to room 
temperature with cold dry air.1 While we note the 
complete absence of an endothermic peak in the tem
perature range of melting of MOH, there is a sharp 
exothermic peak in this area. Our interpretation is 
that the mutual disposition of MOH and NaMS 
molecules in this mixture, which was “frozen” in by 
the rapid cooling, is so favorable for subsequent re
action that, on heating to the melting point of the 
alcohol, interaction to form the complex is almost 
instantaneous.

Infrared. Sections of spectra in the hydroxyl 
band stretching region for a series of melt-prepared 
mixtures of MOH and NaMS are presented in Fig. 3. 
In this region the lMOH-2NaMS composition is 
characterized by a sharp absorption peak at 2.86 
free alcohol by a broad band at 3 a, and NaMS by the 
absence of absorption. Superpositioning of the 3-m 
band and the 2.86-m peak is evident in mixtures richer 
in alcohol than the 1:2 composition. The crystalline 
adducts 7, 8, and 9, whose compositions were all close 
to the 1:2 molar ratio, had very similar absorption 
spectra which matched that, of the melt-prepared 1:2 
complex; the curve for adduct 7 is shown in Fig. 3. 
Adduct 10 gave a spectrum with a relatively broad 
band consisting of a peak at 2.84 n and two shoulders; 
this suggests the presence of free MOH in the adduct 
(see curve j, Fig. 3).

Infrared spectra of adducts 1, 3, 5, and 6 were also
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Figure 3. Sections of infrared spectra: a, MOH;
b, 80.0% MOH and 20.0% NaMS; c, 60.0% MOH and 
40.0% NaMS; d, 40.0% MOH and 60.0% NaMS; 
e, 25.3% MOH and 74.7% NaMS; f, NaMS; g, adduct 3; 
h, adduct 5; i, adduct 7; j, adduct 10.

obtained. Those of adducts 1 and 3, which show a 
sharp peak at 2.85 n, were almost identical with that 
of the ILOII 2NaLS complex prepared by the melt 
method. The spectra of adducts 5 and 6 differ from 
the former in that they consist of a sharp peak at 2.83 
ix and a broad band around 3 y which indicates the pres
ence of free alcohol in addition to the hydrogen-bonded 
complex. The spectra for adducts 3 and 5 are shown 
in Fig. 3.

Spectra reported by Kaufman4 for methanol and an 
organic sulfonate in toluene are relevant to the above. 
Whereas methanol alone has the characteristic, broad 
3 ix band, its dilute toluene solution has a sharp peak 
at 2.76 ix which is characteristic of free hydroxyl groups. 
Addition of the organic sulfonate leads to superposi- 
tioning of a broad band at 2.95 ix on the sharp peak; 
this is probably the result of the clustering of several 
methanol molecules around each sulfonate.

X-Ray. X-Ray measurements on the separated 
adducts gave support to the findings by the DTA and 
infrared methods. Diffraction patterns of adducts 
7, 8, and 9 matched each other and that of the melt- 
prepared lMOH-2NaMS complex; all closely re
sembled the pattern of Lingafelter’s i-phase of sodium 
alkyl sulfates.5 Adduct 10, however, which contains 
36% MOH, gave rise to a pattern which is intermediate 
between that of the 1:2 complex and the melt-pre
pared 40% MOH-60% NaMS mixture.

In the same way, the diffraction patterns of adducts 
1, 2, and 3, which are very close to the 1:2 composi
tion, all resembled that of the melt-prepared 1LOH- 
2NaLS complex, and all have the i-phase character
istics. However, slight changes in line intensities and 
positions of weak lines were evident among the patterns. 
The patterns of adducts 5 and 6, in which the excess

LOH is presumably in the liquid state, also resembled 
the above.

The above results confirm the earlier work on ad
ducts isolated by Mr. Ryer6 of this laboratory. With 
90% water-10% ethanol as solvent and a 2.4% level 
of NaMS, the MOH content was varied from 0.1 to 
0.6%; with water as solvent and a 0.6-0.8% level of 
NaMS, the MOH level was varied from 0.025-0.06%. 
Heating and cooling these mixtures led to adducts 
which in all cases gave Lingafelter’s i-phase pattern 
and a content of MOH, when determined, of around 
27%.

Discussion

Extraction analysis, DTA, infrared, and X-ray 
investigations have all provided evidence that the 
adducts with the 1:2 composition, which were sepa
rated from aqueous media, are identical with the 
1:2 molecular complexes formed by the melt method. 
The ability to form the same species under such widely 
varied conditions lends considerable support to the 
existence of the postulated complexes. Aside from the 
fact’ that the composition of some of the adducts ap
proaches the 1:1 molar ratio, no evidence has been 
obtained, either from investigation of the adducts or 
the melt-prepared materials, that mixtures having 
the 1:1 composition are molecular compounds; rather 
it seems likely that they are made up of the 1:2 
complex with excess alcohol occluded or possibly par
tially in solid solution. I t should be noted, however, 
that isolation of the adducts involved a drying step at 
room temperature, and there Is a possibility that this 
may have resulted in the breakdown of a (hydrated) 
1:1 adduct formed at lower temperatures.

The results on heating mixtures of long-chain alcohol 
and sulfate have demonstrated that interaction to form 
the complex starts soon after the alcohol is melted; 
such interaction can readily be seen by observation of 
the pairs on the hot stage of a microscope. Accord
ingly, since LOH is liquid at room temperature, the 
question may be raised as to whether the 1LOH- 
2NaLS complex exists in an aqueous environment or 
whether it is formed during the subsequent separation 
—for example, during the drying process. We believe 
the former to be the case, in view of the analogous be
havior of the myristyl pair and the fact that MOH is 
solid at room temperature. One role of water in the

(4) S. Kaufman, J . Colloid Sci., 17, 231 (1962).
(5) F. F. Rawlings and E. C. Lingafelter, J . A m . Chem. Soc.t 77, 
870 (1955); F. F. Rawlings, Jr., Ph.D . Thesis, University of Wash
ington, Seattle, Wash., 1951.
(6) F. V. Ryer, unpublished work.
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aqueous system is to provide, for the component pairs, 
the mobility required for interaction.

The interaction tendency of alcohol-sulfate pairs 
makes understandable the difficulties always en
countered in removing the last traces of long-chain 
alcohol from a long-chain sulfate specimen. Already 
a tedious procedure for the lauryl system, purification 
of the myristyl and longer homologs has proved formi
dable.7 8 The present work indicates that procedures 
involving heating of the specimen to the melt decom
position temperature of the 1:2 complex would facili
tate purification : thus, using the technique of vacuum 
extraction, we have found a marked increase in the 
rate of MOH removal from the lMOH-2NaMS 
complex as the melt decomposition temperature is 
approached.

In the work carried out on the three-component 
system, long-chain alcohol, sulfate, and water, we have 
restricted investigation to extreme regions of the ternary 
phase diagram, viz., to regions completely water-free 
or in which water is the major constituent (>97%). 
There have been several more complete studies of 
ternary detergent-amphiphil e-water systems. In 
briefly describing some of these it is appropriate to 
start with the water-free systems studied by McBain, 
et al.,s’9 who obtained evidence of 1:1 and 1:2 
palmitic acid-sodium palmitate and of 1:1 oleic acid- 
potassium oleate associations. Furthermore, their 
phase diagrams bear a striking resemblance, in the 
areas of relevance, to the partial phase diagram we 
constructed for the MOH-NaMS system.1 McBain 
and Stewart10 also point out that in the oleic acid- 
potassium oleate-water system the boundary con
fining the water-rich isotropic region corresponds to the 
1:2 acid-soap ratio. Similarly, Dervichian11 has 
found an upper limit of solubility of octanol and potas
sium caproate (or laurate) in water to correspond to 
the 1:2 molar ratio and indicates that such stoichiom
etry is encountered only if the chain length of the 
amphiphile is sufficiently long. In the extensive work 
of Lawrence12'13 and recent work of Ekwall14 no sig
nificance is apparently attached to changes taking 
place at or near stoichiometric ratios. Most of 
Lawrence’s work has been concerned with amphiphiles 
of chain length lower than twelve carbon atoms. He 
has, however, reported13 the separation, from LOH- 
NaLS-water mixtures, of crystals of a “solid solution” 
of these three components whose composition varies

with that of the starting system. Unfortunately, 
details of the compositions involved were not given.

I t remains to consider how widespread the existence 
and formation of stoichiometric complexes between 
long-chain polar and long-chain ionic materials are. 
That such formation occurs under certain conditions is, 
as we have shown, now well established; and we will 
show in another publication that complex formation is 
by no means limited to the pairs of compounds dis
cussed above. However, further work, both in bulk 
phase and at interfaces, is required to establish to 
what extent it is responsible for the diverse phenomena 
which have led various workers to suspect and postu
late its existence. Such phenomena are spontaneous 
emulsification, mesomorphic phase formation, the 
position of phase boundaries, inhibition of precipita
tion of anionic detergents by heavy metal or long- 
chain cations, abnormal viscosity and surface tension 
effects, foam stability, slow draining films, monolayer 
penetration, and others. That attraction and inter
action of the two species are involved in several of the 
above phenomena there seems little doubt.

In conclusion, evidence has been brought forward 
that the same 1:2 alkyl alcohol-sulfate complex is 
formed whether the association is allowed to take 
place via the melt or via aqueous solution. The raison 
d’etre of the complexes, which can form under such a 
wide variety of conditions, we believe is associated 
with the limited stability of the alkyl sulfate structure. 
Stabilization is achieved in the complex by hydrogen 
bonding and charge separation. As soon as it is molten, 
an alkyl alcohol can react with a solid alkyl sulfate 
with the formation of the complex, and the release of a 
considerable amount of energy.
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The Penetration of Water and Aqueous Soap Solutions into 

Fatty Substances Containing One or Two Polar Groups

by A. S. C. Lawrence, A. Bingham, C. B. Capper, and K. Hume

Department o f Chem istry , Sheffield U niversity, Sheffield, England  (Received March 17, 1964)

The minimum temperature of penetration of aqueous soap solutions into amphiphiles has 
been measured for the permutations of the even number alkyltrimethylammonium bromides 
from C8 to Cis and faHw acids and alkanols from C12 to C20. The penetration of water into 
amphiphiles has been studied by freezing point, vapor pressure, and X-ray diffraction 
methods and it has been shown that this considerable solubility of water in polar fatty 
substances, themselves insoluble in water, is general. Alkanols form a solid solution melting 
to liquid, fatty acids only liquid; fatty amines form a binary liquid crystalline phase and so 
do substances containing two OH groups, such as monoglycerides, hexadecane-l,2-diol, and 
a'-hydroxypalmitic acid. Monolaurin forms a shallow eutectic with lauric acid while the 
Tpon minimum into this system forms a very deep one at the same composition which may 
be important in the intestinal absorption of fat. The monolaurin-water system above 
TpCn is a single liquid crystalline phase up to about 33% water; beyond this and to high 
dilution, the system is a suspension of lc spherulites in water. It is pointed out that the 
phosphatides and cerebrosides are almost certainly similar, each with its Tpm dependent 
upon the fatty acids present.

It has been shown that the effect of temperature 
upon phase equilibria in the ternary soap-water amphi
phile systems may be represented by the simple general 
diagram shown in Fig. I .1 Here the system is shown 
as a binary one of some selected soap-water ratio as one 
component and the amphiphile as the other; the Krafft 
point of the soap is used as one melting point, and the 
melting point of the amphiphile is used as the other. 
This picture applies to the carboxylates, alkyl sulfates, 
and alkyltrimethylammonium bromide soaps with the 
usual amphiphiles having a hydrocarbon chain of five 
or more carbon atoms.

T e  is clearly the important minimum temperature 
at which the ternary liquid crystalline phase can exist; 
below it this association is broken by the component 
with the highest freezing point separating as solid; 
it may be the soap, the amphiphile, or water. The 
location of Te by construction of Fig. 1 is extremely 
tedious and difficult, but it may be found very simply 
and accurately when it is realized that Te is also the 
minimum temperature at which a soap solution pene
trates into an amphiphile or at which water penetrates

into soap plus amphiphile. This temperature Tpen is 
easily observed by placing a very small amount of 
amphiphile upon a glass microscope slide with a drop 
of soap solution, covering with a cover glass, and ob
serving on a heating stage by a polarizing microscope. 
It is preferable to use a single crystal or fragment of 
one. Penetration shows first as formation of a mem
brane around the crystal flake, followed, when the 
temperature is held at this point, by penetration into 
the crystal and extrusion of myelin tubular forms. 
The concentrations and quantities used are irrelevant.1 
At equilibrium, the ternary composition has its proper 
place in one or another phase area, lying somewhere 
on the tie line connecting the original soap concen
tration in water with the amphiphile corner of the 
triangular diagram. However, we are not looking at 
the final stage; we are watching the equilibration 
process of soap and water penetration between the

(1) A. S. C. Lawrence, D iscussions Faraday Soc., 25, 53 (1958), 
“Surface Activity and Detergency,” K. Durham, Ed., London, 1961, 
pp. 158-192; N ature, 183, 1491 (1959); J .  Soc. Chem. In d ., 1764 
(1961) ; A. W. Ralston, “F a tty  Acids.”
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Figure 1. General temperature-composition 
diagram for soap-water-amphiphile systems.

layers of polar groups in the bimolecular leaflet of 
amphiphile. We see the formation and build-up of 
ternary liquid crystalline phase because it is formed 
more rapidly than it redissolves in the excess of soap 
solution. This is because of its extremely high viscosity.

Since reporting preliminary figures for Tpen for a 
number of soaps and amphiphiles,1 we have made a 
systematic examination of the even number alkyltri- 
methylammonium bromide soaps from C8 to Ci8 with 
the even number fatty acids and alkanols from C12 to 
C20. In Fig. 2 each curve shows Tpen for one of the 
homologous series of soaps plotted against the number 
of C atoms in the fatty acids; Fig. 3 shows the results 
for alkanols. There is crossing over and lack of order, 
but, when the same results are plotted against Cn in 
the soaps, the family of curves for acids and alkanols 
reveal the order shown in Fig. 4a and 4b.

Effect of Water upon Fatty Alkanols and Acids
In Fig. 5 the bottom line shows an effect which misled 

us at first with the alkanols but which does not appear 
in the acids. A change is seen but penetration and 
liquid crystalline phase formation does not set in 
until a higher temperature, both transition tempera
tures being sharp. The effect of water alone was 
therefore tried upon the alkanols and fatty acids by

Tcwp °C

Figure 2. T pea for even number alkyltrimethylammonium 
bromide soaps plotted against C n in fatty acids.

measuring their melting points on the hot stage in the 
pure dry state and repeating with a drop of water upon 
the substance. Figure 5 shows that water lowers the 
melting point of the acids and increases that of the 
alkanols. If single crystals are used, the lower tem
perature transition is seen in the solid alkanols; in 
polarized light with crossed Nicols, the specimen is 
silvery white; at the transition temperature, this 
birefringence disappears as if a blind were drawn in
wards from each edge of the platelet ; craze lines appear 
also. The values for Tpen for the soaps into the alkanols 
shown in Fig. 3 and 4b are the transition of alkanol 
plus soap and water to form the ternary liquid crystal
line phase and not the lower water penetration values.

The effect of water upon the freezing points of dodeca- 
nol and decanoic acid was examined; mixtures with 
increasing amounts of water were made up a few de
grees above the melting points of the substances and 
agitated gently for several days. Freezing points were 
measured and repeated after further mixing; solution 
of the water is very slow as it takes place across the 
small interface. The eutectoid curves shown in Fig. 6
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T««f *C

Figure 3. T pen for even num ber a lky ltrim ethy lam m onium  
brom ide soaps p lo tted  against C n in  n-alkanols.

Tpen of RM«3NBt soaps into fatty acids

m.pt

Tp«n of RM«3NBr soap into alkanois

---------------- ‘— —I----------------1 » -»
IO 12 14 16 18 20

No. of carbon atoms
Figure 5. M elting  poin ts of fa tty  acids and  alkanois; 
anhydrous and  in presence of w ater. Lower 
curve for alkanois is th e  m inim um  tem pera tu re  
a t  which w ater penetra tes to  form  solid hydra te . X , 
m elting p o in t of pure  com pound ; O , m elting p o in t in 
w ater; • ,  loss of birefringence (alcohols only).
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Figure 6. Freezing point vs. %  water in 
dodecanol and in deeanoic acid.

were obtained; saturation was in each case about one- 
third of a molecule of water per molecule of substance. 
The results resemble part of the familiar two-component 
system in which compound formation occurs with two 
eutectics; the rising melting point which is terminated 
by saturation could, if continued, reach 0° for 100% 
water only via a second eutectic.

The vapor pressure of dodecanol and water was 
measured as a function of temperature; the specimen 
was placed in a small flask fitted with a tap for evacua
tion and a U-tube mercury manometer. Outgassing 
was difficult and loss of water was dealt with by com
pleting a series of measurements and then analyzing 
for water by the Karl Fischer reagent. The apparatus 
was placed in a thermostat and the temperature raised 
in small steps, at least 24 hr. at each temperature being 
allowed. As anticipated, the vapor pressure was that 
of pure water up to the lower transition temperature at 
16°p as the water passes into the dodecanol, the rise is 
halted; the vapor pressure then rises again as the tem
perature is raised. Figure 7 shows the results for two con
centrations of water and that, above the transition, the 
vapor pressure of the hydrate is less than that of water. 
Most curiously, however, the slopes of water and 
water in dodecanol are almost identical, and therefore 
so are their A//vap values. No significant difference 
was found between the infrared spectra of the anhy
drous dodecanol and its hydrate.

Figure 7. Log vapor pressure vs. 1 / T  for water 
and dodecanol containing two concentrations of water.

The existence of a hydrate of dodecanol was first 
shown by Bernal and very briefly reported2; Trapezni- 
kov has also shown the existence of hydrates of both 
alkanols and fatty acids while studying monolayers, 
salt effects, and surface pressure changes with tempera
ture.3 From these he distinguishes solid hydrate, 
liquid crystalline, and liquid structures each existing 
inside definite temperature ranges. We have not, 
however, observed any sign of liquid crystals, and solid 
hydrate separates directly from the liquid. On all 
other points, our observations confirm those of Trapez- 
nikov.

McBain and Marsden examined such a commercial 
monolaurin and reported that its aqueous systems are 
liquid crystalline and that the long X-ray spacings 
increased from 40 A. for the anhydrous substance to 
150 A. for the 25% in water liquid crystalline phase.4 
Clearly, a very large amount of water can penetrate 
into the smectic layer lattice, but X-ray diffraction

(2) J. D. Bernal, N ature , 129, 870 (1932); Z . K rist., 83, 153 (1932).
(3) A. A. Trapeznikov, Acta Physiochim . U R S S , 19, 553 (1944); 
20, 589 (1945); Compt. Rend. Acad. Sci. U R S S , 47, 275, 417 (1945); 
Dokl. Akad. N a u k  S S S R , 277, 435 (1945); Zh. Kh.im., 19, 228 
(1955) ; Proc. Intern. Congr. Surface A ctivity, 2nd, London, 1,121 (1957)
(4) J. W. McBain and S. S. Marsden, Jr., J .  Chem. P hys., 15, 211, 
(1947).
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results of these authors suggest that the binary mixture 
is still a single smectic phase with 75% water whereas 
our results show about 35% as the maximum In the pure 
monoglyceride. Although this addition of soap to 
monoglycerides is widely practiced commercially, no 
work upon the nature of its effects seems to have been 
published. The solubility of water in fatty acids has 
also been studied extensively by Ralston.1’5 6

No attention has been paid to the results of these 
workers although it is obvious that observations of 
melting points and the use of melting points as criteria 
of purity of fatty acids and alkanols is entirely unreli
able unless the substances are rigorously dried.

Bernal found that the hydrate is hexagonal whereas 
the anhydrous dodecanol is of low symmetry, either 
monoclinic or triclinic. Dr. A. J. Smith of this depart
ment has kindly made the X-ray examination of our 
hydrate and found the same results. He also found that 
the hydrate cooled to 10°, i.e., below Tpen, had reverted 
to the anhydrous form.

Amphiphiles Containing Two Functional Groups
When 1-monolaurin, m.p. 62.5°, is heated with a drop 

of water, it passes sharply to a liquid crystalline phase 
at 40°; this is the /3-crystal modification; the a-form 
melts at 44° and has a Tpen by water well below room 
temperature. Hexadecane-l,2-diol, m.p. 74.5°, also 
passes to liquid crystalline phase some 15° below its 
melting point, Tpen = 60.5°, but a-hydroxypalmitic 
acid, m.p. 60.5°, requires heating to its melting point 
at which melting of the solid and penetration of water 
to give liquid crystalline phase occur simultaneously. 
Lecithin shows the same phase change in water at room 
temperature. Nonionic soaps such as Triton X45 
and X100 also form a binary liquid crystalline phase 
with water although the two 0  atoms are separated by

Table Ia : 1-Monoglycerides

M.p., °C:
-----ar-F orm"------- «

r’pen, °C.
--- /3-Formu“—>

M . p . ,  °C. p̂en, °C.
l-Monocaprin 27 <<Room temp. 52.5 27.5

1-Monolaurin 44 <Room temp. 62.5 40

1-Monomyristin 56 34 69 49.5

1-Monostearin 74 60.5 81.5 65

“ We are indebted to Unilever Ltd. for these pure specimens 
whose melting points show good agreement with literature values; 
we are also grateful to Unilever Ltd. for the specimen of very 
pure dodecanol. 6 The ;3-form is obtained by crystallization 
from a solvent and the a-form from melts.

two methylene groups. 1,6-Hexamethylene glycol 
does not show this behavior. 1-Monolaurin at 40° 
continues to take up water to form a single liquid 
crystalline phase until about 35% is reached; this 
works out at 8.3 molecules of water per molecule of 
monoglyceride or about four per OH group. When 
further water is added, the system becomes a dispersion 
of liquid crystalline phase in water; this has been fol
lowed down to 0.4%. Below Tpen it becomes solid in 
liquid water. With bile acid salts, a ternary liquid 
crystalline phase is based upon the binary monolaurin 
one as in the case reported by us for octylamine with 
soap and water.6 In the latter case, there is also the 
binary soap liquid crystalline range, and the ternary 
one forms a band across the triangular diagram. The 
bile acid salts do not form a binary liquid crystalline 
phase.7

The Systems Monoglyceride-Fatty Acid-Water
The Tpen for water forming liquid crystalline phase 

with monolaurin of 40° is about 104°F., and the prop
erty would seem to be of no importance in vivo. How
ever, under such conditions, there may also be present 
two molecules of fatty acid from whatever triglyceride 
the monoglyceride was formed. Examination of the 
binary system monolaurin and lauric acid showed 
eutectic formation (Fig. 8) and a lower Tpen eutectoid. 
The steep fall on the left-hand side is defined by K f for 
the monoglyceride; from the known small change of AHf 
of aliphatic series, we can predict that all monoglyc
erides will have similar slopes. The small fall on the 
right-hand side is bogus in that the solid separating is 
not pure fatty acid; all that one can predict is that the 
higher the freezing point (f.p.) of the acid, the nearer 
one will get to the genuine fall so that the higher fatty 
acids should show increasingly steep fall,, and that oleic 
with its low freezing point will be flattest. The Tpen 
curve reminds us of our pair of stearic and palmitic 
acids which form a eutectic and a lower eutectic for 
Tpen by soap solution.1 In that case, as in this, the 
two minima were for the same composition. In Fig. 8 
the minimum is a little less than one molecule of lauric 
acid per molecule of monolaurin, which is 42.2%.

In  vivo, we shall have not only the — AT due to the 
primary monoglyceride-fatty acid eutectic, but we shall 
have mixtures of monoglycerides with their —AT; 
fatty acids are all different, and there will be another 
— AT on that side of the graph, and, finally, the 
presence of bile acid salts will lower Tpen by yet another

(5) A. W. Ralston, J . A m . Chem. Soc., 64, 1516 '1942).
(6) A. Hofman, Biochem. B iophys. Acta. 70, 306 (1963); R. Collison 
and A. S. C. Lawrence, Trans. Faraday Soc., 55, 662 (1959).
(7) R. Void and J. W. McBain, J . A m . Chem. Soc., 63, 1296 (1941).
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Tcaap *C

Figure 8. Melting point and Tpen for the 
binary system, monolaurin-lauric acid.

— AT increment. In the absorption of fats in man, his 
blood temperature is the only one that matters, and the 
sum of all the trends suggest that mixtures of up to two 
molecules of fatty acid per monoglyceride for any of 
them and their combinations will be in the labile liquid 
crystalline state at blood heat. We do not yet know 
the upper limit at which the liquid crystalline phase 
melts to isotropic liquid, except for the single value 
shown in Fig. 8 , but it is probably nearly parallel to the 
Tpen curve.

I t has been shown that the processes of absorption of 
fats involves polar solubilization of the amphiphilic 
monoglyceride, and its two fatty acid molecules enzy
matically split off from the fat, any unhydrolyzed 
t riglyceride remaining undissolved. In view of the well- 
known enhancement of nonpolar solubilization by 
amphiphiles, this fractionation needs explanation. 
The penetration of water into the monoglycerides plus 
fatty acids is a transition from very poor solubility of 
the monoglycerides in other fats to the labile liquid 
crystalline state coupled also with the eutectic lowering 
of freezing points which brings all the substances into 
this physical state at body temperature over a wide 
range of concentration. Whatever the importance of 
these physical* changes and the mechanism by which the 
solubilization is terminated and the bile acid salts 
liberated, we still need physiological evidence of the 
loci of these changes. Since the bile acids are weak 
ones, more attention to pH changes seems needed.

Monoglycerides have been used widely, usually with 
a small amount of soap, and it has been suggested that

monostearin crystallizes out as solid in the oil droplets. 
Indeed, it is reported that this separation is reduced if 
fatty acid is added to the monoglyceride, and it is sug
gested that it acts by enhancing formation of a protein 
interfacial layer.8 Clearly, the temperature of the 
transition of the monostearin (plus fatty acid and soap 
which will pull it down) should be determined, but if 
water penetrates, why not protein with it? I t has 
seemed most improbable to us, for some time, that 
triglycerides could possibly interact with proteins to 
form lipo protein, and the most likely form in which the 
fat could act would be as phosphatide. Now it seems 
likely that the monoglycerides could do this provided 
that they were above their natural Tpen or had had this 
reduced by fatty acids or even by lecithin.

The Bile Acid Salts
All the phenomena so far discussed are obviously con

nected with hydrogen bonding, and it is of interest to 
see that bile acid salts are not truly soaps because of the 
OH groups in the hydrocarbon part of the molecule.
G. M. Rowles has made a study in our laboratory of 
sodium cholate, sodium taurodesoxycholate, sodium 
glycodeoxycholate, and sodium taurocholate with 
octanol and water. Each of these substances contains 
two or three OH groups, and the result is that, for solu
bilization, they are hydrotropes rather than soaps and 
that the large ring system is equivalent to only C7 

paraffin chain. On the other hand, they have the low 
critical micelle concentrations characteristic of soaps.

Discussion
I t  seems that we have a whole group of amphiphiles 

whose hydrophobic part is large enough to make them 
almost insoluble in water but in which considerable 
amounts of water can dissolve. The log of solubility in 
g./lOO ml. of the alkanols from C4 to Cg gives a linear 
plot against C„; that is over a range of solubility of 
ca. 8 % down to 0.07%, but not for the inverse solubility. 
The partially miscible substances such as butanol and 
aniline are notably less soluble in water whan water is 
in them. On heating, the solubility of butanol de
creases slightly in water, reaching a minimum at about 
55°. The lower amines are miscible with water at 
sufficiently low temperatures but show a lower consolute 
temperature on heating, e.g., N E t3 and nicotine.8 

Some, such as dipropylamine, are not miscible with 
water at 0 ° because their lower consolute temperatures 
are below zero; this is shown by addition of soap which 
lifts them into sight. Upper consolute temperatures 
above 7’crit of water can also be brought down, e.g.,

(8) M. J. Hayes, “ Rheology of Emulsions,” P. Sherman, E d.’ 
London, 1963, p. 139.
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0.74 M  CTAB lifts the lower consolute temperature of 
50-50 diisopropylamine and water from 27 to 169°, 
and the upper consolute temperature has been lowered 
to 212°.9 Octylamine and its higher homologs form 
a binary liquid crystalline phase with water,6’10 but 
this property seems to require two oxygens as either 
diol, a-hydroxy acid or monoglyceride. With one oxy
gen we get the rise or fall of melting points as described 
for the fatty acids and alcohols. In general, it seems 
that, where a liquid crystalline phase forms, its upper 
limit of transition to isotropic solution of water is 
above the melting point of the anhydrous substance.

The ethylene oxide chain nonionic soaps are interest
ing insofar as the two 0  groups are separated by two 
carbon atoms but nevertheless form a binary liquid 
crystalline phase with water. The lower consolute 
temperature vs. composition curve for the system 
Triton X45 is strikingly similar to the unusual one given 
by octylamine; both show elevation by soap, and Ci2- 
TAB greatly increases the thermal stability of the 
liquid crystalline phase, i.e., the longer hydrophobic 
chain effect. With the nonionic soap, urea acts as a 
peptizer for low nonionic soap concentrations, but as an 
H-bond competitor above about 60%. The most

interesting feature of this work is the direct link be
tween the monoglycerides and the phosphatides, and 
between the cerebrosides and sphingomyelin. None of 
these is soluble in water; water dissolves in all of them 
showing myelins and forming a binary liquid crystalline 
phase.10 Presumably lecithin is, like monolaurin, an 
emulsion of liquid crystalline phase in water, down to the 
lowest concentrations; its Tpc,n would appear to be 
below room temperature, but synthetic lecithins 
containing the saturated fatty acids might be expected 
to show a 7’pen above room temperature for the higher 
ones. The solid monohydrates of cholesterol and p- 
toluidine seem to be separate from the cases discussed 
here; they are stoichiometric and must depend upon 
considerations of packing in the crystalline state, even 
if attachment of the water involves hydrogen bonding. 
Walker has shown that the vapor pressure curve vs. 
temperature for p-toluidine shows no break down to 
5°.11

(9) D. Langbridge, A. S. C. Lawrence, and R. Stenson, J . Colloid 
Sci., 11, 585 (1956).
(10) Unpublished work from this laboratory.
(11) R. J. Friswell, J . Soc. Chem. In d ., 27, 263 (1908); L. Lewy, 
Ber., 19, 2728 (1886); J. Walker and H. H. Beveridge, J . Chem. Soc., 
91, 1797 (1907).
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The Effect of Varying Centrifugal Field and

Interfacial Area on the Ultracentrifugal Stability of Emulsions12

by Robert D. Void and Robert C. Groot

Department o f Chem istry, University o f Southern California, Los Angeles, California 90007 
(.Received A p r il  4, 1964)'

The steady-state rate at which oil separates from 50 vol. % emulsions of Nujol in water 
stabilized with 0.2 or 0.4% sodium dodecyl sulfate and the quantity separating rapidly 
near the beginning of ultracentrifugation were determined as a function of ultra centrifugal 
speed and of specific interfacial area. The rate of separation of oil is directly proportional 
to the strength of the applied centrifugal field and varies inversely with the specific inter
facial area of the emulsion. The data obtained are consistent with the hypothesis that the 
observed rate of separation of oil is a measure of the rate of coalescence between the poly
hedral “drops” in the flocculated emulsion layer and the bulk oil phase. The initial rapid 
separation of a considerable quantity of oil near the beginning of ultracentrifugation is 
attributed to initial distortion of the drops with temporary excessive increase in area as 
they transform from spherical to polyhedral shape.

Introduction
Despite recent utilization3-7 of the analytical ultra

centrifuge to study creaming and coalescence phenom
ena in emulsions, there is still considerable uncertainty 
as to the locus of coalescence and the nature of the 
rate-determining step in the process. In the present 
experiments the effect was determined of changing the 
average drop size and the ultracentrifugal speed on 
the steady-state rate of separation of oil from an emul
sion and the quantity separating rapidly on commence
ment of centrifugation. The data obtained support 
the view that the rate of appearance of oil under thes'e 
experimental conditions is indeed a measure of the 
intrinsic rate of coalescence rather than a reflection of 
the rate of transport of either oil or aqueous phase 
through the flocculated emulsion. The results on the 
effect of change in interfacial area find further appli
cation in predicting the effect of changes in emulsi
fication technique, since these usually result in changes 
in area with consequent changes in adsorption of sur
factant and in ultracentrifugal stability.

A limited direct microscopic determination of size 
distribution in these emulsions was also undertaken 
to confirm the inferences drawn from the results of 
determinations of interfacial area.

Experimental Methods and Materials
The same sample of Nujol was used as in previous 

work.6 Except where otherwise specified, a purified 
preparation of SDS (Princen II) was used as before.7

Ultracentrifugal and Adsorption Studies. The steady- 
state rate of separation of oil from emulsions in an 
ultracentrifugal field and the amount of oil separating 
rapidly near the beginning of centrifugation (extrapo
lated per cent oil separated at zero time) were de
termined as described previously.5-7 In an attempt 
to improve the reproducibility in the present experi
ments, two batches of emulsion were always prepared 
as similarly as possible and then combined to make a

( 1 )  T h i s  i s  a  p a r t i a l  r e p o r t  o f  w o r k  d o n e  u n d e r  c o n t r a c t  w i t h  t h e  U .  S . 
D e p a r t m e n t  o f  A g r i c u l t u r e  a n d  a u t h o r i z e d  b y  t h e  R e s e a r c h  a n d  
M a r k e t i n g  A c t .  T h e  c o n t r a c t  w a s  s u p e r v i s e d  b y  t h e  N o r t h e r n  U t i l i 
z a t i o n  R e s e a r c h  a n d  D e v e l o p m e n t  D i v i s i o n  o f  t h e  A g r i c u l t u r a l  R e 
s e a r c h  S e r v i c e .

( 2 )  T h i s  w o r k  w a s  r e p o r t e d  i n  p a r t  a t  t h e  K e n d a l l  A w a r d  S y m p o s i u m  
o f  t h e  D i v i s i o n  o f  C o l l o i d  C h e m i s t r y  a t  t h e  1 4 7 t h  N a t i o n a l  M e e t i n g  
o f  t h e  A m e r i c a n  C h e m i c a l  S o c i e t y  a t  P h i l a d e l p h i a .  P a . ,  A p r i l ,  1 9 6 4 .

( 3 )  E .  R .  G a r r e t t ,  J . Pharm . Sci., 5 1 ,  3 5  ( 1 9 6 2 ) .

( 4 )  S .  J .  R e h f e l d ,  J . P hys. Chem., 6 6 ,  1 9 6 6  ( 1 9 6 2 ) .

( 5 )  R .  D .  V o i d  a n d  R .  C .  G r o o t ,  ibid., 6 6 ,  1 9 6 9  ( 1 9 6 2 ) .

( 6 )  R .  D .  V o i d  a n d  R .  C .  G r o o t ,  J . Soc. Cosmetic Chemists , 1 5 ,  2 3 3  
( 1 9 6 3 ) .

( 7 )  R .  D .  V o i d  a n d  R .  C .  G r o o t ,  J . Colloid Sci., 1 9 ,  3 8 4  ( 1 9 6 4 ) .

V o lu m e  68 , N u m b e r  1 2  D e ce m b e r , 19 6 4



3478 R o b e r t  D . V o ld  a n d  R o b e r t  C . G r o o t

single sample, each being made from 150 ml. of Nujol 
and 120 ml. of 0.2% sodium dodecyl sulfate (SDS) 
solution, with subsequent incorporation under condi
tions of minimum agitation of additional SDS solution 
to give any desired total concentration and a 50-50
oil-water volume ratio. Specific interfacial areas 
were determined from the adsorption isotherms of a 
set of emulsions of the same drop size distribution but 
varying initial concentrations of SDS from 0.2 to 
0.6%, assuming a limiting area per adsorbed molecule of 
50 A.2.

Characterizing data on the emulsions used are given 
in Table I. Attention is called to the large differences 
in equilibrium concentration of SDS in the aqueous 
phase of emulsions of the same initial composition, re
sulting merely from changing the number of times the 
emulsion was passed through the homogenizer and 
sometimes occurring with different samples given the 
same preparative treatment. Since the stability of 
the emulsion is very sensitive to changes in the equi
librium concentration of emulsifier this may well ac
count for the occasional poor reproducibility of be
havior of emulsions assumed to be identical because of 
identical initial composition and similar preparative 
technique. It was noted that the effectiveness of the 
homogenizer decreased with age. Initially the molar

Table I: Characterizing Data on the 50 Vol. %
Nujol-Water-SDS Emulsions Used and Ultracentrifugal 
Stability at 39,460 R.p.m.

S p e c i f ic  
i n t e r f a c i a l  
a r e a ,  c m . 2

I n i t i a l
c o n c n .

E q u i l .  
c o n c n .  

o f  S D S  in  
a q .  p h a s e .

F r a c t i o n
o f R a t e  o f

E x t r a p 
o l a t e d  
%  o il  
s e p n .

E m u l  X 10 "V o f m o le s s a t u r a t i o n o i l  s e p n . , a t  z e r o
s io n m l .  o f  o i l S D S ,  % X 10*/1- a d s o r p t i o n % / m i n . t i m e

3-012122 1.14 0.2 3.92° 0.67 17
2-020607 1.64 0 .2 3.45 0.64 0.63 24
1-092122 1.92 0.2 3.00 0.64 0.55 25
1-110708 1.85 0.2 2.84 0.66 0.50 21
2-010910 1.93 0.2 2.78 0.65 0.49 23
2-120506 2.66 0.2 2.00 0.56 0.27 21
2-121213 2.56 0.2 1.94 0.59 0.32 22
2-101819 1.97 0.2 3.30 0.56
2-081617 1.58 0.2 3.17 0.71 0.54 18
2-082728 1.70 0 .2 3.21 0.66
2-112829 1.62 0 .2 3.34 0.67
2-082021 1.64 0 .4 3.13 0.90
2-082122 1.92 0 .4 2.89 0.85
2-102425 1.71 0 .2 3.04 0.42 20

“ The concentration in this case was determined from a mas
ter plot of area vs. concentration in the aqueous phase of the 
0.2% SDS system (ref. 5) since this particular experimental 
point was clearly in error. Ultracentrifuge runs were made at 
only this one concentration with this emulsion.

concentration of SDS in the equilibrium aqueous phase 
was 3.7 X 10~3 after four passes through the homog
enizer and 1.6 X 10~3 after twelve passes, while after a 
year many more passes were required to reach similar 
concentrations. With these emulsions, if the initial 
concentration of SDS was 0.2%, the concentration of 
SDS in the equilibrium phase was always below the criti
cal micelle concentration (c.m.c.) while, if it was 0.4%, 
the equilibrium concentration was above the c.m.c.

With emulsions containing an initial concentration of 
0.2% SDS in the aqueous phase, the steady-state rate 
of separation of oil was usually reached after 10 to 20 
min. of centrifugation, with no obvious dependence of 
the time on centrifugal speed between 12,500 and 56,100 
r.p.m. As the initial concentration of SDS in the 
aqueous phase was increased, the time required to 
reach a constant rate of oil separation at 39,460 r.p.m. 
increased, leveling off at 35 to 45 min. at initial con
centrations such that the equilibrium concentration 
was above the c.m.c.

Microscopic Technique. Brownian motion was 
avoided, and a suitable number of drops were obtained 
in the microscopic field by diluting the emulsion appro
priately with a 10% gelatin solution containing the same 
concentration of SDS present in the equilibrium aqueous 
phase of the emulsion. Direct magnifications of 430 
and 970 were obtained using a microscope with a cali
brated scale, with photographic enlargement to 1000 
and 2000, respectively. The number of drops in each 
size class, taken in l-/r steps, was then determined by 
measurement of the diameters of the drops on the photo
graphs, generally measuring a total of about 350 drops 
in three different fields. In almost all cases reasonably 
good straight lines were obtained when the data were 
plotted according to the usual log normal distribution 
curve

F (D) =
1  p i n  D

= lr7 ^ V ^ r J - ~ eXP.
X

(In D -  In D50) 2 d In D

This permits comparison of the size distribution of 
different emulsions in terms of the two parameters of 
this curve, <rt and Di0. Di0 is the geometric mean diam
eter (the diameter of the drop of which the logarithm is 
the mean value of the logarithms of all the drops), and 
o-g = DSi/D i0 and is a measure of the width of the distri
bution. Because of the relatively small number of drops 
counted, the precision obtained was not high, the uncer
tainty being about ±10%  in the average value of Db0 
in the case of seven supposedly identical preparations.
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Results

Microscopic Observations. It is of interest to compare 
the drop size obtained by direct microscopic observation 
with that calculable from the specific interfacial area. 
In the case of a Nujol-water-SDS (50-50-0.2%) emul
sion, the mean diameter was 3.2 m and the standard 
deviation of the logarithmic distribution, ag, was 1.75. 
A similar emulsion having a specific interfacial area of
1.9 X 104 cm.2/ml. of oil would have a number average 
drop diameter (¿ho) of 3.16 n if it were monodisperse. 
That the two results are in apparent agreement shows 
that all the smaller drops were not detected and counted 
microscopically, since, for the present polydisperse emul
sion, the area average diameter should have been about 
twice as large as the number average diameter. The 
microscopically determined average diameter is useful 
nevertheless for direct comparison of similar emulsions 
and for rough correlation of the specific interfacial area 
with an actual drop size distribution.

The microscopic observations serve to confirm di
rectly that our procedure of blending a more concen
trated SDS solution into a previously prepared emulsion 
stock is accomplished without changing the size distri
bution. Thus, the values of Din and ae obtained on a 
Nujol-water-SDS (50-50-0.4%) emulsion prepared by 
adding more concentrated SDS solution to a 0 .2 % 
emulsion were 3.4 ¡i and 1.75, respectively, compared to
3.2 n and 1.80 or, the initial stock.

In earlier work5 it was found that the rate of separa
tion of oil from Nujol-water-SDS (50-50-0.2%) emul
sions was faster the purer the SDS and that the inter
facial area of these emulsions changed only slightly with 
time. Since we have now shown that the ultracentrif
ugal stability decreases with decreasing interfacial 
area, it is not surprising to find the average drop diam
eter in such an emulsion decreased from 3.2 to 2.3 n 
when Fisher Scientific Co. technical SDS was used in
stead of a pure product. This effect is also in the same 
direction as that anticipated from the nature of the prob
able impurities in the technical product. 6 The drop 
size in Nujol emulsions was not determined as a func
tion of age, but none of a series of 2 0 % heat-bodied 
linseed oil (M37 oil)-80% water-1 % technical SDS 
emulsions showed any systematic change in average 
drop size with time over periods up to 1 month.

With emulsions made by mechanical mixing followed 
by fourfold (or more) passage through a Cenco hand 
homogenizer, the drop size obtained decreased with de
creasing viscosity of the oil. For example, in one set of 
observations D 55 was found to be 8 . 6  n for an M37 oil- 
water-technical SDS (20-80-0.5%) emulsion, 2 . 2  n for 
a Nujol-water-technical SDS (50-50-0.2%) emulsion,

and too small to size in a cetane-water-technical SDS 
(50-50-0.5%) emulsion even at a magnification of 970. 
The average drop size in the Nujol emulsion was re
duced by successive passes through the homogenizer, 
but that in the M37 oil emulsions was not changed by 
this treatment.

Dependence of Stability on Interfacial Area. The 
dependence of the ultracentrifugal stability of Nujol- 
water-SDS emulsions on the interfacial area—and 
hence on the average drop size—is shown in Fig. 1, the 
data for emulsions B being taken from earlier work. 6 

In agreement with previous results, the rate of separa
tion of oil is seen to cecrease rapidly with increasing 
equilibrium concentration of SDS in the aqueous phase, 
irrespective of the interfacial area of the emulsion, and 
to become constant or decrease only slowly after the 
equilibrium concentration exceeds the c.m.c. I t  is 
also apparent that the rate of separation of oil decreases 
as the interfacial area of the emulsion increases and 
therefore as the average drop size decreases.

EQUIL: CONC. OF SDS IN AQUEOUS PHASE, MILLIMOLES /  L.

Figure 1. Dependence of the rate of oil separation at 
39,460 r.p.m. on the equilibrium concentration of SDS in the 
aqueous phase of Nujol-water-SDS (50-50-0.2%) emulsions 
of different specific interfaeial area. The emulsions and their 
respective specific interfacial areas (cm.2/ml. of oil X 10-4): A, 
A, 1.64; B, □, 1.92; B, Cl, 1.85; B, ■, 1.93; C, O, 2.66;
C, • , 2.56; V, 1.14.

This is brought out clearly in Fig. 2, which shows the 
rate of separation of oil at three different equilibrium 
concentrations of SDS below the c.m.c. as a function of 
the specific interfacial area of the emulsion. At 0.0039 
M  SDS the rate appears to decrease very nearly linearly 
with increasing area. At higher concentrations, the 
rate also decreases regularly with increasing area, but 
apparently less than proportionally at high areas.

It should be emphasized that, in making these com
parisons, the rates for emulsions of different specific 
area can be compared only at equal equilibrium concen-
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Figure 2. Dependence of the rate of oil separation at 39,460 
r.p.m. at equal equilibrium concentrations of SDS in 
the aqueous phase on the specific interfacial area of 
Nujol-water-SDS (50-50-0.2%) emulsions. Comparisons 
made at 0.0039 M ,  O; 0.0055 M ,  □; 0.0070 M ,  A.

trations of SDS. Only under these conditions will 
there be the same fractional saturation of the interface 
with adsorbed SDS, and it has been shown that the 
stability is directly proportional to the extent of cover
age of the interface with adsorbed emulsifier.7 Thus, a 
finer emulsion may appear to be less stable than a 
coarser one if direct comparison is made of the two 
prepared with the same initial concentration of stabi
lizer, because of the lower equilibrium concentration re
sulting, in the first case, from the larger quantity going 
to the interface. This explains the seemingly anom
alous observation that a Nujol-water-technical 
SDS (50-50-0.2%) emulsion, prepared by the standard 
method using the homogenizer, separated oil at a steady- 
state rate of 0.074%/min. at an ultracentrifugal speed 
of 25,980 r.p.m., while an identical system, prepared 
using only mechanical stirring, had separated no oil 
after 30 min. of ultracentrifugation.

The data of Fig. 3 on effect of centrifugal field on ul
tracentrifugal stability provide further confirmation 
that the rate of oil separation from the emulsion de
creases as the specific interfacial area increases. Here, 
however, since determinations were not carried out at a 
series of different initial concentrations of SDS, it is 
not possible to compare the rates quantitatively at the 
same equilibrium concentration in the different emul
sions.

It is evident from Fig. 4, despite the substantially 
poorer precision of the data,6 that changing the specific 
interfacial area has a similar effect on the amount of oil 
separated rapidly near the beginning of centrifugation. 
The amount decreases rapidly with increasing concen
tration of SDS until the c.m.c. is reached and decreases 
only slowly thereafter. At equal equilibrium concen
tration of SDS, the emulsions of greater specific inter-

CENTRIFUGAL FIELD IN MULTIPLES OF THE GRAVITATIONAL FIELD, x lO-3

Figure 3. Dependence of the rate of oil separation from 50 
vol. % Nujol-water-SDS emulsions on the applied 
centrifugal force. The aqueous phase of emulsions D and 
E contained initially 0.2% SDS; F and G, 0.4% SDS.
The emulsions and their respective specific interfacial 
areas (cm.Vml. 0f oil X ICG4): D, O, 1.58; D, A, 1.62;
D, □, 1.70; E, V, 1.97; F, • , 1.64; G, ■, 1.92.

Figure 4. Dependence of the extrapolated per cent oil 
separated at zero time at 39,460 r.p.m. on the equilibrium 
concentration of SDS in the aqueous phase of Nujol-water- 
SDS (50-50-0.2%) emulsions of different specific 
interfacial area. The emulsions and their respective 
specific interfacial areas (cm.2/ml. of oil X 10-4): A, A, 1.64;
B, □, 1.92; B, Cfl, 1.85; B, ■, 1.93; C, O, 2.66; C, • , 2.56.

facial area separate less oil although the scatter in the 
data prevents any quantitative correlation between 
area and amount separated.

In agreement with previous results,7 the rate of oil 
separation found in these experiments varied linearly 
with the fraction of the interface covered with adsorbed 
SDS, extrapolating to zero rate of separation at com
plete saturation.

Effect of Centrifugal Field. The centrifugal force was 
calculated from the speed at which the ultracentrifuge

T h e  J o u r n a l  o f  P h y s ic a l  C h e m is tr y
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was run by the relation,/  = (0.1047)Vrg/980, where/ 
is the ultracentrifuga) force in multiples of g, the force 
of gravity, r is the distance in centimeters from the cen
ter of rotation to the center of the cell, 980 is the ac
celeration of gravity, n is the speed in r.p.m., and 
0.1047 is the factor converting r.p.m. to radians per 
second. Since the radius to the midpoint of the cell is 
6.500 cm., the length of the cell is 14.1 mm., and the 
movement of the oil-emulsion boundary only a few 
nun., no consequential error is introduced by using the 
average field strength rather than the exact value at 
the boundary.

Figure 3 shows that in all cases the rate of separation 
of oil from any individual emulsion increases directly 
proportional to the increase in ultracentrifugal force. 
The different lines obtained with different emulsions of 
identical initial concentration of SDS clearly result from 
differences in the specific interfacial areas of the emul
sions, the emulsions with the smaller average drop size 
separating oil less rapidly at bo:h 0.2% and 0.4% ini
tial concentration of SDS. However, the rate of change 
with centrifugal force seems to be about the same inde
pendent of area, the slopes of lines D and E for 0.2% 
SDS emulsions being, respectively, 4.80 and 5.02 X 
10_6% /m in./g. while those of lines F and G for 0.4% 
SDS emulsions are 1.03 and 0.97 X 10~®%/min./g. 
Since these slopes are probably uncertain to about 5 to 
6% because of the relative paucity of points, the values 
for each pair should probably be regarded as being the 
same within experimental error.

In addition to their theoretical value with respect to 
deducing the mechanism of the process, these results 
are also of considerable practical utility since they per
mit calculation of the rate of separation of oil to be ex
pected at any centrifugal speed from the value obtained 
at a single speed.

Earlier, less systematic data obtained throughout the 
course of these studies in general had also indicated a 
linear relation between centrifugal field strength and 
steady-state rate of separation of oil. Thus, a different 
Nujol water-SDS (50-50-0.2%) emulsion run at 
39,460, 19,160, and 12,590 r.p.m. also gave three points 
on a line when the ultracentrifugal stability was plotted 
against the centrifugal force. Still earlier experiments 
with Nujol-water-technical SDS (50-50-1.0%) emul
sions carried out with 38-g. samples of emulsion in 50 
ml. of cellulose nitrate or nylon centrifuge tubes in a 
Servall SS-1 high speed angle centrifuge at speeds of 
5000 to 13,500 r p.m. also gave a linear relation between 
the rate of separation of oil and the square of the speed 
of rotation. Ir these experiments the volume of oil 
separated was determined by separation of the layers in 
a separatory funnel after ultracentrifugation, followed

by clarification and measurement of the volume of 
separated oil after low speed centrifugation in a basket- 
type centrifuge. This method was ultimately aban
doned, however, because of failure to obtain reproduci
ble results consistently. The only exception to the 
linear relation was a set of data on Nujol-water-techni
cal SDS (50-50-0.2%) emulsions run at different speeds 
in the ultracentrifuge and reported in ref. 5, where the 
rate of increase of separation of oil seemed to be less at 
high speeds than would be required by a simple direct 
proportionality.

Figure 5 shows that the amount of oil separating rap
idly during the first few minutes of ultracentrifugation is 
also directly proportional to the applied field strength. 
Here, however, the data are so much less precise that 
all the results with 0.2% SDS emulsions are best repre
sented by a single line (DE) while those with 0.4% 
SDS fall on a different line (FG). The much greater 
protection against rapid separation of considerable oil 
conferred by the higher concentration of emulsifier in 
the aqueous phase is also clearly evident from this 
figure.

Discussion

There has been considerable question3’5'7 concerning 
the mechanism of oil separation from an emulsion sub
jected to centrifugation, particularly as to the location 
where coalescence occurs leading to separation of ob
servable bulk oil, the nature of the rate-determining 
step in this process, and the cause of the initial separa
tion of a considerable quantity of oil at a rate much fast
er than the steady-state rate. The present data permit 
formulation of a more detailed analysis of these ques
tions differing in some respects from that proposed pre
viously.

Locus of Coalescence. The presently available evi
dence supports the view that coalescence in the centri
fuging emulsion occurs at a rate significant compared to 
the duration of the experiment only at the interface 
between bulk oil and the flocculated emulsion, and that 
the observed rate of appearance of bulk oil is a measure 
of the rate of this coalescence. The constancy of the 
rate of separation of oil independent of the length of 
the column of flocculated emulsion during an experi
ment argues against the wall or the interior of the emul
sion being the site of coalescence and also against the 
occurrence of stratification of drops according to size, 
since this would result in differing specific interfacial 
area at different depths in the emulsion with resultant 
change in the rate with duration of centrifugation. 
Moreover, the rate of separation of oil was found to be 
the same in Kell-F and in aluminum centerpieces.
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CENTRIFUG AL FIELD IN MULTIPLES OF THE GRAVITATIONAL FIELD, x 10_3

Figure 5. Dependence of the extrapolated per cent oil 
separated a t zero time from 50 vol. % N ujol-w ater-SD S 
emulsions on the applied centrifugal force. The 
aqueous phase of emulsions D and E contained initially 0.2% 
SDS; F  and G, 0.4% SDS. The emulsions and their 
respective specific interfacial areas (cm.2/m l. of oil X 10-4):
D, O, 1.58; D, □, 1.70; E, V, 1.97; F, • ,  1.64; G, ■, 1.92.

The emulsion-water interface is an unlikely site for 
separation of oil, which would then have to be trans
ported upward through the gel-like layer of flocculated 
emulsion counter to the downward flow of draining 
aqueous phase before joining the visible bulk phase on 
top. Moreover, the aqueous lamellae separating the 
oil drops would be thickest a t the bottom of the column, 
and the probability of rupture decreases rapidly with 
increasing thickness.

G arre tt’s observation3 th a t an emulsion resuspended 
after ultracentrifugation had the same “clearing time” 
on recentrifugation as the original emulsion is strongly 
indicative of the fact th a t appreciable coalescence is not 
occurring between “drops” in the layer of flocculated 
emulsion. However, this does not prove tha t the size 
distribution actually was unaffected but only tha t some 
of the same size of the smallest drops persisted un
changed. More significant is our finding tha t in a Nu- 
jol-water emulsion (2-102425) ultracentrifugation for 40 
min. a t 39,460 r.p.m. made no appreciable difference in 
the drop size distribution determined microscopically, 
D so and <rg being 2.9 /x and 1.66 before centrifugation and
2.7 and 1.65 after centrifugation. Further direct data 
on size distribution are needed, however, to fully estab
lish this point.

T hat coalescence does not occur appreciably during 
centrifugation in the angle centrifuge used for separat
ing the aqueous layer for analysis was already known .7 

Additional confirmation is furnished by the fact tha t a 
N ujol-w ater-SD S (50-50-0.2%) emulsion gave the

same rate of oil separation in the ultracentrifuge a t 
39,460 r.p.m. with or without 15 min. prior centrifuga
tion a t 5000 r.p.m. in the angle centrifuge. If coales
cence had occurred to a significant extent, the drop size 
distribution should have changed, with a consequent 
change in ultracentrifugal stability. Moreover, the 
reflectance of the emulsion layer in a N ujol-w ater-Triton 
X102 (50-50-0.25%) emulsion containing 0.017 g. of 
scarlet red/100 ml. of Nujol, which is proportional to the 
surface average diameter of the drops ,8 was the same 
after 1 and after 5 hr. of centrifugation in the angle cen
trifuge a t 1 0 , 0 0 0  r.p.m.

There are grounds7 for believing that, in the floccu
lated emulsion in the ultracentrifuge, the oil is present in 
space-filling polyhedra as in a foam, separated by thin 
lamellae of residual aqueous phase between the rela
tively flat surfaces, with a system of “holes” a t the 
Plateau borders where the polyhedra meet. de 
Vries9 has shown that in foams having a structure of 
this type the probability of collapse is greater, the 
smaller the thickness of the lamellae. Consequently, 
the bubble walls in the top layer of a foam are more liable 
to rupture than other lamellae because of their smaller 
thickness as a result of drainage under the influence of 
gravitation. By analogy, the same situation might be 
expected to occur with an emulsion in the ultracentri
fuge since the aqueous lamellae separating the oil 
“drops” at the top surface would be expected to be 
thinner than those further down in the emulsion layer as 
residual water is spun out toward the bottom of the 
tube by the applied centrifugal field.

Rate-D eterm ining S tep  in  Separation  o f Oil. Based 
on the effect of salt on ultracentrifugal stability ,7 it was 
concluded tha t the rate of separation of oil from an 
emulsion in the ultracentrifuge was probably a measure 
of the rate of coalescence of “drops” with the bulk oil 
interface, determined by the extent of coverage of the 
interfaces with adsorbed SDS, the rheological char
acteristics of the adsorbed film, and the work required 
to rupture the adsorbed film of detergent and transport 
the oil through the residual water film. Neither the 
effect of drop size or ultracentrifugal field on the rate of 
separation of oil seem to provide much additional in
formation concerning the details of this process.

The literature on the dependence of the probability 
of coalescence on drop size is rather confusing, some 
authors calculating or finding tha t it decreases with 
decreasing size10 and others that it decreases with in

(8) N. E. Lloyd, J . Colloid Sci., 14, 441 (1959).
(9) A. J. de Vries, Rec. trav. chim ., 77, 383 (1958).
(10) E. G. Cockbain and T. S. McRoberts, J . Colloid Sci., 8, 440 
(1953).
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creasing size. 11' 12 The situation is discussed most 
clearly by Charles and M ason13 whose conclusion is that 
the stability of easily deformable drops should increase 
with increasing drop size but should decrease with drops 
which resist deformation. Since we are dealing here 
with relatively small drops with an adsorbed layer of 
SDS, it is perhaps not surprising to find tha t the stabil
ity decreases as the average drop size increases.

The approximately linear inverse dependence of the 
rate of oil separation on the specific interfacial area, and 
hence directly on the square of the average drop radius, 
r 2, suggests tha t coalescence may be occurring in a thin 
layer of bulk emulsion just below the bulk oil-emulsion 
interface as well as at the interface itself, even though 
the evidence already presented rules out extensive 
coalescence throughout the mass of the flocculated 
emulsion. This is not unreasonable since thè water 
lamellae separating the dispersed oil would be expected 
to be thinnest a t the top of the column.

If coalescence took place only at the interface, the 
observed rate of appearance of oil would be expected to 
depend on the number of drops in contact with the inter
face, which would be proportional to 1 / r 2 and remain 
constant. Next it might be assumed th a t the probabil
ity of coalescence depends only on the area of contact— 
a somewhat questionable assumption in the case of a 
polydisperse system since it does not allow for variation 
in rate of approach of the drop to the interface or of 
probability of rupture of the intervening water film 
with drop radius. On such a model the volume of oil 
released to the bulk phase due to coalescence of drops 
should, contrary to Fig. 2, vary with the cube of the 
drop radius since the volume of oil obtained on bursting 
a single drop is proportional to its volume and hence to
y»3

If, however, coalescence is occurring over a finite 
volume of the emulsion layer, consideration of the 
change of volume and surface with drop radius leads to 
the prediction th a t the rate of appearance of bulk oil 
should be inversely proportional to the specific inter
facial area and hence directly to r 2. For the number 
of drops per volume element of emulsified oil is pro
portional to 1 / r 3 and the area per drop to r2, resulting 
in a dependence of the specific interfacial area on 1 /r. 
Since the volume of oil released by a drop is proportional 
to r3, the net effect is an over-all dependence on r 2. 
The data obtained tend to favor this view although they 
are not sufficiently extensive or unambiguous to permit 
a definitive decision. The real situation may be 
further complicated if stepwise coalescence occurs in 
the centrifugal field as is the case with coalescence under 
gravity . 13

Intuitively it would be expected th a t as “drops”

were pressed together harder by a stronger centrifugal 
field that oil would be squeezed out faster, and indeed 
Fig. 3 and 5 show tha t both the rate of separation of oil 
and the amount of oil lost rapidly near the beginning of 
ultracentrifugation increase directly proportional to the 
increase in centrifugal force. However, since the rate 
of sedimentation according to Stokes’ law, the rate of 
Poiseuille flow, and the rate of viscous flow between in
finite parallel planes all vary directly with the applied 
force, this in itself tells us little about the mechanism. 
If the distance of separation of the flattened polyhedral 
surfaces of the oil “drops” in the ultracentrifuge were 
determined by an equilibrium involving the centrifugal 
pressure and the electrostatic repulsion between the 
planes14—as actually seems unlikely in view of the un
realistically small calculated distance of the resultant 
spacing7—this distance would depend on a function in 
which the hyperbolic cosine varies directly with the 
applied pressure. Hence, the observed linear relation 
between applied centrifugal field and rate of oil sepa
ration const itutes fu r tie r evidence that the rate of drain
age of water from interlamellar films whose thickness is 
determined by the electrostatic repulsion due to the 
charge at the two interfaces is not the rate-determining 
step in the process.

In itia l R a p id  Separation  o f Oil. Frequently the 
absolute quantity of oil separated by supposedly identi
cal emulsions after equal periods of ultracentrifugation 
differs widely,6 because of considerable differences in 
the quantity of oil separated in the first 1 0  min. or so of 
centrifugation, even though the same steady-state rate 
of separation of oil is reached eventually. This effect 
was first attributed to the presence of a small amount of 
poorly dispersed oil or to lack of representative sam
pling. The direct proportionality now found between 
the amount of this rapidly separated oil and the applied 
centrifugal field (Fig. 5) shows th a t this is not a suffi
cient explanation, since different samples of the same 
emulsion should contain the same proportion of abnor
mally large oil drops and therefore separate the same 
amount of oil rapidly independent of the applied field:

I t  is now proposed15 th a t the initial rapid separation 
of oil is due to irregular distortion of the originally 
spherical drops on application of the ultracentrifugal 
field, with resultant increase in area, as they are trans
formed to polyhedral shape. During this time there

(11) T. Gillespie and E. K. Rideal. Trans. Faraday Soc., 52, 173 
(1956).
(12) H. M. Princen, J .  Cclloid Sci., 18, 178 (1963).
(13) G. E. Charles and S. G. Mason, ibid., 15, 236 (1960).
(14) J. Th. G. Overbeek, J . Phys. Chem., 64, 1178 (1960), discusses 
an analogous situation in soap films and gives m any references.
(15) M. J. Void, personal communication.
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may be insufficient SDS present to protect them with an 
adsorbed film, with resultant rapid coalescence followed 
by somewhat slower transport of the free oil to the bulk 
phase. This hypothesis is apparently able to account 
for all the observations.

The proportionality between the applied centrif
ugal force and the amount of oil separated rapidly 
would be expected since the extent of deformation of the 
drops should depend on the magnitude of the distorting 
field. However, as found experimentally, this would not 
be expected to be as reproducible as the steady-state 
rate of oil separation since it depends on a variety of 
mechanical and geometrical factors which are difficult 
to control.

This hypothesis also accounts for the observation7 

th a t two emulsions with the same relative saturation of 
the interface with adsorbed SDS, brought about in one 
case by a high equilibrium concentration of SDS in the 
solution, and in the other by the presence of sodium 
chloride in a solution containing a low concentration of 
SDS, separate very different quantities of oil rapidly 
near the beginning of ultracentrifugation. In  the ex
ample cited the emulsion with the higher concentration 
of SDS separates less than one-third as much oil initi
ally as th a t with the lower concentration, despite the 
near equality of surface coverage. This is easily under
standable if there is a large temporary increase in inter

facial area immediately on exposure to the ultracentrif
ugal field, since, in the former case, the reserve SDS 
present in the solution can be adsorbed and can protect 
against coalescence, whereas, where the initial coverage 
was due to enhancement of adsorption of SDS by addi
tion of NaCl, there is insufficient SDS left in solution to 
protect the new surface. The rapid decrease in the 
quantity of oil separated rapidly with increasing con
centration of SDS in the system also supports this inter
pretation.

Further support for this interpretation of the phe
nomena occurring at the commencement of ultracen
trifugation is found in the results of experiments to be re
ported in detail elsewhere, in which centrifugation was 
interrupted after oil had been separating a t a constant 
rate for a period and then restarted. A considerable 
quantity of additional oil separated rapidly when centrif
ugation was again started, which is in accord with ex
pectation if the phenomenon is due to initial deforma
tion of the drops but cannot be accounted for simply in 
terms of a certain quantity of easily separable oil in the 
initial emulsion.
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A model has been advanced in which it is proposed to regard the cloud point in solution of 
nonionic agent as akin to the phase inversion tem perature in emulsion. In  the latter, the 
mixing is macroscopic, whereas in the former the mixing is microscopic or on the bimolecular 
leaflet scale, and the agent serves as an oil as well as an emulsifier. Phase inversion tem pera
tures in hydrocarbon-water emulsions stabilized with polyoxyethylene alkyl phenyl ether 
have been determined for different hydrocarbons as a function of emulsifier concentration. 
I t  was found th a t the more soluble the hydrocarbon for a nonionic emulsifier, the lower is the 
phase inversion temperature, above which O/W  type emulsions invert to W /O type. A 
similar rule, th a t the more soluble the nonionic emulsifier for a definite hydrocarbon, the 
lower the phase inversion tem perature, also holds. The effects of polyoxyethylene chain 
length and hydrocarbon chain length of the emulsifier on the phase inversion tem
perature have been studied. I t  was found th a t the cloud points in solutions of nonionic 
emulsifiers saturated with various hydrocarbons and the phase inversion tem peratures in 
emulsions were parallel, which supports the present model. The effect of tem perature 
on the emulsion stability in connection with the phase inversion tem perature is briefly 
discussed.

Introduction

Nonionic emulsifying agents dissolve in water in a 
molecular dispersion up to the solubility limit, and 
above this concentration the excess agent separates 
to form a phase solution above the cloud point tempera
ture. 1 Below the cloud point the agent forms micelles 
which are composed of about 1 0 0  agent molecules. 
Since these micelles are much smaller than the wave 
length of light, the solution is transparent and the 
solubility increases enormously. Although the micellar 
solution is transparent, the formation of micelles is a 
phenomenon similar to a phase separation . 2

By analogy with the change in emulsion type a t the 
phase inversion temperature, we may regard the change 
in the state of solution above and below the cloud 
point as follows. Above the cloud point a surfactant- 
rich phase containing dissolved water separates; 
a t this volume fraction a nonionic detergent (D) 
mixes with water (W). The mixing is almost on the 
bimolecular leaflet scale and may be regarded as the

W /D  type. Also, the detergent-rich phase dissolves 
into water as bimolecular leaflets or micelles below 
the cloud point. Something similar to a phase in
version on the bimolecular leaflet scale takes place in a 
surfactant solution near the cloud point, and the solu
tion inverts to the D /W  type. Thus, the concentrated 
solution readily disperses or diffuses into a dilute 
solution. This phenomenon may be designated as a 
pseudo-phase inversion . 3

If we shake a 1:1 mixture of water and nonionic 
agent, the latter dissolves or disperses into water, and 
the whole system becomes an aqueous phase of the D /W  
type below the cloud point, whereas above the cloud 
point the water dissolves or disperses in the agent 
phase until the water phase disappears, i.e., mixes in 
the W /D  type.

(1) R. R. Balmbra, J. S. Clunie, J. M. Corkill, and J. F. Goodman, 
Trans. Faraday Soc., 58, 1661 (1962).
(2) K. Shinoda and E. Hutchinson, J . P hys. Chem., 66, 577 (1962).
(3) K. Shinoda, B ull. Chen. Soc. Japan , 35, 1213 (1962).
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Concentration of R9'C«H<j0(CH2CH20)9-6H 
(w t% )

Figure 1. The effect of different hydrocarbons on the 
phase inversion tem perature of emulsions (volume 
ratio = 1) vs. the concentration of polyoxyethylene(9.6) 
nonyl phenyl ether (wt. %  in water).

A similar pseudo-phase inversion may occur near the 
cloud point in the presence of small amounts of added 
hydrocarbons, because the emulsifier molecules arrange 
side by side and end to end regardless of whether the 
mixing is of the D /W  or W /D  type. At the same time, 
the cloud point may be either raised or lowered by the 
presence of hydrocarbons. I t  was then expected that 
near the cloud point of the solution a phase inversion 
would occur from the O /W  to the W /O type in an 
emulsion stabilized with a nonionic agent when the 
tem perature was raised.

The present investigation was undertaken in order to 
obtain data on the phase inversion temperatures for 
various combinations of hydrocarbons and emulsifiers 
and to assure th a t the present model is correct. Al
though there are many works on emulsion type , 4 5'6 

the data on the effects of tem perature are meager. 6 

I t  seemed very im portant to study the effect of tem
perature in order to eliminate confusions and get a 
better understanding of factors affecting the stability 
and type of emulsions formed. All other factors such 
as the phase volume ratio were held constant and only 
the tem perature was changed to cause a phase inver
sion.

Experimental
M ateria ls. Polyoxyethylene nonyl phenyl ether 

and polyoxyethylene (9.0) dodecyl phenyl ether were 
obtained from the Kao Soap Co. Samples were puri
fied by extraction of polyethylene glycol into aqueous 
butanol solution .7 These samples showed no pattern 
for polyethylene glycol on paper chromatographic 
analysis. The average chain lengths of the ethylene 
oxide adducts were determined from their respective 
hydroxyl values. Hexadecane and heptane were the 
standard fuels. Liquid paraffin (Drakeol 35) and 
dodecene (propylene tetramer) were commercial ma
terials. Benzene, toluene, cyclohexane, and carbon 
tetrachloride were extra pure grade materials. E thyl
benzene, ra-xylene, and a-methylnaphthalene were 
pure grade materials.

Procedure. Aqueous solutions of an emulsifier of 
varying concentration were placed in contact with 
equal volumes of hydrocarbons in test tubes and 
shaken vertically. Emulsion type was determined 
by conductivity, visual observation, dye solubility, 
and /o r the phase dilution method. Since the emulsion 
was usually not stable near the phase inversion tem
perature, visual observation was easy and reliable

Concentration of RgCelK OlCI-kChkOksH 
( wt %)

Figure 2. The effect of different hydrocarbons on the 
phase inversion tem perature vs. the concentration 
of polyoxyethylene(9.6) nonyl phenyl ether.

(4) P. Becher, J . Soc. Cosmetic Chemists, 9, 141 (1958).
(5) J. T. Davies, ibid., 12, 193 (1961).
(6) V. E. Wellman and H. V. Tartar, J . P hys. Chem., 34, 379 (1930).
(7) K. Nagase and K. Sakaguchi, J . Chem. Soc. Japan , In d . Chem. 
Sect., 64, 635 (1961).
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0  2  4  6  8  1 0

Concentration of R9C6H40-(CH2CHz0)9-eH 
(wt%)

Figure 3. The cloud points of polyoxyethylene(9.6) nonyl phenyl 
ether solution saturated with different hydrocarbons. Filled 
circles express the cloud points in the absence of oil.

Figure 4. The effect of phase volume ratio on the phase 
inversion temperature for emulsions stabilized with 
¿-R9C6H<0(CH2CH20 )9.6H; €>, 3%; • ,  4%; O, 5%; 3, 10%.

in most cases studied. In  cases when the phase in
version tem perature was higher than the boiling point 
of oil or water, the emulsion type was determined by 
visual observation only in sealed test tubes. All 
the phase inversion tem perature values reported are 
averages of several values. Experimental values 
were reproducible within ± 2 °. I t  was 1-2° lower in 
the case of horizontal shaking. Unlike the usual phase

(wt%)
Figure 5. The effect of the hydrophilic chain length 
of the emulsifier on the phase inversion tem perature 
in benzene-water emulsions (volume ratio =  1).

Concentration of RrCeHiOfCHzCHzOlsH 
(wt%)

Figure 6. The effect of the hydrophilic chain length of 
the emulsifier on the phase inversion tem perature in 
hexadecane-water emulsions (volume ratio =  1).

inversion study, only the tem perature was changed to 
cause a phase inversion. The cloud points of emulsifier 
solutions saturated with various hydrocarbons were 
also observed. The values are not as accurate as the 
cloud points in the absence of hydrocarbons.

Results and Discussion
The In fluence o f D ifferent Hydrocarbons on the Phase  

Inversion Temperature. The phase inversion tempera
ture vs. the emulsifier concentration curves were de-
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termined for different hydrocarbons and plotted in 
Fig. 1 and 2. The phase inversion tem perature differs 
widely for different hydrocarbons. Benzene gave a 
phase inversion tem perature of about 2 0 ° which was 
the lowest of any of the hydrocarbons examined. 
Polyoxyethylene(9.6) nonyl phenyl ether dissolved 
well in benzene a t this temperature. On the other 
hand, hexadecane, which was the poorest solvent for 
the same emulsifier, gave the highest inversion tempera
ture, about 110°. The more soluble the hydrocarbon 
for a definite nonionic emulsifier, the lower was the 
phase inversion temperature. This rule complements 
Bancroft’s rule at a definite temperature. The cloud 
point curves in aqueous solutions saturated with 
different hydrocarbons were determined and plotted 
in Fig. 3. I t  was found th a t the cloud points and the 
phase inversion temperatures are parallel.

As the tem perature had such a remarkable effect on 
the emulsion type in this system, it was expected tha t 
the change in phase volume ratio would not change the 
phase inversion tem perature very much. Actually, 
it did not change much for a change of volume ratio 
from i/-i to 2/ 3 as shown in Fig. 4.

The Effect o f H ydrophilic  Chain Length on the Phase  
Inversion  Tem perature. I t  was expected th a t the 
longer the hydrophilic chain, the higher the cloud point 
and /o r the phase inversion tem perature would be. 
This tendency was found in benzene-water and hexa- 
decane-water systems using various polyoxyethylene 
nonyl phenyl ethers. The results are plotted in Fig. 5 
and 6 . The larger the hydrophilic group of the non
ionic emulsifier, the higher was the phase inversion 
temperature.

The E ffect o f H ydrocarbon C hain Length o f E m ulsifier  
on the Phase Inversion Tem perature. In  order to de
termine the effect of the hydrocarbon chain length of 
the emulsifier on the phase inversion temperature, the 
phase inversion tem perature curves were also de
termined for various hydrocarbons emulsified with 
polyoxyethylene(9.0) dodecyl phenyl ether. The re
sults are plotted in Fig. 7.

The cloud point of 80° for polyoxyethylene(9.0) 
dodecyl phenyl ether saturated with hexadecane, is 
7° lower than the cloud point of 87° for polyoxyethyl
ene (9.6 ) nonyl phenyl ether. Thus the phase in
version temperatures are lower by about 7-8° for re
spective emulsions stabilized with the former emulsi
fier. Although the effect of the hydrocarbon chain 
length of the emulsifier on the phase inversion tempera
ture was not large, the stability of the emulsion toward 
coalescence was appreciably better in the case of do
decyl phenyl ether than for nonyl phenyl ether.

Correlation between Phase Inversion  Tem perature and

Concentration of Ri2 CshUO tCHzCHzOlaoH 

(wt%)
Figure 7. The effect of different hydrocarbons on the phase 
inversion tem perature of the emulsions vs. the concentration 
of polyoxyethylene(9.0) dodecyl phenyl ether (wt. % in water).

Phase Inversion Temperature (*c)
Figure 8. The correlation between the phase inversion 
tem peratures in emulsion and the cloud points of emulsifiers in 
the absence of, O, or saturated with hexadecane, O; 1, Tween 
40; 2, Tween 20; 3, Tween 60; 4, R 12O(CH2CH2O)i0H;
5, i-R 9C6H40 (C H 2CH20 ) 14H ; 6, ¿-R9C6H 40 (C H 2CH20 ) 9.6H ;
7, ¿-Ri2C6H 4O(CH2CH2O)9.0H ; 8, t-R 9C6H 40 (C H 2CH20 ) ,.4H;
9, Pluronic L-44; 10, Pluronic L-64; 11, 
¿-R9C6H 40 (C H 2CH20 )s.2H ; 12, Pluronic L-62.
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Figure 9. The correlation between the phase inversion 
tem peratures in various hydrocarbon-water emulsions (volume 
ratio =  1) and the cloud points of emulsifiers in the 
absence of hydrocarbon; 1, iA t9C6H 40 (CH 2CH20 )n.7H;
2, R 12O(CH2CH2O)i0H ; 3, ¿-R9C6H 4O(CH2CH2O),4.0H;
4, ¿-R9C6H 40 (C H 2CH20 ) 9.eH; 5, f-Ri2C6H4O(CH2CH2O)9.0H;
6, ¿-R9C6H 40 (C H 2CH20 ) ,.4H ; 7, CI8H 36O(CH2CH2O)10H.

Cloud, P oin t. The correlation between the cloud 
points of aqueous solutions containing 3 wt. %  of 
emulsifier without hexadecane and saturated with 
hexadecane and the phase inversion temperatures 
of ‘ hexadecane-water emulsions stabilized with various 
nonionic agents (3 wt. %  for water) is shown in Fig. 8 . 
Similar correlations were observed in solutions con
taining the other hydrocarbons.

I t  is clear from Fig. 8 th a t the phase inversion tem 
peratures of emulsions and the cloud points when satu
rated with oil are quite parallel regardless of the type of 
nonionic agent.

This correlation does not hold well for cloud points 
in the absence of hydrocarbons as can be seen in Fig.
8 . As for the polyoxyethylene type of nonionic agents, 
the cloud points and the phase inversion tem perature 
change monotonically as shown is Fig. 9. This cor
relation is very useful to estimate the phase inversion 
temperatures from cloud points of nonionic agents in 
the absence of hydrocarbons.

Correlation among Phase Inversion Tem perature, Oil, 
and N on ion ic  E m ulsifier. The correlation between 
the phase inversion temperatures of emulsions com
posed of various hydrocarbons stabilized with various 
nonionic agents (3 wt. %  for water) is shown in Fig.

Figure 10. The correlation between the phase inversion 
tem peratures in emulsions composed of different hydrocarbons; 
1, Tween 40; 2, ¿-R9C6H40 (C H 2CH20)n-7H; 3, Tween 60;
4, i-R 9C6H 40 (C H 2CH20 ) 14.oH ; 5, R 120 (C H 2CH20),„H;
6, 7-R9C6H 40 (C H 2CH20 ) 9.6H ; 7, f-R,2C6H 4O(CH2CH2O)9.0H ;
8, ¿-R9C6H 40 (C H 2CH20 ) 7.4H ; 9, Pluronic L-64;
10, f-R9C6H 40 (C H 2CH20 )6.2H ; 11, Pluronic L-62.

10. The locations of the nonionic agents in the 
abscissa were determined so as to make the phase 
inversion temperatures in heptane-w ater emulsions 
vs. the nonionic agents fall on the straight line of slope
1. This correlation is also very useful to predict the 
phase inversion temperatures and /o r to select the stable 
emulsifier in the emulsions.

Relation between the E m u lsio n  T ype  and the Stability. 
I t  is generally supposed th a t the stability toward 
coalescence of emulsified droplets is nearly equal for 
homologous hydrocarbons stabilized with the same 
emulsifier. On the contrary, the stability is sometimes 
markedly different for such homologous oils. This is 
clearly shown by the data on phase inversion tempera
ture. As can be seen in Fig. 1, the emulsion in the 
hexadecane-water system is of the O /W  type, and 
th a t of the heptane-water system is of the W /O type 
at 100°. At this tem perature the O /W  type of emul
sion of hexadecane-water is relatively stable, but that 
of heptane-water is unstable. At a lower tempera
ture, for example at 80°, both systems were relatively 
stable, but the cyclohexane-water system was un-
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stable. These relations on emulsion stability were 
qualitatively observed. The results are quite under
standable with the aid of the phase inversion tempera
ture data. The conclusion obtained by Benerito and 
Singleton ,8 “To provide emulsion stability at homogeni
zation and sterilization temperatures the emulsifiers 
must be more hydrophilic than many O/W  emulsifiers

tha t are satisfactory In ordinary use and must have an 
increased affinity for water in the tem perature range 
of 5 to 120°,” Is also readily understandable from the 
present data.

(8) R. R. Benerito and W. S. Singleton, J .  A m . Oil C hem ists} Soc.,
3 3 ,  364 (1956).

A Three-Component Light Scattering Theory for Surfactant Solutions 

Containing Added Electrolyte

by E. W. Anacker and A. E. Westwell

Department of Chemistry , M ontana State College, Bozeman , M ontana  (.Received A-pril 22, 196&)

Although several light scattering procedures which lead in principle to “true” molecular 
weights of charged colloidal particles have recently appeared, the older Prins-H erm ans- 
Mysels-Princen theory is still useful for estimating aggregation numbers of surfactant 
micelles. In the present paper, the theory is simplified and three working equations are 
developed. The new equations, the equations from the Prins-Herm ans-M ysels-Princen 
theory, and the equations originating from two other approaches (Scatchard-Bregman and 
Stigter) are applied to scattering data obtained from solutions of dodecyltrimethylammo- 
nium bromide in 0.500 m  NaBr. The calculated aggregation numbers are in reasonable 
agreement.

In  recent years, several light scattering procedures* 33 1 2- 3 

for calculating reliable molecular weights of charged 
colloidal particles in solutions containing added electro
lyte have been developed. In their most exact formu
lations, these procedures require th a t turbidities 
and/or refractive index increments be measured with 
colloidal and supporting electrolyte solutions which 
have been dialyzed to equilibrium. Until membranes 
impermeable to monomeric as well as to aggregated 
surfactant ions are developed, the new procedures 
cannot be fully applied to the study of surfactant solu
tions. Monomeric surfactant ions which have diffused 
through a membrane into a solution originally consist
ing solely of solvent and supporting electrolyte will 
spontaneously aggregate to form micelles. When

membrane equilibrium is established, the concentrations 
of all solute species will be the same on both sides of the 
membrane. This will be true even though a membrane 
impermeable to micelles as such may have been used. 
For this reason, the light scattering theory of Prins 
and Hermans4 and of Mysels and Princen5 (PH M P),

(1) A. Vrij, Thesis, University of Utrecht, 1959; A. Vrij and J. Th. 
G. Overbeek, J . Colloid Sci., 1 7 ,  570 (1962).
(2) E. F. Casassa and H. Eisenberg, J . Phys. Chem., 64, 753 (1960).
(3) D. Stigter, ibid., 64, 842 (1960); “Proceedings of the In ter
disciplinary Conference on Electromagnetic Scattering, Potsdam , 
N. Y., 1962,” M. Kerker, Ed., The Macmillan Co., New York, N. Y., 
1963, p. 303.
(4) W. Prins, Thesis, University of Leiden, 1955; W. Prins and J. J.
Hermans, K oninkl. Ned. A kad. Wetenschap. Proc., B 5 9 ,  162 (1956).
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which was developed specifically for surfactant solu
tions, is still of value.

In the PH M P procedure, one plots the quantity  
H ( d n /d c ') mBX2(c' — ccmB') /T  vs. (c' — ccmc') and uses 
the intercept a  and limiting slope 0  to calculate an 
effective (thermodynamic) charge z and an aggrega
tion number X  from the relationships6

0(Ccmc' +  /Cbx) +  [(/3/hOO) (Ccm</ +  Cbx) ] 7’ , .
z — ---------------------------------------------------------- (1 )

a ( l  — 500olE )

X  = V i[zE  +  (l/1000a) ] +

V*[{zE -  ( l / 1 0 0 0 a ) ) 2 -  (z +  z2) E 2]'h  (2 )

where H  = 32tt37i2/3NX4, n  is the solution refractive 
index, N is Avogadro’s number, X is the wave length 
under vacuum, c' is the surfactant molarity (primes 
refer to quantities in terms of monomer units), ccmc' is 
the surfactant molarity at the critical micelle concentra
tion, t is the solution turbidity in excess of th a t a t the 
critical micelle concentration, cnx is the molarity of the 
supporting electrolyte BX, /  =  (dn/dmBx)M'/(dn /dm ')- 
Wbx, m ax  is the molality of the supporting electrolyte, 
m ' is the molality of the surfactant, and E  =  (c0mo' 
+  / cbx)/ (cCm</ +  Cbx). Tem perature and pressure 
are assumed to be constant.

We note th a t turbidities are coupled with surfactant 
molarities, whereas refractive index increments are 
couched—wholly or in part—in terms of molalities. 
One of our objectives was to replace this curious mix
ture7 of units with a consistent set.

In the PH M P theory, unaggregated monomer, sup
porting electrolyte, and micellar salt are regarded as 
solute components. The solvent, water, constitutes 
the fourth. The theory can be simplified, without in
troducing significant error, by treating the monomer, 
concentration assumed equal to tha t of the critical 
micelle concentration ,8 as part of the supporting elec
trolyte . 9 This device effectively reduces the number 
of components to three.

We consider a system of volume V  and containing 
N i water molecules, X 2 micellar salt units, R ;VXv-zXz 
(each formula unit yields one micelle, R ^ X ^ ./2, 
and z counterions, X - ), and N 3 added salt units, BX. 
In solution there are X 2 micelles, X 3 co-ions, B +, 
and N 3 +  2X 2 counterions. Monomeric surfactant, 
present as the ions R+ and X - , is treated as part of 
the added salt, BX. Application of the general 
fluctuation theory of light scattering by multicompo
nent systems10 11 in the manner employed by Prins and 
Hermans4 leads to

H V n S

____________ [2X 3 +  X 2(z +  z2)] N_______
X 32( / /X ) 2 +  [2 X 3 +  (z +  2 2)X 3( / /X ) 2 -

2fe N » /N ] N t  +  2X 22 (3)

where r * is the turbidity  in excess of water (assuming 
no depolarization and no dissymmetry), /  =  713X /n 2, 
n 2 =  (d n /d N -i)N, iNs, and n 3 =  (dra/dX3) The
ratio of refractive index increments of salt and surfac
tan t, / ,  is the same here as in the PH M P theory. In 
the derivation of (3), we have assumed the constancy of 
all activity coefficients and have om itted certain small 
term s in the second derivatives of the free energy, F . 11 

Equation 3 is readily transformed into

X  =

2m 3{z'm 3') ~ l +  1 — H n2'2V 0m 3(T * )~ 1P (m 3 (z 'm 2 ')~ l +  1 ) 
H n .i2V°(T + ) _1 [m3(2 (z' ) - 1  +  z ' / 2 —2f )  +  m2'] — 2 '

(4)

where P° is the volume of solution containing 1 kg. 
of water, m2' is the molality of the micellar salt (on a 
monomeric basis), m 3 is the molality of the added 
electrolyte, z' =  z/X , and n2' =  (dn/dm/)™,- From 
eq. 4, one computes values of X  for various assumed 
values of z '. Presumably, the best 2 ' is the one for 
which there is minimum variation in N  for all solutions 
studied. This is the approach used by Johnson, 
et al., in ultracentrifugation work . 12

A graphical procedure for estimating X  can be de
veloped from eq. 3. Following Mysels’ lead ,5 we solve 
for t *, set X 2 =  0 to get and then form t *  —
T c m c *  =  t . If the difference between n  and n cmc 
is ignored, we can rearrange the expression for r  to get

(5) K. J. Mysels, J . Colloid Sci., 10, 507 (1955); L. H. Princen and 
K. J. Mysels, ibid., 12, 594 (1957); K. J. Mysels and L. H. Princen, 
J . Phys. Chem., 63, 1696 (1959).
(6) E. W. Anacker, R. M. Rush, and J. S. Johnson, ibid., 68, 81 
(1964).
(7) Brought to our attention  by J. S. Johnson.
(8) P. Debye, A nn . N . Y . Acad. Sci., 51, 575 (1949).
(9) The refractive index increment and concentration of the sup
porting electrolyte are corrected for inclusion of the monomeric 
surfactant.
(10) F. Zernike, Arch. Neerland. Sci., [3A ] 4, 74 (1918).
(11) Example: { l/kT ){d * F /d N » * )N u N i = N z ' 1 +  (N 3 +  zN A ~ l -  
4[A î +  (1 +  z )N i  +  2Ar3]~1. Except for extremely high solute 
concentrations, the last term  is negligible compared to the  first two 
and may be omitted. T  and k are the tem perature and B oltzm ann’s 
constant, respectively.
(12) J. S. Johnson, K. A. Kraus, and G. Scatchard, J . P hys. Chem., 
58, 1034 (1954).
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2 m3 +  ( N ) ~ 1(z +  z2)ra2'
[2JV +  ( 2 N ) ~ 1{z +  z2)P  — 2/z]m3 +  zm2' (5)

Expansion of (5) in powers of m2' leads to

H n P V ° m ^

T
A  +  f?m2' +

where

A  = 41V[(2W -  /z)2 +  z/2]-1

and

B = zA(2m3)_I[(l +  z ) N ~ l — A]

(6)

(7)

(8)

A  and B  are determined experimentally being, re
spectively, the intercept and limiting slope of the 
i/'n2,2F°?n2,/ r  vs. m 2 ' plot. Equations 7 and 8 can be 
solved simultaneously to give relationships suitable 
for computing N .  They are

z = [ -2 f n u B  ± (8m3B)'A]A -1(/A -  2)-1 (9)

N  = z(z +  \ ) A { 2 m 3B  +  zA2)-1 (10)

An equation similar to (4) can be obtained by rear
rangement of (5). It is

N  =
2  m 3(z 'm 2') ~ 1 +  1  — H n 2'2V°m3(2 T )~ P  

Hri2 ,2V 0T - l [ M 2 Z' “ 1 +  2 ~ lz p  -  2f )  +  m,'] -  2 '
( I D

Equation 11 is employed in the same manner as (4).
Before applying eq. 4, 6, and 11 to an actual situation, 

we would like to cite two other equations which have 
been used to compute micellar aggregation numbers 
from light scattering data. The first is that of Scatch- 
ard and Bregman.13 It has given results comparable 
to those given by the PHMP procedure.6 In the pres
ent symbolism and as adapted by Johnson,6 the equa
tion is

N _ t = H  (dn/dm2'*)2ms* P°m2' *
T

~ (z/2m2'*dw/dm3*)TO.*
4ra3*(dn/dm2'*)m,*

Equation 12 is used in the same way as eq. 4 and 11. 
The asterisks signify that Scatchard components14 
are involved. The micellar salt (component 2) is 
R;vXw-zXz — ’/ 2zBX. Its molality, m 2'*, equals 
m 2'. The supporting electrolyte (component 3) is 
still BX; its molality, m3*, is m 3 +  1/ 2z,7n2'. In the 
case of the increments, (dn/dm3*)m2<* = (dw/d»i3)m,/

(12)

and (dn/dm2,*)w[J» = (dn/dm2')m, — 1/ 2z:,(dn/dm3)m!' 
A number of authors2 16’12,14-16 have argued the case for 
the use of Scatchard components. Stigter3 has 
pointed out a possible disadvantage in concentrated 
solutions.

The second equation we wish to cite is that of Stigter,3 
which he has applied to sodium lauryl sulfate and dodec- 
ylamine hydrochloride. It may be written in the form

H N ( d n / d P' ) P ( P' -  p i ' ) / T =
2M1 +  W  -  (n,') +  . . . ]  (13)

where p', p3',andp4 are, respectively, the total surfactant 
concentration (in terms of monomer), the critical micelle 
concentration, and the added, 1-1 salt concentration— 
all in terms of formula units per unit volume. T\,  
the intercept of the 7/N(dn/dp,)P42(p' — P i ' ) / v  vs. 
(p' -  p / )  plot, is given by

T\  = (N  +  A i p z ) [ N  +  A i p 3' +
A 1 p 4 ( d n / d  P i ) ,  ■ / ( d a / 'd  p ' )  P1 ] “ 2 ( 1 4 )

A 1 represents the colloid-salt interaction and is evalu
ated by statistical thermodynamic methods.3’17’18

After A 1 has been evaluated, N  may be determined 
from (14). The experimental information represented 
by the slope 7\T2 of the scattering plot is replaced by 
the results of the statistical considerations and other 
experimental measurements. Evaluation of Ai re
quires some notions about the micellar charge and ra
dius, assuming spherical micelles. The charge can be 
obtained from electrophoretic mobility data19 if the 
micelle radius is known. A first approximation to the 
radius can be calculated either from a rough value of 
the micellar weight and the micelle density or from the 
length of the extended surfactant ion (X-ray measure
ments). The aggregation number computed from
(14) and following from the first radius approximation 
can be used with the micelle density to get a second 
approximation to the radius. This would lead to a 
new aggregation number from (14). A third cycle 
would probably not be justified unless the micelle 
density were known very accurately. Stigter3 checks 
the statistical results by computing T 1T 2 and comparing 
the value obtained with the experimental slope of the 
scattering plot.

(13) G. Scatchard and J. Bregman, J. Am. Chem. Soc., 81, 6095 
(1959).
(14) G. Scatchard, ibid., 68, 2315 (1946).
(15) J. T. Edsall, H. Edelhoch, R. Lontie, and P. R. Morrison, ibid., 
72, 4641 (1950).
(16) R. S. Tobias and S. Y. Tyree, ibid., 81, 6385 (1959).
(17) D. Stigter and T. L. Hill, J. Phys. Chem., 63, 551 (1959).
(18) D. Stigter, ibid., 64, 838 (1960).
(19) D. Stigter and K. J. Mysels, ibid., 59, 45 (1955).
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In accordance with the various procedures just de
scribed, we have computed aggregation numbers for 
dodecyltrimethylammonium bromide in 0.500 to Na- 
Br.20 The results are given in Table I. The N  re-

Table I: Dodecyltrimethylammonium Bromide
Aggregation Numbers“

Procedure Equations N zr

PH M P h  2 84(79 )« 0.17
Scatchard-

Bregman
12 86 0.19

Stigter 13, 14 86 (70)d 0 .306
This work 4 89 0.20
This work 6, 9, 12 87(81)« 0.19
This work 11 86 0.19

“ Solvent 0.500 m  NaBr; 31- 32°. h Assumed value.
5 Equation 2: N ( z '  
0) = 1/7V ° N { z '

= 0) = 1 /1000a.
=  0) = i /A .

d Equation 14: N U i  =

ported for an iterative procedure is a weighted mean 
value of the aggregation numbers calculated for the 
different solutions examined, the z'  used in the calcu
lations being that one providing the lowest weighted 
mean square deviation. The iterative procedure 
is illustrated by the deviation plots of Fig. 1, which 
summarize the computations involving eq. 11. In the 
graphical procedures, slopes and intercepts of the 
scattering plots were determined by a weighted least- 
squares procedure. The weighting factors used in all 
calculations were the surfactant concentrations in 
excess of the critical micelle concentration.

In estimating A  i, which is required in Stigter's 
procedure, w*e assumed spherical micelles with specific 
volumes of 0.958 ml.,6 a rough aggregation number of 
90, and a charge of 27. The assumed degree of ioni
zation of 0.30 seemed to be in line with the values 
calculated by Hoyer and Marmo21 from electrophoretic 
mobility measurements for several long-chain quater
nary ammonium chlorides in water. The experiments 
of Stigter and Mysels19 indicate that the degree of 
ionization is relatively independent of salt concentra
tion. Employment of the procedures described by 
Stigter3 and by Stigter and Mysels19 leads to an A ,  of 
— 8.5 X 10~20 ml./molecule. The refractive index 
increments required in eq. 13 and 14 can be evaluated 
from data given by Anacker, Rush, and Johnson.6

In view of the uncertainties existing in the values 
employed for the various required refractive index 
increments, the aggregation numbers given in Table 
I are in reasonably good agreement. It is somewhat 
surprising that a higher aggregation number was not

Figure 1. Aggregation numbers computed from eq. 11 as a 
function of z'. N  — 2w,Nj/2w-,. The weighting factor for 
solution i is wt. d2 =  J,W\{N — N ¡)2/2 « \ . P lo t A: z ' —
0.17; N  = 83.5; d2 =  1.38. P lo tB : z ' = 0.18; N  =
84.8; d 2 = 0.88. P lo t C: z ' =  0.19; N  = 86.2; d 2 =
0.84. Plot D: z ' =  20; N  = 87.8; d2 = 1.10. Plot 
E : z' =  0.21; N  =  89.4; d 2 = 2.19.

obtained from eq. 13 and 14. Stigter3 recomputed 
the micellar weights of dodecylamine hydrochloride22 
and sodium lauryl sulfate6 in aqueous sodium chloride 
solutions and found that the introduction of A \  in
creases the values by some 10%. He indicated that 
at high added salt concentration one might have to 
introduce into the theoretical model long-range attrac
tion between micelles. Princen and Mysels5 have dis
cussed difficulties which can be encountered in the 
PHMP theory in the presence of swamping electro
lyte. For these reasons, additional comparisons of the 
several procedures at different added salt concentra
tions are desirable. There are insufficient data in the 
literature at present for this purpose.

(20) E. W. Anacker and H. M. Ghose, J. Phys. Chem., 67, 1713 (1963).
(21) H. W. Hoyer and A. Marmo, ibid., 65, 1807 (1961).
(22) L. M. Kushner, W. D. Hubbard, and R. A. Parker, J. Res. 
Natl. Bur. Std., 59, 113 (1957).
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I t  is interesting to compare the aggregation numbers 
given by the graphical procedures for an assumed 
z' (or d.i) of 0. These values occur in Table I in 
parentheses. The large difference between the 70 
given by Stigter’s equations and the 79 given by the 
PH M P equations arises from the difference in the 
refractive index increments used. In one case the in
crement is measured at constant added salt molarity, 
whereas in the other it is measured at constant added 
salt molality.

Refractive index increments in terms of surfactant

and added salt molalities arise simply and directly 
from Zernike’s theory . 10 I t  is possible, of course, 
to convert to increments involving other concentration 
units. I t is not evident, however, tha t there are enough 
advantages to warrant the introduction of the approx
imations th a t are usually required in such conversions.
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Light Scattering Studies on Solutions o f Decyltrim ethylam m onium  

Dodecyl Sulfate

by Horst W. Hoyer and Iris L. Doerr1 2 *

H unter College o f The City University o f New York, New York S I , New York (Received A p r il  6, 196 f,j)

Solutions of decyltrimethylammonium dodecyl sulfate, whether prepared from equimolar 
concentrations of aqueous solutions of decyltrimethylammonium hydroxide and hydrogen 
dodecyl sulfate or from the solid salt, are highly turbid a t concentrations of 1 X 10~ 4 M . 
Light scattering studies on solutions prepared according to the first procedure have shown 
that the scattering is due primarily to large particles. These solutions show considerable 
asymmetry in the angular distribution of the scattered light, the dissymmetry ratio for 
light scattered a t 45 and 135° being 4.6. An extrapolation plot indicates th a t the particle 
weight of these scattering centers is about 1 X 109 g., corresponding to an equivalent spherical 
radius of approximately 7 X 10~ 6 cm. The experimental evidence indicates th a t such solu
tions consist of microemulsions with a high degree of stability. The solid salt, the prep
aration of which is described, forms colloidal solutions which separate into two phases 
within a short time.

Introduction
Solutions of salts in which both the anion and cation 

have amphipathic properties have been investigated by 
Scott, Tartar, and Lingafelter2a and by Anacker.2b The 
former group studied the conductance of the salts octyl- 
trimethylammonium octanesulfonate (I) and decyl
trim ethylam monium ' decanesulfonate (II) and showed 
tha t these substances appeared to form micelles at

concentrations much below tha t for corresponding salts 
in which only one ion is amphipathic. Anacker under
took light scattering studies on these compounds and

(1) A portion of this work is abstracted from the thesis of I. L. 
Doerr, subm itted in partial fulfillment of the requirement for the 
degree of M aster of Arts, H unter College, February, 1964.
(2) (a) A. B. Scott, H. V. T artar, and E. C. Lingafelter, J . A m .
Chem. Soc., 65, 698 (1943); (b) E. W. Anacker, J . Colloid Sci., 8,
402 (1953).
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found tha t compound II formed unstable emulsions 
while compound I and the salt octyltrimethylammo- 
nium decylsulfonate formed stable solutions with mi
celles of “ molecular” weights equal to 21,600 and 89,700, 
respectively.

In this laboratory we have been concerned with the 
colloidal and electrophoretic properties of solutions of 
decyltrimethylammonium dodecyl sulfate and dodecyl- 
trimethylammonium dodecyl sulfate3 (hereafter desig
nated as C10-C 12 and C12-C 12, respectively). These 
substances showed surface activity at concentrations of 
1 0  ~ 5 m  with values of the critical micelle concentration 
of 1.9 X 10- 4  M  for the C 10-C 12 and 3.0 X 10~ 5 M  for 
C 12-C 12. The electrophoretic studies showed th a t the 
colloidal particles are not neutral bu t possess a positive 
charge which may be increased or decreased by provid
ing an excess of either the amphipathic cation or anion.

Light scattering studies have proved to be a powerful 
tool for investigating the nature of colloidal particles 
in solution. I t  was hoped tha t this technique could 
help elucidate the nature of the fundamental particle 
present in solutions of the Ci0-C 12 compound.

Experimental
The preparation of the Cur -C12 compound has been 

described in a previous paper . 3 Briefly, the procedure 
involved conversion of the sodium dodecyl sulfate to 
the acid and of the decyltrimethylammonium iodide 
to the quaternary hydroxide by passage through the 
appropriate ion-exchange resin [Amberlite 120 (H + 
form) and IRA-402 (O H -  form)]. Equivalent quan
tities of the base and hydroxide were mixed to form a 
neutral stock solution which was diluted for the light 
scattering experiments.

I t  was later found th a t the salt can be readily pre
pared from the original sodium dodecyl sulfate and 
decyltrimethylammonium iodide. If a solution con
taining equivalent quantities of these compounds is 
kept for some time in an ice bath, a white crystalline 
solid separates. This melts to a viscous liquid from 
163 to 165°. The chemical analysis of this salt is 
given in Table I. Except as indicated below, all experi
ments were made on dilutions of the stock solution pre
pared by the first procedure.

Table I : Elemental Analysis of Decyltrimethylammonium 
Dodecyl Sulfate

E le m e n t  * F o u n d ,  % C a le d . ,  %

c 64.44 64.22
H 11.91 12.00
N 3.01 3.24
S 6.89 7.17
I None None

The importance and difficulty of removing all ex 
traneous m atter from aqueous solutions which are to 
be used for light scattering studies are well known. 
We found tha t a standard 0.65-ju Millipore filter was an 
effective means of clarifying our solutions. Deionized 
water was passed repeatedly through such filters until 
its turbidity  was 3.27 X 10~5.

The light scattering experiments were made with a 
Brice-Phoenix Universal light scattering photometer 
which was calibrated against the standard opal glass 
supplied by the manufacturer. The refractive index 
gradient was obtained with a Brice-Phoenix differential 
refractometer, a value of dn/dc of 0.1406 being ob
tained with concentration units of grams per milliliter. 
In  our work we used the green filter combination for 
isolating the 546-m/i wave length of mercury.

Results and Discussion
Scattering at 90°. Our initial studies were concerned 

with the determination of the intensity of the light 
scattered at 90° to the incident beam. As is well 
known, the molecular or particle weight for particles 
less than V20 of the wave length of light is given by an 
extrapolation of the function H C / t to zero concentra
tion. H  is a constant which takes into account the 
refractive index and, for our system, has the value
2.17 X 10“6. r  is the excess turbidity, i.e ., the tu r
bidity of the solution minus th a t of the solvent. For 
solutions of association colloids it is necessary to sub
stitute C  — Co, where C0 is the critical micelle concen
tration, for the concentration.

The results of these experiments are plotted in Fig.
1. Each point represents an average of three turbidity 
determinations. Application of Anacker’s least-square 
method4 to the conventional light scattering equation

H ( C  -  Co)

T
-  +  2 B C  
M

(1)

gave the plot of Fig. 2. The high value, 3.62 X 10“ 8 

obtained for the intercept invalidates the use of eq. 1 . 
Particles so large are greater than V20 of the wave length 
of light and the scattered radiation must therefore 
show interference. Correction for this interference is 
described below.

The second point to emerge from these measurements 
is th a t the critical micelle concentration as determined 
for this system by the light scattering data is consider
ably lower than th a t obtained by dye solubilization. 
Using Anacker’s least-square equation we obtain a 
value of 1.85 X 1CUS g./ml. for the c.m.c. The value

(3) H. W. Hoyer, A. Marmo, and M. Zoellner, J . P hys. Chem., 65, 
1804 (1961).
(4) E. W. Anacker, J . Colloid Sci., 8, 402 (1953).

Volume 68, Number 12 December; 1964-



3 4 9 6 H o r s t  W .  H o y e r  a n d  I r i s  L .  D o e r r

Figure 1. Excess turbidity  vs. concentration for solutions 
of decyltrimethylammonium dodecyl sulfate. 
Concentrations are in grams per milliliter.

Figure 2. A least-square plot of light scattering data  for 
solutions of decyltrimethylammonium dodecyl sulfate. 
Concentrations are in grams per milliliter.

obtained from dye solubilization measurements is 
8.95 X 10-6  g./ml. I t  would seem th a t these two 
methods respond to different properties of our system. 
Further discussion of this point is reserved until after 
a consideration of additional light scattering data.

D issym m etry M easurem ents. Two methods are avail
able by which the intraparticle interference may be 
evaluated. By one method, the dissymmetry, i.e., the 
ratio of the intensities of the scattered light at two 
angles, generally 45 and 135°, permits calculation of

this correction factor. Doty and Steiner5 give tables 
of these factors, P(0), called the particle scattering 
factor, as a function of the dissymmetry, Z . Our 
values of Z , obtained in the concentration range of
8.71 to 4.35 X 10~ 6 g-/ml. were not reproducible to 
better than 10%. No linear extrapolation of l / ( Z  — 1) 
to zero concentration was possible. The average value 
of Z  was found to be 4.6 ±  0.4.

The most likely shape for a colloid-rich droplet sus
pended in water and subjected to interfacial tension 
would seem to be tha t of a sphere. Unfortunately, the 
dissymmetry method for determining particle size can
not be applied to spheres having a dissymmetry greater 
than about 1.5.8 We then turned to the extrapolation 
method.

The Extrapolation  M ethod. This method is the least 
dependent upon assumptions of particle shape and nor
mally provides a more reliable determination of the 
particle weight and radius. Since all interference 
vanishes at a scattering angle of 0 °, all particle scatter
ing factors become unity at this angle. Zimm7 suggested 
a simultaneous extrapolation to zero concentration and 
zero scattering angle which has become known as the 
Zimm plot. Essentially, this involves plotting H C / t 
vs. kC  +  sin2 6 /2 , where k  is an arbitrary constant, 
C  the concentration, and 6 the scattering angle. The 
Zimm plot for our data is given in Fig. 3. The inter
cept of both the zero concentration and the zero angle 
line on the ordinate is at 0.10 X 10~8, corresponding 
to a particle weight of 1.0 X 109. Assuming a density 
of unity, this corresponds to particles with an equiva
lent spherical radius of 7.4 X 10“ 6 cm.

I t  would appear unlikely th a t the above results are 
more precise than 10 or 15%. However, they do lead to 
the conclusion that our C10-C 12 solution is actually a two- 
phase system, consisting of a relatively stable dispersion 
of a colloid-rich phase in an essentially aqueous phase.

The Question o f S tab ility . Mysels8 has introduced 
the terms diuturnal and caducous to designate unstable 
colloidal systems with different rates of flocculation. 
Caducous systems are short lived, flocculating per
ceptibly during the period of observation, while diu
turnal system are unstable ones which flocculate at an 
imperceptible rate. We wished to establish whether our 
C 10-C 12 system was a stable or a diuturnal one.

Prior work3 had established tha t essentially the same 
system is obtained when one mixes equivalent quanti-

(5) P. Doty and R. F. Steiner, J . Chem. Phys., 18, 1211 (1950).
(6) P. Doty and J. T. Edsall, Advan. Protein Chem., 6, 87 (1951).
(7) B. H. Zimm, ,/. Chem. Phys., 16, 1093, 1098 (1948).
(8) K. J. Mysels, “ Introduction to Colloid Chem istry,’’ Interscience
Publishers, Inc., New York, N. Y., 1959.

The Jour real of Physical Chemistry



L i g h t  S c a t t e r i n g  o n  D e c y l t r i m e t h y l a m m o n i u m  D o d e c y l  S u l f a t e 3 4 9 7

Figure 3. An extrapolation plot of the light scattering data  
for solutions of decyltrimethylammonium dodecyl sulfate.

ties of solutions of sodium dodecyl sulfate and decyl
trimethylammonium iodide or the corresponding acidic 
and basic forms. We wished to prepare the same 
system from the solid salt and eventually discovered 
th a t the pure salt could be prepared by the simple

procedure described in the Experimental part of this 
paper.

Solutions of this salt were readily prepared by heat
ing. These had all the properties of the solutions pre
pared by the initial procedure except th a t of stability. 
W ithin 3 or 4 hr. after preparation, phase separation 
would occur. On the other hand, a sample prepared 
by the first procedure has stood on the laboratory shelf 
for more than 3 yr. with only a slight separation. 
I t  would seem th a t our system is an unstable one; 
th a t the first method of preparation, i.e., from solutions, 
yields a diuturnal system while preparation from th e  
solid salt yields a caducous one.

Centrifugation of the caducous system yields a 
clear solution with a turbidity  from two to three times 
th a t of the water which we used. I t  m ay be th a t this 
slight excess turbidity is due to micelles existing in 
these extremely dilute solutions. This could account 
for the discrepancy between the critical micelle con
centration obtained by light scattering and by dye 
solubilization. The latter method actually detects the 
colloid-rich phase and cannot respond to the low micelle 
concentrations which may, however, be detected by 
light scattering.

Conclusions
(1) Mixing aqueous solutions of sodium or hydrogen 

dodecyl sulfate with decyltrimethylammonium iodide 
or hydroxide results in the formation of a diuturnal two- 
phase system of colloid-rich m aterial suspended in 
water:

(2) The colloid-rich phase consists of particles 
comparable in size with the wave length of light.
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Micellar Weights o f and Solubilization o f Benzene by a Series o f 

Tetradecylam m onium  Bromides. The Effect o f the Size o f the Charged H eadla

by Raymond L. Venable and Robert V. Naumanlb

Department of Chemistry, Louisiana State University, Baton Rouge, Louisiana (Received May 4, 1964)

Micellar weights of tetradecyltrimethylammonium, tetradecylpyridinium, and tetradecyl- 
tripropylammonium bromides were determined by light scattering experiments with 
aqueous and 0.05 M  sodium bromide solutions. Critical concentrations were determined 
by surface tension measurements and confirmed by light scattering. The surface tension 
measurements were used in the Gibbs adsorption isotherm to calculate a head area param 
eter. Benzene was solubilized in varying concentrations of both aqueous and salt 
solutions of all the surfactants. In  water the trim ethyl salt had a 27,200 micellar weight and 
solubilized 2.10 to 2.36 benzene molecules per detergent monomer in micellar form. The 
comparable figures for the pyridinium salt were 26,000 and 2.14 to 2.45, and for the tri
propyl salt they were 25,000 and 2.18 to 2.69. In 0.05 M  sodium bromide solutions the 
micellar weights were 50,400, 97,600, and 40,700 for the trimethyl, pyridinium, and tripropyl 
salts. The comparable monomer to monomer solubilization figures were 4.41, 4.54, and 
6.53 independent of concentration. A correlation of the head area param eter with the 
solubilization results suggests further experimentation.

Introduction
The role of the size of the hydrophilic portion of an 

aqueous surfactant on its solubilization ability has not 
been thoroughly established. By searching the litera
ture one can find many papers on solubilization that 
contain information relative to the effect of specific 
types of hydrophilic groups on solubilization ability, 
but information from a single laboratory th a t is or 
could be used to discern the effect of the size of the 
hydrophilic portion o:i solubilization ability is rare.

Kolthoff and Strides1 2 studied the solubilization of 
large dye molecules in many surfactants and make 
possible the comparison of solubilization results in 
both aqueous and salt solutions of dodecylamine hy
drochloride and sodium and potassium laurates. Many 
of the papers of M cBain3 contain information rela
tive to the effect of the hydrophilic head.

Consideration of the available literature gave us 
the impression that the size of the hydrophilic portion 
of the surfactant is a relatively unim portant factor in 
correlating solubilization results. Our impression was 
strengthened by consulting the review literature in 
the field. Klevens4 discusses the effect of the structure

of the solubilizer on solubilization ability, bu t in his 
section on effect of substitution in the chain he says 
very little about the nature of the hydrophilic portion 
of the molecule. In  his summary he says only, “The 
cationic detergents, such as dodecylamine hydrochlo
ride, are more powerful solubilizers for hydrocarbons 
than the corresponding anionics of equal chain length.” 
McBain and Hutchinson ,5 after discussing the effect 
of the ionic nature of the solubilizer, say, “I t  appears, 
in summary, that the differences between different 
types of materials containing the same long-chain 
hydrocarbon are relatively small, and th a t such dif
ferences as do exist may be explained in terms of the

(1) (a) This paper is based upon work submitted as a dissertation by
R. L. Venable in partial fulfillment of the requirements for the Ph.D. 
degree at Louisiana State University, June, 1963; (b) to whom
correspondence concerning this work should be addressed.
(2) I. M. Kolthoff and W. Stricks, J. Phys. Colloid Chem., 52, 915 
(1948); 53, 424 (1949).
(3) For example, see J. W. McBain and P. H. Richards, Ind. Eng. 
Chem., 38, 642 (1946).
(4) H. B. Klevens, Chem. Rev., 47, 1 (1950).
(5) M. E. L. McBain and E. Hutchinson, “Solubilization,” Academic 
Press, New York, N. Y., 1955, Chapter 4, p. 85.
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differences in the size of micelles formed by the various 
species.” Harris6 discusses surfactant structure and 
states, “For compounds with equal equivalent carbon 
chain lengths, the degree of solubilization is the same. 
An exception is the cationic type, which seems to pro
vide an increased degree of solubilization over an
ionics.”

Work done in this laboratory on sucrose monoesters7 

and a series of quaternary ammonium bromides8 

indicated tha t the am ount of solubilization might be 
correlated with the void spaces caused by the size of 
the hydrophilic head. The experiments had not been 
designed to test this correlation, but they gave an in
dication tha t the influence of head size should be more 
carefully investigated in spite of the conclusions sug
gested in the literature.

A series of quaternary ammonium bromides was 
chosen as the result of our observing molecular models. 
The series allowed us to study the effect, of similar (tri- 
methylammonium and pyridinium) and dissimilar 
(trimethylammonium and tripropylammonium) head 
sizes in somewhat similar ionic environments. Surface 
tension measurements were used to locate the critical 
micelle concentration (c.m.c.) and were used in the 
Gibbs adsorption isotherm to calculate an area param 
eter to represent head size and correlate with solubil
ization. Light-scattering measurements were used 
to confirm c.m.c. values and to determine micellar 
weights. The amount of solubilization of benzene 
was determined by a spectrophotometric procedure. 
There is sufficient correlation between the head size 
parameter and solubilization to warrant a more 
detailed study.

Experimental Techniques
The surfactants, dodecylpyridinium bromide (LPB), 

tetradecylpyridinium bromide (TPB), tetradecyltri- 
methylammonium bromide (TTMAB), tetradecyltri
propylammonium bromide (TTPAB), and hexadecyl- 
tripropylainmonium bromide (HTPAB) were prepared 
by refluxing alkyl bromides and excesses of the ap
propriate amines in methanol or ethanol. After initial 
experiments gave peculiar results, only alkyl bromides 
that were shown to be pure by gas chromatography 
were used in the preparations. After the reaction was 
completed, the solvent was evaporated, and ether was 
added to precipitate the quaternary salt. Sometimes, 
the mixture had to be chilled to ice tem peratures to 
ensure precipitation.

The surfactants were purified by repeated recrystal
lization from alcohol until there was no minimum in 
the surface tension results and reproducible light 
scattering results were obtained. Elemental analyses

of all the surfactants were obtained; they confirmed 
the expected elemental composition.

Surface tensions were measured by the ring method 
using a Christian Becker balance designed for the 
purpose. The procedure was essentially th a t of 
Harkins and Jordan . 9 10 In treating the data, however, 
their correction factors were not explicitly applied. 
¡Measurements were made with a single ring on the 
triply distilled water th a t was used for light scattering 
measurements. The known surface tension of water 
was used to evaluate K  in the equation, 7  = K w , 
in which 7  is the surface tension and w  is the weight 
required to pull the ring free. The determined K  
was used with measured w values to determine the 
other surface tensions. This procedure accounts for 
the correction factors th a t depend on the dimensions 
of the ring but does not correct for the different volumes 
th a t are raised by the ring. The solutions were thermo- 
stated prior to and during surface tension determ ina
tions by circulating water kept at 30.00 ±  0.01 °.

A Brice-Phoenix light scattering photometer was 
used in these studies. The instrum ent was calibrated 
with the standard Cornell polymer solution for which a 
turbidity of 3.49 X 10- 3  cm . - 1  was assumed for 436 
mpi light. The common volume and refraction cor
rections were made. Some of the data  have also been 
obtained with the Aminco photometer with no signifi
cant difference in results. The filter factors for the 
Brice-Phoenix instrum ent were re-evaluated with a 
Cary Model 14 spectrophotometer. Comparison of 
these factors with those given by the m anufacturer 
and those determined with the photometer for 90° 
scattering showed deviation between extremes of 1 .1 ,
2.0, 3.3, and 8.3% and deviations between Cary 
and 90° factors of 0.4, 1.5, 0.0, and 4.0% for trans
mittances of 0.453, C.198, 0.125, and 0.0569. The 
Cary values were used in this work.

The water used in this work was laboratory distilled 
water which was redistilled once from alkaline perman
ganate followed by one redistillation. The two re- 
distillations were carried out in a continuous closed 
system. This procedure gives water with a turbidity 
of (8.0 ±  0.4) X 10- 5  cm .-1. This value is appre
ciably higher than that reported by Phillips and Mysels,1" 
but it is a value that has been reproduced by several

(6) J. C. Harris, Am. Oil Chemists' Soc., 35, 428 (1958).
(7) R. V. Nauman and J. B. Sardieco, unpublished work appearing in 
J. Sardisco, M.S. Thesis, Louisiana State University, 1958.
(8) R. V. Nauman and E. E. Drott, unpublished work appearing in 
E. E. Drott, Ph.D. Dissertation, Louisiana State University, 1959.
(9) W. D. Harkins and H. F. Jordan, J. Am. Chem. Soc., 52, 1751 
(1930).
(10) J. N. Phillips and K. J. Mysels, J. Phys. Chem., 59, 326 (1955).
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investigators in our laboratories for about 3 years, 
and the water is a t least reproducibly dirty.

Surfactant solutions were filtered once through ultra- 
fine sintered glass filters. Concentrations were de
termined by differential refraction measurements 
after filtration. The refraction calibration curves 
were determined with solutions prepared by weight. 
The refraction measurements used for analysis and for 
molecular weight determinations were made with 
a Brice-Phoenix differential refractometer.

Solutions for turbidity measurements were prepared 
individually or were made by addition of measured 
volumes of a filtered concentrated stock solution to 
water or more dilute solutions. Investigation showed 
that dirt introduced by the dilution method was statis
tically constant; correction for the im purity turbidity 
gave results indistinguishable from those obtained 
from individually prepared and filtered samples. A 
comparison of the two methods is shown in Fig. 1.

F ig u re  1. T u rb id i ty  vs. c o n c e n tra tio n .
A , te tra d e c y ltr ip ro p y la m m o n iu m  b ro m id e  in  w a te r ;
A, te t r a d e c y ltr im e th y la m m o n iu m  b ro m id e  in  w a te r ;
A, te t r a d e c y lp y r id in iu m  b ro m id e  in  w a te r  (so lu tio n s  m a d e  b y  
d i lu tio n ) ;  □ , te t r a d e c y lp y r id in iu m  b ro m id e  in  w a te r  (so lu tio n s  
filte red  in d iv id u a lly ) ;  A , d o d e c y lp y rid in iu m  b ro m id e  in  w a te r ;  
"D, te t r a d e c y ltr ip ro p y la m m o n iu m  b ro m id e  in  0 .05  M  N a B r ;
Cf, te t r a d e c y ltr im e th y la m m o n iu m  b ro m id e  in  0 .05  M  N a B r ;
• ,  te t r a d e c y lp y r id in iu m  b ro m id e  in  0 .05  M  N a B r ;
O, d o d e c y lp y r id in iu m  b ro m id e  in  0 .05  M  N a B r.

Solubilization was determined spectrophotometri- 
cally. Excess benzene and detergent solutions were 
sealed in glass ampoules which were shaken a t least 
48 hr. a t room tem perature and then were thermo- 
stated  a t 30.00 ±  0.01°. The samples were kept in 
the therm ostat until phase separation occurred, then 
the ampoule tip was broken, and weighed portions 
were immediately transferred into a measured amount 
of cyclohexane in a closed container. After extraction,

the absorbancy of the cyclohexane phase at 255 mp 
was determined.

Comparison with a calibration curve gave the benzene 
concentration. The efficiency of the extractions was 
determined independently and the immediate extrac
tion from closed ampoules minimized loss of solubili- 
zate th a t has plagued many solubilization experiments. 
Details of the method can be found elsewhere. 11 At 
least three series of seven or eight concentrations for 
each surfactant were run. Analyses were performed 
on each solution a t least in duplicate.

Results and Discussions
1. Surface Tensions. Our surface tension data  are 

shown in Fig. 2. Critical micelle concentrations and 
molecular areas determined from these data are 
given in Table I. The Gibbs adsorption equation 12 

in the form (1/area) =  T =  — ( l / R T ) ( l / [ 2  or 1])- 
(d y /d  In c) was used to determine the areas per mole-

Log clg/ml)

F ig u re  2. S u rfa ce  ten s io n  vs. lo g a r ith m  of c o n c e n tra t io n  in  
g . /m l .  4b h e x a d e c y ltr ip ro p y la m m o n iu m  b ro m id e  in  w a te r ;  
A , te tra c e c y ltr ip ro p y la m m o n iu m  b ro m id e  in  w a te r ;
A, te tra d e c y ltr im e th y la m m o n iu m  b ro m id e  in  w a te r ;
A, te tr a d e c y lp y r id in iu m  b ro m id e  in  w a te r ;
A, dodecylpyridinium bromide in water;
~0, te tra d e c y ltr ip ro p y la m m o n iu m  b ro m id e  in  0 .05  M  N a B r ;  
Cf, te t r a d e c y ltr im e th y la m m o n iu m  b ro m id e  in  0 .05  M  N a B r ;  
• ,  te tra d e c y lp y r id in iu m  b ro m id e  in  0 .05  M  N a B r ;
□ , te t r a d e c y lp y r id in iu m  b ro m id e  in  0 .05  M  K B r ;
O , d o d e c y lp y r id in iu m  b ro m id e  in  0 .05  M  N a B r.

(11) E. L. Pye, J. B. Sardisco, and R. V. Nauman, to be published.
(12) J. W. Gibbs, “Collected Works,” Vol. I, Longmans, Green and 
Co., New York, N. Y., 1928, pp. 218-237.
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cule given in Table I. The factor 2 in the denominator 
was used in calculations dealing with solutions of sur
factant. ions in water, and the factor 1 was used when 
extraneous salt was present. The treatm ent of Gug
genheim13 is discussed in detail by Moilliet, Collie, 
and Black14 15 as it applies to micellar solutions. 
At this time there will be no discussion of the physical 
significance of the area determination; it will be con-

Table I :  Surface Tension Results

✓---- Critical micelle concentration----- •• Area/molecule,
Surfactant (g./ml.) X 104 (moles/1.) X 103 A.2

In water
LPB 39.7 12.1 59
TPB 9.15 2.57 60
TTM AB 11.8 3.51 61
TTPAB 8.6 2.05 89
HTPAB 2.58 0.57 91

In 0.5 M  sodium bromide
LPB 12.0 3.66 48
TPB 0.86 0.24 48
TTM AB 1.43 0.42 39
TTPAB 1 16 0.276 64

sidered to be a param eter calculated from experiment 
that will be correlated with measured solubilizations.

Miles and Shedlovsky16 showed th a t no minima occur 
in the surface tension-concentration curves when the 
surfactants are pure. This result was reconfirmed in 
this work. Shedlovsky and co-workers16 observed 
changes with time in surface tensions of solutions of 
impure surfactants below the c.m.c. but found th a t no 
change with time occurs in these measurements 
after about 30 min. if the surfactants are pure. In 
this work small changes of surface tension with time 
were observed in all instances. These changes with 
one exception were not more th an -0.5 dyne/cm. in 30 
min. Later, LPB was purified by repeated recrystal
lization, and its surface tension a t all concentrations 
was found to be constant for more than 1 0  min. after 
which no observations were made. These constant 
results agreed with the initial values found when there 
was a change with time. Initial values were used 
in the curves of Table I and in the area calculations.

Solutions of TTPAB were the only solutions to show 
large changes in surface tension with time; changes 
as large as 20 dynes/cm. were observed in 50 min. 
Purification which changed the turbidity  results had 
no effect, on the surface tension behavior. It seems 
unlikely that this behavior is real, but in this work it 
was reproduced . 17 Initial values were used for the 
area calculations.

Although this work is concerned primarily with solu
tions of the three detergents, TPB, TTM AB, and T T 
PAB, surface tensions were determined for aqueous 
solutions of LPB and HTPAB and for a 0.05 M  NaBr 
solution of LPB as well for comparison purposes. 
Table I shows th a t there is a constancy in the area 
param eter for a particular kind of hydrophile. In 
aqueous solutions, the pyridinium group gives an 
area of 59 A . 2 in the dodecyl salt and 60 A . 2 in the 
tetradecyl salt. These results agree very well with 
results obtained by Greenland and Quirk , 18 by a very 
different method a t a different interface. By X-ray 
diffraction analysis of hexadecylpyridinium bromide 
adsorbed on vermiculite from aqueous solution they 
found a 54-A. 2 area for the adsorbed pyridine group 
lying flat on the clay surface.

The pyridinium area agrees well with the trimethyl- 
ammonium area just as indicated by molecular models 
and the tripropylammonium area determined from solu
tions of the tetradecyl (89 A.2) and the hexadecyl (91 
A.2) salts is larger as expected. The reproducibility

o
of these determinations is 2 to 5 A.2.

In the salt solutions the two area results for the py
ridinium group agree well; th a t of the trim ethyl- 
ammonium group is smaller than the pyridinium area, 
and th a t of the tripropylammonium is larger. All 
of the areas calculated from measurements on salt 
solutions are smaller than  those obtained from meas
urements on aqueous solutions. The change in the 
pyridinium system with its more rigid hydrophilic 
head is appreciably less.

2. M olecular W eights. The light scattering data 
are shown in Fig. 1. The Princen-M ysels19 treatm ent 
was used to calculate charge, p, aggregation number, 
m , micellar weight, m M ,, and micellar weight un
corrected for charge effects, 1 / A .  These results are 
given in Table II  along with differential refraction 
increments for the surfactants in aqueous solution and 
the monomeric molecular weights.

There are few results in the literature with which 
to compare our results. For TTM AB, Trap and

(13) E. A. Guggenheim, Trans. Faraday Soc., 36, 397 (1940).
(14) J. L. Moilliet, B. Collie, and W. Black, “Surface Activity,” - 
2nd Ed., E. and F. N. Spon, Ltd., London, 1961, pp. 64-87.
(15) G. D. Miles and L. Shedlovsky, J. Phys. Chem., 48, 57 (1944).
(16) L. Shedlovsky, J. Ross, and C. W. Jakob, J. Colloid Sci., 4, 25 
(1949).
(17) Recent preliminary work by Mr. Gary Brashier with a new 
group of preparations of TTPAB gives constant surface tensions 
from which areas are calculated which are nearly the same as those 
reported here.
(18) D. F. Greenland and J\ P. Quirk, J. Phys. Chem., 67, 2886 
(1963).
(19) L. H. Princen and K. J. Mysels, J. Colloid. Sci., 12, 594 (1957).
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Hermans20 report 30,800 and 3.6 X 10- 3  M  and 53,400 
and 1.3 X 10 3 M  for the micellar weight and c.m.c. 
in water and in 0.05 N  KBr. Debye21 reports 25,300 
and 3.4 X 10~ 3 M  in water. Mysels22 reports 3.41 
X 10~ 3 M  for the c.m.c. and 0.130 (12.2/93.5) for 
p /m .  The Trap and Hermans results are probably 
high. When the other results are compared, they are 
as much in agreement as one can expect for light 
scattering results.

Table I I : Turbidity Results

Mol. wt.

Surfactant
(l/A)
x 10

mM\ 
X 10 "3 p/m

x  io->
(caled.) (dn/dc)

In water
LPB 14.9 17.7 0.166 17.9 0.174
TPB 22.3 26.0 0.136 25.9 0.175
TTM AB 23.2 27.2 0.143 23.7 0.154
TTPAB 22.7 25.6 0.114 20.1 0 160

In 0.05 N  NaBr Mi
LPB 20.8 20.8 0.000 21.9 328
TPB 90.4 97.6 0.308 32.5 356
TTM AB 49 7 50 4 0.040 37.5 336
TTPAB 39.2 40.7 0.186 27.6 421

For TPB, Trap and Hermans report 28,100 and 4.1 X 
1CU3 M  and 55,600 and 1.5 X 10- 3  M  for aqueous and 
0.05 N  KBr solutions. Our c.m.c. values are appre
ciably lower. In the 0.05 N  salt the difference was so 
great that we repeated our experiments using a different 
preparation and KBr instead of the NaBr tha t we had 
used. The KBr solutions gave a 0.29 X 10- 3  M  c.m.c. 
compared with 0.24 X 10~ 3 M  for the NaBr solutions. 
The comparison is shown in Fig. 2; the results are es
sentially the same as anticipated. Our micellar weight 
in 0.05 M  NaBr is quite large but reproducible. Our 
other micellar weights are smaller than those of Trap 
and Hermans. Perhaps a t this relatively high salt 
concentration the micelle is especially sensitive to 
tem perature; Trap and Hermans worked a t 30°; 
our light scattering instrum ent is not thermostated, 
and room tem perature varied from 21 to 31°, probably 
being around 25° when our results were reproduced. 
Except perhaps for TPB in 0.05 M  NaBr, all micellar 
weights are reasonable and consistent.

The areas of the hydrophiles were used with the 
linear extensions of the hydrocarbons chains tha t were 
suggested by T arta r234 to calculate a micellar weight.23b 
A spherical micelle with a radius equal to the chain 
extension was assumed. The calculated surface of 
the assumed sphere was divided by the area per head

determined from the surface tension measurements 
to get an aggregation number. The micellar weights 
calculated from this crude model are given in Table
II. They agree rather well with the experimental 
values in aqueous solution, but in 0.05 M  salt where 
the micelle would not be expected to be spherical 
there is little correlation between calculated and 
measured values.

3. Solubiliza tion . In  this work the am ount of 
material solubilized by the micellar part of the solu
tion is desired. Consequently, the amounts of benzene 
dissolved in water, in 0.05 M  NaBr, and in unmicellized 
surfactant were determined. The water determ ination 
also served as a check on the analytical procedure. 
The solubility of benzene in water was found to be 
0.179 ±  0.002 g./100 ml. or 2.29 X 10“ 2 M . Arnold, 
et a l.,24 have reviewed the literature and have deter
mined a value of 0.177 ±  0.002g ./ 1 0 0 ml. Thesolubility 
of benzene in 0.05 M  NaBr was found by us to be 0.173 
±  0.002 g./100 ml. or 2.22 X 10~ 2 M . The solubility 
of benzene at the c.m.c. depends upon the surfactant 
but is in general about 0.09 X 10- 2  M  higher than  the 
solubility in the solvent. The solubility of benzene 
a t the c.m.c. will be called S 0.

The necessity for immediate extraction of the ben
zene removed from the sealed ampoules was shown 
by the following experiments with TTM AB. Usually 
two or three portions of the aqueous solution were 
transferred to the cyclohexane directly from the 
ampoule and weighed immediately for multiplícate 
determinations. In  one group of experiments one 
portion from each ampoule was transferred directly 
and weighed immediately. Another portion was 
transferred to a beaker, and within a fraction of a

(20) H. J. L. T rap and J. J. Hermans, Proc. K oninkl. Ned. A kad. 
Wetenschap, 58B, 97 (1955).
(21) P. Debye, J . P hys. Colloid Chem., 53, 1 (1949).
(22) K. J. Mysels, J . Colloid Sci., 10, 507 (1955).
(23) (a) H. V. T artar, ibid., 14, 115 (1959). (b) One of the
referees suggests th a t this calculation has no meaning because, “ Once 
one assumes a spherical micelle having the radius of the fully extended 
chain, its molecular weight is fixed since the  num ber of monomers 
which can be packed into such a sphere is determined. Hence, the 
surface area per head is also determined. Another way of looking 
a t it is to say th a t the T artar calculation implies th a t the area per 
head is proportional to the two-thirds power of the chain length." 
This argument suggests th a t all spherical micelles of surfactants hav
ing the same chain length would have the same aggregation num ber 
and the same head size. W hether the micelles are spherical is de
batable, but all micelles with the same chain length do not have 
the same aggregation num ber and the same head size. We agree 
th a t the area per head is proportional to  the tw o-thirds power 
of the chain length, bu t we are suggesting a different criterion for 
determining the proportionality constant than th a t of monomeric 
chain volume chosen by T artar. I t  seems unnecessary to assume 
th a t the packing in the interior of the micelle is always the  same and 
determines the micelle size.
(24) O. S. Arnold, C. A. Plank, E. E. Erickson, and F. P. Pike, 
Chem. Eng. Data Ser., 3, 253 (1958).
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minute a part was pipetted into cyclohexane and _ 
weighed. The portions tha t had undergone interme
diate transfer to the beakers gava results th a t were con
sistently lower than those from the directly transferred 
solutions by 5 to 10% of the total solubilizate.

Inadvertently, some solubilization experiments were 
performed before the surfactants were purified to an 
extent that resulted in reproducible turbidity and sur
face tension results. The very pure surfactants gave 
solutions in which phase separation occurred rapidly 
and cleanly; the other solutions gave emulsions 
that required weeks in some cases to break into sepa
rate phases. However, within experimental error, 
no difference in solubilization could be determined 
between solutions of the surfactants tha t were ex
tremely pure and those th a t were only moderately 
pure.

Table III  summarizes the solubilization results. 
I t  gives values taken a t even surfactant concentrations 
from smooth curves for aqueous data  and from least- 
square lines through all the experimental points for

Table I I I : Solubilization Results

(C -  
Co)M 
X 102

'------- OS

LPB°

-  So)M X 10= 
TT-

TPB MAB
TT
PAB

-̂-----1

LPB

[S -  So) 

TPB

n c  -
TT
MAB

Co)------ -
TT
PAB

In  water
0.50 0.80 1.09 1.04 1.09 1.60 2.14 2.08 2.18
1.00 1.60 2.15 2.08 2.20 1.60 2.15 2.08 2.20
1.50 2.40 3.25 3.12 3.44 1.60 2.17 2.08 2.29
2.00 3.20 4.45 4.28 4.73 1.60 2.23 2.14 2.37
2.50 4.00 5.80 5.61 6.17 1.60 2.32 2.24 2.47
3.00 4.80 7.35 7.08 8.08 1.60 2.45 2.36 2.69
8.00 13.59 1.70

In 0.05 M  N aBr
0 ^  3 2.27 4.54 4.41 6.53

“ Solubilization results for LPB are available to C — Co = 
8 X 10~2.

0.05 M  NaBr data. In aqueous solutions the solubil
ization increases slightly with surfactant concentration, 
but in 0.05 M  NaBr the solubilization is concentration 
independent.

The solubilization of benzene in TPB and TTM AB 
is nearly the same in aqueous solutions; both the 
micellar weights and the hydrophile size are nearly the 
same also. TTPAB solubilizes a b it more benzene 
in water than do TPB and TTM AB on a mole solu
bilized to mole of monomer basis; the micellar weight 
of TTPAB is about the same as th a t of the other two 
but is probably a bit smaller, while the head size is 
significantly larger. In more concentrated solutions 
the increase in solubilization for a surfactant with the 
larger head but the same tail size is 0.28 to 0.46 as 
much as tha t shown by a two-carbon increase in tail 
length for the same head size. In  dilute solution the 
solubilizations of all surfactants with the same chain 
length are nearly the same.

In  0.05 M  NaBr there is no apparent correlation 
between micellar weights and solubilization. The 
solubilization ability of the tripropyl salt is now 
nearly as much greater than th a t of the other two 
tet.radecyl salts as they are greater than that of the 
dodecyl salt.

Certainly the solubilization ability of these surfact
ants is not simply related to the head size parameter, 
but these results give sufficient encouragement to 
warrant more detailed investigation of the features 
of solution properties tha t commonly affect solubili
zation and surface tension.

I t  is tempting to try  to rationalize the solubilizations 
with the observed micellar sizes, but the sizes reported 
here are representative of the micelles in the. absence 
of solubilizate. Investigations are under way to de
termine micellar sizes in the presence of solubilizate, 
to study the micellar sizes and solubilization ability 
of trimethyl, triethyl, tripropyl, and tributyl surfact
ants in a series of salt solutions, and to extend the work 
to other solubilizates.
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The Structure o f the Micellar Solutions o f Some Amphiphilic Compounds in Pure  

Water as Determined by Absolute Small-Angle X-Ray Scattering Techniques

by F. Reiss-Husson and Vittorio Luzzati1

Centre de recherches sur les Macromolécules, Strasbourg, France (Received A p ril 7, 1964)

Micellar solutions of several amphiphiles in water, without added electrolytes, have been 
studied by small-angle X-ray scattering methods, based upon intensity measurements on 
an absolute scale. The concentration range goes from 5% to the appearance of a liquid 
crystalline phase (30 to 40% in most cases). Several amphiphiles have been studied 
at different temperatures: sodium lauryl sulfate (27 and 70°), sodium laurate (70°), myris- 
ta te  (80°), palm itate (80°), stearate (90°), and oleate (NaO, 27°), and cetyltrimethylam- 
monium chloride (CTAC1, 27°) and bromide (27, 50 and 70°). The interpretation of the 
experimental curves is discussed. I t  is shown tha t over various concentration ranges the 
micelles may be assumed to be monodisperse, their size and shape being independent of 
concentration. The analysis of the curves leads to the determination of the structure 
of the micelles. The structure is dependent on various parameters: nature of the amphi
phile, temperature, and concentration. In most systems the micelles are spherical a t low 
concentrations and become rod-like a t high concentration. In two cases, the structure 
appears to be independent of the concentration: CTAC1 micelles are spherical from 5 to 
38%; NaO micelles are rod-like from 4 to 20%. This polymorphism is discussed.

Introduction
For several years one of the main activities of our 

laboratory has been the study by X-ray diffraction of 
various structures of association colloids. Until now 
we have been mainly interested in liquid crystals, 
especially those of concentrated (generally over 30%) 
aqueous systems. 2 3 4 5 6 We are now reporting on the struc
ture of micellar solutions which occur at lower concen
trations.

We may note that, although the structure of micelles 
is quite well known, at least for a few systems, at very 
low concentrations close to the critical micelle con
centration (c.m.c.), there is little definitive information 
about higher concentrations, where the effects of cor
relations between micelles become predominant and 
the interpretation of hydrodynamic and light-scattering 
experiments becomes uncertain. Structural analysis is 
best done in this region of concentrations by small 
angle X-ray scattering, a technique which has been 
used by several authors. McBain3a and Harkins3b 
were pioneers in this field, even though their work is 
now only of historical interest since the interpretation

of experimental findings lacked a theoretical basis. 4-6 

Others7’8 have attem pted a more rigorous interpreta
tion of the experimental curves by trying to recon
struct their form on the basis of models of spherical 
micelles showing mutual correlations. I t  proved, 
however, to be difficult to distinguish the effect of the 
shape of micelles from th a t of their correlations. 
We have undertaken this problem by using an im
proved small-angle X-ray scattering technique, de
veloped in our laboratory, which is based upon intensity 
measurements on an absolute scale.

(1) CNRS, Gif-sur-Yvette, France.
(2) V. Luzzati, H. Mustacchi, A. E. Skoulios, and F. Husson, Acta  
Cryst., 14, 219 (1961).
(3) (a) J. W. McBain and D. A. Hoffmann, J . P hys. Colloid Chem., 53, 
39 (1949); (b) R. W. M attoon, R. S. Stearns, and W. D. Harkins, 
J . Chem. P hys., 15, 209 (1947).
(4) A. Guinier and J. Fournet, “ Small Angle X -R ay Scattering,” 
John Wiley and Sons, Inc., New York, N. Y., 1955.
(5) M. L. Corrin, J . Chem. P hys., 16, 844 (1948).
(6) E. W. Hughes, N ature, 165, 1017 (1950).
(7) G. W. Brady, J . Chem. P hys., 19, 1547 (1951).
(8) D. E. Andersen and G. B. Carpenter, J . Am.. Chem. Soc., 75, 
850 (1953).
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Only a short account of the experimental results 
will be given here. A detailed description may be 
found in the Ph.D. dissertation of F. R .-H . 9 Further
more, some special technical problems involved in the 
application of the small-angle X-ray scattering tech
niques to the study of micelles will be discussed else
where.

Experimental Technique
We have studied the following aqueous solutions: 

sodium lauryl sulfate (SLS) at 27 and 70°; sodium 
soaps: laurate (NaCi2) a t 70°, m yristate (NaCu) 
a t 80°, palm itate (NaCw) a t 80°, stearate (NaCi?) at 
90°, and oleate (NaO) at 27°; cetyltrimethylammo- 
nium chloride and bromide (CTAC1 and CTAB) at 27 
and a t 27, 50, and 70°, respectively.

Solutions. The sodium soaps were prepared by 
neutralizing the fa tty  acids in methanolic solution with 
alcoholic sodium hydroxide, followed by precipitation 
and washing with anhydrous ether. The saturated 
fa tty  acids were obtained from Eastm an Kodak, 
oleic acid from Prolabo and Fluka. We obtained 
commercially the SLS (Merck), the CTAB (Hochst), 
and the CTAC1 (Delta).

The concentration c (grams of amphiphile per gram 
of solution) of each solution was determined by drying 
the sample after the X-ray diffraction experiment. 
From c one calculates cm, the weight concentration of 
micellized amphiphile, and ce, the electronic concentra
tion (the number of electrons of micellized amphiphile 
per electron of the solution), as

cm = c — (c.m.c.)

where Z  and M  are the number of electrons and the 
mass of one molecule of amphiphile (subscript a) or of 
water (subscript 0). The c.m.c. (in g./g.) is negligible 
in comparison with the experimental values of c, 
except for SLS (c.m.c. =  2 X 10~ 3 a t 25° and 3 X 
KK 3 a t 70°),10 N aCu (7 X 1 0 3 a t 25°),11 and NaC 14 

(2.3 X 10- 3 a t 80°).12
The specific volumes are expressed in A . 3 e _1 (where 

e stands for electron). We have calculated the partial 
specific volumes of the hydrocarbon chain, \ppaT, for 
the several amphiphiles, on the basis of the partial 
volumes of the -C H 2-  and -C H 3 groups in molten 
paraffins (c/. ref. 9). We have measured pycnometri- 
cally the partial volumes of the amphiphiles, \p. From 
this we have calculated the partial specific volumes, 
^poi, of the polar groups -COONa, -O S 0 3Na, -N - 
(CH3)3Br, and -N (C H 3)3C1. Tables I and II summarize 
these values.

T a b le  I :  Partial Specific Volumes

Fa, Fpar, 1 poli

Compd. t, °c.
cm.3
g-“1 Â. 3 e. ~ 3

cm.3
g-“1

$ par,
A.3 e -î

cm.3
g-_1

tf'pol.
Â. 3 e -‘

SLS 24 0.857 2.69 1.26 3.64 0 . 3 4 3 1.15
70 0.922 2.83 1.30 3.77 0.386 1.29

NaCi2 70 0.966 2.97 1.31 3.80 0 . 2 2 7 0.77
N aC u 70 1 .o i0 3.03 1.29 3.75 0 . 2 2 8 0.77
NaCie 80 1.035 3.11 1.29 3.74 0 .2 2 g 0.77
NaCis 90 1.059 3.17 1.29 3.74 0 . 2 2 9 0.77
NaO 27 0.997 3.00 1 . 2 1 5 3.55 0 . 2 2 6 0.77
CTAB 27 0.996 3.02 1.235 3.57 O.6 I 1 2.04

50 1.014 3.08 1.26 3.64 O.6 I 7 2.06
70 1 . 0 2 7 3.13 1.28 3.69 0 .62 i 2.08

CTAC1 27 1.11 3.26 .1.235 3.57 O.8 I 7 2.50

Table I I : Partial Specific Volumes of -CEL- and -C H 3 
Groups of Molten Paraffins

t, °C.
V (~CH3), 
cm.3 g. -1

* (-CH,), 
Â.3 e-1

V (-CHH,
cm.3 g. _1

<!> (-CH2- 
Â.3 e-1

27 2.18 6.04 1.16 3.39
50 2.29 6.36 1.18 3.44
70 2.39 6.62 1.19 3.48
80 2.44 6.76 1.20 3.50
90 2.48 6.90 1.21 3.52

X -R a y s . The apparatus used for the absolute meas
ure of the scattered intensity has been described else
where . 13 Its  principle of operation is as follows. The 
copper Km  line is isolated by a bent-quartz mono
chromator which focuses it as a short straight line on 
the entrance slit of a Geiger counter. The direct beam, 
defined by a system of slits, is very high and of negli
gible width; its energy is measured after attenuation 
by calibrated nickel filters. The solution, enclosed 
in a thin cell between mica windows, is placed a t the 
center of a goniometer whose mobile arm carries the 
Geiger counter. The tem perature of the sample is 
regulated automatically, and its thickness is measured 
on the basis of its absorption coefficient for X-rays.

The experiment consists in the recording of the in
tensity scattered by the solution, 7(s) (here s =  2 

sin 0/X, where 26 is the angle between the scattered and 
direct beams and X is the wave length), the energy of 
the  direct beam, f i 0(s)ds, and the thickness 17 of the 
sample, expressed in electrons/'cm.2. The experiment

(9) F. Reiss-Husson, Thesis, University of Strasbourg, 1963.
(10) B. D. Flockhart, J . Colloid Sci., 16, 484 (1954).
(11) D. Eagland and F. Franks, N ature , 191, 1003 (1961).
(12) P. Ekwall, Z . physik . Chem., A61, 195 (1932).
(13) V. Luzzati, Acta Cryst., 13, 939 (1960).
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is then repeated with the solvent, i.e., a solution having 
the concentration of the c.m.c. An experimental 
function

j  n(s)
r  /(*) i r  m  i
-V 'fio (s)d s_ solution .vvfio(.s)ds_ solvent

( l )

where v is a constant equal to 7.29X2, is thus obtained.
I t  can be shown th a t the function j n(s) depends only 

on the structure of the sample, i.e., on the distribution 
of its electronic density , 13 and th a t it is independent 
of the experimental conditions.

Interpretation
For each amphiphile and a t each tem perature a series 

of low-angle diffraction experiments is performed at 
different concentrations. The experimental data are 
composed of the partial volumes ip, î par, and \f/poi of 
the amphiphile and of the curves j n(s) (eq. 1 ), which are 
preferably divided by their corresponding concentra
tions ce. (Besides the low angle scattering, one ob
serves a t s ~  4.5 A . - 1  a broad band, characteristic of 
the liquid configuration of the hydrocarbon chains. ')

A few easily justified hypotheses are used along with 
the above data. Thus we assume th a t the interior of 
the micelle is occupied only by the -C H 2-  and CH3-  
groups of the amphiphile and forms a paraffinic liquid 
of constant electronic density, ppar. We also assume 
th a t water and the unassociatcd molecules of the amphi
phile form a region of constant electron density p0 

between the micelles. ppar and p0 are known. One of 
the unknowns of the problem is the distribution of the 
electron density ppoi near the water-paraffin interface, 
in the region of the polar groups (-COONa, - 0 S 0 3Na, 
etc.) and of the hydrated counterions. This distri
bution ppoi will be assumed here to be uniform; this 
assumption involves in fact only minor restrictions to 
the general validity o: the mathematical treatm ent . 9

There are several stages in the analysis of the ex
perimental curves.

A . A n a ly s is  o f the Total In ten sity . I t  can be shown 
quite generally13 th a t the following integral of the curve 
j n(s ) /c e can be relatec to the mean square fluctuation of 
the electronic density

2 -ir V n 0 0 d
Ce

(p — p )2 
Cep

(2)

The experimental values of (2) furnish two types of 
information.

On the one hand, it is possible to show th a t when the 
shape and the dimensions of the scattering particles 
remain constant, as the concentration varies, the value 
of (2) remains constant. Thus, whenever the latter 
condition is satisfied, the micelles may be assumed to

have constant shape and dimensions; we shall take 
such experimental observation as a suggestion th a t 
indeed the micelles remain identical.

On the other hand, and independently of the con
stancy of (2 ), one can separate the expression for the 
average square of the electron density into three parts 
stemming, respectively, from the aqueous region (p0), 
the paraffinic kernel (ppar), and the polar layer (ppoi). 
Since the value of the first two terms is known, they 
can be subtracted from the total. The value of (2) 
yields therefore the contribution C(ppoi) of the polar 
layer. If one assumes in addition th a t all the micelles 
have the same shape and th a t ppoi is constant, one 
obtains the value of ppoi, which in this case is equal to
C (p Pol).

B. The Tw o-Phase Region, S o lu tio n -M id d le  Phase. 
Separation into two phases, the micellar solution and 
the liquid crystalline middle phase, is observed a t 
higher concentrations for all the amphiphiles studied. 
I t  is well known th a t the middle phase is formed by 
infinitely long cylindrical micelles located a t the centers 
of a two-dimensional hexagonal lattice . 2 In  the two- 
phase region the X-ray diffraction record shows simul
taneously the broad band scattered by the micellar 
solution, with its one or two maxima (depending on 
the amphiphile), as well as the sharp diffraction lines 
of the middle phase (Fig. 1). In all cases except 
CTAC1 the maximum or maxima coincide in position 
with the first (and second) lines. This suggests th a t 
the structure of the two phases presents some similari
ties; more precisely, rod-shaped micelles exist in both 
phases. Those rods, which display crystalline order in 
the two dimensional lattice in the middle phase, show 
only loose correlations in the micellar solution. The

Figure 1. Microdensitometer tracing of photographic 
films, recorded in a small-angle X-ray scattering 
camera: SLS, c„ = 0.30 a t 27°; CTAC1, c„ = 0.42 
a t  27°. In  both cases the micellar solution is 
found in equilibrium with the middle phase.
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only exception which we have observed is CTAC1 at 
25°. Here, the maximum of the band is located a t a 
definitely lower angle than the first line of middle 
phase (Fig. 1). In  this one case the micellar solution 
seems not to contain rods.

C. M easurem ent o f the M ass and o f the R a d iu s of 
Gyration. In  the study by X-ray diffraction of globular 
particles, it is possible in principle to determine the 
mass and the radius of gyration of the particles, once 
the effect of correlations has been eliminated by ex
trapolation to zero concentration . 4’ 13 This method 
cannot be used in most of the present systems because 
the curves j n(s ) /c e, even when extrapolated to c =  0 , 
show a maximum due to nonuniform electron density 
within each micelle. Only in the case of CTAC1 does 
this extrapolation yield a monotonic curve. Further
more, the nonvariation of the integral (2 ) with con
centration is, in this case, consistent with the micelles 
having a constant shape (Table III). We have drawn

T a b le  I I I  : In te g ra l  I n te n s i ty  as 
C o n c e n tra tio n  fo r C TA C 1 a t  27°

a  F u n c tio n  of

C. C10> X 2 , 1Jo
0 .0 5 6 .0
0 .0 7 5 .9
0 .1 0 5 .7
0 .1 7 5 .7
0 .2 4 5 .8
0 .2 9 5 .6
0 .3 3 5 .7
0 .3 6 5 .7
0 .3 7 6 .0
0 .3 8 5 .8

the curves j n(s ) /c e according to the method of Guinier4 

(Fig. 2). At finite concentrations a maximum is 
observed, the position of which approaches s =  0 

as the concentration decreases. At c =  0 one obtains 
a straight line whose slope and intercept on the ordinate 
lead to the  determination of the mass and of the radius 
of gyration of the micelles. These two parameters 
are in excellent agreement with the existence of spherical 
micelles having a paraffinic radius of 21.7 A. (Table 
IV), a value which is compatible with the hydrocarbon 
chain length of CTAC1.

D. Com putation o f the Function j n( s ) /c„ fo r  a M odel. 
Thè definitive verification of a model is provided by the 
comparison of the experimental j n(s ) /c e curves with the 
calculated function corresponding to the model. This 
comparison is possible only at low concentrations, 
when the shape and the dimensions of the micelles

T a b le  IV  : P a ra m e te r s  o f th e  S p h e rica l M icelles of SLS, 
N a C i 2 , a n d  C T A C P

Compound t, °c .
Spar.
Â.

•Rpoi,

Â. n
s„.
Â.»

(*Sa)m.
A. *

SLS 25 1 7 .8 2 4 .0 67 65 59
SL S 70 1 7 .0 2 3 .0 57 68
NaCi2 70 1 2 .5 2 4 .4 25 76 51
C TA C 1 27 2 1 .7 84 74 65

° n, n u m b e r  of m o n o m e rs ; S a, specific  su rface , co m p a red  to  
(<Sa)m, specific  su rfa c e  in  m id d le  p h a s e .2

F ig u re  2. G u in ie r  p lo ts  of th e  ex p e rim e n ta l
cu rves )n (s ) /c e fo r CTAC1, a t  27°.

F ig u re  3. C o m p ariso n  of e x p e rim e n ta l c u rv es j rt(s)/c„ 
fo r  C TA C 1 ( a t  2 7 ° )  a n d  th e  th e o re tic a l  c u rv e  
re le v a n t to  th e  sp h e rica l m odel (T a b le  IV ).
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in  ft)
c*

remain constant, and when the effect of correlations is 
negligible or can be eliminated by extrapolation to 
zero concentration. These conditions were realized 
for CTAC1, SLS, ar.d N aC l2 (cf. Fig. 3, 4, and below). 
I t  should be noted th a t this verification is made particu
larly convincing by the fact th a t both the calculated 
and the experimental values are known not only in 
relative but also in absolute terms.

Results

The analysis of the j n( s ) /c e curves by the above 
methods led to the classification of the amphiphiles 
into three families.

A . The M icelles are Spherical at A ll  Concentrations. 
This is the case of CTAC1 at 25°, as it is shown by 
several lines of evidence. (1) The constancy of the 
total intensity (eq. 2) from c„ =  0.05 to c0 =  0.38 
(Table III)  is consistent with the shape and the dimen
sions of the micelles remaining constant. (2) The 
analysis of the j„ (s) curves based upon Guinier’s 
law leads to the determination of the micellar weight 
and radius of gyration, the numerical values of which 
are in good agreement with the spherical model. 
(3) The calculated j n(s) curve for such spherical micelles 
agrees with the experimental curve in shape and ab
solute value when the correlation effects are eliminated 
by extrapolation to c =  0 (Fig. 3). I t  may be noted 
that, in this case, the maxima observed in yn(s) a t high 
concentration are a consequence of the intermicellar 
correlations. (4) The existence of spherical micelles 
takes into account the observation th a t the bands of 
the micellar solution and the sharp reflections of the

0 , 0 2  0 , 0 4  s

Figure 4. Theoretical curves y„(s)/c6 for the spherical model 
(Table IV) and experimental curves relevant to: A, SLS a t 
27°; B, SLS a t 70°; C, N aC 12 a t  70°.

middle phase do not coincide in position in the con
centration range in which both phases are present in 
equilibrium (Fig. 1).

B . The M icelles are Rods at A ll  Concentrations. 
For NaO a t 27° the integral (2) is again constant from 
c =  0.05 to c =  0.20, which corresponds to a constant 
value of ppoi (Fig. 5). The shape and the dimensions 
of the micelles seem then to remain constant, as in the 
case of CTAC1. Here, however, the comparison be
tween the concentrated solutions and the middle phase 
indicates th a t the micelles are very elongated rods (cf.
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Figure 5. Plot of C(ppoi), as a function of concentration, for SLS,

above). We have verified9 th a t a model of very long 
rods, having the same diameter as those of the middle 
phase, but distributed without correlations, accounts 
for the shape of the j„(s)/ce curves for large s, the region 
where the effect of correlations tends to disappear. 
This is all we could do in this case.

C. The M icelles A re  Spheres at Low Concentrations 
and Become Rods at H igh Concentrations. This is the 
behavior of SLS a t 27 and 70°, of the saturated sodium 
soaps, and of CTAB a t 27, 50, and 70°. The change 
in the micellar form is indicated by the variation of the 
integral (2 ), which requires a corresponding variation 
of C(ppoi) (Fig. 5 ) within a range of concentrations whose 
limits can be approximately determined (Table Y).

O CT A B ' 70°
0,390 - •  « 24° —

o<

€ O
1 

° 

* i

#  •
O ' • -

CLCi— •

0/350
•  Q

•
Q

_________________________ 1

O

0,10 0,20 c p

CTAB, and sodium soaps.

This transition leads to the formation of rod-shaped 
micelles in the most concentrated solutions, as it is 
shown by the comparison of micellar solution and middle 
phase (c/. above).

In  the case of SLS a t 27 and 70°, of the saturated 
sodium soaps, and of CTAB at 50 and 70°, the micelles 
appear to remain the same over a small concentration 
range since ppoi remains constant. Furthermore, the 
micelles seem to be spherical over this concentration 
range, as it is suggested by SLS at 27 and 70° and by 
NaCi2 a t 70°. In these two cases, in which intermicel- 
lar correlations become negligible at low concentration , 9 

the spherical models the parameters of which are listed 
in Table IV lead to an excellent agreement between
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Table V : Approximate Concentration Ranges for the
Different Types of Micelles

Am- Spherical Sphere-rod Rod-like Middle
phiphile t, °C. micelles transition micelles phase

CTACl 27 0.05--------- 0.40-------------------------- 0.40-------
NaO 27 ------------------------------- 0.04---------0.20
SLS 27 0 .07--------- 0.25-------------------------- 0.40-------
SLS 70 0.05--------- 0.15-------------------------- 0.40--------
N aCn 70 0.05--------- 0 .10-------------------------- 0.36--------
NaCi4 70 0.06--------- 0.10-------------------------- 0.28--------
N aC l6 80 0 .05--------- 0.18-------------------------- 0.23--------
NaCis 90 0.05--------- 0 .16-------------------------- 0.22-------
CTAB 70 0 .05--------- 0.25-------------------------- 0.32--------
CTAB 50 0.05--------- 0.17-------------------------- 0.26--------
CTAB 27 0.05--------- 0.10--------- 0.25---------

experimental and theoretical curves (Fig. 4). For 
the other amphiphiles the spherical model is compatible 
with the shape of the experimental curves for large s, 
but the direct determination of the micelle dimensions 
is hindered by the intermicellar correlations.

The behavior of CTAB at 27° is somewhat different. 
The value of C(ppoi) varies a t low concentration (Fig. 
5) and then remains constant in the range of ce from 
0.10 to 0.20. Here the transition from spheres to 
rods appears to occur a t a low concentration, below 0 .1 0 .

Discussion
A few comments should be made on the limitations 

of the techniques used in this work. The small-angle 
X-ray scattering methods can provide a justification 
for the choice of one particular structure model; a 
rigorous proof of the uniqueness of the model is usually 
difficult to obtain. We made an effort in order to con
firm our models by an extensive analysis of different 
systems, studied in a variety of experimental condi
tions, and by taking into account different lines of evi
dence. The techniques used are not very sensitive to 
polydispersity of the system, both in size and shape; 
statem ents about monodispersity and sphericity of the 
micelles should be taken to mean th a t the departure 
from these ideal conditions is not too large.

I t  is clear th a t the use of intensity measurements on 
an absolute scale is of essential importance for the in
terpretation of the experimental data. If only the 
shape of the scattering curves were known, the interpre
tation would remain ambiguous, since it would be 
difficult to disentangle the effects due to the internal 
structure of the micelles from those of the intermicellar 
correlations.

There is good agreement between the dimensions of 
micelles obtained by us and those determined by other 
methods; the size of the spherical micelles of SLS at

27° is close to th a t given by light scattering , 14 dif
fusion , 15 and sedim entation16 for more dilute solutions. 
The rod shape of micelles of XaO and of CTAB at 
27° is confirmed by some anisotropic properties of 
their solutions. 17 In general, our results agree with the 
view, expressed by several authors, th a t a transition 
takes place in micellar solutions, as a function of 
concentration. 18 19 20~ 21

Our results show th a t the form of the micelles is a 
function of temperature, of concentration, and of the 
nature of the amphiphile. Such a polymorphism 
(further examples of which are encountered in the 
liquid crystalline phases formed by these amphiphiles2) 
requires th a t the hydrocarbon chains are liquid-like, 
since only a liquid can fill up uniformly the interior of 
volumes of different shapes: spheres, lamellae, rods, 
etc. In this respect, our results fully confirm the ideas 
of H artley . 22 On the other hand, the existence of 
lamellar micelles can be shown to be incompatible with 
the experimental curves, a t least in the systems de
scribed here.

From the few cases studied here it is difficult to draw 
any general conclusion about the influence of the 
chemical structure of the amphiphile, of the tem pera
ture, and of the concentration upon the shape of the 
micelles. One can, however, emphasize the role 
played by the average area available to each polar 
group a t the water-paraffin interface; indeed, it should 
be noted th a t this area decreases as the concentration 
increases (Table IV), just as it does in the liquid crys
tals . 2

Our method provides no information about the 
process by which micelles change from spheres to rods. 
The concentration a t which the onset of this transform a
tion takes place depends on the amphiphile and on the 
tem perature but does not seem to be simply related to 
the thickness of the water layer separating neighboring 
micelles since it varies greatly from one amphiphile 
to another (c f. Table V ).

(14) K. J. Mysels and L. H. Princen, J . P hys. Chem., 63, 1693 
(1959).
(15) D. Stigter, R. J. Williams, and K. J. Mysels, ibid., 59, 330 (1955).
(16) P. J. Minhlieff, Thesis, University of U trecht, 1958.
(17) K. G. Gôtz and K. Heckmann, J . Colloid Sci., 13, 266 (1958); 
Z . physik . Chem. (Frankfurt), 20, 42 (1959).
(18) J. M. Corkill and K. W. Herrmann, J .  Phys. Chem., 67, 934 
(1963).
(19) P. A. Winsor, “ Solvent Properties of Amphiphilic Compounds,“ 
B utterw orth and Co., L td., London, 1954.
(20) J. Stauff, K ollo id -Z ., 96, 245 (1941).
(21) W. D. Harkins, J . Chem. P hys., 16, 156 (1948).
(22) G. S. Hartley, “ Progress in Chemistry of F a ts and Other 
Lipids,” Pergamon Press, London, 1955, p. 19.
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For all the amphiphiles, except CTAC1, the transi
tion from micellar solutions to the liquid crystal 
corresponds to the establishment of a crystalline 
order among pre-existing bu t incompletely ordered 
micelles. In  contrast, for CTAC1, a much more

drastic rearrangement occurs since even the shape of 
the micelles seems to change.

Acknowledgm ent. We wish to express our gratitude 
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English translation of this paper.

Nonionic Surface-Active Compounds. VIII. Film Drainage Transition 

Temperatures by Surface Viscosity

by Paul Becher and Anthony J. Del Vecchio

Chemical Research Department, A tlas Chemical Industries, Inc., W ilm ington, Delaware (.Received A p ril 18, 1964)

Film drainage transition temperatures (FDTT) have been studied for polyoxyethylene (12) 
lauryl alcohol in the presence of added lauryl alcohol, and of polyoxyethylene (23) lauryl 
alcohol in the presence of added lauryl and cetyl alcohol. The FD TT were determined 
principally by measurements of surface viscosity (although direct observations were also 
made) in the tem perature range 1 0  to 60° and at total concentrations of 0 . 0 0 1  to 1 . 0  g./dl. 
The concentration of additive alcohol ranged up to 10%. In the absence of additive, 
fast-draining films are obtained in all cases; however, the addition of fatty  alcohol gives 
rise to slow-draining films, with a transition to fast-draining, in complete analogy to the 
behavior of anionic materials. The FD TT for systems involving a particular alcohol 
appears to depend only on the mole ratio of nonionic agent and is independent of the 
nature of the agent. The analogy with melting point depression phenomena is indicated.

Introduction
I t  has been shown by Miles, Ross, and Shedlovsky1 

tha t films of aqueous solutions of ionic surface-active 
agents can be classified as either “ fast-draining” or 
“slow-draining” films. Slow-draining films are usually 
found in systems containing hydrolyzable agents or in 
the presence of certain polar impurities, e.g., fa tty  
alcohols. Epstein, el a l . , 2'3 have shown th a t such slow- 
draining films become fast-draining at higher tem pera
tures, tjie transition between the two forms being quite 
sharp. This tem perature is called the “film drainage 
transition tem perature (FD T T ).”

Systems exhibiting slow drainage are characterized 
by the existence of a high surface viscosity , 4 and Ross5 

has shown th a t the FD T T  occurs at the same tem pera

ture as the transition from a region of high surface 
viscosity to one of low viscosity. As well as affording 
a mechanism for the transition in properties, the ob
servation of surface viscosity permits a sharp determi
nation of the transition temperature.

In  the present study, the existence of film drainage 
transitions is demonstrated in systems of nonionic

(1) G. D. Miles, J. Ross, and L. Shedlovsky, J . A m . Oil Chemists' 
Soc., 27, 268 (1950).
(2) M. B. Epstein, J. Ross, and C. W. Jakob, J . Colloid Sei., 9, 
50 (1954).
(3) M. B. Epstein, A. Wilson, C. W. Jakob, L. E. Conroy, and J. 
Ross, J . Phys. Chem., 58, 860 (1954).
(4) A. G. Brown, W. G. Thuman, and J. W. McBain, J . Colloid 
Sei., 8, 491 (1953).
(5) J. Ross, J . Phys. Chem., 62, 531 (1958).
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surface-active agents, namely, polyoxyethylated fatty  
alcohols, in the presence of free fa tty  alcohol, in com
plete analogy to phenomena observed in ionic systems.

Experimental

A pp a ra tu s. Preliminary determination of F D T T ’s 
was made in film drainage tubes similar to those of 
Miles, at a l}  The results reported herein, however, 
were obtained by measurement of the change in surface 
viscosity with temperature.

The instrum ent employed was of the oscillating-bob 
type. The bob used was of the “double-cone” type ,6 

fabricated of stainless steel. In the present experi
ments it was suspended on a 26-gauge MacMichael 
wire, clamped at the top to a shaft supported by micro
bearings, and mechanically linked to a Statham  In 
strum ents Model Gl-1.5-300 strain gauge, the output of 
which is fed to a Brush. Instrum ents Model BL-320 
amplifier and recorded on a Brush Instrum ents Model 
BL-201 direct-writing magnetic oscillograph. A record 
of the damping of the bob’s oscillations is thus obtained.

The logarithmic decrement, X, is obtained by plotting 
the logarithm of the amplitude as a function of the 
number of swings (in effect, of the time). For a New
tonian surface this yields a straight line, the slope of 
which is the desired decrement. For non-Newtonian 
surfaces (such as are, in fact, obtained with slow- 
draining systems) the log decrement is a function of 
angle. For the purposes of the present investigation, 
the log decrement for some particular angular displace
ment of the bob may be used, and it was arbitrarily 
decided to use a value corresponding to 10°, Xi0.7 

Slopes were determined graphically.
Determinations were carried out in a jacketed cell, 

through which water from a constant tem perature bath 
was circulated. M easurements were carried out in 
the range 10-60°. Temperatures were determined 
thermometrically.

A typical family of damping curves is shown in 
Fig. 1, for the system lauryl alcohol-polyoxyethylene 
(23) lauryl alcohol (7.5:92.5) at to tal concentration of
1 . 0  g./dl.

M aterials. The surface-active agents investigated 
were commercial grade polyoxyethylated derivatives 
of lauryl alcohol containing, respectively, 12 and 23 
moles of ethylene oxide. The former was studied in 
the presence of lauryl alcohol, the latter in the pres
ence of lauryl and cetyl alcohols a t alcohol: agent 
ratios by weight of 0:100, 2.5:97.5, 5.0:95.0, 7.5:92.5, 
and 10.0:90.0. These mixtures were prepared by 
blending the alcohols and surface-active agents directly. 
The mixtures were then studied a t concentrations of 
0 .0 0 1 , 0 .0 1 0 , 0 .1 0 0 , and 1 . 0 0  g./dl.

Figure 1. Typical family of damping curves as a function 
of tem perature, for the system lauryl alcohol-polyoxyethylene 
(23) lauryl alcohol (7.5:92.5) a t a  total concentration 
of 1.0 g./dl.

Results and Discussion
The damping curves illustrated in Fig. 1 show th a t 

the onset of the FD T T  is quite rapid. This is shown 
more strikingly in Fig. 2, where Xio is plotted as a func
tion of temperature. Although the scatter is quite 
marked, the maximum standard deviation is only of 
the order of ± 7% . I t  is possible th a t a major portion 
of the deviation is attributable to the errors inherent 
in graphical determination of the slopes.

The deviation becomes less pronounced the more 
closely the curves approach Newtonian behavior, since 
the slope can be determined with higher accuracy.

As can be seen from Fig. 2, the range of the transi
tion is fairly sharp, being in this case of the order of 2 °. 
We have arbitrarily chosen to designate as FD T T  the 
tem perature at which the log decrement reaches the 
value corresponding to pure substrate. W ith equal 
justice, the midpoint of the transition region might 
have been used, in which case the reported values 
would have been approximately 1° lower. The crite
rion employed gives better agreement with values 
obtained by direct observation in film drainage tubes, 
however.

The observed film drainage transition tem peratures 
are reported in Tables I—III. Although the mole frac-

(6) P. Becher, “Emulsions: Theory and Practice,” Reinhold Pub
lishing Corp., New York, N. Y., 1957, p. 326.
(7) For the determination of absolute values of the surface viscosity, 
this quantity  m ust be further corrected for the log decrement of the 
pure substrate, i.e., water, and, in cases where the bulk viscosity of 
the substrate is affected by the solute, an additional correction for 
this factor must be made. Since the rheology of these surfaces is 
not considered, except qualitatively, in the present publication, the 
apparent log decrements are used.
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Table I : Effect of Lauryl Alcohol on FD T T  (°C.)
of Polyoxyethylene (23) Lauryl Alcohol

% ----------- ---Total concentration, g./dl.

alcohol 1.0 0 . 1 0 0.01

0 a

1 . 0 1 5 . 4 «

2 . 5 2 0 . 4 o

5 . 0 2 8 . 0 2 8 . 0 °

7 . 5 3 2 . 0 3 0 . 4 a

1 0 . 0 3 4 . 3 3 2 . 7 2 8 . 4

“ Fast-draining down to 10°.

Table I I : Effect of Lauryl Alcohol on F D T T  (°C.)
of Polyoxyethylene (12) Lauryl Alcohol

% ----------- ---Total concentration, g./dl.—

alcohol 1.0 0.10 0.01 0.001

0 a

1 . 0 1 3 . 5 a

2 . 5 1 8 . 3 1 8 . 4 <1

5 . 0 2 2 . 7 2 2 . 7 a

7 . 5 2 7 . 5 2 7 . 9 2 5 . 9 a

1 0 . 0 3 0 . 1 3 0 . 4 2 8 . 6 <*

° Fast-draining down to 10°.

Table I I I : Effect of Cetyl Alcohol on FD T T  (°C.) 
of Polyoxyethylene (23) Lauryl Alcohol

% «•-------------- T o t a l  concentration, g.

alcohol 1.0 0.10 0.01

0

1 . 0

a

2 9 . 0 2 2 . 1
a

2 . 5 4 2 . 2 3 8 . 3 a

5 . 0 4 9 . 5 5 0 . 0 a

7 . 5 5 3 . 9 5 3 . 1 4 7 . 8

1 0 . 0 5 6 . 3 5 6 . 3 5 2 . 3

° Fast-draining down to 10°.

tion of fatty  alcohol is, in general, slightly higher than 
those employed in studies with ionic materials , 3'6 the 
over-all behavior is quite consistent (even to the range 
of transition temperatures) with tha t reported pre
viously.

The effect of total concentration on the FD TT 
appearg to be similar to th a t reported for sodium lauryl 
sulfate-lauryl alcohol, i.e., a steeply rising curve at 
low total concentration flattening out at higher con
centrations .8 Unfortunately, owing to the choice of 
concentrations in the present work, this is suggested 
only by the data a t the higher alcohol concentrations.

9

'8

7

6
«O

X  5 o -C
4

3

2

I

Figure 2. Log decrement a t 10° (Xi0) for the system of Fig. 1.

~2Z  2 4  26  2  8 30  3 2  34~

TEMPERATURE (° C )

Figure 3. F D T T  as a function of mole ratio of nonionic 
surface-active agent to fatty  alcohol: # , polyoxyethylene 
(23) lauryl alcohol-cetyl alcohol; O, polyoxyethylene (23) 
lauryl alcohol-lauryl alcohol; □, polyoxyethylene (12) 
lauryl alcohol-lauryl alcohol.

The effect of the alcohol concentration is shown 
clearly in Fig. 3, where the FD T T  is plotted as a func-

(8) E.g., ref. 3, Fig. 1.
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tion of the mole ratio of nonionic agent to alcohol a t a 
to tal concentration of 1 . 0  g./dl.

Two significant observations can be made about 
these curves. The first is th a t the FD T T  appears to 
be solely a function of the fa tty  alcohol employed and 
is independent of the nonionic used, since the data for 
both polyoxyethylene (12) and polyoxyethylene (23) 
lauryl alcohol in the presence of lauryl alcohol fall on 
the same curve. Furthermore, the curve for the lauryl 
alcohol-containing systems extrapolates to a tem pera
ture of 41.5°, while th a t for the cetyl alcohol-containing 
systems extrapolates to 6 8 °, a t zero mole ratio of non
ionic.

These results are in excellent agreement with the 
results of a similar extrapolation in the system lauryl 
alcohol-sodium lauryl sulfate made by Ross6 and with 
values for a transition in the surface viscosity of mono- 
layers of the fa tty  alcohols reported previously. These 
are: lauryl alcohol, 41.5°,5 and cetyl alcohol, 706 
and 6 8 ° . 9

I t  would therefore seem to be reasonable to regard 
these curves as in the nature of melting point depression 
curves, the departure from linearity (and, hence, from 
ideality) being possibly attributable to complex forma
tion of the sort described by Epstein and co-workers3

and, more recently, by Rung and G oddard . 10 In this 
connection, it is interesting to note th a t the difference 
in phase transition tem peratures for the alcohols is of 
the same order of magnitude as the difference in their 
bulk melting points, although the two-dimensional 
“melting points” are some 2 0 ° higher.

Alternatively, one can think of these effects as being 
a two-dimensional vapor pressure lowering11 with the 
complex formation resulting in deviation from R aoult’s 
law.

Unfortunately, the present work was not extended 
to sufficiently low mole ratios to permit the precise 
calculation of a “transition tem perature depression 
constant,” although the extrapolations of Fig. 3 are 
such to suggest th a t a value of about 32° would be 
found for both fa tty  alcohols, when the concentration 
is expressed in terms of mole ratios. W ith this in
formation, a more precise calculation of the extent of 
complex formation might be possible.

(9) A. Trapeznikov, Acta Physicochim . U R S S , 20, 597 (1945).
(10) H. C. Kung and E. D. Goddard, J . Phys. Chem., 67, 1965 
(1963).
(11) N. K. Adam, “The Physics and Chemistry of Surfaces,” 3rd 
Ed., Oxford University Press, London, 1941, pp. 70, 71.
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Ideal Two-Dimensional Solutions. IV. 

Penetration of Monolayers of Polymers

by Frederick M. Fowkes1

Shell Development C om pany , Emeryville, C alifornia  (Received M a y  7, 1964)

Monomolecular films of polymers or proteins on the surface of water (or a t liquid-liquid 
or liquid-solid interfaces) are often subject to swelling by penetration into the film of 
water, organic solvents, or surface-active molecules. This effect results in an expanded 
pressure-area isotherm which can be explained as a two-dimensional solution in which 
the polymer molecules of the film reduce the free energy of the penetrants. This concept 
leads to equations which accurately predict the degree of swelling. The equations are 
for atherm al swelling (zero heat of mixing) and use a statistically derived entropy of dilu
tion in which molecules of the penetrant and monomer units of the polymer occupy fixed 
sites. This expression allows for difference in size of the sites occupied by the penetrant 
and by the monomer units. The equations are useful for predicting penetration of polymer 
films by organic solvents or surface-active materials, or by water in the case of hydrophilic- 
expanded films of polymers. The results predicted by these equations check closely with 
experimental observation.

Introduction
Monolayers of surface-active polymers (including 

proteins) on the surface of water or at an oil-water in
terface are often subject to penetration by smaller 
molecules. The classical penetration experiments with 
polymers have been conducted with monolayers of pro
tein on aqueous substrates from which surface-active 
molecules penetrate. Surface films of polymers having 
strongly hydrophilic polar groups are also subject to 
penetration by water molecules. A third kind of pene
tration occurs a t an oil-water interface; here oil mole
cules penetrate between the oil-soluble groups of the 
polymer.

The thermodynamics of penetration have been dis
cussed in four previous articles, 2 -4  but these have been 
limited to the penetration of monolayers composed of 
fat derivatives such as stearic acid. These articles have 
shod’ii th a t the penetrating molecules remain in a pene
trated monolayer because their free energy has been 
decreased by dilution in the monolayer. This principle 
has been shown to explain penetration of solvent vapors, 
of solvent from aqueous or hydrocarbon substrates, or 
by surface-active molecules. The primary cause in 
such penetration is the formation of a surface or inter

facial solution, and, since the activity coefficient of the 
penetrating molecules has proved experimentally to 
be unity, these monolayers have been termed “ideal 
two-dimensional solutions.” I t  will be shown in this 
article tha t the same principles apply to polymeric 
monolayers although the form of the equation is some
what different since the entropy change upon diluting a 
polymeric monolayer is different from the entropy 
change of diluting a monolayer of simple molecules.

The previous studies of ideal two-dimensional solu
tions have demonstrated two classes of monolayers on 
aqueous substrates. Monolayers of the most hydro- 
phobic surface-active substances (such as stearic acid) 
tend to be anhydrous while monolayers of the less hydro- 
phobic surface-active substances (such as sodium alkyl 
sulfates) tend to be fully solvated (penetrated by water) 
and form ideal two-dimensional aqueous solutions. 
Monolayers are generally in one state or the other; 
there appear to be very few in an intermediate state

(1) Sprague Electric Co., North Adams, Mass.
(2) F. M. Fowkes, Proc. In tern . Congr. Surface Active M aterials, 3rd, 
Cologne, 2, 161 (1960).
(3) F. M. Fowkes, J .  P hys. Chem., 65, 355 (1961).
(4) (a) F. M. Fowkes, ibid.. 66, 385 (1962) ; (b) ibid., 66, 1863 (1962)'.
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(partly solvated). Monolayers of surface-active m ate
rials are often in the solvated state at low pressures and 
discontinuously “ invert” to the anhydrous state at some 
critical pressure; this occurs with stearic acid a t pres
sures less than 0 . 1  dyne/cm., but with sodium dodecyl 
sulfate a t 28-30 dynes/cm .4a In  mixed monolayers of 
hydrophobic and hydrophilic surface-active substances 
this inversion is a function of mole ratio . 5 Surface 
films of polymers are also found in the anhydrous or 
fully solvated states. These have previously been 
described as condensed or expanded states.

Theory and Notation
When a monolayer is spread or adsorbed a t an inter

face, it decreases the surface concentration of the mole
cules th a t were present in the first place. This decrease 
in free energy of the molecules initially presents results 
in their accumulation in the monolayer where they swell 
the monolayer and raise the film pressure, ir.

The Boltzmann equation for the entropy of dilution 
of an ideal surface solution of simple molecules (A>Si = 
— R  In Xi) has proved adequate for all the applications 
so far described. However, in the case of polymer mole
cules this expression is not correct because the distribu
tion of segments of a diluted polymer molecule is not 
random; adjacent monomer groups are always tied 
together and cannot be separated by dilution. There
fore, statistical distribution functions for the effect of 
dilution on the number of configurations which polymer 
molecules may have in solution or in monolayers must 
be used. Most of these expressions are based on a 
statistical mechanical treatm ent of solutions as a lattice 
of sites; the effect of dilution on the change in the total 
number of polymer configurations is calculated by a 
method developed by Miller.6® Singer6b has used such 
an expression for surface films of polymers. He as
sumed the surface to be a lattice of sites of equal area, 
some occupied and some unoccupied, and with this 
model had fair success in approximating the pressure- 
area curves for certain polymers.

An improvement over the Singer equations has re
cently been published by Motomura and Mat.uura7; 
their derivation also assumes a rigid lattice with sites 
vacant or occupied but considers, in addition, how in
tersegment attractions of various magnitudes can in
fluence the configuration of the polymer. This adds an 
additional parameter which allows closer curve fitting; 
unfortunately, this parameter is not evaluated inde
pendently.

The treatm ent used in this paper is for polymers hav
ing such strongly adsorbed monomer groups tha t es
sentially all of the polar groups are bound to the sub
strate. A great many polar polymers (such as the wide

variety of commercial nonash dispersant polymers, 
many of which are largely composed of long-chain alkyl 
methacrylates) behave in this fashion, especially when 
adsorbed or spread at an oil-water interface where the 
mobility of the interface favors rapid equilibration. 
This paper does not treat the case of weakly adsorbed 
polymers where a high proportion of the polymer chain 
can be looped out of the interface, especially a t solid 
surfaces where equilibrium is seldom attained. Frisch 
and Simha8 have developed a statistical treatm ent of 
monolayers of polymers which have only part of the 
monolayer bound to the surface. Silberberg9 has 
given a general statistical treatm ent of the adsorption 
of polymers which allows for a wide range of energies of 
adsorption to be considered.

In this work a Flory-Huggins type of expression is 
used as developed by Guggenheim , 10 using the notation 
of Hildebrand and Scott. .11 12 13 The surface is considered 
to be a lattice of sites of equal area so arranged tha t 
each site has z nearest neighbor sites, and each monomer 
group in the polymer (component 2 ) is presumed to oc
cupy one site. The number of sites occupied by a sol
vent molecule is m \ and the number occupied by the 
polymer is m2 (the degree of polymerization). The 
number of sites which are nearest neighbors to a poly
mer molecule is zg2 = (z — 2)m2 +  2. Similarly, for a 
solvent molecule, zqi = (z — 2 ) m , +  2. The coordina
tion number z used by Singer6b and followers1213 is our 
(z — 2). The fraction of sites occupied by solvent is 0i 
and by polymer is 02; B\ = 1 — 02.

The molar entropy change for the solvent molecules 
in a monolayer upon diluting a monolayer of pure sol
vent (6 ,° = 1 ) to 8 i is

A S i  = - R In 9 /
2 (m 2 — m i)n , 

02
ZqiTTh

(1)

and for the polymer molecules upon diluting a mono- 
layer of pure polymer (02° = 1 ) to 02' is as in eq. 2 .

(5) F. M. Fowkes, J . P hys. Chem., 67, 1982 (1963).
(6) (a) A. R. Miller, “Theory of Solutions of High Polymers,” Oxford 
University Press, London, 1948; (b) S. F. Singer, J . Chem. P hys., 16, 
872 (1948).
(7) K. M otom ura and R. M atuura, J . Colloid Sci., 18, 52 (1963).
(8) H. L. Frisch and R. Simha, J . Chem. P hys., 27, 702 (1957).
(9) A. Silberberg, J . P hys. Chem., 66, 1872 (1962).
(10) E. A. Guggenheim, Proc. Roy. Soc. (London), A183, 203 (1944).
(11) J. H. Hildebrand and R. L. Scott, “ The Solubility of Nonelec
trolytes,” 3rd Ed., Reinhold Publishing Corp., New York, N. Y ., 
1950, p p .406-415.
(12) (a) M. J. Schick, J . Polymer Sci., 25, 463 (1957); (b) J. T. 
Davies, Biochim . B iophys. Acta, 11, 165 (1953).
(13) H. H otta, J . Colloid Sci., 9, 504 (1954).
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A =  - R In ft' »  In ( l  -  2(" ‘ ~  ^  ft- 
2 \

A S/ =  - R

(2)

In ft -  ®  In
2

Equations I and 2 have been used for calculating the 
free energy change of dilution in the monolayer (dGV 
dOi)y,PiT by assuming th a t the heat of dilution (in the 
monolayer) is negligibly small (athermal mixing). 
This has often been justified for polymer solutions be
cause only solvents giving small heats of dilution will 
dissolve polymers bu t is doubly justified for monolayers 
of polymers because heats of dilution in monolayers are 
far less than in bulk solution; this has been illustrated 
several times . 2 -4  The free energy equation for relating 
changes of composition to surface tension y  is essen
tially the same as used previously415

d G / =  d 7  +  ( ^ )  dft (3)
\  O y  /  T , P A  \  O ft  /  T.p.y

where

and

A,SV = f l f  In 1 +

_  2 (!  ~  gi)
zqi

2(1 -  ft)

(z — 2 ) nii

(4)

(5)

Values of z may be determined experimentally by 
checking pressure-area curves vs. those calculated with 
various values of z. Values of four to six might be ex
pected; actually, the results are not too sensitive to  
the values of z, however.

One method of using these equations is to consider 
the free energy of the solvent molecules in the mono- 
layer under conditions that d(?i = 0 , so that

Ò6V

Ò7
d 7  =

0 ( 7 /

Òdi
dft

This leads to

Vl

k T ( 7 i ° y ' )  = - I n — -  
'  ft0

~(z — 2 )nii +  2
In

~(z — 2 )?ni +  2 ft '
( — 1  dft =  - T A S t '
\  £>ft /  r

L 2  J _ (z — 2 )nii +  2 ft°_

f d G t’ \

V d y  )  T.p.ei
-N 9 ,

where v, is the partial molecular area of component i.
Equations 1, 2, and 3 can be used to calculate the 

effect of penetration of small molecules on the pressure- 
area isotherms for monomolecular films of polymers 
where the small penetrating molecules (component 1 ) 
dilute the polymer film and make it more expanded than 
an anhydrous surface film of the same polymer. Thus, 
if we have a pressure-area isotherm for a nonhydrated 
polymer spread a t the w ater-air interface, the expan
sion of this monolayer because of penetration can be 
calculated. This calculation gives the pressure-area 
isotherm to be expected when solvent molecules pene
trate  the polymer monolayer by adsorption of vapor or 
by penetration from an aqueous or hydrocarbon sub
strate. In the use of eq. 1 and 2, certain simplifying 
assumptions can be made which result from the fact 
tha t vii »  m i

m i m i

(z — 2)m2 +  2

m i  — m i

m i

- 1

z~—~~2

1

and In 6 2  is a negligibly small term in eq. 2. By using 
these assumptions and ft =  1 — ft, eq. 1 and 2 become

(6)

The preceding equation is similar to the equation of 
Singer6b which has been used primarily for polymer 
films a t the air-w ater interface. In  the use of this equa
tion, it is assumed th a t the surface of water is a rigid 
lattice of sites of equal area and th a t the monomeric 
units of the polymer occupy one site a t all film pres
sures; consequently, changes in area per molecule with 
change of film pressure are related to the change in the 
fraction of sites which are vacant. These conditions 
are a t best a zero-order approximation of the structure 
of a polymer monolayer. However, they should fit 
monolayers at the water-hydrocarbon interface better 
than at aqueous surfaces because hydrocarbon mole
cules may occupy the sites unoccupied by monomeric 
units of the polymer. However, even at oil-water in
terfaces, the assumption th a t the area occupied by the 
monomer unit is independent of film pressure is un
doubtedly incorrect. In this work the aim is to cal
culate changes in pressure-area isotherms which result 
from penetration, and, consequently, the pressure-area 
isotherm for the unpenetrated film is used as a stand
ard. I t  is assumed tha t in this standard unpenetrated 
film all of the surface is occupied by monomer units, so 
tha t the pressure dependence of the area results entirely 
from changes in area occupied by the monomer units 
(sites). The change in area per site with pressure may 
be ascribed to compressibility or change of configuration 
of monomer groups. The larger area occupied by inter
facial films as compared with anhydrous surface films 
(at the same film pressure) is ascribed to penetration of

V o lu m e  68 , N u m b e r  1 2  D ecem b er , 1964
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solvent molecules which occupy sites; the area fraction 
0i is calculated by eq. 6 . When Singer’s equation is 
used for penetrated films containing solvent molecules 
which occupy the same area as a polymer segment, 13 

most of Singer’s assumptions are justified, except for the 
nonexpandable lattice. Frisch and Simha8 have con
sidered only interfacial films with solvent molecules 
equal in size to the polymer segments; their equations 
are similar to (6 ), except they have made additional 
provisions for polymer molecules which are only partly 
in the surface. Although this study is limited to the 
discussion of polymers completely in t he interface, there 
is provision for solvent molecules of various size (oc
cupying more than one site), and there is also provision 
for calculating the entropy of dilution of the polymer 
(instead of only the solvent).

Obviously, penetrating molecules will not always 
have the same area (oy) as monomer segments (<r2). 
The simplest way of handling this is to use o-2 as the 
“site size” ; then wii = a \/c i. It is found tha t a two
fold increase in m i results in only a 1 0 %  increase in film 
pressures; thus, variations in <n/<r2 result in minor but 
still significant variations in the pressure-area isotherms.

Application to Experimental Results
Penetration of Hydrocarbon M olecules in to  Polym er  

F ilm s at the O il-W ater Interface. An experimental test 
of these formulas can be made with the pressure-area 
curves for polymethyl methacrylate monolayers which 
have been measured in this laboratory at both the a ir- 
w ater and cyclohexane-water interfaces by Schick.I2a 
T he film on the water surface has no solvent molecules 
in it, so 02 =  1 ; calculated values of 0i allow construc
tion of the expected pressure-area curve at the cyclo
hexane-water interface which may be compared with 
experiment (Fig. 1 ). These calculations are made with 
wii =  1, z == 6 , ffi = 30 A.2. A value of 6  for z agrees 
with H o tta ’s 13 studies of interfacial polymer films. 
When mi = 1 and z = 6 , eq. 6 reduces to

Vl
k T

(yi° -  7 ') = -in + 3 ln (7)

and since in this example y° — y '  =  ir and 0i° =  1

ir f i

k T
+2.303 log

(2 +  0i T

” 270/

The 7r-0i ' relation obtained from this equation with
o

vi = 30 A . 2 allows calculation of a pressure-area curve 
(Fig. 1) which is seen to fit the experimental pressure- 
area curve for polymethyl m ethacrylate (shown as 
circles) very well, except for points at the highest film 
pressures which are probably in error (because of the dis
solving of some of the polymer film into cyclohexane).

s0to
1

10 20 10 40
A2 PER METHYL METHACRYLATE GROUP

Figure 1. Pressure-area relations for surface and interfacial 
monolayers of polymethyl methacrylate at 25°.

Figure 2. Cyclohexane content of monolayers 
at the cyclohexane-water interface.

The previous 7r-0i ' relation can be used for a 
variety of similar polymers. I t  is best plotted as 0i vs.
j .  Such plots, for z =  5 and 6 , and for &i = 25 and 30 
A . 2 are shown in Fig. 2  along with the experimental data 
for polymethyl methacrylate. I t  can be seen th a t the 
results are surprisingly insensitive to change in z and
OT-

For comparison the 0/  vs. y  relation for interfacial 
monolayers of stearic acid is shown (as a dashed line)

o
for the condition or =  25 A.2. The contrast between 
the behavior of polymeric and monomeric films is seen 
to be very great. At a film pressure of 2 dynes/cm. (y 
=  50 dynes/cm.) the polymer has squeezed out 50% of 
the solvent molecules from the monolayer, bu t stearic 
acid has squeezed out only 10%. One could say tha t in 
monolayers (as well as in solutions) polymers are poor 
solvents compared to simple compounds.

The tendency for polymeric monolayers to squeeze 
out solvent on increasing the film pressure (or free en
ergy) is analogous to their tendency to precipitate from 
solution upon raising the heat of solution by adding a 
little nonsolvent. In both cases, in order to maintain 
equilibrium the increase in free energy is compensated

T h e  J o u r n a l  o f  P h y s ic a l  C h e m is tr y
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by demixing, precipitation from solution, or squeezing 
out of solvent from the monolayer.

Penetration o f Solvent Vapors into Surface F ilm s of 
Polymers. Solvent vapors penetrate and swell the 
monolayers which are spread on the surface of water; 
if the film is mechanically confined, the film pressure 
rises. This increase in film pressure has been accu
rately predicted (for monolayers of fatty  derivatives) 
by equations for penetrated films acting as ideal two- 
dimensional solutions. 2 -4  A similar treatment can be 
used for surface films of polymers.

If vapor and monolayers are in equilibrium, any 
change in the free energy of the vapor dGiv must equal 
the change in free energy of the vapor molecules in the 
monolayer

df?!v

If the system has a negligible heat of mixing, eq. 4 
can be used to evaluate the last term of the preceding 
and following equations

k T  d In = — ¡7id7  — T d S i

where pi*  is the fugacity of the vapor. If the vapor 
performs as an ideal gas, the vapor pressure pi may be 
used instead of pf*. In  integrated form the equation 
now becomes

k T  In p i/p i°  =  0-1(71 7T°) +  k T In di —

1 -
2(1 -  di)

zqi
(8)

When saturated hexane vapor penetrates polymer mole
cules, we may use = 1 , z =  6 , »  m h and 7r° (the
film pressure of saturated hexane vapor on a bare water 
surface) equals 4.0 dynes/cm. a t 30°. Under these 
conditions

k T  In Pì / p ì° = 0 = 5 i(7t 7T») -  k T  In
" (2 +  d i)r  

2701 .

This equation predicts swelling similar to tha t shown 
in Fig. 1.

Penetration of Surfactan ts into Polym er Molecules. 
If surfactants dissolved in the substrate penetrate a 
monolayer, a t equilibrium the free energy will be the 
same in the bulk and in the surface film

k T
IT =  7To T  —  In 

5 i

" (2 +  d iY ~ 

2701
(9)

Suitable examples are ~he penetration of water-soluble 
alcohols into protein films. Several such examples are 
in the literature but are not quantitative enough to test 
eq. 9.

Penetration o f W ater in to  Surface F ilm s o f Polymers. 
Crisp , 14 Llopis and Rebollo , 16 and Kawai16 have all 
noted th a t some polymer films are condensed (such as 
polymethyl methacrylate) and others are expanded 
(polyvinyl acetate). If is proposed th a t the expanded 
polymer monolayers are fully hydrated and th a t a t low 
pressures most of the area is occupied by water mole
cules. This is analogous to surface films of water-solu
ble substances in which the area and film pressure are 
determined by the penetration of water molecules into 
the surface film.4a In  such films the water is diluted by 
the surface-active molecules, and equilibrium is .only 
restored by rise of film pressure. I t  was found tha t in 
these films the partial molecular area of the surface- 
active molecules was determined by the polar groups 
and was pressure independent. Parallel behavior of 
hydrated polymer monolayers would mean tha t the size 
of the sites is pressure independent , and use of eq. 6 and 
7 to determine the site fraction occupied by water (0i) 
gives directly the area per monomer group of film oc
cupied by water (0j 5i), where 5 i  (the average partial 
molecular area of water) is 9.7 A.2. For any given 
monomer one can then calculate the film pressure de
pendence of the surface area per unit weight of polymer 
film occupied by water (in m .2/m g.). This is shown in

d G ih
fà G i

VÒ01
yd0i

If the penetration has negligible effect on dfnb, then eq. 
6  can be used, and for mi =  1 , z = 6 , and ?n2 > >  w,i, one 
obtains

Figure 3. Pressure-area isotherms for polyvinyl acetate.

( 1 4 )  D .  J .  C r i s p ,  J . Colloid Sci., 1 ,  4 9  ( 1 9 4 6 ) .

( 1 5 )  J .  L l o p i s  a n d  D .  V .  R e b o l l o ,  ibid., 1 1 ,  5 4 3  ( 1 9 5 6 ) .

( 1 6 )  T .  K a w a i ,  J . Polymer S c i ., 35, 4 0 1  ( 1 9 5 9 ) .
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Fig. 3 for monolayers of polyvinyl acetate, and a fit of 
the experimental points to the curve

(2 + e1y ~
27

k T
In

Cl

gives the area of the acetate groups in 1 mg. of this

polymer (arrow). Although a gradual (reversible) col
lapse of this film sets in a t pressures over 8 - 1 0  dynes/ 
cm., there is an excellent fit prior to collapse. The area 
occupied by the polymer before collapse is given by the

o
arrow (0.96 m.1 2/g . or 13.7 A . 2 per acetate group), and 
the additional area found experimentally is the water 
content of the monolayer.

Properties o f Monolayers o f w-Monohalogenated Fatty Acids 

and Alcohols Adsorbed on W ater1

by Marianne K. Bernett, N. L. Jarvis, and W. A. Zisman

U. S. N aval Research Laboratory, W ashington , D. C. 20390 (Received A p ril 2, 1964)

Force-area, surface potential-area, and surface mom ent-area relations of w-monohalo- 
genated compounds spread as monolayers on aqueous substrates were studied at various 
pH values in the absence or presence of multivalent ions. The compounds investigated 
were w-monosubstituted bromo-, chloro-, and iodohexadecanoic acids, bromooctadecanoic 
acid, and fluorooctadecanol, along with their corresponding unsubstituted compounds. 
Mechanical properties of the substituted and unsubstituted alcohols were essentially the 
same and were not influenced by changes in pH or the presence of m ultivalent ions in the 
substrate. The halogenated hexadecanoic acids, however, gave unstable monolayers at 
all pH values on distilled and divalent ion-containing water a t 20°; it was necessary to 
add tetravalent ions and lower the tem perature to condense the monolayers to close- 
packed films. The change in surface potential of each substituted acid film was larger 
than th a t of any unsubstituted acid and showed the dipole orientation to be in the opposite 
direction. The vertical components of the apparent dipole moment were computed from 
the film potentials by use of the Helmholtz equation. Estimated values are given for the 
vertical components of the dipole contributed by the carbon-halogen bond. The results 
are discussed in terms of orientation and packing of the terminal polar groups and the re
sulting laterally induced polarization.

Introduction
The physical properties of monolayers of fa tty  acids 

or alcohols on water are known to be greatly altered by 
the replacement of one or more of the c j- ,  or terminal, 
hydrogen atoms by halogens. Various investigators2“ 5 

have reported th a t the presence of halogens on the co- 
carbon atom of a fa tty  acid or alcohol not only causes it

to form more unstable monolayers but also to lower the 
electrostatic surface potential change (AF) arising from

(1) Presented before the Colloid and Surface Chemistry Division a t 
the 147th National Meeting of the American Chemical Society, 
Philadelphia, Pa., April 5-10, 1964
(2) (a) M. Gerovich and A. Frum kin, J . Chem. R hys., 4, 624 (1936);
(b) M. Gerovich, A. Frum kin, and D. Vargin, ibid., 6, 906 (1938).
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monolayer adsorption. Gerovich and co-workers2a’b 
determined th a t A V  for a condensed insoluble mono- 
layer of 16-bromohexadecanoic acid, adsorbed a t the 
air-water interface, can be as low as —0.87 v., which 
is 1.26 v. less than th a t of the unbrominated acid under 
similar conditions. Davies3 found th a t 16-bromohexa
decanoic acid had a negative surface potential a t both 
the oil-water and air-w ater interfaces. Fox4 reported 
that a term inal-C F 3 group on octadecanoic acid and 
octadecylamine resulted in large and negative A V  
values for condensed monolayers a t the air-w ater inter
face. More recently, Bernett and Zisman5 found th a t 
condensed monolayers of a series of progressively 
fluorinated fatty  acids would also give rise to large 
negative values of A V  a t the air-w ater interface.

This report describes the mechanical and electrical 
properties of the following compounds adsorbed as 
monolayers at the air-w ater interface: the «-chloro-, 
w-bromo-, and «-iodohexadecanoic acids, «-bromo- 
octadecanoic acid, and «-fluorooctadecanol. The ob
jective of the investigation was to examine the effect of 
each of the terminal halogens on the packing, orienta
tion, stability, and surface potential of the monolayers 
spread on aqueous substrates at various hydrogen ion 
concentrations. From the changes in surface po
tential, it was proposed to  determine the dipole con
tributions of each terminal methylene halide group.

Experimental Materials and Procedures
Each organic acid and alcohol studied was a highly 

purified, white, crystalline solid. The n-hexadecanoic 
acid (m.p. 61.5°) and w-octadecanoic acid (m.p. 69.5°) 
were obtained from the Hormel Foundation, and the 
n-octadecanol (m.p. 59°) from Lachat Chemicals, Inc. 
Pure specimens of 18-fluorooctadecanol6 (m.p. 60.5°) 
and 18-bromooctadecanoic acid (m.p. 72.0-73.0°) were 
generously donated for this investigation by Prof.
F. L. M. Pattison of the University of Western Ontario 
and Dr. M. Stoll of Firmenich et Cie of Geneva, 
Switzerland, respectively. Pure 16-chlorohexadec- 
anoic, 16-bromohexadecanoic, and 16-iodohexadeca- 
r.oic acids (m.p. 61.0-61.5, 69.5-70.,0, and 74.0-74.5°, 
respectively) were prepared specially for this study by 
Fox and Price7 of this laboratory.

Spreading solutions of each polar compound in con
centrations of 5 X 10- 4 to 7 X 10~ 4 g./ml. were pre
pared in n-hexane (Fisher grade “purified” freshly per
colated through adsorptive columns of activated silica 
gel and alumina). Each solution was delivered drop- 
wise to the clean water surface of the modified Lang- 
muir-Adam film balance with a calibrated self-adjusting 
micropipet, in a volume chosen to give a condensed film 
occupying an area from 200 to 240 cm.2. The film

balance used to measure the film pressure (F ) vs. area 
per molecule (A ) isotherms has been described in detail 
earlier.5 I t  consisted of a shallow Pyrex glass trough 
with the rim lightly coated with paraffin, a paraffined 
mica float connected to the sides of the trough with end 
loops of thin polyethylene ribbon, and a Cenco duNuoy 
torsion head sensitive to a film pressure change of 0.05 
dyne/cm. Surface potential measurements were made 
using essentially the same vibrating condenser appara
tus described previously5’8; this device was sensitive to 
±3 .0  mv.

Aqueous substrates used in these experiments were 
prepared from water distilled once through a tin-lined 
still and then twice through an all-quartz still, and the 
water produced had a conductivity of 1 X 10- 6  ohm - 1  

and a pH of 5.8 when in equilibrium at 20° with atmos
pheric carbon dioxide. Variations in pH were made by 
appropriate additions of either C.p . grade sulfuric 
acid or potassium hydroxide. The source of bivalent 
metallic ions for certain aqueous substrates was C.p . 
calcium chloride, and the source of tetravalent ions was
C.p . thorium nitrate. The pH of the latter a t the con
centration of 5 X 10~ 4 M  was 3.4 at 20° and 3.3 a t 11°. 
All film balance experiments were made a t either 20 
±  0 .2 ° or 1 1  ±  1 °.

Experimental Results
Force vs. A rea  Isotherm s fo r  M onolayers on D istilled  

W ater. Both octadecanol and 18-fluorooctadecanol 
formed stable insoluble monolayers on distilled water 
a t three different pH values a t 20° (Fig. la  and lb). 
These monolayers behaved reversibly with film pres
sure up to 35 dynes/cm. and formed very condensed 
films having limiting areas per molecule (Ao) from 2 0 .2

o
to 21.0 A.2, depending upon the pH. The steep linear 
portions of the F  vs. A  curves above 12 dynes/cm. in
dicated th a t both monolayers were solid condensed at 
such film pressures. At lower film pressures the  fluoro 
alcohol was somewhat more expanded than  the octa
decanol monolayer which indicated th a t there was some 
repulsion between the terminal -C H 2F groups. An 
examination of Stuart-Briegleb molecular ball models 
(Fig. 2) revealed th a t the substitution of a fluorine for a 
hydrogen atom on the terminal carbon atom did not 
cause a significant change in the molecular cross-sectional 
area. Therefore, the difference in size could not have

(3) J. T. Davies, Trans. Faraday Soc., 49, 949 (1953).
(4) H. W. Fox, J . P h y s . Chem., 61, 1058 (1957).
(5) M. K. B ernett and W. A. Zisman, ib id ., 67, 1534 (1963).
(6) F. L. M. Pattison, W. C. Howell, A. J. M cNam ara, J. C. Schnei
der, and J. F. Walker, J . Org. Chem., 21, 739 (1956).
(7) R. B. Fox and T. Price, J . Chem. Eng. Data, 8, 612 (1963).
(8) W. A. Zisman, Rev. Sci. In str ., 3, 367 (1932).
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Figure la . Properties of octadeeanol monolayers spread 
a t 20° on substrate of distilled water.

Figure lb . Properties of 18-fluoroootadecanol monolayers 
spread at 2(1° on substrate of distilled water.

monolayers; this result is to be expected since the polar 
OH group was not ionizable under such conditions.

Monolayers of terminally chlorinated, brominated, 
or iodinated hexadecanoic acids collapsed a t film pres
sures of only 2.0 to 5.5 dynes/cm. on distilled water at 
all pH values. This instability may have been caused 
by either steric hindrance to molecular close packing 
caused by the presence of these halogen atoms, which 
are considerably larger than  hydrogen, or by repulsive 
forces acting between the similarly oriented terminal 
electrostatic dipoles. Figure 2, which gives the respec
tive cross-sectional areas of w-halogenated hydrocarbon 
chains (assuming the terminal carbon group does not 
rotate upon its axis), shows th a t the steric factor could 
be significant only with the w-iodo and w-bromo acids 
and even then could cause no more than a 1 0 % increase 
in A  o. Hence, the observed instability in the acid 
monolayers must have been due to the repulsion be
tween terminal dipoles; the same mechanism may have 
caused the expansion of the fluorooctadecanol mono- 
layer mentioned before.

Gerovich, Frumkin, and Vargin2b also found th a t 
monomolecular films of 16-bromohexadecanoic acid 
were remarkably unstable and attributed the instability 
to the repulsive forces acting between similarly oriented 
C -B r dipoles. They reported obtaining stable films of 
16-bromohexadecanoic acid by mixing it with various 
concentrations of hexadecanoic acid. They also sug
gested th a t more stable films could be obtained in the
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presence of polyvalent cations, bu t they  did not use this 
approach in their experiments, presumably because too 
little was known a t th a t tim e about the structure of 
fatty  acid films on neutral and alkaline solutions in the 
presence of polyvalent cations.

In  our experiments with 16-iodohexadecanoic acid, 
it was found th a t the presence of iodide ions (I ~) in the 
aqueous substrate (as 0.01 N  H I) did not alter the F  
vs. A  or A 7 »s. A  isotherms. If hydrolysis of the 
C -I bond had taken place, the presence of the common 
iodide ion should have had a suppressive effect and 
there would have resulted a somewhat different mono- 
layer behavior. Evidence th a t the observed film insta
bility did not arise from the hydrolysis of the carbon- 
halogen bond can also be found in the literature. 
Davies, 3 in his studies on monolayers of both 16-bromo- 
hexadecanoic acid and 16-hydroxyhexadecanoic acid 
on 1 N  NaOH, assumed th a t the molecules of each 
compound could not be compressed above 7 dynes/cm. 
and tended to lie flat a t the air-w ater interface up to 
those pressures. He obtained different surface poten
tial values for each compound a t equivalent areas per 
molecule, which indicated th a t the co-C-Br bond had 
not been cleaved by hydrolysis.

Force vs. A rea  Iso therm s fo r  M onolayers on So lutions  
of Polyvalent M etallic Ions. I t  was our belief th a t the

Figure 3a. Properties of octadeeanoic acid monolayers spread 
a t  20° on substrate containing 10 “2 M  CaCl2.

Figure 3b. Properties of 18-bromooctadecanoic acid monolayers 
spread a t 20° on substrate containing 10 “2 M  CaCl2.

condensing effect of polyvalent ions on adsorbed mono- 
layers of the higher fa tty  acids9 10 11“ 12 could be used to 
stabilize and condense the monolayers of the terminally 
halogenated fa tty  acids. Each of the halogenated deriv
atives was therefore spread on 10“ 2 M  CaCl2 aqueous 
solutions a t pH 2.2, 5.8, and 9.0. As expected, the 
F vs. A  isotherms for octadecanol and 18-fluoroocta- 
decanol monolayers on this substrate were identical 
with those obtained on distilled water. Although the 
stability of the halogenated acid monolayers was some
what improved on the CaCl2 solutions, they were still 
too unstable (even a t pH 9.0) to give reliable F. vs. A  
isotherms.

An increase in the length of the hydrocarbon chain 
usually increases the stability of fatty  acid monolayers. 
Accordingly, octadeeanoic and 18-bromooctadecanoic 
acids were spread on 10“ 2 M  CaCl2 solutions a t pH 3.9,
6.2, and 8.5 (Fig. 3a and 3b). The F  vs. A  isotherms ob
tained for octadeeanoic acid agreed well with the re

(9) I. Langmuir and V. J. Schaefer, J . A m . Chem. Soc., 58, 284 
(1936); 59, 2400 (1937).
(10) W. A. Zisman, J . Chem. P hys., 9, 534 (1941).
(11) G. A. W olstenholme and J. H. Schulman, Trans. Faraday Soc., 
46, 475 (1950).
(12) J. A. Spink and J. V. Sanders, ibid., 51, 1154 (1955).
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suits of Spink and Sanders. 12 The monolayer of 18- 
bromooctadecanoic acid was stable and reproducible 
at pH 6.2; a t pH 8.5 it was close-packed with a value 
of A 0 of 20.4 A.2, the same as that of the unbrominated 
acid. Hence, increasing the length of the hydrocarbon 
chain from 16 to 18 carbon atoms increased the inter- 
molecular cohesion sufficiently to stabilize the mono- 
layer at the alkaline pH value in the presence of divalent 
calcium ions. In a recent study of monolayers of pro
gressively fluorinated fatty  acids, each of which con
tained a terminal -C F 3 group ,5 an 18-carbon aliphatic 
chain was the shortest permitting formation of stable 
monomolecular films on water at 2 0 °.

Since the condensing effect of divalent ions in the 
aqueous substrate was not enough to overcome the large 
repulsive forces caused by terminal halogenation in the 
hexadecanoic acid monolayers, tetravalcnt thorium 
ions were added to distilled water to try  to stabilize 
each monolayer. M any years ago Zisman10 had 
shown that thorium salt solutions were able to solidify 
monolayers of straight-chain acids even at the oil—

AREA/MOLECULE (A2 )

Figure 4. Properties of monolayers of 16-halogen 
hexadecanoic acids spread a t 20° on substrate containing 
5 X 10-4 M  Th(N O ,)4 and at. pH 3.4.

water interface and to condense branched-chain ali
phatic acids having ten or more carbon atom s per mole
cule. Abramson and Ottewill13 in a recent study of 
hydrolysis in thorium salt solutions found that a con
centration of 5 X 10~6 M  thorium nitrate was sufficient 
to completely condense monolayers of myristic acid. 
Therefore, a substrate containing 5 X 10~ 4 M  thorium 
n itrate a t the equilibrium pH value of 3.4 was used to 
determine the ability of tetravalcnt thorium ions to 
stabilize the monolayers of the w-halogenated hexa
decanoic acids. As would be expected, the F vs. A  iso
therms for octadecanol or 18-fluorooct.adecanol on this 
substrate were not significantly different from those ob
tained on distilled water or on 10- 2  M  CaCl2. The 18- 
fluorooctadecanol was again slightly more expanded 
than the octadecanol a t lower film pressures and ap
peared to collapse a t a somewhat lower area per mole
cule. Figure 4 shows the F  vs. A  isotherms of hexa-

Figure 5. Properties of monolayers of 16-halogen 
hexadecanoic acids spread a t 11 ° on substrate containing 
5 X 10~4 M  T h (N 0 3)4 and a t pH  3.3.

(13) M. B. Abramson and R. H. Ottewill, J . Colloid Sci., 17, 883 
(1962).
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decanoic acid and its w-halogenated derivatives on the 
thorium salt substrate. All of the F  vs. A  curves have 
the same shape and approximately the same value ofo
A 0 (28 to 29 A.2). Whereas the monolayer of hexadec- 
anoic acid supported film pressures up to 35 dynes/ 
cm., the chloro-, bromo-, and iodohexadecanoic acid 
monolayers each collapsed a t a lower film pressure (16, 
12, and 8 dynes/cm ., respectively). I t  should be 
noted th a t all Ao values are still 60% greater than the 
cross-sectional areas per molecule determined from 
molecular models (Fig. 2). Thus these co-halogenated 
hexadecanoic acid monolayers were condensed and 
stabilized by the presence of T h + 4 ions in the aqueous 
substrate even though they had not been condensed to 
the closest possible packing.

Effect o f Tem perature on M onolayer S tability . I t  is 
well known th a t lowering the tem perature will con
dense monolayers of paraffin derivatives . 14-16 Figure 
5 gives the F  vs. A  isotherms of these acids on the thor
ium n itrate solutions a t 1 1 ° and shows th a t the mono- 
layers remained stable a t higher film pressures with 
lower values of A 0 (19 to 20 A.2) than at 20°; i.e ., A 0 

approached the value for closest packing given in Fig.
2. The F  vs. A  curves for octadecanol and 18-fluoro- 
octadecanol in Fig. 6 shows that, whereas the rnono-

Figure 6. Properties of monolayers of octadecanols spread 
a t  11° on substrate containing 5 X 10- 4 M  ThfNOs), and 
a t  pH 3.3.

Figure 7. Properties of monolayers of 16-halogen 
hexadecanoic acids spread a t 11° on substrate containing 
1 0 M  CaCfi and a t pH  10.0.

layer of fluorinated alcohol behaved on this substrate 
very much like on other substrates, octadecanol was 
more expanded by about 1 A.2/molecule at lower film 
pressures.

Since decreasing the tem perature from 20 to 1 1 ° ef
fected the desired condensation and stabilization of the 
co-halogenated hexadecanoic acid monolayers in the 
presence of thorium nitrate, F  vs. A  curves were also 
determined at 1 1 ° for each of these compounds on 1 0 - 2  

M  CaCl2 a t pH 1.8 as well as at pH 10.0. At pH 1.8 
the F  vs. A  curves were nearly identical with those ob
served on acid substrates at 20°, while a t pH 10.0 
significant differences were found. F  vs. A  curves are 
given in Fig. 7 for those monolayers exhibiting changes 
in film properties with tem perature at pH 10.0. At

(14) N. K. Adam, “The Physics and Chemistry of Surfaces/’ Oxford 
University Press, London, 1941, pp. 59-63, 72-74.
(15) W. D. Harkins, “The Physical Chemistry of Surface Film s,” 
Reinhold Publishing Corp., New York, N. Y., 1952, pp. I l l ,  112.
(16) J. T. Davies and E. K. Rideal, “Lnterfacial Phenomena,” 
Academic Press, New York, N. Y., 1961, pp. 70, 71.
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20° and pH 9.0 the. 16-bromo and 16-iodo acids were 
too unstable to give reliable data; a t 11° and at pH
1 0 .0 , however, they formed close-packed reproducible 
films which were stable up to pressures of 1 0  dynes/cm. 
The areas per molecule for the w-halogenated hexa- 
decanoic acids at collapse pressure were in each case 
approximately 19 A.2, which is comparable to the values 
obtained on the thorium nitrate substrate a t 1 1 °. 
Thus, the divalent calcium ions were ineffective in 
condensing monolayers of these halogenated acids 
a t 2 0 °, bu t became effective when the tem perature was 
lowered to 1 1 °.

Electrical Properties of M onolayers. The difference 
AV in the electrostatic potential between a clean 
water surface and the surface covered by a monolayer 
is known to be dependent upon the structure of the 
adsorbed molecules and, with adsorbed acidic or basic 
compounds, upon the pH and salt content of the aque
ous substrate as well. 12’ 14’ 17’ 18 The A V  vs. A  iso
therms for each of the compounds studied have been 
plotted, along with the corresponding F  vs. A  curves, 
in Fig. 1 and 3 through 7. Values of A V  are given along 
the right-hand vertical scale in each figure. Values 
of A V  for octadecanol and 18-fluoroctadecanol mono- 
layers were independent of substrate pH or composition, 
except for octadecanol on 5 X 10 4 M  T h (N 0 3) 4 a t 
11° (Fig. 6 ), where AV was 200 mv. higher than on any 
of the other substrates. The AV vs. A  curves for hexa- 
decanoic and octadecanoic acids varied with the pH 
and the salt content of the substrate, the effect of 
varying pH alone being in good agreement with the 
results of Spink and Sanders. 12’ 17 AV was always 
positive for the unsubstituted acid or alcohol mono- 
layers, and, as expected, AV was always negative for 
each a>-halogenated compound; a t molecular close 
packing it was a t least 1 0 0 0  mv. less for the halogenated 
than for the unhalogenated acid.

The normal component of the molecular dipole 
moment (/up) was calculated from AV by using the 
classic equation of Helmholtz

AV =  4 ITT] [ip (1)

where y is the number of adsorbed polar molecules per 
cm.2. Resulting values of nP have been plotted against 
A  along the right-hand vertical scale of each figure.

I t  has long been realized that the value of nv so 
calculated is the resultant of several contributing di
poles in or associated with each molecule of the ad
sorbed film. These are (a) the permanent dipole in the 
adsorbed organic molecule, (b) the resultant arising 
from the reorientation of the surface water dipoles in 
the immediate vicinity of the polar hydrophilic group 
of the adsorbed organic molecule, and (c) the contri

bution of any ionic double layer present a t the w ater- 
air interface. As is well known, contribution (a) can 
be considered the sum of vector contributions from each 
bonded pair of atoms in the organic molecule. In  
computing (a) it will be assumed (as is usual) th a t the 
net contribution from each unsubstituted polymethyl
ene chain is zero; hence, the organic molecule con
tributes two moments, one due to the term inal polar 
-C H 2X group (where X is a halogen atom) a t one end 
of the paraffin chain and the other due to the hydro
philic polar group a t the other end. I t  can also be 
assumed th a t contributions (b) and (c) do not alter 
the -C H 2X  dipole located a t the outermost end of the 
paraffin chain because of its distance from the surface 
of the water substrate. Since a t present it is impos
sible to separate the contributions of the hydrophilic 
polar group located in the w ater-air interface (from (a)), 
the water layer polarized by it (b), and the adjacent 
ionic double layer (c), it is usual to combine the three 
terms into the single term ^ (0)P. Consequently, yup 
for the unhalogenated adsorbed molecule can be 
expressed as

A* P = /i(o)P +  M(ch,)p (2 )

where mcchdp is the contribution of the term inal C H 3 

group. When the adsorbed molecule has a halogen 
atom (X) on the aj-carbon atom, then

Mp =  M(o)P +  M(ch,x)P (3)

From the assumptions made, it follows th a t m«»p, 
a t a given value of 77, should be the same for the halo
genated and unhalogenated adsorbed compounds.

In  Table I, values of AV are given for closely packedo
monolayers (at areas per molecule from 19.5 to 20 A.2) 
of each of the compounds studied. Values of AV for 
monolayers of both ^-substituted and nonsubstituted 
hexadecanoic acids and octadecanols were obtained 
on 5 X 10- 4  T h (N 0 3) 4 a t 11° and pH 3.3, while those 
for octadecanoic acid and 18-bromooctadecanoic acid 
were measured on 10- 2  M  CaCl2 a t 20° and pH 8.5. 
From the measured value of AV (given in the third 
column) the corresponding value of /ip was calculated 
from eq. 1 for each compound and is given in the fourth 
column. The value of n W)V (given in the fifth column) 
for each unhalogenated compound was calculated 
from eq. 2 by using —0.3 D. as the vertical component 
of the dipole moment of the terminal methyl group, 
M(ch,ip, on the hydrocarbon chain, the terminal C -H  
bond being directed a t an angle of 54° 44' from the 
water surface. The best literature value for the

(17) J. A. Spink, J . Colloid Sci., 18, 512 (1963).
(18) E. D. Goddard and J. A. Ackilli, ibid., 18, 585 (1963).
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Table I : Electrical Properties of F a tty  Acids, F a tty  Alcohols, and Their u-M onohalogenated Derivatives

H 0)p° e(CHiX)p M(CHjX)p
Compound Area/molecule, AV, mv. ep, D. (calcd. from (calcd. from (calcd. by Davi

A.2 eq. 2), D. eq. 3), D. method), D.

On aqueous substrate: 5 X 10“ 4M  T h (N 0 3)4 a t pH  3.3 and 11°
Hexadecanoic acid 19.5 +  565 +  0.29 +  0.59
16-Chlorohexadecanoic acid 19.5 -4 8 0 - 0 .2 5 +  0.59 - 0 .8 4 - 0 .5 4
16-Bromohexadecanoic acid 19.5 -7 0 5 - 0 .3 7 +  0.59 - 0 .9 6 - 0 .6 6
16-Iodohexadesanoic acid 19.5 -7 3 0 - 0 .3 8 +  0.59 - 0 .9 7 - 0 .6 7
Octadecanol 20.0 +620 +  0.35 + 0 .6 5
18-Fluorooctadecanol 19.5 - 5 5 - 0 .0 3 +  0.65 - 0 .6 8 - 0 .3 8

On aqueous substrate: 1 X 10 "2 M  CaCb a t pH  8.5 and 20°
Octadecanoic acid 19.8 +  200 +  0.10 +  0.40
18-Bromooctadecanoic acid 19.8 -9 1 0 - 0 .4 8 +  0.40 - 0 .8 8 - 0 .5 8

“ M(chi)p =  —0.30 D. from literature dipole moment C +-H  .

dipole moment of the terminal CH 3 group is approxi
mately 0.4 D., with the polarity being C + -H - , 19 the 
same polarity as the carbon-halogen bond. Equation 
3 was then used to compute the value given in the 
sixth column for each halogenated compound, assuming 
th a t jU(0)p was the same for the halogenated and un- 
halogenated compounds.

The values of ¿qcinxip ranged from —0.68 to —0.97
D. in going through the series of halogens from fluorine 
to iodine. In  Fig. 8 the values of ch,x)P are plotted 
against the covalent radii of the halogen atoms, and a 
rectilinear graph results. This should be expected, 
since the polarizability of an atom increases with the 
radius of its outer electron shell. I t  will be noted 
th a t the value of m<ch2x)P for X  =  F  was determined 
using a terminally halogenated alcohol, whereas for 
the other halogens the calculation was based on 
measurements on the terminally halogenated acids. 
Nevertheless, the deductions made should be valid 
because of the large number of carbon atoms separating 
the polar hydrophilic group and the polar CH2X  group. 
If one plots in Fig. 8  the value of m(ch2x)P for the limiting 
case where X  is replaced by a hydrogen atom (0.3 D.), 
the graphical point- falls close to the extrapolated 
straight line plot defined by the halogen family.

Surface potential data for terminally halogenated 
derivatives have been treated in a somewhat different 
manner by both Gerovich2*3 and Davies . 16 They used 
the Helmholtz relationship to calculate yuP for the 
halogenated and nonhalogenated compounds and then 
determined the values of each /U(ch2x>p from the amount 
tha t each of the halogens reduced /up. The last column 
in Table I shows the values for m(ch2x)P obtained by 
their calculations. I t  can be seen th a t their results 
are lower by 0.3 D., the value of mccidp, than those ob-

Figure 8. Relation of perpendicular moment of 
methylene-halogen group to the covalent radius of its 
respective halogen atom.

tained by our calculations. In other words, they have 
assumed th a t the contribution of the terminal -C H 3 

group can be neglected. Hence, except for the dif
ference in the value assigned to m(ch,)P the results of 
Gerovich and co-workers213 for 16-bromohexadecanoic 
acid agree well with ours.

W ith an angle of 54° 44' between the terminal 
C -X  bond and the water surface, the apparent dipole 
moment of each -C H 2X  group, as determined from AF 
measurements, would be /u<cH,x)P/s in  54° 44'. In 
the third and fourth columns of Table II  the dipole

(19) W. L. G. Gent, Quart. Rev. (London), 2, 383 (1948).
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Table I I : Comparison of Observed Values of Dipole
Moments for CH2X Group with L iterature Values

'------- MCHjX"
oi-Terniinal

M (CH,X)p/ 
sin 54° 44', Lit.,“

Compound group D. D.

18-Fluorooctadecanol - c h 2f 0.80 1.9 to 2.1
16-Chlorohexadecanoic acid - CH2C1 1.02 1.8 to 2 .2
16-Bromohexadecanoic acid -C H 2Br 1.15 1.9 to 2 .2
18-Bromooctadecanoic acid -C H 2Br 1.07 1.9 to 2 .2
16-Iodohexadecanoic acid -C H J 1.16 1.8 to 2 .0

” See ref. 20 and 21.

moments obtained in this manner for each terminal 
halogen bond are compared with the values reported 
in the literature for the same dipoles. 20’ 21 I t  is ap
parent that our values are only about 50% of the litera
ture values, which were obtained from measurements 
on appropriate halogenated compounds in the gaseous 
state  or in dilute solution in a nonpolar solvent. The 
conclusion is unavoidable th a t the close packing of the 
similarly oriented polar molecules in the condensed 
monolayer caused mutual lateral induced polarization 
and thus lowered by 50% the contribution of the 
terminal CH2X  groups to the dipole moments.

Discussion
The results of this investigation demonstrate that 

the replacement of a hydrogen atom on the terminal 
carbon atom  of a fatty  acid or alcohol by a halogen 
atom will greatly reduce the stability of closely packed 
monolayers of the compounds. I t  was also found that 
the effect of the substituted chloro, bromo, and iodo 
atoms on monolayer stability is of approximately the 
same magnitude. Unlike the effect of w-chloro, -bromo, 
and -iodo substitution on fatty  acid monolayers, the 
substitution of fluorine on the co-earbon of a fatty  alcohol 
did not cause noticeable monolayer instability.

If the instability of the w-halogenated hexadecanoic 
acid monolayers arose from steric hindrance to close 
packing because of the larger diameter of the terminal 
halogen atom as compared to hydrogen, one would 
expect the 16-iodohexadecanoic acid monolayer to be 
the most expanded and to collapse at lower film pres
sures than the bromc and chloro derivatives. However, 
if the disruptive influence was caused by an electro
static repulsion between the large dipole moments of 
the terminal -C H 2X groups in the neighboring adsorbed 
molecules, then each of the 16-halogen hexadecanoic 
acids should have roughly the same monolayer sta
bility, for the literature values of the -C H 2X  bond 
dipole moments are approximately the same (Table

II). All of the F  vs. A  data presented in this report 
strongly suggest th a t the monolayer instability arose 
primarily from mutual repulsion between the terminal 
dipole moments and not from steric hindrance related 
to the size of the halogen atoms. I t  was also shown 
in this investigation tha t the instability of the mono- 
layers of terminally halogenated hexadecanoic acids 
could be overcome by decreasing the tem perature of 
the system and by adding multivalent thorium or 
calcium ions to the aqueous substrate in order to take 
advantage of the condensing effect arising from their 
reaction with the adsorbed acid molecules.

Monohalogenation of the to-carbon atoms also caused 
marked changes in the surface potential difference (AF) 
of condensed monolayers of fatty  acids and alcohols 
adsorbed on water. Substitution of chloro-, bromo-, 
or iodo- for a terminal hydrogen atom in hexadecanoic 
acid was found to decrease AF by 1100 to 1300 mv. in 
a close-packed monolayer. However, the change in 
AF caused by replacement of the co-hydrogen in octa- 
decanol by fluorine was only 675 mv., appreciably less 
than the change caused by the substitution of the 
other halogens on hexadecanoic acid. From the 
literature values of the C -F  dipole moment, which is 
equivalent to the dipole moment of the -C H 2F group 
when obtained from a paraffin compound , 21 one would 
expect the decrease of AF to be as large as for the 
other halogens. The reason th a t the values of AF 
are not the same for each halogen may be th a t the di
pole moment of each carbon-halogen bond in a closely 
packed monolayer is modified to a different extent by 
mutual lateral polarization. This possibility is re
inforced by Fig. 8 which shows th a t the perpendicular 
component of the apparent dipole moment, m(ch,x)P, 
varies with the covalent radius (or polarizability) of 
the halogen atom.

The term n mp used in this report for the contribu
tion of the polar adsorbing group to the molecular 
dipole moment is analogous to the term /ucoomaq 
used previously by Bernett and Zisman .5 The values 
reported here for ^ (0)P do not agree with those de
termined previously ,6 because here we have assumed 
a different polarity for the dipole moment of the 
terminal -C H 3 group. Bernett and Zisman used a 
value of 0.3 D. for the vertical component of the -C H 3 

dipole moment, assuming a bond polarity of C _- H +. 
In the present study a value of 0.3 D. was also used, 
but we assumed the reverse polarity, C +-H ^ ; this 
was done because values obtained by theoretical and

(20) J. W. Smith, "Electric Dipole M om ents,” B utterw orths Scien
tific Publications, London, 1955, pp. 92, 119-125.
(21) C. P. Smyth, "Dielectric Behavior and S tructure,” McGraw-Hill 
Book Co., Inc., New York, N. Y., 1955, pp. 240-245.
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spectroscopic methods19 indicate th a t the true polarity is C +-H ~, giving the C -H  bond the same polarity as 
of the C -H  bond in a saturated aliphatic compound the C -X  bonds.

Influence o f W ater Structures on the Surface

Pressure, Surface Potential, and Area o f Soap

Monolayers o f Lithium, Sodium, Potassium , and Calcium

by D. F. Sears

Tulane U niversity, School o f M edicine, N ew  Orleans, Louisiana

and Jack H. Schulman

Columbia University, School o f M in es , Stanley Thom pson Laboratories, N ew  York, New York 
(.Received A p r il  18, 1964)

Force-area and surface potential-area curves were obtained a t 15, 25, and 37° for stearic 
acid on 0.1 N  HCI and 0.5 N  hydroxides of lithium, sodium, and potassium. Differences 
in areas per molecule a t the same tem perature and surface pressure on the different sub
strates indicated th a t the hydrated ion associated with the carboxyl group of the stearate 
determined the expansion of the monolayer. Areas per molecule increased in the sequence 
Li <  Na <  K. Trace amounts of calcium, when added to the hydroxide substrates, 
markedly decreased the expansion effected by the monovalent ions. On bicarbonate sub
strates of sodium and potassium, compression of the monolayer promoted removal of the 
respective cation. This removal allowed the area per molecule a t high surface pressures 
to compress to the area of stearic acid on 0.1 N  HCI. Calculation of the surface compres- 
sional modulus indicated tha t the monolayers on the hydroxide substrates were liquid ex
panded. The effect of tem perature was examined by determining the change in surface 
pressure with change in tem perature at constant area per molecule (A  A t /  A T ). The 
values varied with tem perature and with the compression of the monolayer. Stearic acid 
on the acid substrate gave A  A t / A T  values which increased with increasing areas per 
molecule, whereas on hydroxide substrates the monolayers gave decreasing values with 
increasing area. W ithin the same tem perature range and for the same area per soap 
molecule, values for A  A t / A T  increased in the sequence Li <  Na <  K.

Introduction
Adam and M iller1 reported expansion of fa tty  acid 

monolayers on alkali solutions of sodium and potassium. 
On 2 A  hydroxides, limiting areas extrapolated to zero

compression were 31 and 38 Â .2/molecule for sodium 
and potassium soaps, respectively. Experiments with 
adsorbed monolayers of sodium and potassium oleate 
at a benzene-water interface indicated that potassium
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oleate monolayers were more expanded than sodium 
oleate . 1 2 This paper examines to what extent this ex
pansion is due to the size of the hydrated sodium or 
potassium associated with the fatty  acid monolayer.

Studies of ionic radii and hydration of ions have 
been reviewed by Stern and Anris. 3 The methods re
viewed gave information concerning ion size in solu
tion. I t  remains to be shown whether these measure
ments apply to ions a t an interface. Information con
cerning the relative sizes of Na+ and K+ at an inter
face can be obtained from the monolayer technique 
after accounting for the effects of ionization and elec
trostatic repulsion bet ween the molecules.

The hydrated sizes of Na+ and K+ are of biological 
significance. Cell membranes accumulate K + in the 
cell interior while excluding N a +. Theories developed 
to account for the selectivity have been based in part 
on estimates of the size of hydrated ions derived 
from hydration numbers.

Some values taken from the extensive study of 
Stokes and Robinson4 for n  (the number of water 
molecules interacting with the cation with an energy 
large compared to k T )  and for & (the distance of closest 
approach to the hydrated cation by the anion, assumed 
to be unhydrated) are given in Table I. Values for

Table I

Salt n à

LiCl 7.1 4.32
NaCl 3 .5 3.97
KC1 1.9 3.63

other salts of the same cations vary as a function of the 
anion size, but the same order, Li >  Na >  K, for n  
and a was maintained.

Since it is a t the cell m embrane-water interface that 
ion transport occurs, knowledge of the properties of 
the cations in an interfacial region rather than in the 
bulk of a solution is pertinent for biological considera
tion. Structuring of water at interfaces is indicated . 5 

The work of Derjaguin and Titijevskaya6 on free films 
and froths showed that water layers adjacent to sodium 
oleate-adsorbed films were oriented to as much as ten 
molecules thick and were characterized by a low 
dielectric constant. At an interface, the hydration 
numbers given by Stokes and Robinson4 for n  may be 
expected to increase due to a reduction in thermal 
agitation.

This investigation was undertaken to measure the 
relative ion sizes with the monolayer technique.

Force-area ( r - A )  and surface potential-area (AV -A )  
curves of stearic acid spread on 0.5 N  hydroxides of 
lithium, sodium, and potassium were examined. Care 
was taken to remove traces of C a + 2 which might affect 
the results. At pH 13 saponification is essentially com
plete. The data reported here show th a t lithium, 
sodium, and potassium cause expansion of the mono- 
layers of stearic acid and the limiting areas of these 
cations at the interface increase in the sequence Li 
<  Na <  K; this is the reverse of the sequence found for 
hydration sizes measured in the bulk solution.

Methods
7v-A  curves were obtained using a Wilhelmy balance 

which had a sensitivity of 0.2 dyne/cm. Both fused 
silica troughs and aluminum troughs coated with 
Teflon were used. No difference in the force-area 
curves could be detected because of differences in the 
troughs. Stearic acid was obtained from K and Iv 
Laboratories and was recrystallized six times, m.p. 
68-69°. Normal hexane used for diluting the stearic 
acid was chromatographically pure. Substrate solu
tions were made with Pyrex distilled water. Sodium 
hexametaphosphate (Calgon) was added to the sub
strates (0.5 g./l.) to bind any calcium present. The 
acid and bicarbonate solutions were filtered over acti
vated charcoal. Substrates were allowed to stand in 
the trough to accumulate any surface-active contami
nants a t the surface. The surface was then cleaned 
with a paraffined glass slide and suction. The tem 
perature was regulated by surrounding the trough with 
water circulated from a water bath and was measured 
with a thermometer submerged in the substrate. 
Surface potentials were determined by the method 
described by Schulman and Rideal.7 * A Keithley 
electrometer with an input impedance of 1 0 14 ohms was 
used.

Results
Figure 1 shows the ir-A  and A V - A  curves for stearic 

acid on 0.1 N  HC1 and on 0.5 N  solutions of lithium, 
sodium, and potassium hydroxides at 15°. Each

(1) N. K. Adam and J. G. F. Miller, Proc. Roy. Soc. (London), A142, 
401 (1933).
(2) D. F. Sears and R. M. Eisenberg, J . Gen. P hysiol., 44, 869 
(1961).
(3) K. H. Stern and E. S. Amis, Chem. Rev., 59, 1 (1959).
(4) R. H. Stokes and R. A. Robinson, J . A m . Chem. Soc., 70, 1870 
(1948).
(5) J. T. Davies and E. K. Rideal, “ Interfacial Phenom ena,” Aca
demic Press, New York, N. Y., 1962.
(6) B. F. Derjaguin and A. S. T itijevskaya, Proc. In tern . Congr. 
Surface A ctivity, 2nd, London, 1, 211 (1957).
(7) J. H. Schulman and E. K. Rideal, Proc. Roy. Soc. (London),
A130, 259 (1931); A138, 430 (1932).
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o p
A per molecule

Figure 1. Force-area (bold lines) and surface potential- 
area (light lines) curves for stearic acid on various 
substrates a t 15°. Each curve represents the average 
of three or more experiments on the respective substrates. 
The pH values for the alkali substrates a t 15° 
were: LiOH, 12.6; NaOH, 13.2; and KOH, 13.4.

°?A per molecule

Figure 2. Force-area (bold lines) and surface potential- 
area (light lines) curves of stearic acid on substrates a t 
25°. Each curve represents the average of three or 
more experiments. The pH  values for the alkali substrates 
were: LiOH, 12.6; NaOH, 13.2; KOH, 13.4.

curve represents the results from three or more experi
ments. Highest force values plotted for each curve 
are the breaking pressures with the exception of 
stearic acid on 0.1 IV HC1 which gave breaking pressures 
as high as 44 dynes/cm. A V - A  values for stearic 
acid on 0.1 N  HCI increased with compression to +390 
mv., air with respect to water. For stearic acid spread 
on hydroxide solutions, AF was negative, air with 
respect to water. Erratic fluctuations of AF occurred

o
at areas less than about 20 A.2/molecule for the acid 
on LiOH, about 30 A.2/molecule on NaOH, and 40 
A.2/molecule on KOH, which suggests th a t the mono- 
layers had broken a t these areas. For KOH, the ir-A  
curves did not show an indication of breaking until 
about 25 A.2/molecule. At pressures where coherent 
monolayers were obtained for all substrates, the area 
per molecule increased in the order H <  Li <  Na <  K, 
and the surface potentials were negative for the hy
droxide solutions in the order Li >  N a >  K.

Figure 2 shows the results from experiments per
formed a t 25° with the same group of solutions. 
t - A  curves indicated th a t the monolayers were more 
expanded a t this tem perature than a t 15°. The same 
order of expansion on the different substrates was ob

served. The highest pressures shown are the breaking 
pressures, except for stearic acid on HCI. F luctua
tions of AF values suggested tha t breaks occurred 
a t larger areas than indicated by t - A  curves. AF 
values for the monolayers on hydroxides were still 
negative, air with respect to water, but, in the case of 
the sodium and potassium hydroxide substrates, they 
showed a tendency to become positive with compres
sion.

Figure 3 shows the results from experiments per
formed a t 37°. Further expansion was observed for 
each monolayer a t this tem perature as compared with 
25°; however, the increase was slightly less than be
tween 15 and 25°. The same order of expansion 
between the different substrates was observed, i.e., 
Li <  Na <  K. At this tem perature the A V - A  curves 
were negative a t large areas per molecule, but on so
dium and potassium hydroxide the values became 
positive with compression. Since the ir-A  curves still 
showed the expansions associated with the respective 
cations, we ascribed the surface potential values to 
changes in the orientation of water about the acid- 
cation association.

Further evidence for the assumption th a t the orien-
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Figure 3. Force-area (bold lines) and surface potential- 
area (light lines) curves for stearic acid on substrates 
a t 37°. Each curve represents the average of 
three or more experiments. The pH values for 
the alkali substrates a t this tem perature were:
LiOH, 12.6; NaOH, 13.2; and KOH, 13.5.

tation of water caused the surface potential values was 
found when the millivolts per molecule was determined 
from the surface potential data. This was obtained 
from A V /N ,  where N  is the number of molecules/cm.2. 
W ith compression at 15°, the electrical potential per 
molecule approached zero and the values were similar 
for all three hydroxide substrates. For the acid sub
strate the value decreased from a maximum value at 
22 A.2/molecule of 8 6  X 1(H14 mv. to 6 8  X 10~ 14 mv.

o
at 17.5 A. 7  molecule. This corresponds to a decrease 
in the dipole moment from 254 to 201 raD. due to 
compression. Since compression causes an alignment 
of molecules, it was expected th a t higher values of 
dipole moments would be obtained with compression 
rather than a decrease. The observed decrease of po
tential which occurred with both the acid and the hy
droxide substrate could be explained on the basis of 
disorder in orientation of water molecules about the 
carboxyl end of the molecule.

The surface compressional modulus (Cs~l) defined as

C.-1 = (— l/A(d/l/d jr) t) -1
was calculated for each monolayer on hydroxide sub

strates. Values obtained varied within the range of
12.5 to 50, indicating that the monolayers were liquid 
expanded.

Figure 4 shows the effect of C a+ 2 on monolayers with 
NaOH or KOH substrates at 25°. When approxi
mately 0.006 g./l. of Ca(OH ) 2 was added to 0.5 N  
NaOH or KOH, sufficient C a+ 2 was present to condense 
the monolayers. Greater amounts of C a +2 added to 
NaOH caused greater compression of the monolayer. 
At larger areas per molecule the effect of calcium was 
less marked than a t smaller areas per molecule. Breaks 
in the force-area curves suggest different proportions 
of calcium to sodium or potassium associated with 
the stearate radical with progressive compression.

Experiments with 0.5 N  Na and K H C 0 3 as substrates 
were performed. The pH of these substrates was 8.5. 
Figure 5 shows curves on N aH C 0 3 and K H C 0 3 a t 
25°. At low surface pressures these ir-A  curves were 
expanded to resemble the curves on hydroxides. Sur
face potentials were negative. Compression resulted 
In limiting areas which were only slightly more ex
panded than stearic acid on 0.1 N  HC1. Thus sodium 
or potassium was removed from the monolayer with 
increasing compression and the surface potential be
came positive in this case indicating the formation of

t? per molecule

Figure 4. Effect of C a+2 in the substrate w ithout the 
addition of Calgon. Force-area curves for N a and K 
substrates from Fig. 2 were included for comparison. These 
two curves represent actual data  from representative 
experiments and not averages as repeats of the experiments 
with calcium present agreed only qualitatively.
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Figure 5. Force-area and surface potential-area curves of 
stearic acid on 0.5 N  NaHCOa and KHCOt. The pH of the 
bicarbonate substrates was 8.5 a t 25°. The curves for 
stearic acid on 0.1 N  HC1 were included for comparison from 
Fig. 2. The sodium curve is more expanded than the potassium. 
Surface potentials on the bicarbonate substrates reverse 
sign during compression which did not occur with 
compression on 0.5 N  hydroxides a t this tem perature.

the acid stearate. The sodium curves were more ex
panded than the potassium curves; similar results,
i.e., Na >  K, were reported by Rogers and Schulman8 

for the alkyl sulfates.
The effect of tem perature on the monolayers was 

examined on the basis of the relation A  A w /A T , the 
change in surface pressure a t constant area a t two dif
ferent temperatures. Since values for w corresponding 
to area from our experiments were available only at 
15, 25, and 37°, the data are sufficient only to show 
the direction of the changes. The term A  A w /A T  
may be compared to Harkins ’ 9 expression for the en
tropy of expansion of a film on water

se =  (dS/do-f)r ,„w =  — (dyf/d 7 %

where se is the entropy per unit area, S  is the total 
entropy, at is the molecular area of the film molecule, 
crw is the area of the water, and yt is the surface tension 
of the film. Values for A  A w /A T  were determined from 
curves a t 15 and 37°; for stearic acid on the acid sub-

aatt

°?A^per Molecule

Figure 6. P lo t of A  Air/AT values a t  different areas per 
molecule. The tem peratures used were 15 and 37° to  give 
AT  as 22° and pressures a t these two tem peratures 
were measured a t the areas indicated to  give Air. The 
small arrows indicate the estim ated hydrated  sizes of the 
cations based upon the assumptions discussed in the text.
The magnitudes of the values are dependent upon 
the choice of tem peratures as greater expansions, hence greater 
Aw values, were obtained between 15 and 25° than between 25 and 
35°. Thus measurements based upon A T  of 10° between 15 and 
25° would have given larger values for A A w /A T . However, 
the same relation between the curves is maintained.

strate the values increased with increasing area per 
molecule, for the hydroxide substrates the values de
creased with increasing area. Values obtained from 
data a t 15 and 37° are shown in Fig. 6 . On the acid 
substrate, stearic acid shows an increase in A  A w /A T  
which corresponds to increasing entropy, since

- ( d y / d T ) A =  +  (d w /d T ')A

Values are shown in ergs X 10_16/molecule deg.“ 1. 
The decrease in values with increasing area per mole
cule on the hydroxide substrate indicates a decrease in 
the randomness of the orientation as expansion occurs.

Discussion
Stearic acid monolayers are expanded on hydroxide 

solutions in agreement with earlier reports in the 
literature. The degree of expansion varies with the 
specific cation. Adam 10 a ttributed the loss of adhesion

(8) J. Rogers and J. H. Schulman, Proc. Intern. Congr. Surface 
Activity, 2nd, London, 3, 243 (1957).
(9) W. D. Harkins, “ The Physical Chemistry of Surface Films,” 
Reinhold Publishing Corp., New York, N. Y., 1952.
(10) N. K. Adam, “The Physics and Chemistry of Surfaces,” Oxford 
University Press, London, 1941.
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between the fatty  acid molecules on the alkaline 
substrate and, consequently, the expansion of the mono- 
layer to repulsion between the similar electrical charges 
on the adjacent end groups. Our experiments do not 
support this explanation. The reaction

H(FA) +  B(OH) — ► B(FA) +  HOH

is essentially complete a t a pH which is three units 
higher than the pK  of the acid. For the experiments 
a t pH  13 on the hydroxides, the saponification of the 
fa tty  acid by the alkali would be complete. At a 
lower pH  on the bicarbonates (8.5) the degree of as
sociation between the cation and the fatty  acid could 
be less than complete, the actual degree of association 
depending upon two values, the pK  of the anion and 
the pH a t the interface. On the substrates a t pH 8.5 
compression was accompanied by the removal of cat
ions as demonstrated by the force-area and surface 
potential-area curves. Both of these curves ap
proached the values obtained for stearic acid spread on 
0.1 N  IJC1 with compression. The similarity of the 
curves a t the two different regions of pH values (pH 
1 and 8.5) indicate th a t the difference in degree of 
ionization of the fatty  acid plays only a small role in 
determining the force-area relations of the monolayer 
as compared with the specific cation effect.

The question also arises with respect to the magni
tude of the electrical field which would produce the 
repulsion of adjacent soap molecules. We found no 
information concerning the dipole moment of soap 
molecules other than the values obtained from the 
surface potential measurements. These measurements 
indicate tha t this moment is small. This also suggests 
th a t electrostatic repulsion between adjacent soap 
molecules was not an im portant factor in determining 
the expansion of the monolayer.

Replacement of N a+ or K+ by C a +2 a t  pH 13 with 
compression of the monolayer as shown in Fig. 4 
further demonstrates a specific effect which is a ttribu t
able to characteristics of the cation. At large areas 
per molecule the Na+ or K + could compete with the 
calcium for the stearate; however, with reduction of 
the area per molecule, calcium predominated by virtue 
of its two valences and finally replaced monovalent 
cations tha t due to hydration size could not compress 
to the area available.

Taking the diameter of a water molecule to be 2.7 A. 
and assuming a sheath of water one molecule thick 
to be arranged about the cation with the crystalline 
radii given by Pauling , 11 the following areas per cation

would be obtained: Li+, 35.7 A.2; Na+, 42.3 A.2; 
and K+, 51.5 A.2.

In the bulk solution, thermal agitation does not allow 
a complete saturation of the sphere of w ater about the 
cation. Thus Stokes and Robinson4 consider the 
water associated with the cation with an energy greater 
than k T . The size of the ions in the bulk would be 
related to the energy of hydration of the ion. How
ever at the interface, in a layer of “soft ice/ ’ 6 reduction 
in thermal energy may allow a more complete filling 
of the hydration region about the ion. Thus a t the 
interface the size of the hydrated ion would be related 
to its actual crystalline size rather than to the energy 
of hydration. Figure 6  shows th a t the disorder in the 
soap monolayer decreased a t areas per molecule greater 
than that required fo r  a completely filled  hydration shell.

Boyd12 stated tha t hydration of the polar carboxyl 
groups in the monolayer gives a negative entropy con
tribution. The data presented in Fig. 6  suggest th a t 
increasing the area per molecule allows the orientation 
of water about the polar region which decreases the 
disorder in the soap monolayer. This did not occur in 
the case of the stearic acid spread on 0.1 N  HC1 where 
the interaction between the hydrocarbon groups 
played the major role in the structuring of the mono- 
layer and increasing the area per molecule allowed 
greater disorder.

Comparison of the values for the different soaps 
a t the same area per molecule shows th a t A  A ir /A T  
is less for lithium than for sodium and less for sodium 
than for potassium. These results are consistent with 
a high degree of order between the head group and 
water which decreases in the sequence Li >  Na >  K. 
In  water a t 25°, the partial molal entropies according 
to the values listed in Gurney13 are: Li, 4.7 e.u .; 
Na, 14.0 e.u.; and K, 24.2 e.u. Thus the order which 
exists in the soap monolayer is related to the order 
which exists between the water and the cations.

The results indicate th a t cation size is an im portant 
factor in characterizing soap monolayers, th a t the size 
is due to the hydration of the cation, and th a t the hy
drated size in the surface region where structuring of 
water occurs leads to the size sequence Li <  N a <  K.
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The Effect of Mechanically Produced Waves 

on the Properties of Monomolecular Layers

by Thomas W. Healy1 and Victor K. La Mer

Department o f M inera l Engineering, Columbia U niversity, N ew  York, N ew  York {Received J a n u a ry  2 7 , 196If)

Monolayers of n -paraffinic alcohols on water were subjected to the action of mechanically 
produced capillary waves, and the surface pressure-area per molecule isotherms were 
measured while the disturbance was present. For high amplitude capillary waves, the 
surface pressure behavior a t pressures less than about 15 dynes cm . - 1  could be understood 
in terms of the increase in area due to the wave. At higher pressures, this increase in area 
was not sufficient to explain the isotherm for the wave-covered surface. Mechanisms 
relating to submergence and collapse of the monolayer are discussed, and the effect of 
capillary waves on the ability of monolayers to retard evaporation of water is considered.

Introduction
I t  is nowT well established th a t monolayers of long- 

chain alcohols and other surfactants can, under suitable 
conditions, retard the evaporation of water in the 
laboratory and in the field. 2 This principle has found 
application in field tests in the U. S. and Australia in 
particular, where significant savings of usable water 
have resulted.

The Columbia University Evaporimeter, developed 
by Archer and La M er3a and improved by La M er and 
Barnes3b is basically an instrument th a t uses the trans
port of water molecules as a probe to examine the prop
erties of monolayers. This Evaporimeter is a surface 
balance with a desiccant assembly, suspended a few 
millimeters above the water surface, that records the 
mass of water per unit time th a t passes through a known 
area of the liquid-air interface that is either clean or 
covered with monolayer. The theory of this phenom
enon and of the Evaporimeter have been well estab
lished in a series of experiments conducted a t Columbia 
University by La Mer and co-workers over the past 12 
years . 2

In order to achieve reproducible results, free from the 
erratic disturbing effects of a current of air, and thus 
avoid the erroneous results which vitiate the work of 
earlier investigators, our investigations have been 
made exclusively under static conditions. I t  is of in
terest to extend these studied by introducing a mechani
cal vibration (i .e ., waves without wind)4a'b on the water

surface and monitor the properties of the monolayer 
subjected to this disturbance.

A monolayer on a reservoir is subjected to continual 
disturbance by the action of wind. The monolayer 
moves laterally over a body of water as a “slick.” In 
addition, the wind creates waves on the water surface 
th a t are either gravity waves, i.e ., of long wave length, 
or capillary waves, where the wave length is less than 
about 1.0 cm. The movement of slicks and the effect 
of gravity waves have been and are again receiving inves
tigation . 4-6 The damping action of monomolecular 
layers on capillary waves (often referred to as ripples) 
has been investigated from the theoretical and practical 
point of view .7 -1 3  Since this investigation is oriented 1 2 3 4 5 6 7 8

(1) D epartm ent of Mineral Technology, University of California, 
Berkeley, Calif.
(2) V. K. La Mer, Ed., “ R etardation of E vaporation,” Academic 
Press, New York, N. Y., 1962.
(3) (a) R. J. Archer and V. K. La Mer, J . P hys. Chem., 59, 200 
(1955); A n n . N . Y . Acad. Sci., 58, 807 (1954); (b) V. K. La M er and 
G. T. Barnes, Proc. N atl. Acad. Sci. U. S ., 45, 1274 (1959).
(4) (a) H. Lamb, “ Hydrodynam ics,” 6th Ed., Dover, 1932; (b)
on this topic, H. Lamb, ibid., p. 60, has noted: “ Owing to the ir
regular, eddying character of a wind blowing over a roughened sur
face, i t  is no t easy to give more than  a general explanation of the 
manner in which it generates and m aintains waves.”
(5) W. W. Mansfield, A ustra lian  J .  A p p l. Sci., 10, 73 (1959).
(6) I. K. H. M cArthur, Research, 15, 230 (1962).
(7) (a) J. T. Davies and E. K. Rideal, “ Interfacial Phenom ena,” 
Academic Press, New York, N. Y., 1961, pp. 265-274; (b) J. T. 
Davies, Chem. In d . (London), 906 (1962).
(8) W. D. G arre tt and J. B. Bultm an, J . Colloid Sci., in press.
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primarily toward the retardation of evaporation of 
monolayers, recourse to some of the wave-damping 
equations is made with minimal comment only.

The prime motivation for studying the effect of 
capillary wave action on evaporation suppression is 
that it is the capillary waves and not the gravity waves 
that are directly affected (i.e., damped out) by the mono- 
layer on the water surface. However, it is also impor
tant to keep in mind the interrelation between capillary 
and gravity waves. Capillary waves are thought to be 
generated by complex flow patterns either in the water 
or in the air, particularly in the region of the wave 
crests. Furthermore, the gravity waves, as they be
come steeper, can in fact generate a capillary wave 
pattern, even in the absence of wind, on the face of the 
gravity wave. 14 In this way, the capillary waves can 
play a significant role in the generation of waves by 
wind, in tha t they tend to delay the onset of breaking 
and therefore complete rupture of the monolayer. The 
fundamental importance of capillary waves on a water 
surface is th a t their formation tends to dissipate the 
energy of the gravity waves.

Theory of the Wave
We shall consider a section of water surface of length 

L cm. and breadth B  cm. within which is contained a 
thin bar slightly less than B  cm. long and oriented at 
right angles to the length of the water area. Let this 
bar oscillate in the surface at some frequency /  c.p.s., 
and with an amplitude of a0 cm. If the x-axis is along 
the length of the trough and the yy-axis is a t right angles 
to the water surface, then the oscillation is in the y - z  
plane. The wave profile is shown in Fig. 1.

The equation of the wave is

V = a0e — ux 2 7T
C O S  — X

X ( i )

where u  is the damping coefficient and X is the wave 
length. We now require the area of the disturbed sur
face relative to the static surface. Let d>S be the 
length of an element of the curve, then

d S  = [1 +  (d y /d x V ] '/* (2 a)

= { '/ i ( & y /d x y  — ‘/gfd.v/d.r) 4 +  1/ i 6(dy//d.r)6]dx (2 b)

= [1 +  1, 2(d.i//d.r)2]d.r (2 c)

where eq. 2c is approximately true, provided X > >  a. 
The area of the disturbed or rippled surface, in terms of 
the length along the damped oscillation is S and is given
by

dx (3)

Figure 1. Schematic profile of damped 
oscillation of wave length, X, in cm.

The surface pressure-area per molecule curve for the 
disturbed surface can be calculated from this equation 
and the corresponding curve for the static surface. 
Such a calculation involves the assumption th a t the de
crease in surface pressure caused by the disturbance is 
due solely to the increased area of the rippled surface as 
compared to the static surface. For the present, a 
wave length (X) of 0.5 cm. and an initial vibrator ampli
tude (a0) of 0.0655 cm. were used for most experiments. 
The area of water surface onto which the disturbance 
was applied was 14.1 cm. X 30.0 cm. (i.e., n  = 60). 
For these conditions, the percentage increase in area of 
the disturbed surface can be expressed in terms of the 
damping coefficient (u ). Since u  is a function of the 
surface pressure, the increase in area a t a given pressure 
can be calculated and the pressure-area diagram for a, 
disturbed surface can be determined.

Experimental
A pparatus. Our Evaporimeter consists of a Lang

muir trough of Pyrex glass, Wilhelmy plate assembly 
(the plate of roughened mica was suspended a t right 
angles to the waves), desiccant box assembly to record 
the evaporation resistance of the monolayer,2’3a and a 
wave generator. The wave generator was a T-bar lying 
in the water surface, approximately 10 to 15 cm. from 
the Wilhelmy plate, which vibrated in and out with re
spect to this water surface. The T-bar was cemented 
to the voice coil of a 24-cm. speaker. The voice coil 
was approximately 1.9 cm. in diameter. The speaker

( 9 )  F .  C .  G o o d r i c h ,  J . Phys, Chem., 6 6 ,  1 8 5 8  ( 1 9 6 2 ) .

( 1 0 )  F .  C .  G o o d r i c h ,  Proc. Roy. Soc. ( L o n d o n ) ,  A260, 4 8 1  ( 1 9 6 1 ) .

( 1 1 )  R .  G .  V i n e s ,  A ustra lian  J . P hys., 1 3 ,  4 3  ( 1 9 6 0 ) .

( 1 2 )  R .  D o r r e n s t e i n ,  Proc. Acad. Sci. A m sterdam , B54, 2 6 0 ,  3 5 0  
( 1 9 5 1 ) .

( 1 3 )  R .  C .  B r o w n ,  Proc. Phys. Soc. ( L o n d o n ) ,  4 8 ,  3 1 2 ,  3 2 3  ( 1 9 3 6 ) .

( 1 4 )  M .  S .  L o n g u e t - H i g g i n s ,  J . F luid M echanics , 1 6 ,  1 3 8  ( 1 9 6 3 ) .
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was fed via an amplifier with a 60-c.p.s. signal from a 
Knight audio generator. The signal a t the voice coil 
was monitored with a high-resistance voltmeter. The 
scale of the voltmeter was calibrated as described below, 
so as to read (in cm.) the initial amplitude of the vibra
tor. To calibrate the voltmeter, a small mark was made 
on the vertical bar of the T-bar, and the area around 
this mark was illuminated with stroboscopic light where 
the frequency of the stroboscope differed slightly from 
the frequency of the vibrator. The limits of motion of 
the mark were determined with a cathetometer. In 
this way, calibration curves of speaker volts vs. vibrator 
amplitude (cm.) were constructed at a number of fre
quencies. The apparatus and theory of the evapora
tion resistance technique have been described else
where. 2’ 8

M aterials. The straight-chain alcohols of 14-20 
carbons were recently received, new high purity samples 
supplied by a m anufacturer who also furnished gas 
chromatographs showing only one peak. The need for 
exceptional purity in these studies has been discussed 
in papers by La Mer and Aylmore, 15 and La Mer, Ayl- 
more, and Healy . 16' 17 All monolayers were spread 
from n-hexane solution in the standard manner.8b

Results

Figure 2 summarizes the results of surface pressure 
(Il)-area per molecule (A) experiments for n-paraffinic 
alcohols of 14-20 carbon atoms per chain when present 
as monolayers on static and disturbed surfaces. These 
results are for a wave of initial amplitude (a0) of 0.0655 
cm. and frequency of 60 c.p.s. A solid curve, A, is the 
conventional pressure-area diagram, i.e., on a static 
surface, while the broken curve, B, represents the cal
culated curve for a disturbed surface assuming th a t the 
wave provides an additional area per molecule accord
ing to eq. 4. At surface pressures of 6 .8 , 13.8, 29.8, and
46.8 dynes cm.-1, the corresponding damping coeffi
cients are 0.175, 0.185, 0.23, and 0.32 from the results 
of Vines. 11

In Fig. 3 is shown the effect of varying the initial 
amplitude of the wave. The area per molecule values 
of both figures refer to a static surface.

The effect of ripples on the specific resistance to 
evaporation is shown in Table I, where the quantities 
n s and lid refer to the surface pressure of monolayers 
on static and disturbed surfaces, while ra and rd refer 
to the specific evaporation resistance of monolayers on 
static and disturbed surfaces, respectively. The rd 
values were calculated from the previously determined 
resistance-surface pressure curves of the alcohols1617 

and from the results of Fig. 2.
Attempts to measure the evaporation resistance

Area /  molecule ( Sq. A)
Figure 2. Surface pressure-area per molecule diagrams for 
pure re-paraffinic, alcohols of from 14 to 20 carbons. Curve 
A is the conventional pressure-area diagram, i.e., on a static 
surface. Curve B is the calculated pressure-area diagram 
assuming th a t the wave contributes only to increase in area.
The four sets of points are the pressure-area experimental 
results for a disturbed surface.

while the surface was disturbed were only partially suc
cessful; a modification of the technique is required. 
However, preliminary results confirm the values of 
Table I. The important fact remains that such capil
lary waves as are here investigated, a t pressures of the 
order of 30 dynes cm .-1, reduce the evaporation resist
ance by the order of 25-30%.

Discussion
The present capillary ripple experiments were de

signed primarily to see the effect on monolayers of rela
tively high intensity disturbances. Previous workers 
had not detected any effect of the wave on the surface 
pressure (see, for example, the discussion following ref. 
9), since the effective increase in area caused by the 
wave used by these investigators was negligible.

From Fig. 2 it can be seen tha t below about 15 dynes 
cm . - 1  the disturbed surface pressure-area results can be

(15) V. K. La Mer and L. A. G. Aylmore, Proc. N ati. Acad. Sci. 
U. S ., 48, 316 (1962).
(16) Y. K. La Mer, L. A. G. Aylmore, and T. W. Healy, J . Phys. 
Chem., 67, 2793 (1963).
(17) V. K. La Mer, L. A. G. Aylmore, and T. W. Healy, Proc. Aratl. 
Acad. Sci. U. S ., in preparation.
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Table I :  Specific Resistance to Evaporation and Surface
Pressure Value for Pure Straight-Chain Alcohol 
Monolayers on S tatic (s) and Disturbed (d) Surfaces“

U, r6 nd "d n„ rs nd rd

c ,14 C i e

12.3 0.22 7 .3 0.15 7.7 0.58 5.1 0.43
19.0 0.33 11.5 0.21 14.3 0.94 10.2 0.74
28.4 0.42 17.5 0.30 26.0 1.30 15.4 0.98
38.5 0.55 21.5 0.34 34.6 1.50 20.3 1.10
Coll.6 24.4 0.37 43.0 2 .0 25.4 1.22
Coll.6 25.3 0.38 Coll.6 32.3 1.40

C l 8 C20
8.1 1.15 4 .2 0 .5 5.8 2 .0 4.0 1.0

15.6 1.90 8 .0 1 15 15.0 4 .5 11.4 3 .8
31 0 2.70 15.5 1.90 28.6 6 .5 16.6 4 .8
40.0 3.40 23.2 2.30 36.0 7.8 19.5 5.2
Coll.6 30.3 2.70 Coll.6 24.6 5.9

“ Units: n , surface pressure in dynes cm .-1; ?-, specific re-
sistance to evaporation in sec. cm. '. 6 Collapse.

Figure 3. The effect of varying the initial amplitude 
of the wave on the pressure-area curves for pure 
octadecanol on a disturbed surface.

attributed to the increase in area associated with the 
rippled surface. However, above this pressure, the 
results for all alcohols indicate tha t there is a loss of 
alcohol from the monolayer. This may be attributed 
to either a collapse-type process in which the monolayer 
transforms into islands of duplex film, or to a process

tha t we shall refer to as submergence, in which the film
forming molecules are transferred from the monolayer 
to the bulk water. This can be imagined to occur 
as follows: below a crest of the wave, the liquid can 
be thought to be a cylinder of revolution of fluid, 
revolving in the direction of propagation of the wave 
train.

This flow, together with the general stretching and 
compression of the monolayer, will result in surface 
pressure gradients being set up in the monolayer; 
the surfactant will not be uniformly distributed over 
the wave profile. Such a surface tension gradient will 
cause flow of molecules of the surfactant together with 
several layers of underlaying, partly bound water into 
the regions of lower pressure (Marongoni effect). 
I t  is probable tha t a t the top and just forward of the 
crest there will be a region of higher surface pressure 
than along the portion of the wave between the crest 
and the trough. In  this way, the flow of bulk water, 
interfacial water, and the flow of the monolayer mole
cules all tend to the point of inflection of the wave 
profile. I t  is reasonable to expect tha t with a suf
ficiently energetic wave tha t monolayer may be sub
merged a t this point and carried under the surface. 
These effects are all maximized a t this point of greatest 
amplitude of the capillary wave, which in the present 
experimental arrangement is a t the wave generator. 
However, it must be pointed out tha t no breakage or 
turbulence was observed along the length of the T~ 
bar lying in the water surface.

Since deviations of the surface pressure of the 
alcohols from curve B of Fig. 2 occur a t pressures as 
low as 15 dynes cm.“ 1, it is thought th a t a submergence 
mechanism is more appropriate than one analogous 
to collapse.

The pressure-area results for CMOH on a disturbed 
surface (see Fig. 2) show a distinct plateau around 26 
dynes cm .“ 1. Again in Fig. 3, a t high initial ampli
tudes, the curve for CisOH shows a similar plateau. 
From the point of view of the use of such monolayers 
to retard evaporation of water, waves will limit the 
maximum attainable pressure. This loss of mono
layer-forming molecules due to wave action with the 
accompanying reduction in surface pressure and, hence, 
the increase in evaporation, emphasizes the need of 
having excess material present in the monolayer. 
The grinder-duster technique described by Vines , 18 

in which solid flakes of monolayer-forming material 
are present in the monolayer, is ideally suited to

(18) R. G. Vines in “R etardation of E vaporation,” V. K. La Mer, 
Ed., Academic Press, New York, N. Y., 1962, p. 150.

T h e  J o u r n a l  o f  P h y s ic a l  C h e m is tr y



A d s o r p t i o n  a n d  F l o c c u l a t i o n  B e h a v i o r  o f  S i l i c a  S u s p e n s i o n s 3539

provide immediate repair to sections of the monolayer 
damaged by wave action.

A final observation, which supports either the col
lapse or the submergence mechanism, is of interest. 
At all pressures below the region of the plateau, when 
the disturbance is removed, the static pressure is re
covered. This rate of pressure recovery is an exponen
tial curve, and successive application and removal of 
the disturbance show negligible hysteresis in the plot 
of recovery a t pressure vs. time. In  the plateau

region, final approach to the static pressure after the 
initial rapid recovery of pressure is slow, so th a t 
successive application and removal of the disturbance 
is difficult to analyze.
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The Effect of Solid Content on the Adsorption and Flocculation 

Behavior of Silica Suspensions

by Jacqueline C. Kane, Victor K. La Mer, and Henry B. Linford

Departm ents o f Chemical and M inera l Engineering , Columbia U niversity, N ew  York, N ew  York 10027 
(.Received February 19, 1964)

This research analyzes the authors’ previously published results on flocculation in the silica- 
polymer system by considering both the theory of Smellie and La M er and the modification 
of Healy and La Mer, which treats the adsorption phenomenon more fundamentally. 
The variation of P m a t decreasing solid content is explained in terms of secondary adsorption 
resulting from the increased time intervals between unit floe—unit floe collisions. A method 
for calculating 6 , the ratio of rate constants for the adsorption and desorption processes, and 
6 , the fraction of the solid surface covered, as a function of added polymer concentration, 
is outlined. An analysis of the deviations from the eighth power filtration law in terms of 
b is also presented. The basic assumption th a t the adsorption mechanism obeys a Lang
muir-type equation has been justified. Preliminary calculations are included to  indicate the 
geometrical dimensions th a t exist when flocculation occurs in the silica-polymer system.

Introduction
In  1958, Smellie and La M er1 published a quanti

tative theory of filtration of suspensions flocculated 
by high polymers. This theory was later modified 
by Healy and La M er , 2 who interpreted the mechanism 
of the adsorption of high polymers by the substrate 
more fundamentally. They introduced the concept 
th a t a fraction of the to tal number of polymer segments 
interacted with a certain fraction of the active sites

on the surface of the solid substrate and thus improved 
the picture of simple Langmuirian adsorption.

Since this approach does not affect the original 
theory in respect to either the kinetics of flocculation 
or the filtration mechanism, we compare the equations 
in the two theories for the purpose of interpreting the

(1) R. H. Smellie, Jr., and V. K. La Mer, J . Colloid Sci., 13, 589 
(1958).
(2) T. W. Healy and V. K. La Mer, J .  Phys. Chem., 66, 1835 (1962).
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previously published data of Kane, La Mer, and 
Linford . 3

Theoretical

In  their treatm ent of the adsorption process, Smellie 
and La M er1 proposed th a t the equilibrium polymer 
concentration could be represented by

P  = Po -  k SLw e  (1)

where P  was the equilibrium polymer concentration, 
P 0 the initial polymer concentration, W  the solid con
tent, 6  the fraction of surface covered, and A;sl the con
stan t used by Smellie and La Mer dependent upon the 
fineness of grinding or specific surface area of the solid. 
In  our previously published research on silica, 3 the 
pertinent quantities were expressed as

P  and Po
g. of polymer „ „ ,
------ f — -----  x  io - 6

g. of water

g. of solid 
g. of water

X IO“ 2

ksh
g. of polymer adsorbed 

g. of solid
X 10- 4

(i9 is dimensionless extending from 0  to 1 )

Smellie and La M er assumed th a t the adsorption 
process could be represented by an isotherm of the 
Langmuir type

bP

1 +  bP
(2)

p  Vi I 0
= A  +  B P  o (5)

(Q ~  Qo)Vs 

or in a logarithmic form

hi (A 4)/(Q  — Q0) =  8 In B  +  8  In (P m +  P 0) (5A)

Differentiating and setting the derivative equal to 
zero to correspond to an optimum gives

P 0 (optimum) = P n
( 1  +  bkSLw y

1
+  2 k Si W  +  bksl}W *  (6 )

For details of this derivation, the reader should consult 
ref. 1 .

Healy and La M er2 proposed tha t when a polymer 
molecule concentrated at a solid-liquid interface, 
only /3-segments per average polymer molecule ad
sorbed and covered surface sites, with the remainder 
of the molecule protruding into the surrounding 
medium as extended segments. I t should be em
phasized th a t these /3-segments need not occupy /3 con
secutive sites on the surface. In fact, it is most prob
able th a t loops of extended segments separate the 
adsorbed segments from each other, such th a t they 
can be treated as separate “small molecules,” inde
pendent of other adsorbed segments along the polymer 
molecule. 4

By introducing the param eter /3 in the original 
derivation of Smellie and La Mer, Healy and La M er 
obtained

where b, as a first approximation and by analogy with 
the original derivation, is proportional to the ratio of 
the forward to reverse reaction ra te constants for ad
sorption. Combining eq. 1 and 2 yields

= b(Po -  k Shw e )  
l +  b(P 0 -  k SLw e )  {

By employing the geometry involved in the limiting 
form of the Kozeny-Carm an filtration equation, to
gether with basic area and volume relationships, 
Smellie and La Mer derived the expression

Q - Q o  = §°:’ K * w n i  -  e y  (4 )
/bo

Here Q and Q0 are the refiltration rates with and 
without polymer, respectively, R 0 is the radius of a 
prim ary particle, K  is a constant, and W  and 8  are de
fined above.

Rearranging and combining eq. 3 and 4 yields

0(Po -  P ) N / s S 0 = 8  (1 A)

where

p  =  Po -  M / d  (i b )

and

kB = sS 0/ N  (1C)

In  these equations, s is the number of sites per unit area 
of surface, S 0 is the total surface area of solid, N  is Avo- 
gadro’s number, P  and P 0 are expressed in moles of 
polymer, and 8  is again dimensionless. The subscript 
H refers to the constant of the Healy modification.

Reconciliation o f the Theories. Since the two ap
proaches are not m utually exclusive, an expression 
for ksL in terms of kB can be obtained by equating 
eq. 1 and IB and dividing by 8 .

(3) J. C. Kane, V. K. La Mer, and H. B. Linford, J . P hys. Chem., 
67, 1977 (1963).
(4) T. W. Healy, Ph.D. Dissertation, Columbia University, 1963.
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fcSLw  =  (P o  -  P )  =  k n

M  e ß
Since k Si  was expressed in weight units while fcH was in 
molar units, the molecular weight of polymer, M , has 
been included. Substituting for fcH from eq. 1C

_ sS qM  
~  N ß W

(8)

If the suspended particles are assumed to be spherical, 
and the density of the solid is ps, then the surface area 
of the solid is

So = S W /R ope (9)

and eq. 8 becomes

3 s M /R 0 psN
fcsL =  -----------------  (10)

For dimensional consistency, it must be assumed that 
a surface site is equal in area to a polymer segment.5 6

Calculations o f V alues o f 8  and  6 . By definition, the 
optimum polymer concentration, P m, is th a t con
centration of polymer which maximizes the refiltration 
rate. From eq. 4, however, it is obvious tha t the re
filtration ra te can be a maximum only when the ex
pression 04(1 — 8 ) 4 has its largest value. This occurs 
a t 8  = 0.5. Figure 1 illustrates the functional de
pendence of 8(1 — 8 ), the modifier of the Smoluchowski 
coagulation equation necessary to convert it into the 
Smellie and La M er flocculation equation, upon the 
fraction of the surface covered. 8 2( 1  — 0) 2, a quantity 
proportional to the floe size, and 04( 1  — 8 ) 4, a quantity 
proportional to the ra te of filtration, are also included. 
The importance of these quantities in interpreting 
flocculation and filtration has been emphasized recently 
by La M er.6

Substituting 8  = 0.5 into eq. 4 produces

(Q -  Qo)m« = 0/256 (1 1 )

where

C  = ~  K W 4 (1 2 )
•fl/CT

Obviously, C becomes a known quantity once the 
maximum filtration improvement is determined. Sub
sequently, C  can be used to evaluate the fraction of 
surface covered, 8 , a t refiltration rate improvement 
values, (Q — Qf) other than the maximum.

Equation 6 predicts a parabolic dependence of the 
optimum polymer concentration on the solid content; 
this has been verified experimentally for many floc
culated clay-polymer systems. However, our recent 
experimental results3 have shown that, for silica dis-

<53

03

PJ
03I CD

.0 0 4

.001

Figure 1. Variation of 9(1 — 6), 02(1 — $ ) 2, and 04(1 — 0)4 
with $, the fraction of solid surface covered.

persions flocculated by various high polymers, the 
relationship is linear. These findings indicate that, 
for silica, the third term  of eq. 6  is negligible in com
parison to the terms 1 / 6  and 2fcsT.IT. Hence, for this 
system, the optimum polymer concentration can be 
expressed simply as

P m =  1/6 +  2 k SifW  (13)

where the slope of a plot of P m vs. W  is 2fcsL. For more 
quantitative information about these plots, the reader 
should consult ref. 3.

Once both 8  and fcsr are known, and since IT and P  
are arbitrarily predetermined quantities, eq. 3 can be 
solved directly for 6 , i.e.

(Po -  k ShW 8 ) ( l  -  8 )

which combined with eq. 1  recovers the familiar form of 
the Langmuir equation

bP = —'—  (15)
1 - 6 »

(5) R. Simha, H. Frisch, and F. Eirich, J. Phys. Chem., 57, 584 
(1953).
(6) V. K. La Mer and T. W. Healy, ibid., 67, 2417 (1963).
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Experimental
A detailed explanation of the experimental procedure, 

equipment, and materials employed in obtaining the 
data used in this paper has been published previously . 3 

As in the earlier work the pH was held constant be
tween values of 5.5 and 6.0.

Results and Discussion
The values of b calculated by eq. 14 appeared to be 

constant, within experimental limits, over a centrally 
located range of P 0 values. In all cases, this range 
corresponded to the linear portion of the s-shaped 
curves which typified the Smellie and La Mer plots 
of eq. 5 and 5A. Decreasing b values accompanied 
deviations which were concave dow nw ard, while in
creasing values of 6 produced positive deviations from 
linearity. See Fig. 4 of ref. 3. It was also noted that 
for flocculation of systems of different solid contents 
by a given polymer, the product bW , based on an 
average of the constant b values, was reasonably 
constant.

Furtherm ore, the magnitude of b increased with 
increasing molecular weight. Healy4 demonstrated 
that for the calcium phosphate-polyacrylamide system, 
b has an optimum with respect to molecular weight. 
If these findings apply to other solid-polyacrylamide 
systems, then the optimum molecular weight of 
polyacrylamide for the silica system must be greater 
than 1 0  million.

On the average, the values of fractional surface 
coverage, 6 , obtained by the calculations outlined 
above, ranged from 0.30 to 0.80. For example, see 
Fig. 2.

Figure 3 demonstrates graphically tha t the assump
tion of a Langmuirian-type adsorption is valid through
out a central range of surface coverage. The circled 
points are the result of plotting 9 against the equilibrium 
polymer concentration calculated from the Smellie-La 
Mer theory, P  = P 0 — ksi.W d. T h is  method o f proof 
is valid since P 0, / c s l ,  and W  were all determined experi
m entally, and reference to the theoretical discussion 
will reassure the reader that the calculations of 8  

were accomplished without recourse to the assumption 
of Langmuirian adsorption.

The solid curve of Fig. 3 is a plot of the equilibrium 
polymer concentration obtained directly from a Lang
muir-type equation, P  = 6 /b {  1 — 8 ), as a function of 
the fractional surface coverage, 9. The value of b 
used corresponded to an average of the b values of 
those points which comprised the linear portion of the 
eighth power Smellie-La Mer plots.

According to eq. 13, if P m is linear with respect to W , 
then a plot of lcsl vs. W  should be a horizontal straight

/  g p o ly m e rN 

° \ I 0 6 g w a te r /

Figure 2. Typical plot of refiltration rate 
im provem ent as a function of the fraction of solid surface 
covered, B, and the added polymer, P 0- Results 
are for ET-494 with 0.5 g. of silica/100 g. of water.

g p o ly m e r a t  e q u il ib r iu m N

I0 6 g w a te r  /

Figure 3. Langmuirian-type plot. D ata  of ET-494 
with 0.5 g. of silica/100 g. of water.

line, independent of dilution. This has been verified 
experimentally for Jaguar +  and ET-494, for Superfloc 
16 above 2.5 g. of silica/100 g. of water, and for PAM 
3 above 4 g. of silica/100 g. of water. See Fig. 4. 
As expected from the results of Healy4 for the poly
acrylamides, P m decreased with increasing molecular 
weight a t a given solid content.

Equation 10 can thus be w ritten as

k SL = J / p  (16)

where

J  =  3 s M /R oPeN  (17)
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(  q s i l ic o  \
S o lid  C onten t — --------

\ I 0 0  g w a te r/

Figure 4. Variation of ksL w ith solid content. Suspensions 
of different solid contents were prepared by mixing 
5 g. of silica with various volumes of water.

As before, ¡3 is the number of segments of a polymer 
molecule adsorbed a t the solid surface (the remainder, 
the greater part of each adsorbed molecule, extends into 
the surroundings) and represents an average value which 
can change by either molecular or segment adsorption. 
Obviously, J  should be constant for any determination 
made using the same solid, suspension medium, poly
mer, and total weight of solids. Hence, for any 
system which obeys eq. 13, variations in &sl must be 
attributed to a variation in /3 with decreasing solid 
content. The authors postulate the following types 
of behavior as the dilution is increased, keeping in mind 
th a t a t high solid contents, and especially for high 
molecular weight polymers, the crowded environment 
may slow the adsorption of polymer molecules and 
consequent production of extended segments.

1 . f} I s  Constant. This is the behavior of low 
molecular weight polymers which are completely ad
sorbed even at high dilution or which lack the chain 
flexibility necessary to change /3 by the adsorption 
of extended segments.

2. 13 Decreases. This is the behavior exhibited by 
polymers of interm ediate molecular weight. Since, 
in this case, the extended segments of the polymer 
molecule are fairly short, adsorption will be continued 
by new molecules attaching a t only a few segments to 
give a ¡3 decrease based on the number of adsorbed 
segments per average molecule.

8 . 0  Increases. This is the behavior of high molec
ular weight polymers and in this case proceeds via  a 
different mechanism. The long extended segments 
of the polymer molecule are favorably situated for a 
“wrap-around” type of adsorption which increases 
the number of adsorbed segments per average molecule.

This interpretation implies th a t at high dilution 
(<3 g. of solid/100 g. of water) the time interval 
between successive particle-particle collisions is greater 
than th a t necessary for secondary (continued) adsorp
tion. In  dilute suspensions then, adsorption will 
continue and flocculation will be slow with large floes 
resulting. In concentrated suspensions, on the other 
hand, the rate of the flocculation reaction will be fast, 
continued adsorption will be slow, and the average 
floe size will be smaller. These two cases are illustrated 
schematically below where P and S are the polymer and 
solid, respectively.

®
p  +  S ^  PSj ^  PS2

® 1 I ®
(PS),», (PS),»

Here PSi and PS2 are, in the terminology of Healy ,7 

unit floes (single colloidal particles with molecules of 
polymer adsorbed), PS2 resulting from the secondary 
adsorption of polymer on PSi via  one of the mech
anisms listed above. (PS)„Kl and (PS)bSj are each 
macroflocs resulting from the bridging action of the 
polymer molecules between adjacent unit floes of PSi 
or adjacent PS2 floes. Reaction 1 occurs if the solid 
content is high producing a floe of radius R ,, while 
reactions 2 and 3 proceed in dilute suspensions pro
ducing a floe of radius R 2, where R , is less than R 2. 
Qualitatively, we theorize th a t there will be a definite 
solid content at which the time necessary for reaction 2 

to proceed will be less than th a t for reaction 1 .
T hat the floe radius is indeed a function of the solid 

content can best be demonstrated by reference to eq.
4. Experimentally, it has been found tha t (Q — Qo)/Qo 
varies by a factor of less than 2 when W 4 changes by
1.6 X 105 for a constant value of 6 . Hence, K 2 must 
vary inversely with W 4 when R 0 2 and 6  are constant. 
Since K  = Z k i / k 2 where Z  is the proportionality 
constant between the number of particles and the solid 
content, fci is the rate constant of the floe formation, 
and k 2 is the deflocculation ra te constant, and since 
(Q — Q0)/Qo varies only slightly with W 4, then K , 
and hence the ratio k , / k 2, must decrease with in
creasing W . Furthermore, k , / k 2 is proportional to

(7) T . W. Healy and V. K. La Mer, J .  Colloid Sci., 19, 323 (1964).
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Table I :  Physical Characteristics of the Various Silica Suspensions

Solid ----------------------- Polymer molecules available/silica particle at Pm-
content, 10 ~® Particulate Mean free Superfloc 16 PAM 3 ET-494 JAG +

g. of silica/ particles/ length, l, path, L, mol. wt. mol. wt. •= mol. wt. = mol. wt. =
100 g. of water cm.’“ u M ■1,000,000 >10,000,000 50,000 200,000

10 9.1 48 88 2.66 X 10s 8.60 X 104 2.69 X 107 6.31 X 10®
5 4.6 60 175 2.66 X 10® 9.27 X 104 2.60 X 10’ 6 .98 X 10®
2.5 2.3 76 350 2.66 X 10® 6.60 X 10* 2.60 X 107 6 .65 X 10®
1 0.91 103 878 3.15 X 10® 4.97 X 10< 2.60 X 107 6.65 X 10®
0.5 0.46 130 1750 3.49 X 10® 3.97 X 10« 2.60 X 107 6.65 X 10®

Extended length of polymer4 11.2 M 28.2 m 0.35 n 0.25 m

° The specific gravity of silica was taken as 2.65 g ./cm .3. b Extended length calculations were based on the nominal molecular weights 
listed in the headings of the table. Recent viscosity measurements by Healy on PAM 3, however, indicate th a t the actual molecular 
weight and hence the extended length of this polymer may be as much as four times as great as the nominal.

the radius of the floe, i.e., R  =  (/ci/fc2)wo2̂ 2(l — 6 ) 2; 
thus the decrease in the extent of flocculation, k i / k 2, 
with increasing solid content is reflected in a smaller 
floe radius.

We are aware that we have not presented a quanti
tative explanation of the variation of ¡3 below solid 
contents of 3 g. of silica/100 g. of water. However, 
elementary calculations based on an average particle 
diameter of 2 0  /i do shed some light on the actual 
geometrical dimensions of the suspension. The fol
lowing assumptions have been employed. (1) Due to 
coiling, the C-C, C-O, and C -N  bond lengths can be 
taken as 1 A. (2) A particle occupies a cubic particu

late volume of particulate length l. (3) M ean free 
path length equations from kinetic theory can be 
applied. Table I summarizes the calculations .8
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(8) N ote Added in Proof.— I t  is worthy of note th a t the values of 
/cgL in Fig. 4 are, a t least, roughly proportional to the calculated 
values of the extended length of polymers in harmony with the basic 
concept of the bridging mechanism of flocculation by high polymers.
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Adsorption at the Solid-Liquid Interface. II. Alcohols on 

Rutile from Solutions in p-Xylene

by G. D. Parfitt and I. J. Wiltshire

Department o f Chem istry, University o f Nottingham, Nottingham, England (Received Ju n e  26, 1964)

The adsorption by a pure rutile of alternate members of the homologous series of aliphatic 
straight-chain primary alcohols (ethanol to octadecanol) from solutions in p-xylene has 
been studied a t 25°. The am ount of each alcohol adsorbed a t low relative concentrations 
reached a minimum value a t hexanol and octanol, indicating the importance of solute- 
solvent interactions, to the adsorption a t the solid-liquid interface. Adsorbed water on 
the rutile surface caused a significant reduction in the extent of adsorption.

Introduction

From the significant am ount of data  th a t have been 
reported on adsorption a t the solid-liquid interface, 
it is clear tha t the process is complicated by a large 
number of factors. Both adsorbate-adsorbent inter
actions and those between the components in solution, 
as well as the surface structure of the adsorbent, are 
im portant in determining the extent of adsorption. 
Furtherm ore, adsorption from nonpolar media onto 
polar surfaces is affected by the am ount of water present 
in the system . 1

The present paper is concerned with the adsorption 
by a pure rutile of alternate members of the homologous 
series of aliphatic straight-chain primary alcohols 
(ethanol to octadecanol) from solutions in p-xylene at 
25 °. E thanol to dodecanol inclusive form binary 
liquid mixtures with p-xylene a t 25° over the entire 
range of mole fraction, whereas for the remainder, 
the range of concentration available for adsorption 
studies is restricted by solubility.

Experimental
M aterials. Two samples of pure rutile (>99.9% ), 

supplied by British T itan  Products Co. Ltd., of Billing- 
ham, County Durham, were prepared by hydrolysis of 
purified titanium  tetrachloride and the product calcined 
at about 400°. Surface areas of 24.4 and 21.0 m . 2 g . _1 

were determined by the B.E.T. method using nitrogen 
a t —195°. In  the adsorption experiments, the sample 
of area 24.4 m . 2 g . ~ 1 was used with ethanol to octanol, 
respectively, and the other sample with the remaining

alcohols. Before use, the rutile samples were outgassed 
to an ultimate pressure of 1 0 -6  mm. and twice treated 
with spectroscopic oxygen a t a pressure of about 1 0  

cm. for 30 min., the residual oxygen being pumped off 
after each treatm ent. The tem perature of the sample 
was maintained a t 4000 throughout and a liquid nitro
gen trap  isolated the sample from stopcock grease. 
The gray coloration in the samples outgassed a t 400° 
was irreversibly removed by the oxygen treatm ent. 
This activation procedure is similar to th a t used by 
Hollabaugh and Chessick. 2

p-Xylene (B.D.H. Ltd.) was distilled from phospho
rus pentoxide and the fraction boiling a t 139° was col
lected. From Karl Fischer measurements the p- 
xylene was found to contain 0.005% by weight of 
water.

Absolute commercial alcohol was refluxed with silver 
n itrate, distilled, and allowed to stand over calcium 
sulfate, finally distilled, and the fraction boiling at 
78.5° collected. n-Butyl alcohol (B.D.H. Ltd.) was 
left to stand over molecular sieves Type 4A for 2 days, 
decanted, and distilled, the fraction boiling a t 119° 
being collected. The remainder of the alcohols were 
Puriss grade from Fluka of Switzerland and were used 
as supplied. From analysis by g.l.c., infrared, and 
n.m.r. spectroscopy, all the alcohols were found to be 
of very high purity.

(1) W. H irst and J. K. Lancaster, Trans. Faraday Soc., 47, 315 
(1951).
(2) C. M. Hollabaugh and J. J. Chessick, J . Phys. Chem,., 65, 109 
(1961).

V o lu m e  68; N u m b e r  1 2  D ecem ber; 1 9 6 i



3 5 4 6 G .  D .  P a r f i t t  a n d  I .  J .  W i l t s h i r e

Procedure. In the majority of the adsorption experi
ments, samples of rutile after oxygen treatm ent (ca. 
1 g.) and solution (ca. 5 g. made up by weight) were 
weighed into clean dry Pyrex adsorption tubes, which 
were then sealed by fusion and rotated in a water ther
m ostat a t 25.0 ±  0.2° for a t least 12 hr., although ad
sorption equilibrium was found to be established in a 
shorter time. The tubes were then centrifuged at 
2500 r.p.m. for 10 min. and returned to the therm ostat 
before removing the clear supernatant liquid for 
analysis. The solutions were analyzed using a dif
ferential refractometer of the type designed by Brice 
and Halwer3 with a cell obtained from the Phoenix 
Instrum ent Co. of Philadelphia, Pa. The original and 
equilibrium solutions were placed in the two compart
ments of the cell and the concentration of the unknown 
was found from a calibration using known solutions 
of concentration in the range under examination.

In the experiments carried out under very dry 
conditions using octanol and octadecanol as adsorbates, 
each sample of treated rutile in an evacuated thin- 
walled Pyrex bulb (similar to those used for heat of 
immersion experiments) was placed in an adsorption 
tube containing a known weight of the alcohol, which 
was then sealed to a vacuum apparatus. A tube con
taining a known weight of p-xylene over degassed 
rutile, used as a “getter” for water (previously filled 
and allowed to stand in a drybox), was attached to the 
apparatus, the contents of both tubes were frozen, and 
the apparatus then pumped down to 10- 2  mm. The 
p-xylene was cold-distilled into the adsorption tube 
which was then sealed off under vacuum and the bulb 
was broken under the solution by ultrasonics.

The calorimeter used to measure heats of immersion 
consisted of a silvered dewar flask (capacity 350 ml.) 
fitted with a B55 Quickfit joint and included a heater, 
stirrer, sample holder and breaker, and a “Stantel” 
therm istor (resistance 1800 ohms and tem perature 
coefficient 56 ohms/deg. a t 20°) for tem perature meas
urement. Resistance changes in the thermistor were 
measured using a Cambridge vernier potentiometer 
and a Tinsley Type V.S. 645 galvanometer, and the 
accuracy of tem perature measurement was ±1  X 
1 0 ~4° The calorimeter was immersed in an oil 
therm ostat a t 25.0 ±  0.005°. Sample bulbs were 
blown from Pyrex glass and an average value of 0.150 
cal. for the heat of bulb breaking was used to correct 
the measured heats of immersion.

Results and Discussion
The following heat of immersion values were obtained 

for samples of the activated rutile (three to five meas
urements in each case): (a) in water, 626 ±  13 ergs

cm .-2, (b) after exposure to the atmosphere, in water 
282 ±  6  ergs cm .-2, (c) in dry p-xylene over “getter,” 
131 ±  13 ergs cm .-2, (d) in dry p-xylene after exposure 
of the xylene to the atmosphere, 166 ±  16 ergs cm .-2,
(e) in p-xylene saturated with water, 257 ±  12 ergs 
cm .-2. The large difference between (a) and (b) is 
presumably the result of adsorption of water vapor 
from the atmosphere onto the activated rutile. Only 
a small increase in the heat of immersion in p-xylene 
resulted from exposure of the liquid to the atmosphere.

For adsorption from a two-component system the 
composite isotherm obeys the relation

n o A x/m  = tti8(l — x) — n * x  (1)

where Ax  is the decrease in mole fraction of component 
1 when n0 moles of original solution are brought into 
contact with m  grams of adsorbent, and n , and n 2s 
are the numbers of moles of components 1 and 2 , 
respectively, which are adsorbed per gram of solid. 
To calculate the individual isotherms for the two com
ponents, it is usual4 5 to assume th a t the adsorbed layer 
is one molecule thick as expressed in the relation

n \ / ( n i ) m +  n 2B/ ( n 28)m =  1 (2)

where { n i) m and (n * )m are the corresponding numbers 
of moles required to cover 1 g. of adsorbent to the ex
ten t of a monolayer. Choice of values for ( n , ) m 
and (n2s)OT is often difficult, although where adsorption 
measurements from the vapor phase are possible, 
monolayer values derived from vapor isotherms have 
been used successfully6 with the assumption th a t the 
molecules adopt the same orientation a t both the solid- 
liquid and solid-vapor interfaces. W ith less volatile 
adsorbates, cross-sectional areas based on molecular 
models are usually used assuming a specific orientation 
a t the surface and close-packing of the molecules. 
However, in the case of polar molecules adsorbed on 
a crystalline polar surface it is probable th a t localized 
adsorption occurs over specific sites which may not 
correspond to a close-packed monolayer.

In  this work it has been assumed th a t p-xylene mole
cules are adsorbed with their major axis parallel to 
the surface of the adsorbent and an area of 45 A . 2 

from a molecular model used in the calculation of (n2s)m. 
The choice of an area for an adsorbed alcohol molecule 
has been based on the octadecanol composite isotherms 
as shown in Fig. 1. Since the octadecanol solutions 
are very dilute, eq. 1 reduces to n 0A x /m  ~  n i and the 
composite isotherm may therefore be taken as equiva-

(3) B. A. Brice and M. Halwer, J . Opt. Soc. A m ., 4 1 ,  1033 (1951).
(4) G. D. Parfitt and E. Willis, J . Phys. Chem., 68, 1780 (1964).
(5) C. G. Gasser and J. J. Kipling, ibid., 64, 710 (1960).
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X x  1 0 *.

Figure 1. Composite isotherms for adsorption of octadecanol 
on rutile from p-xylene solutions: O, under normal 
conditions; • ,  under dry conditions. Saturation 
mole fraction of octadecanol in p-xylene, 16 X 10~3.

lent to the individual isotherm for the solute. The 
lower curve was obtained with samples of rutile which 
had been handled in the atmosphere after oxygen trea t
ment, as was the case in the majority of the experi
ments reported here (called normal conditions), while 
the upper curve corresponds to the very dry conditions 
in which the bulbs containing the activated samples 
were broken under the solution.

At maximum coverage the areas occupied by an 
adsorbed octadecanol molecule, based on the B.E.T. 
area of 21.0 m . 2 g .-1, are 23.2 and 28.2 A . 2 in the dry 
and normal cases, respectively. We are inclined to 
the view th a t the 23.2 A . 2 per molecule represents the 
closest possible packing of the adsorbed molecules cor
responding to localized adsorption over specific sites. 
Hollabaugh and Chessick2 have suggested that the 
surface of rutile after outgassing a t high tem perature 
consists of T i-O -T i linkages and Ti-OH groups. 
From vapor adsorption isotherms for water and n- 
propyl alcohol, indicating both chemical and physical 
adsorption, they propose mechanisms which associate 
each adsorbed molecule with two titanium  sites, either 
by reaction with a T i-O -T i group or localization over 
two Ti-OH in the case of physical adsorption. On this 
basis, an area of 11.4 A . 2 per T i site was obtained using 
the B.E.T. area and the number of T i-OH groups on a 
fully hydroxylated surface as determined from water 
vapor adsorption data. Such good agreement with 
our value of 23.2 A . 2 would make it seem reasonable 
to associate each octadecanol molecule with two Ti 
sites on the dry surface. Hollabaugh and Chessick, 
however, found a rather larger area of 26.6 A . 2 per 
n-propyl alcohol molecule in the monolayer from their

Figure 2a. Composite isotherm for adsorption of ethanol.

X .

Figure 2b. Composite isotherm for adsorption of octanol.

Figure 2c. Composite isotherm for adsorption of dodecanol.

vapor adsorption data. The reason for the discrepancy 
is not apparent.

On exposure of the activated rutile to the atmosphere, 
both chemisorption and physical adsorption of water 
molecules are likely to occur and the higher area per 
adsorbed octadecanol molecule is assumed to result 
from part of the fully hydroxylated surface being 
covered by physically adsorbed water. Comparison 
of our heat of immersion data with those of Hollabaugh
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Figure 2d. Composite isotherm for adsorption of hexadecanol. 
Saturation mole fraction of hexadecanol in p-xylene, 0.11.

Figure 3a. Individual isotherms for adsorption 
of p-xylene (X ) and ethanol (O ).

Figure 3b. Individual isotherms for adsorption 
of p-xylene (X ) and octanol (O ).

and Chessick would appear to confirm this view. 
The area of the surface which is available for adsorp
tion of the two components in solution is therefore less 
for the normal than for the dry surface. Since eq.

Figure 3c. Individual isotherms for adsorption 
of p-xylene ( X ) and dodecanol ( O )•

Figure 3d. Individual isotherms for adsorption 
of p-xylene ( X ) and hexadecanol ( O )■

2  assumes the adsorbed layer to be one molecule thick, 
it seems justifiable to use the lower surface area for 
the calculation of ( n i ) m and (n2s)m, assuming an area 
occupied by a physically adsorbed alcohol .molecule 
of 23.2 A.2. On this basis, the area covered by octa- 
decanol molecules a t saturation in the normal case is
17.2 m . 2 g . _1 and the corresponding values of ('w18)m 
and (n2s)m have been used in the calculation of the 
individual isotherms, with the appropriate correction 
for the higher (B.E.T.) area sample used with ethanol 
to octanol, inclusive.

The composite isotherms for the adsorption of 
ethanol, octanol, dodecanol, and hexadecanol onto 
rutile, which had been exposed to the atmosphere 
after oxygen treatm ent, are shown in Fig. 2, and the 
corresponding individual isotherms are shown in Fig.
3. Those for the remaining alcohols show intermed
iate behavior and have been omitted to save space.

The composite isotherms for the alcohols up to dodec
anol show long linear portions which, under certain 
conditions,6 would correspond to an adsorbed layer of
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Figure 4. A dsorption of alcohol as a  function  of chain length 
a t  a 0.3 equilibrium  mole fraction  of alcohol in solution.

constant composition over a large concentration range. 
This occurs with butanol to dodecanol inclusive, the 
range of concentration over which the adsorbed layer 
shows constant composition decreasing with increasing 
chain length. I t  is perhaps surprising th a t this situa
tion arises in the case of physical adsorption of alcohols 
on rutile when, purely on thermodynamic grounds, 
an increase in adsorption with concentration would 
be anticipated. Similar results were observed in the 
adsorption of a series of alkylbenzenes onto Graphon 
from solutions in w-heptane reported in part I of this 
series. 4 No adequate explanation has yet been pro
posed to account for this behavior.

The most striking results of this work is the variation 
of alcohol adsorption with chain length. At the lower 
end of the concentration range the am ount of alcohol 
adsorbed a t equilibrium mole fractions corresponding

to the flat portions of the individual isotherms de
creases from ethanol to hexanol and octanol and then 
increases up to the saturation value found with the 
long-chain alcohols. This effect is shown in Fig. 4 
and clearly indicates the importance of solution inter
actions to the adsorption a t the solid-liquid interface. 
At present the appropriate thermodynamic data 
are not available for these systems but it is of interest 
th a t the molar volumes of hexanol and p-xylene are 
similar, suggesting th a t a mixture of the two might 
represent the most ideal of all the alcohol-xylene 
mixtures used in this work. W ith the alkylbenzenes4 

no such minimum was observed, the adsorption of the 
alkyl benzene increasing with chain length.

Although adsorption experiments under dry condi
tions have been carried out with only one of the lower 
alcohols, namely octanol, it is particularly significant 
tha t in this case the amount adsorbed reaches satura
tion a t a mole fraction in the region 0 .2 - 0 .3 suggesting 
much stronger solute-adsorbent interactions on the 
partially hydroxylated rutile, reducing the effect due 
to solution properties. Another possibility is tha t 
trace water in the solutions might contribute to the 
minimum. Further work on these aspects is in 
progress.
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Some Factors Influencing a High Energy Adsorption of Polar Molecules

from Hydrocarbons onto a Solid Surface
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A study has been made of the adsorption of formic acid from benzene and of stearic acid 
and stearyl alcohol from benzene and aliphatic hydrocarbons onto three different speci
mens of rigorously dried pure rutile. The rutile was well characterized as to surface area, 
particle size, and pore distribution by electron microscopy and gas phase adsorption of 
nitrogen and formic acid. The nitrogen results indicated tha t the samples had porous 
structures arising from the void volume between aggregated particles. Vapor phase 
adsorption of formic acid showed a high energy (~ 8 0 %  irreversible) adsorption onto 
lattice points, giving monolayer coverages effectively the same in all specimens. From 
benzene, identical coverages were obtained, showing th a t the solvent did not effectively 
compete for sites. However, stearic acid and stearyl alcohol from benzene and aliphatic 
hydrocarbon, although giving an adsorption similar to each other, gave coverages smaller 
than those of formic acid, and which were smaller the smaller the particle size of the ad
sorbent. Results on adsorption a t the hydrocarbon-water interface indicated th a t the 
increase in chain length alone is not responsible. I t  has been concluded tha t in all three 
samples the packing or association of the solid particles imposes a space restriction which 
limits the adsorption of Cis bu t not Ci molecules.

Introduction
Adsorption from solution onto polar solid surfaces is 

known to be complicated by a number of factors. In 
particular, we should like to know more about how the 
adsorption is influenced by the size and shape of the 
solvent molecules, the chain flexibility of long-chain 
organic adsorbates, the pore and aggregate structure, 
particle sizes of the solid, and the extent of localization 
of the adsorbate molecules a t the surface.

Previous investigations into adsorption onto metal 
oxides have revealed results of increasing complexity . 1 

One clear point arising from studies of adsorption of long- 
chain acids from hydrocarbons is th a t an apparently 
close-packed acid film is not usually obtained . 2 3 

Furthermore, adsorption from nonaqueous solvents8 

and from the vapor phase is very sensitive to the amount 
of water present. In this paper an attem pt has been 
made to determine experimentally how some of the 
above factors influence adsorption onto titanium  di
oxide, by studying the adsorption of carboxylic acids 
from the vapor phase and from hydrocarbons under

rigorously dry conditions. The results have been 
interpreted with the aid of data from a general in
vestigation into the properties of the titanium  dioxide 
used . 4

Experimental
Adsorbent. Rutile (T i02) specimens were kindly 

provided by the British T itan  Products Co. of Billing- 
ham, County Durham. They were prepared by the 
hydrolysis of pure TiCl4 and the calcination of the re
sulting products. The calcination tem peratures were 
approximately 600, 300-400, and 250° for the low, 
medium, and high area specimens, respectively. The

(1) (a) W. D. Harkins and D. M. Gans, J . A m . Chem. Soc., 53, 
2804 (1931); (b) W, D. Harkins and D. M. Gans, J . P hys. Chem., 36, 
86 (1932); (c) C. M. Hollabaugh and J. J. Chessick, ibid., 65, 109 
(1961).
(2) H. E. Ries, M. F. L. Johnson, and J. S. Melik, ibid., 53, 638 
(1949).
(3) W. H irst and J. K. Lancaster, Trans. Faraday Soc., 47, 315 
(1951).
(4) P. T. Dawson, Thesis, Cambridge University, 1963.
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latter had to be recovered from its aqueous suspension 
after the hydrolysis by freeze-drying the suspension. 
The purity of the. samples was 99.95%, the principal 
impurities being silica and chloride. The surface areas 
were determined by nitrogen adsorption using a con
ventional B.E.T. method. These were, respectively,
11.5, 44.8, and 158.0 m .2/g . The particle size distri
butions were found from electron microscope studies. 
The size (diameter) ranges of the primary particles in 
the specimens were, respectively, 0.01 to 0.3, 0.005 to 
0.1, and 0.005 u (almost monodisperse). A pore size 
distribution analysis based on a nonintersecting cylin
drical pore model (described in more detail elsewhere) 
yielded^ the results shown in Fig. 1. The sharp peak 
a t 25 A. for the high area monodisperse sample indi
cates th a t the pores were between the particles in this 
specimen rather than  in them. A more detailed exami
nation of the low and intermediate area samples sug
gests th a t in these cases also the particles themselves, 
as opposed to aggregates of the particles, were not 
porous.

For the adsorption studies described below, the oxides 
were heated to 250 ± 2 °  and degassed through liquid 
nitrogen traps for 50 hr. a t ~ 1 0 - 6  mm. Under these 
conditions the oxides did not noticeably change color, 
and they were not treated with 0 2.1C The adsorption 
behavior of the oxides, prepared as described above, 
was accurately reproducible. For liquid phase ad
sorption measurements, the degassed samples were 
sealed off in thin-walled glass bulbs and transferred 
to a drybox for further manipulation.

Adsorbates. Formic acid of A.R. grade was used, 
from which dissolved gases were removed just prior to 
adsorption by evacuating the space above the sample. 
The acid had a saturated vapor pressure of 32.4 mm., 
which from the work of Coolidge6 suggests the presence 
of approximately 1% water. The stearic acid and 
stearyl alcohol were of the highest grade available from 
Eastm an Kodak and were recrystallized twice from 
acetone, twice from benzene, and then vacuum dried 
over phosphorus pentoxide. The benzene and petro
leum ether (80-100° fraction) were A.R. grade solvents. 
They were first dried by standing over sodium wire, 
which was extruded directly into the solvent a t in
tervals, until it remained clean and bright. The sol
vent was then passed through a 1 -m. long column of 
Fluka active alumina (5016A) which, it is claimed, 
reduces the water content to less than 10 p.p.m. The 
outlet of this column was inside the drybox.

Vapor Phase A dsorp tion  A ppara tu s. The adsorp
tion of formic acid vapor was carried out by a con
ventional volumetric method. The formic acid dosage 
and equilibrium pressures were measured with a

Figure 1. Pore size distribution curves for three rutiles (A, B, 
and C) prepared by hydrolysis of TiCI, and calcination at 
600, 300-400, and 250°, respectively: O, rutile A (11.5 m .2/g .); 
□, rutile B (158 m .2/g .); $, rutile C (44.8 m .2/g.).

wide bore (25-mm. internal diameter) mercury manom
eter in which the heights of the menisci were de
termined to 0 . 0 1  mm. by means of a cathetometer. 
Adsorptions were carried out a t 20°.

L iq u id  Phase A dsorp tion  A pp a ra tu s and Procedure. 
Carefully dried solvents were used to prepare, in the 
drybox, suitable solutions for adsorption. The bulbs 
containing adsorbent were broken under the surfaces 
of these solutions in the drybox and the containing 
bottles immediately stoppered and sealed. The bottles 
were then shaken for several hours in a therm ostat 
a t 20°. Samples of the supernatant liquid were 
withdrawn in the drybox and analyzed either by ti
tration with alcoholic potassium hydroxide under ni
trogen, in the case of formic acid, or by spreading on 
a Langmuir trough, in the cases of stearic acid and 
stearyl alcohol.

Results
A dsorption  o f Form ic A c id  Vapor. I t  is known from 

the work of Coolidge th a t formic acid forms dimers in 
the vapor phase. Consequently, in the volumetric 
procedure adopted, a correction for nonideality was 
necessary. For the present investigation, however, 
Coolidge’s results did not extend to sufficiently high 
relative pressures of formic acid and his experiments 
were repeated and extended . 4 This work will be de
scribed elsewhere, but the results agreed accurately 
with those of Coolidge in the overlap region, and at 
relative pressures >0.95 showed th a t trimers and 
possibly higher polymers begin to form. 5

(5) A. S. Coolidge, J . A m . Chem. Soc., 5 0 ,  2166 (1928).
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Relative pressure.

Figure 2. T he adsorption  and desorption a t  20° of formio, arid  on ru tile  B (158 m .2/g .)  which had been 
activ a ted  a t  250 ±  2° a t  ^ 1 0 “6 mm. for 50 h r.: 0 , first cycle; □, second cycle; <•>, th ird  cycle; A, 
afte r t re a tm e n t of th e  ac tiv ated  m ateria l w ith form ic acid vapor and evacuation  a t  20°.

The adsorption and desorption of formic acid on 
rutile B is shown in Fig. 2. The reproducibility is 
illustrated by the agreement of three successive cycles. 
The total pore volume calculated from the hysteresis 
loop (0.227 cc./g.) agrees closely with the value ob
tained from nitrogen adsorption. If, after adsorbing 
formic acid at 2 0 ° onto a sample which had been de
gassed at 250°, the sample is then evacuated at 20° 
and a second isotherm determined, the lower curve

is obtained. The difference between the two adsorp
tion curves is approximately the same at all the equi
librium acid pressures.

Rutiles A and C showed similar behavior to B, al
though the differences between adsorption onto 250°- 
activated specimens and onto the same specimens 
after evacuation a t 2 0 ° were not, in term s of surface 
coverage, exactly the same. The adsorption curves 
for rutile A are shown in Fig. 3. The broken curve
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Table I: A Comparison of the P lateau (or Monolayer) Adsorption Values a t  20° for the
Three Rutiles. The Oxides were Degassed for 50 hr. a t 250 ±  2° and ^-10~e mm.

■Adsorption, molecules/cm.2 X 10 u-
,-------------Formic acid- -----------Steariic acid----------- -------- Octadecyl alcohol-------

Specific surface Vapor Petroleum Petroleum
area, m.2/g. phase Benzene Benzene ether Benzene ether

Rutile A 11.5 3.85
(3.60 irr.)

4.04 3.12 3.32 3.35 3.30

Rutile C 44.8 3.75 3.75 1.93
(3.12 irr.)

Rutile B 158' 3.75 3.95 2.31
(2.40 irr.)

in this figure shows the formic acid adsorption onto the 
rutile after it had been treated with water vapor and 
evacuated at 2 0 c.

The d plotted on the right-hand axis of Fig. 2 and 3 is 
the surface coverage and was calculated from the ex
pression

no. of acid molecules adsorbed/g. of oxide X 
area of acid moleculeQ _  ______________________________________________

specific surface area determined by nitrogen 
adsorption

The cross-sectional area of the formic acid molecule 
was assumed to be similar to  th a t of other normal 
chain carboxylic acids in the vertical orientation, 
namely 20.8 A . 2.6

A dsorption  fro m  Hydrocarbons. Adsorption and 
desorption results for formic and stearic acids from 
benzene to rutiles A, B, and C are shown in Fig. 4. 
For convenience the corresponding coverages are given 
on the right-hand axis. The extents of adsorption on 
the plateaus of the isotherms have been collected in 
Table I.

In calculating the coverages, the molecules have been 
assumed to be vertically oriented and therefore to have 
a cross-sectional area of 20.8 A . 2 per molecule. The 
highly polar and nonpolar nature of the titanium  di
oxide and benzene, respectively, make this assumption 
reasonable and, moreover, experimental evidence of the 
.vertical orientation has been found .7 I t  can be seen 
from the desorption results th a t the acid molecules 
were extremely strongly adsorbed; in fact, no sug
gestion of desorption could be detected in any of the 
systems examined. As the bulk concentrations of acid 
were very low, the number of molecules adsorbed was 
given directly by the change in the bulk concentration. 
The rise in the adsorption of stearic acid onto rutile 
C a t low concentrations is thought to be due to the 
systems having had insufficient time for equilibrium 
at the higher concentrations. The adsorptions of

Figure 3. The adsorption a t '20° of formic acid vapor on 
rutile A (11.5 m .2/g-) activated as in Fig. 2: O, directly 
after activation; □, after treatm ent w ith formic acid 
vapor and evacuation a t 20°; <•>, after treatm ent with 
water vapor and evacuation a t 20°.

stearic acid from petroleum ether and of octadecyl 
alcohol from benzene and petroleum ether were meas
ured only in the plateau region of the adsorption iso
therm. The results are shown in Table I.

Discussion
Form ic A c id  Adsorption . In  Fig. 2 and 3 the adsorp

tion of formic acid has been plotted against the rela
tive pressure of the acid. The isotherms do not show 
a well-defined linear region or a very distinct knee, and 
no clear estimate of the monolayer adsorption is pos
sible by conventional means. However, by comparing 
the adsorption isotherm for the oxide degassed at

(6) S. J. Gregg, T ra n s. In s t . Chem. Engrs. (London), 25, 40 (1947).
(7) J. J. Kipling and E. H. M. W right, N ature , 200, 1157 (1963).
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Bulk concentration, mole/1.

Figure 4. The adsorption a t 20° of formic and stearic acids 
from dry benzene onto the three rutiles, activated as in 
Fig. 2: O, rutile A (11.5 m .2/g .); □, ■, rutile C (44.8 
m .2/g .); A, A, rutile B (158 m.2/g.). Open points indicate 
the desorption and filled points the adsorption isotherms.

250° with the isotherm for a formic acid-treated speci
men degassed at 2 0 °, we can infer tha t sufficient acid 
is irreversibly adsorbed a t 2 0 ° to give approximately 
half-coverage. The precise values of the adsorption 
of irreversibly adsorbed acid are given in Table I. 
In order to attem pt an estimate of the monolayer 
adsorption of the acid, we shall use the fact th a t the 
equilibrium vapor phase over the lower part of the iso
therm contains monomeric and dimeric molecules. 4-5 

From the chemical nature of titanium  dioxide and for
mic acid we may conclude th a t by far the strongest 
bonds between the acid and the surface will be either 
the hydrogen bond or the ionic bond resulting from the 
formation of a formate. Only the monomeric acid 
would form such bonds. We therefore conclude from 
rough calculations tha t since the first layer is evidently 
complete at relative pressures of ~ 0 . 1  (i.e., where the 
monomer concentration is still of the same order of 
magnitude as th a t of the dimer) the adsorption of dimer 
in the first layer is likely to be negligible. If we now 
plot the adsorption against the partial pressure of the 
monomer, we obtain the curves shown in Fig. 5. As 
can be seen, there is a well-defined linear portion and 
a knee, from which a fairly accurate monolayer adsorp
tion can be read. These values are shown in Table I.

The question now arises as to why the monolayer 
adsorptions are all about the same per unit area, but

Partial pressure of monomer, mm.

Figure 5. The adsorption of formic acid vapor a t 20° onto 
the three rutile specimens (activated as in Fig. 2) plotted 
as a function of the partial pressure of the monomeric 
acid: A, rutile A (11.5 m .2/g .); 0 , rutile B (158 
m .2/g .); rutile C (44.8 m .2/g.).

correspond to coverages of less than unity. One ob
vious reason is th a t as the adsorption is clearly a very 
strong one, over half the molecules being irreversibly 
adsorbed, the film is no doubt highly localized on spe
cific sites. If the spacing of the localized molecules is 
a little larger than the diameter of the formic acid 
molecule, and it is energetically unfavorable to dis
place the molecules laterally from their sites to make 
room for the completion of the monolayer, then the 
observed coverages of less than unity for the mono- 
layer would be expected. While this may be the prin
cipal explanation, there may be another contributing 
factor. I t  is shown in Fig. 3 th a t in the first stages, 
the adsorption of formic acid onto oxide previously 
treated with formic acid and degassed at 2 0 °, is almost 
the same as the adsorption onto oxide previously 
treated with water vapor and degassed a t 20°. Thus, 
irreversibly adsorbed water competes with, and is not 
displaced by, formic acid. [The complete explana
tion for the course of this curve at higher pressures is 
not entirely obvious, although it is very probable tha t 
ultimately some of the residual adsorbed water is dis
placed by the formic acid. This is consistent with the 
eventual merging with the upper isotherm.] If, 
therefore, after degassing the original oxide a t 250°, 
about one-fifth of the surface was covered by adsorbed 
water, we should not expect to obtain a complete mono- 
layer of formic acid. In fact, detailed studies on the 
water adsorption4 suggested tha t a t the most only one- 
tenth of the surface was originally covered by water. 
I t is therefore concluded tha t both the above mech
anisms probably contribute to the results.
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The similar first-layer adsorption values for the three 
rutiles suggests th a t either the site spacing or the 
amount of water remaining on the surface after de
gassing at 250°, or both, is very similar for each oxide. 
On the other hand, the variation in the amount of 
formic acid irreversibly adsorbed at 2 0 ° reveals th a t 
the proportion of the sites with a high energy decreases 
with the increase in specific surface area. In  fact, 
the larger the surface area, the lower the tem perature 
at which the oxide was calcined. I t  is, therefore, quite 
possible th a t the initial heat treatm ent of the rutile 
was responsible for the number of high energy sites.

The maximum adsorption of formic acid from dry 
benzene gives values which agree to within experi
mental error with the monolayer vapor phase values. 
I t is not known to what extent this adsorption was 
effectively irreversible a t 20°. All th a t can be said 
is th a t no desorption could be detected for bulk phase 
concentrations down to 5 X 10- 5  mole/1. I t  seems 
reasonable to  suppose th a t the irreversible adsorption 
was similar in extent to th a t found for the vapor phase 
systems.

By comparison of the benzene results with those for 
the vapor phase, we conclude th a t the benzene does not 
effectively compete for space in the monolayer. This 
is easy to understand in the present systems, since the 
benzene, having no polar group, would be expected 
to have a relatively small energy of interaction with 
the surface.8 If, conversely, we assume th a t the ben
zene would have no influence on the adsorption, the 
results of adsorption from benzene (which do not in
volve any suppositions regarding the relative adsorp
tion of monomers and dimers) confirm our interpreta
tion of the vapor phase data.

The A dsorp tion  o f Cw M olecules. The adsorption 
isotherms of stearic acid from benzene showed the 
same qualitative features as the formic acid adsorption. 
The maximum adsorption obtained, however, was not 
only much lower than th a t for formic acid, but was con
siderably different for the three rutile specimens. This 
lower adsorption evidently was not related to the 
particular combination of carboxyl group and long 
chain, since the results for octadecyl alcohol from 
benzene are very similar. I t  is probable that, owing 
to the high energy of the adsorption, the size and shape 
of the hydrocarbon solvent is of very minor importance. 
This is borne out to some extent by the results of ad
sorption from petroleum ether (Table I).

Investigations into the adsorption of normal ali
phatic alcohols from benzene and aliphatic hydro
carbons to a water surface9 have shown th a t the effec
tive cross-sectional area of the molecules is, to a first 
approximation, independent of chain length. There

does not, therefore; appear to be any possibility that 
there is a space limitation in the plane of a fiat surface 
for the Cis chains.

I t  seems th a t the explanation of the low adsorption 
of Ci? relative to Ci molecules is th a t the packing or 
aggregation of the oxides results in a space limitation 
for the former, but not for the latter. This conclusion 
is supported by the fact th a t the stearic acid adsorp
tion per unit area is largest for the oxide with the 
largest pores and smallest for the oxides with the small
est pores. I t  can be shown th a t the London-van der 
Waals forces between the particles are very unlikely 
to be sufficiently large to prevent adsorption occurring 
between particles held together by these forces. As 
the pore volume analyses indicate th a t the pores are 
almost certainly between rather than in the particles, 
it is possible th a t the pores which are significant in 
limiting the adsorption are formed by adjacent particles 
which have partially coalesced or grown together at 
quite localized points.

The A dsorp tion  B onds. I t  is not possible to say 
anything definite from this investigation about the 
nature of the bonds between the acids and the oxides, 
but there are some implications in the experimental 
results. Sm ith10 has concluded from infrared adsorp
tion studies of adsorbed carboxylic acids on various 
specimens of titanium  dioxide th a t both ionic and hy
drogen-bonded acids may be found on the surface of 
one specimen. Those molecules bound ionically were 
shown to be irreversibly adsorbed, while the hydrogen- 
bonded molecules could be washed off in excess sol
vent. In the present rutile specimens it is concluded 
from the formic acid adsorption th a t both reversibly 
and irreversibly adsorbed acid is present. I t  is pos
sible tha t these molecules may be hydrogen- and 
ionically bonded, respectively, but evidence of water 
adsorption4 is in some ways difficult to reconcile with 
this. I t  was pointed out above th a t water molecules 
may become irreversibly adsorbed and so limit the 
adsorption on the first layer of formic acid. There 
is some evidence4 th a t the water which does this is 
hydrogen-bonded and not in a dissociated, chemically 
bonded state. If this is so, hydrogen bonding cannot 
be entirely ruled out in the present systems for the 
irreversibly adsorbed acids.
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The Influence of Detergents on the Dewetting of Calcium Palmitate

by F. van Voorst Vader and H. Dekker

Unilever Research Laboratory, Mercalorweg 2, V laardingen, The Netherlands (Received A pril IS, 1964)

The changes in surface composition of a solid because of replacement of one adj oining fluid 
by another can be derived from measurements of the contact angle between these two 
fluids and the solid interface and of the interfacial tension between the fluids. The changes 
in the solid surface are calculated from these data by means of formulas combining Young’s 
equation with the Gibbs adsorption equations valid at the two solid-fluid interfaces con
sidered. This method was applied to the system calcium palm itate-aqueous buffered 
detergent solution-air in the pH range 7.5-9.2 . I t  was found that the calcium palm itate 
becomes nearly completely covered by a monolayer of acid soap on replacing the buffer 
solution by air in the absence of detergent. The presence of potassium N -lauroyl-N- 
methyltaurate, ethoxylated lauryl alcohol, or bis(methylsulfinyl)dodecane in the solution 
markedly reduces the increase in fatty  acid adsorption during dewetting. I t  was found 
by direct titration that the presence of these detergents increased the fa tty  acid adsorp
tion at the interface of calcium palmitate-solution.

Introduction
The hydrophylic character of calcium soaps can be 

great ly enhanced by adding detergents (so-called “scum 
dispersants”) to their aqueous suspensions. In order 
to explain this behavior, the influence of a number of 
dispersants on the surface composition of calcium palmi
tate against dispersant solution and against air was 
investigated.

The values of the differences between the adsorption 
a t the interfaces of calcium palmitate against these two 
phases were derived from contact angle and surface 
tension measurements. In  addition, the values of 
these adsorptions at the calcium palm itate solution 
interface itself were determined by titration and elec- 
trokinetic measurements. In  this way, a fairly com
plete picture of the surface phenomena connected with 
the phase change a t the calcium palm itate surface 
during dewetting is obtained.

Thermodynamics
Consider a three-phase system consisting of an 

aqueous suspension of calcium palm itate (CaP2) and 
air, where the aqueous phase contains C a2+, H+, 
K+, P -  (palmitate), CD, and D -  (dispersant) ions 
and H P (palmitic acid) as solutes. Changes in the 
surface tension (dy) a t each of the three interfaces 
solid-air (SA), solid-liquid (SW), and air-liquid (AW) 
are related to the adsorption of these solutes a t the 
interfaces by means of the relevant Gibbs adsorption 
isotherm

— d y  =  r PdMP +  Tcad/UCa +
P Hpd//Hp +  T kAuk +  r DdixD (1 )

where r  is the adsorption relative to water, and ¡j . is 
the thermodynamic potential.

In  formula 1 the adsorptions of H+, O H - , and CD 
ions a t the calcium palm itate interface have been
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neglected. The choice of rHp ra ther than rH+ as pa
ram eter implies th a t all hydrogen ions adsorbed a t the 
interface are assumed to be attached to the COO-  
groups present there and th a t the contribution of H + 
ions to the ionic double-layer charge a t the interface is 
negligible. The validity of this assumption was proved 
in the case of carboxylate soap solutions. 1

The following relations exist between the therm o
dynamic potentials given in formula 1

dyliH =  d^HP — d/ip
(dissociation equilibrium of fa tty  acid) (2 )

2 d*xp +  d/zca = 0  (solubility product of CaP2) (3)

Tp +  Fd = 2 r Ca +  Fr
(electroneutrality of adsorbed layer) (4)

Substituting (2), (3), and (4) in formula 1

dy = — r Hp(d/iH — 'Ad/^ca) —
TK(dfX — 1/ 2d^Ca) r D(d/UD +  Vid/UCa) (5)

The changes in surface tension (dy), a t each of the 
three interfaces are related by the differential form of 
Young’s equation

dysA — dysw = d (yAw cos &) (6 )

where x) is the contact angle. I t  is assumed th a t the 
whole system is in thermodynamic equilibrium; in 
tha t case it is irrelevant whether the solutes are soluble 
in both fluids or in only one of them . 2 Substituting 
the expressions for dy a t the SA and the SW interfaces 
in eq. 6

— d(yAw cos d) ( i v
-------- — ------- =  { U HPj SA — U HPjSWj X

H I

d In —) +  }(Fk)sa — (Fk)sw} d In .
V [C a 2+] ___V [C a 2+]
+  {(Fd)sa -  (rD)sw) d in  [D+] \ ,/[Ca2+] (7)

where R  is the gas constant; T  =  absolute tempera
ture, and the [H + ], etc., represent the activities of the 
relevant ionic species. In  the case of a nonionic addi
tive (N) eq. 7 is modified to

— d (y Aw cos $) , , s/
------- — -------  -  1 (1 hpJsa — U Hpjswj X

d In —v = J =  +  { ( rK)sA — (Tk)sw } d In l— ~~-
v [Ca2 + ] V [C a2 + ]

+  {(Fn)sa — (Fn)sw} d in  [N] (8 )

In  the absence of dispersant, the last term on the right- 
hand side of formula 8  is omitted.

In these formulas, all adsorption differences are de
termined by quantities th a t can be varied independently

and are readily measurable. They allow the changes 
in the adsorption of fa tty  acid, potassium ions, and 
dispersant ions on wetting the calcium palm itate to be 
deduced from suitable measurements of the contact 
angle and surface tension of the aqueous phase by 
varying, respectively, the pH, the potassium ion con
centration, and the dispersant concentration a t con
stan t calcium ion concentration.

In  our measurements, a dilute potassium borate- 
boric acid buffer was added to the solution to  stabilize 
the pH value. I t  has been shown th a t the activity 
coefficients of such buffer solutions are nearly equal to 
those of potassium chloride solutions of equal ionic 
strength . 1 I t  is assumed th a t neither borate ions nor 
boric acid contribute to the adsorption.

Since it has been assumed th a t all adjoining phases 
are in equilibrium, the limits of the validity of the 
formulas derived above must be investigated separately. 
Three possible causes for instability of the calcium 
palm itate may arise: (1 ) formation of mixed crystals
of calcium palm itate and, e.g., fa tty  acid; (2 ) forma
tion of solid fa tty  acid, by transform ation of calcium 
palm itate; (3) formation of solid acid potassium soap.

In  the pH range investigated (pH >7.5) no mixed 
crystals of calcium palm itate and fa tty  acids or of 
calcium palm itate and acid potassium soap are known.

No chemical transformation of the calcium palm itate 
will occur as long as the ionic product of the reaction 
products remains below their solubility product. 
Thus, transformation to palmitic acid is impossible 
as long as

[HP] =

or

[H +][P- ] [H+] / <ScaP2
7hp / h p >1 [Ca2+]

[H+] _ 7Hp [HP ]s
= 1 0 - 3

V [C a 2+] V  <ScaP2

<  [HP],

(9)

where/HP = [H + ] [P- ] [H P ] - 1  =  10- 6 mole/l. is the ion
ization product of palmitic acid, and [HP]S — 10- 7 -6 

m ole/1. is the saturation concentration of this a cid. iScaP: 
= [Ca2+][P - ]2 = 10- 1 7 -5 mole3/ l -3 is the solubility of 
calcium palm itate . 3

Since the highest value of [H + ] used in our experi
ments is < 1 0 -7, it follows th a t [Ca]2+ >  0.5 X 10-6  

m ole/1. is sufficient to prevent precipitation of palmitic 
acid. The formation of acid soap K H P 2 cannot occur 
if

(1) F. van V. Vader, Trans. Faraday Soc., 57, 2263 (1961).
(2) E. H. Lucassen-Reynders, J . Phys. Chem., 67, 969 (1963).
(3) J. Lucassen, unpublished results.
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[H + ][K + ][P -p  = [ H W h ^ g -  <  <SKHp,

where S khp, = 1 0 -20 mole4/ ! - 4 is the solubility product 
of acid potassium palm itate . 3 Thus

[H + ][K+] S k h p , =  

[Ca2+] Sc»p,
(10)

Since the lowest value of [H + ] in our experiments is 
about 10~9, [K +]/[C a2+] <  4 X 10‘ is sufficient to 
prevent precipitation of acid potassium palmitate.

In  our experiments, both conditions were fulfilled.

Experimental

The contact angles were measured using Bartell’s 
method . 4 The required hydraulic radius of the cal
cium palm itate plugs was obtained from permeability 
measurements using the solution as mobile phase . 2 

Surface tensions of solutions containing ionic sur
factants, or nonionics a t concentrations near the 
critical micellar concentration (c.m.c.), were measured 
using the drop-weight method. For solutions con
taining low concentrations of nonionics the Wilhelmy 
plate method was used.

A rough estimation of the potassium ion adsorption 
a t the calcium palm itate-solution interface was ob
tained by measuring the f-potential between the solid 
and the solution by means of electroendosmotic meas
urements. An apparatus similar to th a t described 
by Sparnaay was used .5 The plugs were made from 
the same batch of equilibrated Ca palm itate th a t was 
used for the contact angle measurements.

The adsorption of palmitic acid a t the calcium palmi
tate-solution interface was determined both in the 
presence and in the absence of dispersants by com
paring the amount of HC1 needed for a certain change 
in pH of a calcium palm itate slurry to the amount 
needed for an identical change in a blank solution. 
The blank solution contained KC1, CaCl2, and dispers
an t in concentrations about equal to those in the 
slurry. They were chosen in such a way tha t inequali
ties (9) and (10) were satisfied. The solutions were 
kept in stoppered polythene bottles under humid 
nitrogen tha t was free from C 0 2. Their pH was fixed 
at 10-11 by adding KOH solution. The adsorption of 
palmitic acid at the Ca palm itate surface at higher pH 
values is neglected. Small amounts of 0.1 N  HC1 
were then added under vigorous stirring. After 1-2 
hr. a clear supernatant liquid layer was present over 
the calcium palm itate slurry. Both the glass electrode 
and the reference electrode of the pH meter were dipped 
into this layer and the pH was measured. The pH 
of the blank solution was also measured.

At the end of the experiment, the surface area of the 
calcium palm itate in the slurry was determined by 
permeametry. The change in fa tty  acid adsorption 
owing to the change in the pH of the slurry was then 
calculated by dividing the excess of HC1 used on the 
slurry by the surface area of the sample.

In the same way, the amount of dispersant adsorbed 
a t the calcium palm itate-solution interface was de
termined by dividing the difference between the con
centration added and the equilibrium concentration 
by the surface area of the sample.

M aterials. Calcium palm itate of suitable particle 
size was prepared by adding 1 N  alcoholic KOH solu
tion to 50 g. of molten palmitic acid (m.p. 55.2-59°) and 
500 ml. of hot water in a beaker until spontaneous emul
sification was observed. Then the contents were 
emulsified by stirring with a polytron. The emulsion, 
under a nitrogen blanket, was slowly introduced into 
a slowly stirred solution of 12.5 g. of calcium chloride 
(dry weight) in 8 1. of distilled water a t 2 0 ° kept at 
pH ~ 1 0  by gradual addition of alcoholic KOH solu
tion. The reactants were introduced through tubes 
extending to the bottom of the vessel in order to avoid 
air entrainment. After digesting for 3-4 hr. a t 70°, 
the calcium palm itate was filtered and washed with 
distilled water until calcium ions could no longer be 
demonstrated by complexometric titration  of 1 0 0  ml. 
of the effluent. The product was then dried a t 100°.

Determ ination of the calcium and of the carboxylic 
acid content showed the product to be 98-99%  pure. 
Its  average particle size, as estimated both by micro
scopic observation and by permeametry was between 
0.5 and 5 n in the several samples used.

Potassium tetraborate, K 2B40 7, was prepared by 
heating K 2C 0 3 (analytical grade) with twice the equiva
lent amount of boric acid (analytical grade) in a quartz 
vessel until the evolution of carbon dioxide ceased.

Potassium N-lauroyl-N-m ethyltaurate, CnH23C---- N

o  c h 3

(C2H 4S 0 3K), was prepared by treating potassium 
m ethyltaurate with lauroyl chloride in an acetone- 
water mixture. After completion of the reaction, 
lauric acid was removed by acidification and extraction 
with light petroleum. The product was recrystallized 
from 90% ethanol. The c.m.c. was 4.4 mmoles/1. 
The stock solution was foam fractionated before use.

Ethoxylated lauryl alcohol, average composition 
C 12H 2S(OC2H 4) 10OH, was freed from lauryl alcohol by

(4) (a) F. E. Bartell and H. J. Osterhof, Xnd. Eng. Chem., 19, 1277
(1927); (b) F. E. Bartell and F. C. Benner, J . Phys. Chem., 46, 836 
(1942).
(6) M. J. Sparnaay, Rec. trav. chim ., 79, 950 (1960).
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extraction from a 1 : 1  alcoholic solution with light pe
troleum and freed from ionic components by percola
tion through a column of Dowex ion-exchange resin. 
Its  critical micellar concentration (c.m.c.) was deter
mined spectroscopically6 and equals 9.9 X 10 mole/1.

l,2-Bis(methylsulfinyl)dodecane (m.p. 107-108.5°) 
was prepared as
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The final product was purified by elution from an A120 3 

column using a 7 to 3 mixture of benzene and chloro
form; c.m.c.: 5 X 10~5 mole/1.

A nalytica l. The concentration of lauroylmethyl- 
taurate was determined by the cetylbenzyldimethyl- 
ammonium chloride (CBC) method (methylene blue as 
indicator) . 7 The equilibrium concentration of the 
ethoxylated lauryl alcohol was determined by a 
turbidimetric method due to Kho and Schölten .8

M easurem ents. In preliminary experiments on the 
system calcium palm itate-distilled w ater-air a contact 
angle of 89° 51' ±  11' was found. This value was not 
affected by slight variations in the method of pre
paring the calcium palmitate. The contact angle 
of the system palmitic acid-distilled w ater-air was 
obtuse (96° 54').

In the case of buffered solutions, the calcium palmi
tate  was equilibrated with the aqueous phases by mixing 
known amounts of its thoroughly washed aqueous 
slurry, concentrated solutions of the buffer, KC1, 
CaCl2, dispersant, and doubly distilled water tha t was 
free from C 0 2. The mixture was then stirred under 
a nitrogen blanket a t room tem perature during 45 hr. 
Plugs were prepared in glass plugholders by compression 
to 3 atm. during 1 hr.

After determining the mean hydraulic radius and the 
equilibrium displacement pressure against air, the plug 
was washed with distilled water, dried, and weighed 
in order to determine its porosity. In the equilibrium 
liquid pressed out of the plug, the calcium ion concen
tration was determined complexometrically. 9 There 
was no difference between advancing and receding 
contact angles in these systems. In  order to find the

(6) S. Ross and J. F. Olivier, J . Phys. Chem., 63, 1671 (1959).
(7) F. Barr, J. Oliver, and W. V. Stubbings, J . Soc. Chem. Ind . 
(London), 67, 45 (1948).
(8) G. S. Siggia, So'i'p Chem. Specialities, 3, 51 (1958).
(9) G. Schwarzenbach, "D ie Komplexometrische T itration,” Ferdi
nand Enke Verlag, S tuttgart, 1956, p. 60.
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Table II: Changes in Adsorption a t the Surface of Calcium Palm itate during the Transition Solution-Air

Average values of (rsA — Taw) (rD)sw,° (ThpIsw,6
(K+) range, .------ -moles/cm.2 X 1010------- - moles/cm.2 moles/cm.2

Dispersant pH range mequiv./l. HP K + Dispers. X 1010 X 1010

None 7.55-8 .50 50 4.1
8 .50-9 .20 50 3 .8 1.9

9.00 28 .8-56 .8 2.6
Taurate

4.5 mmole/1. 7 .75-9 .00 12.2 0.33
4 .5  mmole/1. 9.00 12.2-24.3 3.35 1.2 3 .4
2.2-4.Ö mmole/1. 9.00 12.3 - 0 .4 6

Eth. ox. laur. ale.
0.002 mmole/1. 7 .7 -8 .8 12.2 0.96 0.17
0.07 mmole/1. 8 .05 -8 .95 14.1 0.19 1.7 3 .7

Sulfinyldodecane 7 .8 -8 .8 5 11.6 < 0 .1

° From Table I (average values). 6 From  titration  measurements (Fig. 1).

(rHz)sw, m o l e  cm. 2 X 1 0 10.

Figure 1. Adsorption of fa tty  acid a t the calcium 
palm itate-solution interface against pH of solution.
A: No surfactant present; [K +] = 10 mmoles/1.,
[Ca2+] = 0.29 mmole/1. B: In  the presence of 4.48 
mmoles/1. potassium lauroylm ethyltaurate; [K +] =
18 mmoles/1., (Ca2+] = 0.51 mmole/1. C: In the 
presence of 0.31 mmole/1. ethoxylated lauryl alcohol;
[K +] =  12 mmoles/1., [Ca2+] = 1.24 mmoles/1.

total amount of water and calcium palm itate present 
in the equilibrium slurry, all calcium palm itate was 
again collected, washed, dried, and weighed a t the 
end of the experiment. The results obtained are col
lected in Table I.

In the presence of scum dispersants, accurate de
termination of the calcium ion concentration in the 
equilibrium liquid is often impossible, because of 
deflocculation of a small part of the Ca palmitate 
crystals to an extremely fine dispersion tha t cannot be 
separated off. In some cases, the calcium ion concen
tration found exceeds tha t of the original solution; 
this must be due to small amounts of calcium ion lib

erated by the plugs. The data show th a t the measure
ments can be combined in pairs in which the square 
root of the C a2+ concentration was sufficiently con
stant, so th a t its contribution could be neglected in 
applying eq. 7 or 8 .

The results of the measurements of the adsorption 
of fatty  acid a t the calcium palm itate-solution inter
face by means of titration are given in Fig. 1.

I t  must be noted th a t the adsorption values ob
tained by this method are only rough estimates. 
The large increase in fatty  acid adsorption on adding 
dispersants a t not too high pH values may be assumed 
to be a real effect and was found in all experiments. 
I t  explains the observations of Lottermoser and 
Flammer, 10 th a t the addition of taurate solutions to 
calcium soap dispersion increases the pH  of the solu
tion since an increase of the fatty  acid adsorption will 
liberate a corresponding quantity of OH~ ions in the 
solution.

Discussion
On introducing the values given in Table I into 

formulas 7 or 8 , the changes in the various adsorptions 
due to the transition aqueous solution-air are ob
tained. All activity coefficients of the ionic species 
were calculated using the simplified Giintelberg for
mula . 11 All ionized buffer ions were assigned a single 
negative charge; this was found to yield correct 
results in earlier investigations. 1 The results are col
lected in Table II. This table shows positive values 
for ( r SA — Tsl) both in the case of potassium ion ad
sorption and in the case of fatty  acid adsorption.

(10) A. Lottermoser and H. F. Flammer, Kolloid-Beih., 45, 359 (1937).
(11) G. A. Solomin, Gidrokhim. M aterialy, 28, 1230 (1959).
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This means tha t the adsorption of both these com
ponents increases when the solid falls dry.

Absolute values of the K + adsorption a t the SW 
interface were roughly estimated by applying S tern’s 
theory12 to the electrophoretic data reported in Table
I. Assuming that the measured f-potentials are equal 
to the potential in the Stern layer,5 it follows that the 
values of (TK)sw are about 0.5 to 1 X 10-10 molc/cm.2.

If we still take into account the estimated values of 
the fatty acid adsorption (2 X 10“ 10 molc/cm.2) at 
the solid-solution interface, it follows that at the a ir- 
solid interface these adsorptions become, respectively, 
( r k)sa = 3.3 X 1(R10 mole/cm .2, and (Thp)sa = 5.8 X 
H R 10 m ole/cm .2. This implies tha t under the condi
tions of our experiments the surface of the calcium 
palmitate crystals against air is completely covered with 
a monolayer strongly resembling acid soap. Thus, the 
surface properties, e.g., the properties determining 
the wetting of dry calcium palm itate should be com
parable to those of acid potassium palmitate crystals. 
If has been noted that, compared with calcium soaps, 
acid potassium soaps are flotated very readily by air.

For the rewett ing process a reaction a t the three-phase 
boundary air-water-solid is required, in which most of 
the H+ ions and K+ ions a t the surface are replaced by 
Ca2+ ions. If the C a2+ concentration in the aqueous 
phase is low, this process will proceed only slowly 
since it will be governed by the diffusion velocity of the 
C a2+ ions toward the three-phase boundary. I t  was 
observed qualitatively th a t wetting of dry Ca palmitate 
is improved on increasing the C a2+ concentration of 
the solution.

Moreover, the H+ ions liberated on wetting the Ca 
palmitate will tend to lower the pH locally a t the three- 
phase boundary, thus increasing the contact angle and 
making wetting more difficult (c/. Table I). In analogy 
to the adsorption of potassium ions and fatty  acid at 
the surface of aqueous carboxylate soap solutions, the 
fatty  acid adsorption a t the SA interface increases on 
lowering the pH.

At sufficiently low pH values, the Ca soap surface

is probably completely covered by a fatty  acid mono- 
layer and the contact angle will become obtuse.

The most conspicuous result of the presence of the 
dispersant is the far lower change of the fa tty  acid ad
sorption during transition of the Ca soap from water to 
air. However, the low value of (Fhp) sa — (Thp) sw 
does not imply a low level of fatty  acid adsorption. 
As is seen from the value of ( r HP)sw in Table II, the 
presence of the dispersant markedly increases the fatty  
acid adsorption a t the SW interface. Therefore, the 
dispersant appears to reduce the differences in com
position of the SA and SW interfaces. The greater simi
larity of these interfaces will reduce any hysteresis 
effects during wetting and dewetting.

However, the presence of dispersant does not 
markedly decrease the contact angles. In the pres
ence of potassium lauroylm ethyltaurate the contact 
angles are in the range of 73°, and in the presence of 
ethoxylated lauryl alcohol, between 80° and 73°, 
which are only slightly lower than the values obtained 
in the absence of dispersants.

In  the presence of l,2-bis(methylsulfinyl)dodecane 
no change in fatty  acid adsorption a t the Ca palm itate 
interface can be discovered on replacing the aqueous 
phase by air.

Conclusion
I t  follows from the discussion given above, th a t the 

influence of detergents on the wetting of calcium palmi
tate can be correlated with their influence on the equi
librium surface composition of this solid. I t  must, 
however, be realized that, in practice, wetting and de
wetting frequently occur under conditions of non
equilibrium. Then, dynamic effects must be taken 
into account, which must be studied separately and 
may considerably influence the effectiveness of a given 
scum dispersant.

Acknowledgm ent. Thanks are due to Dr. J. R. 
Nooi for the synthesis of bis(methylsulfinyl)dodecane.

(12) F. van V. Vader, Proc. Intern. Congr. Surface Activity, 3rd 
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Surfactant Adsorption at the Solid—Liquid Interface— Dependence 

o f Mechanism on Chain Length

by P. Somasundaran, Thomas W. Healy, and D. W. Fuerstenau

Department o f M ineral Technology, University o f California , Berkeley, California  (Received A pril 20, 1964)

At low concentrations, alkylammonium ions affect the ¿"-potential of quartz in nearly 
the same way as do sodium ions; a t a certain concentration of alkylammonium ions there 
is a sudden change in the electrokinetic potential. This has been attributed to the forma
tion of “hemimicelles” or two-dimension aggregates of the long chain ions. As in micelle 
formation, the cohesive or van der Waals interaction between hydrocarbon chains reduces 
the work of bringing the polar groups together into aggregates at the solid-liquid interface. 
We have measured the ¿"-potential-concentration curves for quartz in the presence of 
alkylammonium acetates of chain length from 10 to 18 carbons. From the variation with 
chain length of the concentration of surfactant a t zero ¿"-potential, it is possible to deter
mine the value of the van der Waals cohesive energy. Our value of 0.97k T  or 580 cal./ 
mole, in good agreement with literature values, substantiates the hemimicelle hypothesis 
and strengthens the validity of electrokinetic techniques.

Introduction
In a previous publication , 1 evidence was presented 

for the occurrence of lateral interaction between hy
drocarbon chains of alkylammonium ions adsorbed at 
the quartz-aqueous solution interface. I t  was con
cluded tha t in dilute solutions alkylammonium ions 
are adsorbed as individual ions; once the adsorbed 
ions reach a certain critical concentration a t the 
solid-liquid interface, they begin to associate into two- 
dimensional patches of ions in much the same way as 
they associate into three-dimensional aggregates to 
form micelles in bulk solution. The forces responsible 
for this association at the surface will be the same as 
those operating in the bulk, except th a t coulombic 
attraction  for the surface adsorption sites will aid the 
association.

Because of the proposed appearance of these adsorbed 
surfactant ions, the patches of associated ions have 
been termed “hemimicelles. ” 2 The critical concentra
tion a t which the association is observed is referred to 
as the hemimicelle concentration, (7h m , in moles/liter. 
Electrokinetic, adsorption density, contact angle, 
and flotation-rate data all show an abrupt change in 
behavior a t the hemimicelle concentration. Such 
correlation of interfacial parameters has been demon

strated for the system quartz-dodecylammonium 
acetate, both in terms of the pH effect3 and in terms of 
the effect of the concentration of dodecylammonium 
acetate a t fixed pH . 4 Contact angle studies by Zisman 
for the adsorption of amines and carboxylic acids on 
platinum 5 also suggest that lateral interaction between 
adsorbed surfactant species takes place at. a certain 
critical concentration.

The adsorption isotherm of alkyl surfactants a t the 
solid-water interface for such solids as silica and alu
mina, while not extensively investigated, does show a 
general pattern6-8; the isotherm consists of two regions 
which join a t a distinct point which we have termed 1 2 3 4 5 6 7 8

(1) D. W. Fuerstenau, J . P hys. Chem., 60, 981 (1956).
(2) A. M. Gaudin and D. W. Fuerstenau, Trans. A IM E ,  202, 958 
(1955).
(3) D. W. Fuerstenau, ibid., 208, 1365 (1957).
(4) D. W. Fuerstenau, T. W. Healy, and P. Somasundaran, ibid., 
in press.
(5) E. G. Shafrin and W. A. Zisman, in “ Mor.omolecular Layers,” 
H. Sobotka, Ed., American Academy of Arts and Sciences, Wash
ington, D. C., 1954, p. 129.
(6) P. L. deBruyn, Trans. A IM E ,  202, 291 (1955).
(7) K. Shinoda, et al., “ Colloidal Surfactants,” Academic Press, 
New York, N. Y., 1963, Chapter 3.
(8) M. J. Jaycock and R. H. Ottewill, Bull. In st. M in in g  M et.. 73, 
497 (1963).
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the “hemimicelle concentration.” Adsorption is more 
extensive for concentrations greater than the hemi
micelle concentration. No quantitative description 
of the adsorption process has been presented that 
accounts for the break in the isotherm and the con
comitant change in slope.

In the investigation reported in this paper, quanti
tative evidence of the occurrence of lateral interaction 
between adsorbed alkyl surfactant ions, i.e ., hemi
micelle formation a t the solid-liquid interface, has 
been obtained from determinations of the effect of 
chain length on the electrokinetic potential of silica in 
aqueous solutions of alkylammonium acetates. Based 
on the Stern-Graham e model of the electrical double 
layer, it has also been possible to examine the range of 
application of /-potential data and to use these data 
to interpret certain properties of adsorption isotherms 
for the system silica-dodecylammonium acetate at 
neutral pH.

Theory

For the examination of the effects of surfactant 
species a t solid-liquid interfaces, the following model 
of the electrical double layer will be applied. Hy
drogen and hydroxyl ions are potential-determining 
ions for silica, 9 - 1 1  and the surface charge of silica might 
be considered to result from adsorption-dissociation of 
water molecules a t broken silicon-oxygen bonds, 
depicted schematically as

H+ ! OH- I
-S i-O H 2+ u± -S i-O H  —= ±  - S i - 0 -  +  H 20

I I I

Let the closest approach of positive counterions to 
this negative surface be a t the plane distance 8 out 
from the surface. In  accordance with the S tern- 
Grahame model, the diffuse layer charge can be ex
pressed by the exact form of the Guoy-Chapman 
equation for the potential a t plane 8, i.e ., t ĵ. The diffuse 
layer charge, expressed as charge within a column 
out from the plane 8 and of unit area of cross section, 
is given by

where e is the dielectric constant, k  is Boltzmann’s 
constant, T  is the absolute temperature, Z  is the valence 
including sign, e is the electronic charge, and n 0 is the 
number of ions/cc. in the bulk. For 1-1 valent elec
trolytes, the adsorption density of positive counter
ions, expressed as moles/cm . 2 of surface a t 25°, eq. 
1 becomes

r d+ =  6 . 1  +  1 0 - 11v / C'[(exp -1 9 .4 6 ^ )  -  1] (2 )

where \ps is in volts and C  is the bulk concentration in 
m oles/cm .3.

Grahame’s treatm ent of the compact double layer, 12 

based on Stern’s original concept, , 13 leads to an expres
sion for the adsorption of positive counterions at the 
plane 8, which is of the form

T s+ = 2rC e x p ( - W s/k .T )  (3)

where r is the radius of the adsorbed ion a t the plane 8 
and W s is the work to bring the ion from the bulk of 
the solution up to the plane 8. For the purposes of 
this paper it is unnecessary to subdivide the plane 8 into 
inner and outer Helmholtz planes as does Grahame in 
his detailed treatm ent of the double layer. 12

The work W { can be divided into electrostatic and 
chemical work terms, so th a t for cation adsorption

W s = Z +e\p 5 — <f> (4)

where for the case of adsorption of alkyl surfactants, 
such as dodecylammonium ion, <j> is the van der Waals 
energy in units of k T  associated with removal of the 
alkyl chain from its aqueous environment. For an 
alkyl chain of n  carbon atoms, assuming that

<t>/kT = n<t>'/kT

then 4V is the van der Waals energy of interaction per 
CH 2 group between adjacent chains of adsorbed sur
factant molecules. This interaction takes place a t 
the bulk concentration referred to as the hemimicelle 
concentration, C = C h m , by analogy to the critical 
micelle concentration of surfactant solutions. At 
surface coverages where this association between the 
chains takes place, the adsorption isotherm, for C >  
C h m , is described by

r {+ = 2rC e x p (Z +e<ps — n<t>')/kT (5)

Equations 5 in logarithmic form can be differentiated 
to give

d In T d In r {+ 
d in  C ~  d In C

i _  d y  , C  (  dn  \
d In C k T  \d  In C J  K >j

where T is the experimental value of the adsorption 
density and

(9) E. J. Verwey, Rec. trav. chim., 60, 625 (1941).
(10) D. J. O’Connor and A. S. Buchanan, Trans. Faraday Soc., 52, 
397 (1956).
(11) A. M. Gaudin and D. W. Fuerstenau, Trans. A I M E , 202, 66 
(1955).
(12) D. C. Grahame, Chem. Rev., 40, 441 (1947).
(13) 0 . Stern, Z . Elektrochem., 30, 508 (1924).
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The differential (dn/d  In C) expresses the fact tha t the 
effective number of carbons th a t can be removed 
totally from an aqueous environment by hydrocarbon 
chain association increases as the surface coverage 
increases. At the C h m , the effective value of n  is 
zero; a t a monolayer, n  = 1 2  for dodccylammonium 
acetate. T hat the effective value of n  increases linearly 
with In C  over this range has been verified by Fucr- 
stenau and Modi for alkyl sulfates a t the alum ina- 
water interface . 14

If after association of the alkyl chains the potential 
is reduced to zero, it follows from eq. 5 th a t

In Co =  —n(<t>'/kT) -  In (r,+ )„ -  In 2r (7)

where C = C0 a t \ps = 0 . If the rat io of the adsorption 
density a t = 0 to the factor 2r is relatively independ
ent of chain length, then the natural logarithm of the 
concentration of alkyl surfactant ions a t =  0  should 
be a linear function of the alkyl chain length with a slope 
equal to — <p'/kT.

In obtaining the above equations, no simplifying as
sumptions have been made other than to assume the 
Stern-G raham e model of the double layer. The 
potential vG is the potential of the Stern layer, and 
for successful use of eq. 6  and 7, an estimate of \ps is 
required. A convenient measure of the potential 
a t plane 5 is the electrokinetic or f-potential, defined 
as the potential at a plane (or layer15) a t which shearing 
occurs within the double layer. We feel th a t f- 
potential studies can be used to interpret these phe
nomena because (1 ) the potential difference between 
plane 5 and the shear plane is small compared to the 
total potential difference across the double layer, 
provided the ionic strength is less than about 1 0 ' 1 M  
and (2 ) ^-potentials, when expressed as a change in 
f  with respect to a change in some other parameter 
as illustrated by eq. 6 , do in fact give agreement be
tween theory and experiment. These agreements will 
be presented later in the paper. The following formal 
substitut ions are suggested

_ dt± _  -  (8 )
d In C d In C

in eq. 6 , and in eq. 7

Equation 9 can similarly be expressed as: a t f  = 0 
(i.e., experimentally observed), there is no change in 
ipt with change in chain length of the adsorbed surfac

tant. If — 0, then f  must be zero, and there is 
probably negligible error involved in assuming th a t a t 
low ionic strengths fis is zero when f  is zero.

Experimental
Brazilian quartz, 48 X 65 and 28 X 35 mesh, was 

used in this investigation. It was prepared by leaching 
with concentrated hydrochloric acid, washing free of 
chloride ions, and then stored in distilled water. The 
alkyl amines were obtained from Armour Industrial 
Chemical Co., Chicago, 111. All amines were dissolved 
in ether anhydrous, then added to the equimolar 
quantity of glacial acetic acid, and the acetate obtained 
was recrystallized from ether anhydrous, dried at room 
tem perature in a desiccator, and stored in a cool place. 
The conductivity water used for making reagent solu
tions was prepared in a quartz still from laboratory 
distilled water. Conductivity was less than 8 X 10" 7

ohm cm .' The water was stored and dispensed
in a carbon dioxide-free atmosphere. All measure
ments were conducted at pH values ranging from
6.5 to 6.9.

The apparatus used for streaming potential studies16 

is based on the same principles and assembly described 
earlier with few modifications. The cell assembly 
mainly consists of a porous plug filled with 48 X 65

28 X 35 mesh 
nts any of the

mesh quartz particles. A layer of 
particles placed a t the two ends prevc 
48 X 65 mesh particles from passing through the holes 
in the electrode. The potential develpped is fed into 
an E-H Laboratory Model 215 electrometer, with an 
input impedance in excess of 1 0 14 ohms, and the output 
is fed to a Beckman recorder (Type 93500) through a 
Cahn recorder control. For measurements of resist
ance less than 105 ohms, a General Radio Co. (Type 
1650-A) impedance bridge was used. For measure
ments of higher resistances, a precision resistor of re
sistance approximately equal to that of the test solu
tion was placed in parallel with the electrodes. The 
resistance of the plug with the test solution is then 
given by the relation

P E i  — A 2 
rii — K  2 ~

E i
(10)

where R x is resistance of plug with the test solution, 
R i is the known resistance, E i is the streaming poten
tial without using R i, and E i is th a t with R , in parallel. 
A correction for variation of dielectric constant of the

(14) H. J. Modi and D. W. Fuerstenau, J . Electrochcm. Soc., 106, 
336 (1959).
(15) J. Lyklema and J. Th. G. Overbeek, J . Colloid Sci., 16, 501 
(1961).
(16) D. W. Fuerstenau, M ining  Eng., 8, 834 (1956).
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medium with temperature, even though small, was 
made. The formula used in calculating f-potentials 
after applying the correction is

f  = [9.69 +  0.05 (i -  25)] X 104 ~  (mv.) (11)

where f  is /-potential in mv., t is tem perature of the 
solution in °C., E  is the streaming potential in volts, 
P  is the driving pressure in cm., and X is the specific 
conductivity of the solution in ohm - 1 cm .-1.

Results

The f-potential-concentration curves for quartz 
in the presence of long chain amines a t pH 6 .5-6.9 
and at 22-25° are given in Fig. 1 for alkyl chain lengths 
from 10 to 18 carbon atoms. Included in this figure 
is the /-potential-concentration curve for quartz in the 
presence of ammonium acetate under the same condi
tions.

All alky lam monium ions change the sign of the 
(■-potential, bu t ammonium ion itself does not. The 
effect of increase in alkyl chain length is to lower 
successively the hemimicelle concentration, i.e ., the 
bulk concentration at which van der Waals interaction 
takes place between adsorbed ions a t the solid-liquid 
interface.

For comparison, the critical micelle concentrations 
for the alkylammonium acetates are Co, 4 X 10- 2  M ; 
C n , 1.3 X 10- 2  M ; Cx4, 4 X 10-s M ;  CI6, 8  X 10- 4  M ;  
and Cis 3 X 10 4 M . All major changes in the elec- 
trokinetic curves occur a t concentrations far below 
the respective c.m.c. values.

Discussion

The concentration Co, a t wh:ch the /-potential is 
reduced to zero is plotted in Fig. 2 as a function of the 
alkyl chain length (n) of the ammonium acetate. The 
linear relation between log C0 and n  as predicted by eq. 
7 is verified; the slope of this line in terms of the van 
der Waals cohesive energy per CH2 group is 0 .9 7 kT  
or 580 cal./mole. This value is in excellent agreement 
with values of <f>' determined from solubility d a ta 17 

or from studies of micelle formation as a function of 
alkyl chain length of monofunctional surfactants . 18’ 19 

Values of <f>' determined from properties of surfactant 
solutions vary from 1.0 to 1.1 JcT. That an acceptable 
value of <}>' has been obtained from this analysis is 
substantial evidence in favor of the hemimicelle 
hypothesis. I t  is the operation of this van der Waals 
interaction energy tha t is the fundamental postulate 
of the hemimicelle theory. It is significant th a t the 
value of 4>' obtained for hydrocarbon chain association 
at a solid-liquid interface is slightly less than the usual

Figure 1. Effect of hydrocarbon chain length on the 
f-potential of quartz in solutions of alkylammonium
acetates and in solutions of ammonium acetate.

tr

Figure 2. Variation of the concentration of alkylammonium
acetate a t zero f-potential as a function of alkyl chain length.

value of 600-625 cal./mole deduced from micelle 
phenomena. This is probably due to the fact th a t com
plete association into a hydrocarbon liquid state is pre
cluded on steric grounds for hemimicelles, since van 
der Waals interaction is restricted to two dimensions.

The observed linear relationship between the loga
rithm of the concentration of surfactant a t /  = 0 and 
the chain length (cq. 7 and Fig. 2) means th a t ( r 5+)0/2 r  
is independent of chain length, where (Ib+ ) 0 is the ad
sorption density of cations at plane 8 a t  /  =  0  and 2 r

(17) A. W. Ralston, ‘Fa tty  Acids and Their Derivatives,” John 
Wiley and Sons, Inc., New York, N. Y., 1948.
(18) D. Stigter and J. Th. G. Overbeek, Proc. 2nd Intern. Congr. 
Surface A ctivity London , 1, 311 (1958).
(19) K. Shinoda, Bull. Chem. Soc. J a p a n , 26, 191 (1955); J . Chem. 
P hys., 58, 1136 (1954;.
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is the volume of charge a t unit cross-sectional area 
through plane 5. This finding implies that the elec
trostatic contribution to the energy of adsorption is 
located entirely within the charged polar head of the 
surfactant ion and is not affected by hydrocarbon chain 
association. Use of eq. 5, other than in differential 
form, would therefore require the value of the radius 
of the charged polar head group and not the “ radius” 
of the whole surfactant molecule. A possible cancelling 
of the effect of ( r j +) 0 and 2 r should not be overlooked 
and will have to be evaluated in subsequent research.

Use of eq. 6  requires estimates of both the hemi- 
micelle concentration and the concentration correspond
ing to monolayer coverage. Location of the hemi- 
micelle concentration is partly obscured by the inter
ference of surface conductance effects which, for 
example, are responsible for the maximum in the 
f-log C data of Fig. 1 . Surface conductance effects 
that are observed in streaming potential experiments 
on porous plugs are not observed if the experiments 
are carried out in capillary systems. The validity of 
the extrapolation of the alkylanunonium curves up to 
the ammonium acetate curve to locate the hemimicelle 
concentration has been discussed by Davies and 
Rideal. 20

The present electrokinetic data for the system quartz- 
dodecylammonium acetate leads to a value for the 
slope of the logarithmic adsorption isotherm for C >  
Ohm of approximately 2.5-3.0 to be compared with the 
experimentally determined value of 1.6-2.3 .6 The 
Ohm values obtained from the previous adsorption data 
and the present electrokinetic experiments are 1.5 X 
10~ 4 M  and approximately 10- 4  M  DDA, respectively.

Notice that, a t low surface coverages before associat ion 
of the alkyl chains, Guoy-Chapman theory, cq. 1, 
predicts a maximum limiting slope for the logarithmic 
adsorption isotherm of 0.5, but as the potential changes 
with concentration and approaches C = Chm, the slope 
will become less than 0.5.

These agreements between the experimentally de
termined adsorption parameters and those deduced 
from ¿"-potentials with the aid of St.ern-Grahame 
double layer theory are of considerable interest. Pri
marily, they strengthen the assumption of the equiva
lence between changes in f  and changes in \ps and, 
therefore, of the utility of electrokinetic results when 
analyzed in terms of differential quantities.

The above model of the adsorption process of alkyl 
surfactants can be considered appropriate for systems 
where the adsorption is purely physical adsorption. 
Alkylammonium ions on quartz fulfill this condition. 
Cases where the adsorption is clearly a chemisorption 
phenomena, where besides the van der Waals contri
bution to the work of adsorption there is a specific 
chemical interaction term, will require a more detailed 
treatm ent. Such systems as oleate on hem atite appear 
to be of this category.
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(20) J. T. Davies and E. K. Rideal, “ Interfacial Phenom ena,” 1st 
Ed., Academic Press, New York, N. Y., 1961, p. 121.
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A Study of the Surface pH of Micelles Using Solubilized Indicator Dyes
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Attem pts have been made to determine H + concentrations at the surface of micelles using 
indicator dyes, bromophenol blue and bromocresol green. In the presence of cationic 
micelles, the dyes are incorporated almost exclusively in the micelles, presumably with 
the hydrophilic groups exposed a t the surface and the hydrophobic parts buried. The 
apparent indicator constants ( /Q  for the surface, in terms of the average [H + ] of the 
system, have been determined for cationic micelles of three chain lengths at several ionic 
strengths, two counterions (Cl-  and B r- ), and twc temperatures. The distribution of 
bromophenol blue between the anionic micelles of sodium lauryl sulfate and the bulk has 
also been investigated and the surface pK iX estimated. The differences between the bulk 
and surface p K  values have been interpreted in terms of the electrical potential difference 
and changes in the intrinsic pK  (p/v;) of the dye. Potential values intermediate between 
the Gouy-Chapman surface potentials and the electrokinetic potentials seem to be needed, 
as expected for the surface from recent theories. The surface pK \  seems to be higher 
than the bulk value, the difference increasing with increasing charge density of the micelles. 
This effect is ascribed to the lowering of the effective dielectric constant at the surface. 
The change in pK & with micellar concentration can be explained satisfactorily by the nega
tive adsorption from the surface, in fair quantitative agreement with theoretical predic
tions. The p /fa varies linearly and substantially with the mole fraction of counterions. 
The effect is ascribed to different charge densities on the micelles and the larger effect of 
B r-  on ~he decrease of the effective dielectric constant at the surface.

Introduction
Micelles of association colloidal electrolytes (ACE), 

because of the comparatively high purity attainable 
for these systems and their thermodynamic stability, 
provide excellent model systems for studying colloid 
chemical phenomena in general. The possibilities 
of using micelles as models for ionized monolayers 
are less appreciated. Although there are problems 
associated with the difficulties of varying the charge 
density a t will and the curvature of the monolayer, 
these are more than offset in some cases by the re
producibility and attainable purity of the interface, 
and the pse of some of the more reliable experimental 
techniques easily applicable to bulk solutions containing 
micelles but difficult for ordinary interfaces.

The present study deals with the use of solubilized 
indicator dyes to determine the surface pH of micelles, 
as originally suggested by Hartley and Roe.2,‘-h Spec- 
trophotometric methods are applicable such th a t ap

parent indicator constants (K ) can often be determined 
to within 1 - 2 %, corresponding to a variation in the 
apparent pH or p K  (pK a) by 0.005-0.01. If the pK ,  
values can be related to changes in the potential a t the 
surface, 0 . 0 1  in pK a corresponds to a 0 . 6  mv. change 
in the potential.

The interpretation of the surface pH data involves, 
on the one hand, the evaluation of the theories of 
double layers leading to predictions of the potentials, 
and, on the other hand, the change, if any, in the in- 
tinsic pK  (p K ,)  from the bulk value (p ifi(h)) to its 
value at the surface of micelles (pA 1(S)). The problems 
are thus closely related to the analysis of titration 
curves of proteins and polyelectrolytes. Unlike most

(1) D epartm ent of Chemistry, University of Southern California, Los 
Angeles, Calif. 90007.
(2) (a) G. S. Hartley and J. W. Itoe, Trans. Faraday Soc., 36, 101 
(1940); (b) J. T. Davies and E. K. Rideal, “Interfacial Phenomena,” 
Academic Press, New York, N. Y., 1961.
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of the latter types of study, the work reported here is 
in terms of concentrations of H+ rather than the 
electrometric pH. The corrections due to activity 
coefficients are quite uncertain for surfaces, particularly 
for high potentials. They can be introduced, however, 
when desirable.

Experimental
M aterials. The cationic association colloids studied 

were lauryl trimethylammonium chloride (LTAC), 
the corresponding bromide (LTAB) and the myristyl 
(MTAB) and cetyl (CTAB) hoinologs of the latter. 
The bromide salts were pure preparations donated by 
Deosan Ltd., London. LTAC was a pure sample 
obtained from Armour and Co., Chicago, 111.

The sodium lauryl sulfate (NaLS) used was a highly 
purified preparation donated by Prof. K. J. Mysels of 
the University of Southern California.

The indicator dyes were the sulfonphthalein dyes 
bromophenol blue (BPB) and bromocresol green 
(BCG) obtained from the British Drug Houses Ltd.

A ppara tus. Absorbance measurements were done 
in a Hilger spectrophotometer with a thermostated 
cell chamber. The tem perature was controlled to 
within 0.2-0.50.

E xperim enta l Procedure. Absorbances were meas
ured at the band maxima determined for each system. 
The dye concentration was usually in the range 2-3 
X 10 ~5 M .  The absorbances of the yellow (Y_) 
and the blue (B~2) forms of the dye were used to 
calculate R , the ratio of [Y_ ] and [B-2] by using the 
relative molar extinction coefficients. IvCl or IvBr 
were used for varying ionic strengths and HC1 and HBr 
for varying [H + ] for the cationic ACE’s containing 
CD or B r_, except when the counterion composition 
was varied intentionally.

Results

K :l Values for Cationic A C E 's  at the C.m.c. The 
apparent indicator constant K a is defined as [H + ] /R , 
where [H + ] is the average value for the solution. 
At a constant ionic strength and constant concentration 
of the cationic ACE, the R  values varied linearly with 
H+ concentration. K n was usually determined a t three 
to seven different [H + ] values. The average variation 
in K a was in the range 0.6-3%.

The concentration of the ACE in the micellar form,
i.e., in excess of the estimated critical micelle concentra
tion (c.m.c.), in the measurements where the con
centration variation of the ACE was not explicitly 
studied, was 0.2-0.4%. Thus, several micelles were 
present per dye ion. The finite concentration of 
micelles had a measurable effect on pK R. The pK a

values were corrected to the c.m.c. (infinite dilution 
of micelles) on the basis of the interpretation of the 
concentration variation studies on CTAB in terms of 
negative adsorption (see later), and assuming tha t the 
other systems behave like CTAB in this regard. Since 
the maximum correction to pA a was about 0.04 for 
systems other than CTAB, it is expected th a t the 
uncertainty of the ACE concentration correction is 
negligible.

Table I summarizes the pK & values (corrected to the 
c.m.c.) for the various systems. The ionic strengths 
%) were calculated by adding the estimated c.m.c. 
to the concentration of the potassium salts added. 
There are occasional large discrepancies between the

Table I :  p K n Values a t the C.m.c.

Temp.,
ACE Dye °C. f* pAa

CTAB BPB 25 0.0077 2.12
0.0102 2 .22 ± 0 .0 2
0.0300 2.63
0.100 3.05
0.176 3.26 ±  0.02
0.520 3.67 ±  0.02
1.05 3.95 ±  0.03

MTAB BPB 25 0.0121 2.28 ±  0.02
0.0315 2.64
0.100 3.00

LTAB BPB 25 0.0332 2.62
0.0520 2.77
0.104 2.98

LTAC BPB 25 0.0390 2.35
0.107 2.64

CTAB BPB 45 0.0077 2.00
0.0300 2.50
0.100 2.89

CTAB BCG 25 0.0102 3.52
0.0300 3.90
0.100 4.38

CTAB (0.2%) BPB 32 0.100 2.59
in 0.1 M  
KC1

c.m.c. values reported in the literature. M ost of the 
measurements were made at a sufficiently high con
centration of added salt such tha t uncertainties in the 
estimated c.m.c. are small, as are the effects of any 
premicellar association. The probable errors in p K a 
are indicated in some cases. For the others, it is esti
mated as ± 0 .0 1 .

At 25°, the measurements for CTAB above n = 
0 . 1  pertain to possibly super-saturated solutions . 3

(3) P. Debye and E. W. Anacker, J  Phys. Colloid Chcm., 55, 644 
(1951).
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No precipitation was observed, however, during meas
urements.

Effect o f M icellar Concentration fo r  Cationic System s. 
The R  values of BPB for fixed over-all [H~] concentra
tion and added IvBr are plotted against the micellar 
concentration of CTAB in Fig. 1 as R / R cmc. At three 
ionic strengths and two temperatures, the variation 
was found to be linear within a scatter of less than 1 %

Figure 1. Variation in R  with micellar concentration 
of CTAB: 0 ,2 5 ° ; A, 45°; 1,0.0077;
2, 0.0300; 3, 0.100.

a t /i = 0.0077, 2% at n  = 0.03, and 3% at /r = 0.1. 
Turbidity corrections were applied. The correction 
on R  did not exceed 3%. Remo values were obtained 
from linear extrapolations of the R  values to the c.m.c.

R  Values fo r  N a L S . These are shown in Fig. 2 as 
a function of the NaLS concentration in the micellar 
form (i.e., after subtracting the c.m.c.) in sodium ace
tate-acetic acid buffers a t two pH values, adjusted to 
H =  0.100 with NaCl. These curves are quite non
linear.

Effect o f Counterion C om position Variation.. This 
was studied by measuring R  values for various con
centrations of CTAB a t constant values of [H + ] 
and KC1 (n = 0.1). The R  values in this case for 
mixed counterions show a much more pronounced rela
tive change with CTAB concentration (Fig. 3) than 
for CTAB in KBr (Fig. 1).

Figure 2. Variation in R  with micellar concentration of 
NaLS in sodium acetate-acetic acid buffer adjusted to 
O.HXV with NaCl: O, pH 4.10; A, pH 5.02, tem perature 25°.

Figure 3. Variation in R  with micellar concentration 
of CTAB in KC1 (0.100*0 a t 28.5°.

Discussion
The pK a values are calculated in terms of the over

all [H + ]. The H+ concentration at the surface is 
different because of the electrical potential difference 
of the surface with respect to the bulk. The interpre
tation of the pA„ values involves the equation (for
25°)2».>.

pA a =  p A i(s) — i^/59.16 (1)
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where pA i(S) is the intrinsic pA of the dye a t the 
surface, in the solubilized state, and \p the appropriate 
potential, in mv., operative for the plane in which the 
dissociable -OH groups of the dye are located, assuming 
that the [H + ] follows the Boltzmann distribution. 
pAi(S) and 1p are not independently determinable. The 
interpretation, therefore, involves the evaluation of 
various estimates with regard to pAi(S) and \p.

The basic assumption of this work is tha t the pres
ence of the dye ion in the micelle does not alter its 
surface properties and the dye can be used as an in
dicator of these properties. The assumption is ex
pected to be quite sound because of the low concentra
tion of the dye used (one dye for several micelles as a 
rule) and is supported by the observed similarity of the 
relative pA a values a t different ionic strengths when two 
different dyes are used for the same ACE (see later).

I t has been shown previously tha t such low propor
tions of oppositely charged dye do not affect the con
ductivity of micelles. 4

In the case of cationic ACE’s, the further assump
tion is made that, in the presence of micelles, all of the 
dye is solubilized. This assumption is justified by 
the following arguments. (1) The solubilities of salts 
of dyes and detergents of opposite charge in water 
have been estimated to be very low4 and the distri
bution coefficients between micelles and the bulk 
estimated in some cases are very high .5 (2) The 
blue form of BPB is bleached by OH -  ion. In  CTAB 
micelles, the dye is inaccessible to this attack. Duyn- 
stee and Grunwald5 found that under conditions where 
the pseudo-first-order rate constant in the bulk is 9 X 
10~ 5 sec.-1, in the presence of 0.01 M  CTAB there is 
no change in color in 37 hr. The distribution coef
ficient K u  (vol./vol.) between micelles and the bulk 
is, therefore, greater than 3 X 105. (3) The Ad value
estimated for the yellow form of BPB between NaLS 
micelles and the bulk is about 1.3 X 103 (see later). 
Eor cationic micelles, the electrostatic factor is ex
pected to increase it to above 106. At the minimum 
micellar volume fraction of 0 . 0 0 2  used, less than 0 .1 %  
of the yellow form of the dye is expected to be in the 
bulk and much less of the double-charged blue form. 
(4) At n  = 0.1, where intermicellar interactions are 
weak, the R  values increase by only about 20% as 
the CTAB concentration is increased from a value 
somewhat above the c.m.c. (6  X 10- 3  N ) to 0.137
N . (See Fig. 1.) For LTAB, the change is about 35% 
in R  as the micellar of LTAB is increased from about
O. 008 to 0.159 N . Both of these small changes are, 
moreover, well explained by negative adsorption from 
the micelle surface (see later). It seems, therefore, 
th a t any variation in the distribution ratio must be

small, and the distribution is effectively complete in 
favor of the micelles.

Ion ic Strength Variation  and the E ffects on 4  and  p K ,(S). 
W ith increasing n, it is expected th a t \p decreases 
and, therefore, pA a increases. In the present study, 
pAa seems to vary linearly with log n as shown in 
Fig. 4 where pAa — log p is plotted against log p, to 
magnify the deviations. The average deviation from 
the straight lines is 0.01 unit in pA a, no deviation ex
ceeding 0.02 unit. For CTAB, the linearity persists 
to high ionic strengths where very large and rod-like 
micelles form . 3 The dpA a/d  log y. slopes, given in 
Table II, show a consistent increase with chain length.

Table I I : Variations in pX„ with y

Temp.,
ACE Dye °c. dpAa/d log ii

CTAB BPB 25 0.85 ± 0 .0 1
MTAB BPB 25 0.78 ± 0 .0 2
LTAB BPB 25 0.72 ± 0 .0 3
LTAC BPB 25 0.66 ± 0 .0 4
CTAB BCG 25 0.87 ± 0 .0 2
CTAB BPB 45 0.80 ± 0 .0 2

W ith CTAB, BCG, and BPB, in spite of the large 
difference in pA„, lead to the same value of the slope 
within experimental error, suggesting tha t the measured 
slope is characteristic of the ACE system.

To correlate the variations in pA a with variations in 
4/, the Gouy-Chapman potentials ( i/'g) were estimated 
from the molecular weight data of Trap and Hermans7 8 

for the bromides and Kushner, et al.,s for LTAC, using 
the numerical tables of Loeb, Wiersema, and Over- 
beek9 for the spherical double layers. In these cal
culations, the molecular weights, uncorrected for charge 
effects, were used because of the uncertainty of the cor
rections and because the relevant ionic strengths in
volved here require substantial contributions from in
organic salts in which case the corrections are small 
and largely cancel relatively. In  the calculations of 
the micellar radii, the partial molal volumes of the 
chloride micelles estimated previously10 were used.

(4) P. Mukerjee and K. J. Mysels, J . A m . Chem. Soc., 77, 2937 
(1955).
(5) E. F. J. Duynstee and E. Grunwald, ibid., 81, 4542 (1959).
(6) E. F. J. Duynstee and E. Grunwald, ibid., 81, 4540 (1959).
(7) H. J. L. T rap and J. J. Hermans, K oninkl. Ned. A kad. Wetenschap. 
Proc., B58, 97 (1955).
(8) L. M. Kushner, W. D. Hubbard, and R. A. Parker, J . Res. Natl. 
Bur. Std., 59, 113 (1957).
(9) A. L. Loeb, J. Th. G. Overbeek, and P. H. Wiersema, “ The 
Electrical Double Layer around a Spherical Colloid Particle,” the 
M .I.T . Press, Cambridge, Mass., 1961.
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Figure 4. Plots of pA'a — log m vs. log fi: O, CTAB; 
A, M TAB; V, LTAB (all a t 25° with BPB);
#, CTAB a t 45° with BPB ; □, CTAB at 
25° with BCG (right-hand ordinate).

loyM '

Figure 5. Plots of pK a +  ^ g/59.16 vs. log y: A, 
CTAB; O, MTAB; 0 , LTAB; v , LTAC.

By subtracting the partial molal volumes of C l~,n 
neglecting électrostriction effects, the partial molal 
volumes of the micelles without any counterions were 
estimated and used to calculate radii and charge densi
ties of micelles without the counterions. The values 
for CTAB were obtained by extrapolation from the 
LTAB and MTAB values.

If piii(s) remains constant when only ¡x is varied, 
it is expected from eq. 1 that — d(^/59.16)/d  log /x 
will equal dpA a/d  log ¡x. When — ̂ g/ 59.16 values 
are plotted against log n, the curves are somewhat 
nonlinear and the average slopes are all less than unity, 
mainly because of the increase in the molecular weight 
and charge density with n, and in qualitative agreement 
with dpAa/d  log m values. The values of the slopes of 
the ipo plots are, however, somewhat smaller in general. 
This is illustrated in Fig. 5, where pA a +  ^ g/ 59.16 
is plotted against log fi. The variations with /u seem 
to be barely significant, since errors in molecular weight 
of 10 and 20% correspond to about 0.033 and 0.066 in 
¿ g/59.16.

Much more significant are the high values of pAa +  
i/'g/ 59.16, their chain-length dependence, and the de
pendence on counterions. Clearly, if is to replace 
\p, pAi(8), which equals piva +  ^ g/ 59.16, must vary 
with chain length, ionic strength, and different counter
ions. The bulk value, pA'i(b), for BPB, was deter
mined to be 4.01 and 3.84 for ^  = 0.01 and 0.1 in HBr +  
KBr systems. Clearly, also, when \pG is used for \p, 
pA i(s) >  p A i(b).

For explanations of surface pH, it has sometimes been 
suggested that the f-potential is the operative one.!,’b

This seems unlikely in general; the adsorbed dye is 
likely to remain on the surface in the tightly bound 
layer rather than on the shear layer. Since the 
Booth f-potentials, not available for the present 
systems, are usually about 0.55 times \pG,10 11 12 the use of 
f--potentials would require much less change in pA i(s) 
from pAL(b) than \pa . But, now, p A i(s) would be less 
than pAb(b) in many cases, but not in all. This seems 
physically implausible.

T hat pAj(s) ^  pAi(b) seems to be established by the 
constant difference of 1.30 ±  0.02 in the apparent 
pAa of BPB and BCG for CTAB a t three ionic 
strengths, as compared to the difference in pA ;(b) of 
0.77 ±  0.03 over the ionic strengths of 0 to 0.5 . 13 The 
alternative explanation in terms of different placement 
of the dye with respect to the micellar surface seems 
unlikely.

T hat pAi(S) should be greater than pA ;(b) seems 
reasonable if it is accepted that, the effective dielectric 
constant at the micelle surface is lower than the bulk 
value because of dielectric saturation , 14 15 the high con
centration of ions, 18 and the proximity of the hydro
carbon core of the micelle. An interpretation of the 
charge-transfer spectra of dodecylpyridinium iodide

(10) P. Mukerjee, J . Phys. Chem., 66, 1733 (1962).
(11) P. Mukerjee, ibid., 65, 740 (1961).
(12) J. Th. G. Overbeek and D. Stigter, Rec. trav. c h i m 75, 1264 
(1956).
(13) H. T. S. Britton. “ Hydrogen Ions,” 4th Ed., Chapm an and Hall, 
London, 1955.
(14) F. Booth, J . Chem. P h y s 19, 391, 1327, 1615 (1951).
(15) M. J. Sparnaay, Rec. trav. chim., 77, 872 (1958).
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micelles, in comparison to ion-pair spectra in various 
solvents, has recently led to an estimate of 36 for the 
dielectric constant a t the surface . 16 With lowering 
of the dielectric constant, an increase in p A ¡ is expected 
and observed for weak acids. 17 Also, the increase 
in pA¡ is usually greater when pA¡ is greater, which 
may explain the difference between the pA a values of 
BPB and BCG as compared to p A i(b) values.

As a corollary of the above explanation, it may be 
expected tha t p A i(S) should be greater as the charge 
density increases at constant p for the same counterion. 
This seems to explain most of the chain-length de
pendence as shown in Fig. 6 , where pA„ +  ^ g/ 59.16 
is plotted against the charge density. The variation 
with charge density is quite significant. Although the 
range covered is small, the expected extrapolation to 
a value of about 4.0 (pA i(b)) at zero charge density is 
not unreasonable. The ionic strength effect a t con
stan t charge density seems to be significant also, but 
not adequately interpretable a t the moment.

In Fig. 6 , on any reasonable extrapolation of the 
line for bromides, a significant difference between 
LTAB and LTAC remains. I t  seems that pA¡(8) 
is lower for the chloride than the bromide a t the same 
p and charge density. Presumably, the larger and the 
more polarizable B r-  produces a greater lowering of 
the effective polarity a t the micelle surface than C l- . 
Molar decrements in the dielectric constant of water

Figure 6. Plots of pA a +  ^ g / 5 9 . 1 6  vs . charge density. 
1, CTA B; 2, MTAB; 3, LTAB; 4, LTAC; G, log p = 
— 1.40; A, log p =  — 1.90; circle for CTAB estimated 
by extrapolation.

for NaCl and N a l 18 (data do not seem to be available 
for B r- ) are 11 and 15, respectively, suggesting the in
fluence of the size and polarizability of the cation.

pAa fo r  N a L S .  The discussion above suggests th a t 
a pAj(S) value higher than p/v¡<t) and a ¡Avalue 
higher than the ¿"-potentials are consistent with the 
data for cationic ACK’s. No conclusion is possible, 
however, as to how well is represented by tpo- A 
pA a value for NaLS was estimated to provide some 
sidelight.

To analyze the variation in R  with the micellar con
centration of the anionic NaLS, it was assumed th a t in 
a well-buffered system of constant bulk pH and p, 
and a high value of the latter (p = 0 .1 ) where inter- 
micellar interactions can be neglected to a good first 
approximation, \p remains constant. If the value of 
R  is R b in the bulk and R s at the surface, [H + ]b//tk =  
K a. Rb can be experimentally determined in the 
absence of micelles. To determine R„, A d m ust be 
estimated. Defining Ad, for the yellow form, as 
[Y- ]m/ [ Y - ]b where [Y- ]m is the concentration in the 
micelles, it can be shown that the experimentally meas
ured R  is given by

D =  ] =  _ l +  Knv™ ___  (2)
[B-2] 1 / R h +  K u v J R s

where <pm is the volume fraction of micelles. R ear
ranging, we have

— = A D -  R K o /R s (3)
Pm

In Fig. 7, the left-hand side is plotted against R  at 
various values of <pm. A micellar density of 1.1 g./ml. 
was assumed for calculating <pm.

The two curves in Fig. 7 for two different values of 
pH b are fairly satisfactory straight lines. From the 
intercepts, the A d values of 1.13 and 1.52 X 103 are 
obtained. The R s values from the slopes and the in
tercepts lead to pA a values of 5.65 ±  0.07 a t pHb 
of 4.10 and 5.68 ±  0 . 0 2  at pH b of 5.02. The estim ated 
mean value is 5.67 ±  0.03.

The small difference in the estimated A d  values may 
be due to various causes, in part icular the presence of 
acetic acid in the buffered systems, which may alter 
the properties of the micelles. The calculated con
centrations of acetic acid, 0.008 and 0.015 M , are fairly

(16) P. Mukerjee and A. Ray, to be published.
(17) H. S. Harried and B. B. Owen, "T he Physical Chemistry of 
Electrolytic Solutions,” 3rd Ed.. Reinhold Publishing Oorp., New 
York, N. Y., 1958.
(18) J. B. Hasted, D. M. Ritson, and C. H. Collie. ./. Chem. Phys.: 
16, 1 (1948).

T h e  J o u r n a l  o f  P h y s ic a l  C h e m is tr y



S u r f a c e  p H  o f  M i c e l l e s 3573

0  5 10 IS

Figure 7. See text: A, pH  4.10; O, pH  5.02.

small, however, and in view of the small variation in 
pAa it is felt tha t the pA a values are reliable.

If the pifi(b) value of 3.84 is used for p K ,(B) to cal
culate \p, the value of NaLS at ^  = 0.1 is —108 mv. as 
compared to the estimated 1/0 of —132 and f  or — 6 8  

mv . 12 A lower value of pAi(S) brings closer to 
and a higher value brings it closer to f. The same 
pA'i(S) for LTAC (at a = 0.1) gives \p =  72 mv. as 
compared to estimated f a  =  120 mv. and f  = 64 mv. 
A higher pAi<S) here brings ^  closer to fa .

A consistent explanation seems to require th a t \p is 
roughly midway between f a  and f  and pA i(s) is higher 
than pAj(b). This explanation is in accord with the 
Stern model and other recent models of the double 
layer. I t  is interesting th a t some recent hydrolysis 
rate studies of long chain alkyl sulfates a t the micellar 
surface also require potentials intermediate between 
f a  and f , 19 for an explanation of the electrostatic 
effects. The ideas developed in this paper should be 
of some use in understanding ionic reactions on micelle 
surfaces.5-6’20

I t  is to be noted that an apparently higher value 
of pAi(S) may be caused by the partial inaccessibility 
of the dissociable -O H  group of the yellow singly 
charged form of the dye, if some of the -O H  groups are 
buried inside the micelle. However, this is energeti
cally unlikely, in view of the well-known hydrophilic 
character of the -O H  group. The extrapolation of 
pA'j(s) values to a value close to pAi<b> as the charge 
density on the micelles tends to zero also argues against 
the importance of this factor.

Counterion Com position V ariation . The effect of

Figure 8. Variation in pA'a in the cetyl 
(|C1-  +  Br~) system, tem perature 28.5°.

the counterion composition variation on pA a seemed 
to be of some interest. For this, the micellar concen
tration variation data with CTAB in 0.1 M  KC1 
(Fig. 3) were used, after applying corrections due to 
negative adsorption (less than 0.07 unit). Independent 
estimates of pA a for CTAB in KC1 and CTAB in KBr 
(Table I) were corrected for small tem perature dif
ferences. The data are plotted in Fig. 8  as a function 
of the mole fraction of the counterions. The variation 
is accurately linear over the whole range. The varia
tion in pA'a is caused by the different effects of these 
ions on the local polarity a t  the micelle surface and the 
formation of micelles of different charge densities, as 
the comparison of LTAB and LTAC micelles have 
shown. I t  seems, however, tha t there is no preference 
for either of the cations in the intermediate range, in
dicating little preferential adsorption of the B r-  with 
respect to the C l“ .

Negative Adsorption. The linear increase of the R  
values with micellar concentration (Fig. 1) is a strik
ingly simple result which can be explained qualitatively 
by the increase in the H+ concentration of the bulk 
and its effective ionic strength by negative adsorption 
from the micelle surface, 9 both factors Increasing R. 
To evaluate the extent of negative adsorption, we 
note th a t the variation of the dpA a/d  log^ (at thec.m.c.) 
from unity is primarily due to the increase in the 
molecular weight with higher ¡x. At a constant over
all concentration of the added salt, if the molecular

(19) J. L. Kurz, J .  P hys. Chem., 66, 2239 (1962).
(20) E. W. Anacker, R. M. Rush, and J. S. Johnson, ib id ., 68, 81 
(1964).
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weight is assumed to remain constant for varying 
micellar concentration, a value of unity for dpA a/d  
log n is a good approximation such th a t R  should 
vary in the same ratio as n when [H+] is constant. 
At constant ft, similarly, R  varies in the same ratio 
as [H + ], Therefore as Cm, the concentration of micelles 
in equivalents/liter, increases, n and [H + ] values of the 
bulk should both increase by a factor of 1 +  aC m/  
Hcmc compared to their values at the c.m.c., a  being the 
negative adsorption factor, and R / R cmc should in
crease by the square of this factor. To evaluate a, 
therefore, V/ i2/i?cmc should be plotted against C„J
(J- cm c*

The experimental data a t ticmc = 0.0077 (Fig. 1) 
are very well represented by straight lines, and R cmc 
values were chosen by extrapolation on this basis. 
On plotting the square root of the R / R cma values, 
curved lines are obtained and the value of a  changes 
continuously from 0.0635 ±  0.0015 a t the c.m.c. to 
0.050 ±  0.001 for 3% CTAB. Thus, the negative 
adsorption factor seems to be somewhat dependent 
upon the concentration of micelles, but not excessively 
so. The variation is presumably due to the inter
action of the double layers. At the higher values of n, 
although the R  values are displayed in Phg. 1 as varying 
linearly with Cm, the scatter of the points does not allow 
a clear evaluation of the variation of a  with Cm except 
to state that it is smaller than in the case of n = 0.0077, 
as expected.

The a-values estimated near the c.m.c. are shown in

Table III. The variation with ionic strength is slight, 
bu t tem perature seems to have an appreciable effect.

Table III: Negative Adsorption Factors at the C.m.c.

ACE
Temp.,

°C. Memo a

CTAB 25 0.0077 0.0635 ±  0.0015
25 0.0300 0.067 ±0.004
25 0.100 0.082 ±0.015
45 0.0077 0.0705 ±0.0015
45 0.0300 0.083 ±0.005
45 0.100 0.100 ±0.015

LTAB 25 0.100 0.095 ±0 .015

To compare the experimental a-values with theo
retical predictions, we have calculated a  from the tables 
of Loeb, Wiersema, and Overbeek9 by using \pG and f, 
assumed to be equal to 0.55 (Pg- We have assumed 
that the shear layers are located 2 A. away from the 
surface for \pg. The calculated values (25°) for CTAB 
a t = 0.0125 and 0.025 are 0.068 and 0.065 using ipG 
and 0.058 and 0.056 using f. The agreement is satis
factory considering that the percentage of errors in a  
is nearly proportional to th a t in the charge density. 
The recently published molecular weight of LTAB 
micelles in 0.1 M  N aB r20 leads to a-values of 0.140 and 
0.119 using \pG and f. The experimental value (Table 
III) here is somewhat low.

T h e  J o u r n a l  o f  P h y s ic a l  C h e m is tr y
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Calorimetric Studies o f the M icellization o f Dimethyl-re-alkylamine O xides1 2 3 4 5
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Heat of solution measurements have been made whh a series of dimethyl-n-alkylamine 
oxides (DC„AO) in water. The derived partial molal enthalpy values, H 2, allow estimates 
to be made of the standard free energies of micellization (AF m°) to furnish the corresponding 
entropy changes, A£m°. The well-known regular decrease in AF m° with increasing chain 
length is seen to be due to a parallel decrease in AH m° since the entropy of micellization is 
essentially independent of chain length. The chain lengths studied are C8, C9, Ci0, and 
Ci2. Below the critical micelle concentration (c.rn.c.) considerable heats of dilution 
are found with the shorter chain length compounds while H 2 values are more nearly con
stan t for the Cm and Ci2 compounds. In all cases f l 2 is found to be essentially constant 
above the c.rn.c., even up to the point of separation of a mesomorphic phase (30-50%
w./w.). The positive values of AH m° are interpreted in terms of hydrophobic bonding 
present during micellization. D ata obtained for DC i2AO in dilute HC1 solutions, where 
the surfactant is cationic, show a negative value for AH m° and indicate a lower entropy 
change for the ionic species than for the nonionic species. Comparison with published 
data for ionic surfactants shows th a t this is generally true and is interpreted as resulting 
from the disrupting influence of ionic head groups on the ordering of water around the 
monomer.

Introduction

Considerable attention has been given in the last dec
ade to a study of the thermodynamics of surfactant 
solutions, the objective being tc understand the factors 
which govern the formation of micelles. Standard free 
energies (AF m°) and enthalpies (AH m°) of micelliza
tion have been derived from critical micelle concentra
tions (c.rn.c.) and their tem perature dependence, 
respectively. In  addition, calorimetric A //ni and heat 
capacity values have been obtained for certain ionic 
surfactants . 2-5

I t  has been concluded from these studies th a t the 
entropy increase during micellization contributes largely 
to the free energy change and overrides the unfavorable 
enthalpy term. Structural changes in the solvent, 
associated with loss of hydration of the hydrocarbon 
chain when the surfactant enters the micelle, are 
thought to be responsible for the positive AS™0 values, 
and, thus, micelle formation is partially a result of 
what has been termed hydrophobic bonding. A statis
tical mechanical treatm ent of the latter has recently 
been presented .6

The present work concerns calorimetric measure
ment of AH m° values for a homologous series of non
ionic surfactants, the dimethyl-n-alkylamine oxides 
(DC„AO), and the application of such data to the 
chermodynamics of micellization in these systems. 
Other calorimetric data are available only for ionic sur
factants where interpretation is somewhat complicated 
oy varying electrical interactions . 2-5  Following a 
consideration of nonionic micellization according to the 
law of mass action, the experimental data are inter
preted particularly in terms of the thermodynamic

(1) Paper presented a t the Kendall Award Symposium, Division of 
Colloid Science of the American Chemical Society, Philadelphia, Pa., 
April, 1964.
(2) (a) E. D. Goddard and G. C. Benson, Trans. Faraday Soc., 52, 409
(1956) ; (b) E . D. Goddard, C. A. J. Hoeve, and G. C. Benson, J . Phys. 
Chem., 61, 593 (1957).
(3) P. W hite and G. C. Benson, J . Colloid Sci., 13, 584 t.1958).
(4) P. W hite and G. C. Benson, J . P hys. Chem., 64, 599 (1960).
(5) P. W'hite and G. C. Benson, Trans. Faraday Soc., 55, 1025 
(1959).
(6) (a) G. Nemethy and H. A. Scheraga, J . Chem. P hys., 36, 3382, 
3401 (1962); (b) G. Nemethy and H. A. Scheraga, J . P hys. Chem., 
66, 1773 (1962).
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changes which occur as a function of surfactant chain 
length. Heat of solution and solubility measurements 
of certain aliphatic alcohols have also been measured as 
an aid to the interpretation.

M onom er-M icelle  E qu ilib rium . Since micelles are 
formed only above a fairly critical concentration, a 
phase separation model can often be used to represent 
micellization (e.g., ref. 7). An alternative approach in
volves applying the law of mass action ,7 8 and for high 
aggregation numbers (n) the two methods become equiv
alent.7 For nonionic surfactants we may write

Km
n  monomer (micelle),,

Assuming monodispersity, i.e., a single n  value and writ
ing activities equal to concentrations (m)

K n
1 — a  

n a n m n~ l
(1)

where a  is the fraction of monomer present. In a man
ner similar to  th a t proposed by Phillips ,8 the c.m.c. may 
be defined as the concentration a t which the monomer 
fraction shows maximum curvature as a function of 
total concentration, m. Thus, a t the c.m.c. (w0)

d 3«
dm.3

=  0 (2)

W ith no m athematical approximations it can be shown 
from eq. 1 and 2  th a t

1 »0

L “ o J
n \ 2 n  -  l)(3n -  1) +

Figure 1. Monomer fraction for various aggregation numbers («).

Variations of a  as a function of m /m 0 have been com
puted for various n  values using eq. 1 , and representa
tive curves are shown in Fig. 1. Each curve contains 
1 0 0  points and was drawn directly under control of the 
computer. The curves for large n  values approach 
tha t shown for phase separation (n = oo). With lower 
n  values, the c.m.c. (as detected experimentally) is less 
“critical” and should be thought of more as a range of 
concentration in which the presence of micelles first 
becomes noticeable. From eq. 1 the standard free 
energy of micellization per surfactant monomer is given 
by

_ T>rji
AF m° = -------In K  =

n

1 — do 

«o _
2n(2n 1 )(3 n  +  1) -

3n(3n 1 )(» -  3) X

2n(n  +  3)(n - 2 ) +  (n -  3)(n  -  2) = 0 (3)

2.303ß7'
(n  -  1)

log m 0 +  C (4)

where C is a function of n  and varies from 0.455 for n  =  
5 to 0.041 for n  = 100. For large n  values, eq. 4 is seen 
to reduce to the form

AFm° =  2.3037? T log m 0 (5)

Equation 3 has been solved for a 0, the monomer frac
tion at the defined c.m.c., using a computer. A number 
of n  values between 5 and 100 were chosen, and in all 
cases a o was found to be essentially the same as one also 
calculates using only the last two term s of eq. 3. In 
this case

2 n (n  +  3) 2 n
“° “  2n2 +  7n  -  3 ~  1 +  2n

which is the equation derived from the phase separation 
model.

Experimental Studies
Integral heats of solution, AH s, were determined at 

25° using two calorimeters. M ost results were ob
tained with a simple vacuum-flask calorimeter employ
ing thermistors for tem perature measurement; its use 
has been described elsewhere. 9 D ata obtained in this

for large n. Values of ao obtained for this limiting case 
agree with those derived by Phillips for ionic surfactants 
in the presence of swamping electrolyte .8

(7) K. Shinoda and E. Hutchinson, J . P hys. Chem., 66, 577 (1902).
(8) J. N. Phillips, Trans. Faraday Soc., 51, 561 (1955).
(9) L. Benjamin, J . Chem. Eng. Data, 7, 239 (1962).
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way were found with a precision of ±0.4%  for heat 
changes of greater than  about two calories. An adia
batic calorimeter10 was used to study dilute solutions 
and for runs where dilute HCL was the solvent. 
D ata obtained with this instrum ent were more precise 
(± 0 .1%  for heat changes greater than  1 cal.). In 
dilute solutions very small heat changes (less than  0 .2  

cal.) had to be measured with dimethyldodecylamine 
oxide (DC i2AO) and alcohols, and consequently these 
were obtained with low precision. Both instruments 
were checked by measuring the heat of solution of 
NaCl in water, and appropriate corrections were made 
for the heat associated with opening blank sample cells. 
For concentrated solutions, it was sometimes necessary 
to measure AH s values by successive solution of solute 
in the solution from a previous run. Heat of dilution 
measurements were also made in a few instances in or
der to obtain data for concentrated solutions.

The preparation of the amine oxides used in this 
study has been described . 11 Because of their hygro- 
scopicity, the compounds were vacuum-dried over P 2O5 

before use and transferred to calorimeter sample cells 
in a drybox. The 1-hexanol and 1-octanol used for 
solubility and heat of solution studies were obtained by 
fractional distillation of commercial samples. Vapor 
phase chromatography showed the 1 -hexanol and 1 - 
octanol to be 98.2 and 99.3% pure, respectively. 
Water used in these studies was distilled and subse
quently passed through an ion-exchange column.

Results

AHs data are shown in Fig. 2 for dimethyldecylamine 
oxide (DC 10AO). Apart from the values at low con
centration, the inverted curve is very similar to  those 
in Fig. 1, as expected. Changes in the interaction of 
surfactant with its surroundings are more apparent 
from variations in partial molal enthalp3r of the solute, 
H i, derived according to 2"

H i -  H i°  = AH e +  m —— 8 (6)
am

where H i°  refers to the (partial) molal enthalpy of the 
solid surfactant. 12 Partial molal enthalpies obtained 
by application of this equation are also shown in Fig. 2 

and exhibit a step variation as has been reported for 
ionic surfactants25'3'5 and which is required for true 
phase equilibrium. Corresponding enthalpy variations 
are shown in Fig. 3-5 for DC8AO, D C 9AO, and DC 12AO 
(octyl, nonyl, and dodecyl chain lengths, respectively). 
I t  is interesting to note that AH s variations at the 
c.m.c. are less sharp for DCsAO. This is expected for a 
surfactant with an aggregation number of 15 (deter

m
Figure 2. Heat of solution and partial molal enthalpy 
variation with molality of aqueous DC10AO at 25°.

Figure 3. Heat of solution and partial molal enthalpy 
variation with concentration of DCsAO solutions at 25°.

mined for this compound by light scattering tech
niques13) as seen from Fig. 1.

An important feature of these systems is the near con
stancy of H i between the c.m.c. values and the concen
trations a t which a mesomorphic phase, known as mid
dle , 14 is formed (30-50% w./w.). Such behavior is in 
contrast to that found with ionic surfactants213' 3'5 and in-

(10) L. Benjamin, Can. J .  Chem., 41, 2210 (1963).
(11) K. W. Herrmann, J . P hys. Chem., 66, 295 (1962).
(12) If concentrations are expressed in weight per cent, c, the ap
propriate form of this equation is

H 2 -  Fh° , rr , c( 100 -  c) dAHs
AH‘ +  too ~5T

(13) K. W. Herrmann, private communication.
(14) V. Luzzati, K. Mustacchi, and A. Skoulios, Nature, 180, 600
(1957).
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Figure 4. H eat of solution and partial molal enthalpy 
variation with concentration of DCgAO solutions a t 25°.

Figure 5. H eat of solution and partial molal enthalpy 
variation with molality of aqueous D C 12AO a t 25°.

dicates that little change takes place in the energy of 
interaction of the surfactant molecule with its sur
roundings, even though interaction between aggregate 
species has to be expected at these high concentrations.

I 11 the monomer region below the c.m.c., Hi is not 
constant, as was also the case with ionic surfactants. 
However, it. appears that as the chain length increases, 
Hi has a tendency to become more constant (c/. data for 
DC10AO, Fig. 2). Little can be said about the varia
tions of Hi below the c.m.c. of DC12AO because of low 
experimental precision, but, in view of the trend shown 
by the shorter chain length surfactants the approximate 
constancy of Hi has been assumed in assigning a value 
at infinite dilution. Enthalpy changes below the c.m.c. 
may be associated with dimerization or other preag

gregation processes, and the AH s curves for DCsAO 
and DC 9AO are consistent with such an explanation. 
Departures from ideality due to interactions not in
volving association are equally likely, however.

The most important data to be derived from these 
results are enthalpies of micellization, and these have 
been defined for the ideal case as the change in Hi which 
occurs at the c.m.c.2“ Where monomer solutions are 
nonideal the heat of dilution of the monomer from the 
c.m.c. to infinite dilution has to be included to obtain 
the standard enthalpy of micellization

AHm° = Hi (Just above the c.m.c.) —

Hi* (infinite dilution)

In all cases AHm° is positive as has always previously 
been observed calorimetrically at 25°.2b’3’5’7

This is not true at higher temperatures, however, 16 

and a small negative value of AHm° is also found for 
DC12AO in acid solution at 25°. This may be seen.in 
Fig. 6 . Amine oxides are readily protonated , 11 and the 
acid form has a pK & value close to 5. In 0.1 A HC1, 
therefore, the surfactant is present almost entirely as 
the cationic form in the concentration range studied, 
while in 0.01 N  HC1 the cationic form is present at low 
concentration with the fraction of nonionic form pres
ent (/3) increasing sharply above about 0 . 0 1  to. 
As the nonionic form has a c.m.c. of 0.002 m, it 
will form micelles in the concentration region in which 
it is present in HC1 solutions. The curve for 0.01 N  
HC1 (solid line, Fig. 6 ) has thus been calculated using 
the p7Aa value to obtain ¡3 and a value of 2250 cal./mole

Figure 6. H eat of solution variation with molality of D C 12AO 
in aqueous and dilute HC1 solutions a t 25°.

( 1 5 )  L .  B e n j a m i n ,  u n p u b l i s h e d  w o r k .
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for the difference in H 2 for the nonionic micellar species 
and the cationic species (essentially all monomer). 
This is a reasonable value for the process considered. 
The agreement with experimental points is good, es
pecially since ideality of the solute species was assumed 
in obtaining 0, and the p /fa value used was for mono
mer-monomer equilibrium. Even in 0.1 N  HC1 some 
nonionic surfactant is present at high concentrations, 
and AH„ is seen to begin to increase (Fig. 6 ).

Thermodynamics of Micellization. Standard free 
energies of micellization obtained according to eq. 5 de
pended on the concentration units used and on the 
choice of standard states. It is convenient to adopt the 
hypothetical standard state of mole fraction unity re
ferred to the infinitely dilute solution. 8-11 The process 
considered is then

hydrated monomer AFm°' AHr̂ .° micelle (hydrated) 
(hypothetical) X m = 1

X , = 1 Hi = f l 2 just above c.m.c.

\  = 0 

hydrated 
monomer 

X 2 = c.m.c.
Hi = H  just below c.m.c:

Table I shows the observed thermodynamic data for the 
nonionic surfactants studied. In calculating free en
ergy changes, use has been made of c.m.c. values ob
tained from these calorimetric studies, although similar 
values have also been observed by other techniques.

Table I : Thermodynamic D ata  for Micellization of Amine
Oxides a t 25°

Surfactant A F  m ° a i f f . " ” T A S m ‘

DC8AO — 3,5 4 .0 7.5
d c 9a o — 4.1 4 .4 8.5
DC 10AO - 4 . 8 2 .7 7.5
DC 12AO - 6 .1 2.6 8.7

All kcal./mole.

As has been generally noted for micellization, the 
negative standard free energy term is the result of an 
unfavorable positive enthalpy change and a favorable 
increase in entropy (A<Sm°), the latter term dominating. 
This behavior, typical of hydrophobic bonding,63 is 
thought to result from the release of ordered water as
sociated with the monomer during the micellization 
process. Additional support for such a conclusion is 
obtained from heat capacity studies2b’4' 15 and theoretical

calculations6 (an alternative explanation for the en
tropy effect, involving the hydrocarbon chain, has also 
been proposed16). Energy has to be supplied to “melt” 
these “icebergs” or “flickering clusters, ” 17 and increased 
entropy results.

An important feature of the data is the essentially 
constant entropy of micellization for the chain length 
range C8-C i2 (Table I). Thus, the well-known de
crease in AFm° with increasing chain length according to 
the “rule of three” (cf. ref. 16) is accompanied by a 
corresponding decrease in AHm°, the entropy change be
ing constant at about 25 e.u. Similar behavior is also 
observed with ionic surfactants. Thermodynamic 
data for all ionic compounds for which calorimetric 
AHm° values are available are shown in Table II, in-

Table II : Thermodynamic D ata for Micellization of Ionic 
Surfactants a t 25°

Surfactant A F m ° a A H  m°° T A S m ° a

Potassium octane ate — 2.9 3.3* 6.2
Sodium octyl sulfate — 3.6 1 .5b 5.1
Sodium decyl sulfate - 4 . 5 1.06 5.5
Sodium dodecyl sulfate“ - 5 . 2 - 0 . 3 4.9
[DCl2AOH] +c i - - 5 . 5 - 0 .3 5.2

“ All kcal./mole. 6 Estim ated from data in ref. 2b. c See ref.
15.

eluding provisional data for sodium dodecyl sulfate. 15 

Free energy changes have again been calculated from 
eq. 5 assuming ideality and using calorimetric c.m.c. 
values. 18 The roughly constant entropy value is some
what lower (~18 e.u.) than with the nonionic surfact
ants studied. According to the interpretation above, 
one would therefore conclude that less ordered water is 
released during micellization of ionic surfactants than 
with nonionic species. It is reasonable to suppose that 
the presence of large anions has a structure-breaking 
influence on the solvent, 17 and the ionic monomer would 
therefore have less ordered water associated with it . 20

Chain Length Effects. I t  is of interest to consider 
why it is that for a given type of surfactant, for chain

( 1 6 )  K ,  H .  A r a n o w  a n d  L .  W i t t e n ,  J . P hys. Chem., 6 4 ,  1 6 4 3  ( 1 9 6 0 ) .

( 1 7 )  H .  S .  F r a n k  a n d  M .  W .  E v a n s ,  J . Chem. P hys.,  1 3 ,  5 0 7  ( 1 9 4 5 ) .

( 1 8 )  D e p e n d i n g  o n  t h e  w a y  t h e  m i c e l l e  a n d  m o n o m e r  s p e c ie s  a r e  
d e f i n e d  f o r  i o n i c  s u f a c t a n t s ,  a n  e q u a t i o n  m a y  b e  d e r i v e d ,  a n a l o g o u s  
t o  e q .  5 ,  b u t  d i f f e r i n g  b y  a  f a c t o r  t w o  w h i c h  b e c o m e s  u n i t y  i n  t h e  
p r e s e n c e  o f  e x c e s s  a d d e d  e l e c t r o l y t e . 7’ 8' 19 A l s o ,  w h e n  t h e  s u r f a c t a n t  
i n  t h e  m i c e l l e  i s  c o m p l e t e l y  d i s s o c i a t e d ,  e q .  5  i s  a p p l i c a b l e ,  a n d  t h i s  
e x t r e m e  c o n d i t i o n  h a s  b e e n  a s s u m e d  f o r  t h e  p r e s e n t  t r e a t m e n t ;  i t  is  
a p p l i c a b l e ,  i n  a n y  c a s e ,  f o r  D C 12A O  i n  0 .1  N  H C 1  b e c a u s e  o f  t h e  e le c 
t r o l y t e  e f f e c t .

( 1 9 )  E .  M a t i j e v i c  a n d  B .  A .  P e t h i c a ,  Trans. Faraday Soc . ,  5 4 ,  5 8 7
( 1 9 5 8 ) .
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C  A t o m s

Figure 7. S tandard free energies (AF,°), enthalpies 
(AH ,°), and entropies (ASs°) of solution of normal 
aliphatic alcohols in water a t 25°. Calorimetric data, O ;  

solubility-tem perature data, • ;  free energy data, □ and ■.

lengths C7 to Ci2 at least, AS m° is constant, and differ
ences in AHm° values essentially parallel AFm° changes. 
With the head-group effect removed we are left with the 
process

(—CH2-)aq —> (-CH2-) micelle =  (-CH2-) in hydro
carbon environment

This is the extreme case of hydrophobic bonding, 20 21 and 
the corresponding thermodynamic parameters for the 
transfer from aqueous to nonpolar environments have 
been calculated for amino acid side chains (ref. 6 b, Table 
XI). That the free energy change for the process is 
— 830 cal./mole of CH2 is well known and is associated 
with the “rule of three” (cf. ref. 16). Thus, free energy 
changes of micellization, solution, and adsorption for 
long chain length compounds all show about this same 
increment per CH2 group (e.g., ref. 1 1 , 2 2 , 23). The 
enthalpy and entropy contributions to the process have 
been estimated as —140 cal./mole of CH2 and +2.9 
e.u., respectively, using solubility and vaporization data 
for short chain length hydrocarbons (Ci to C4) and ex
trapolating to longer chain lengths where the hydro
carbon is liquid at room temperature.2b

A better estimate of the thermodynamic changes 
associated with hydrophobic bonding, particularly for 
chain lengths greater than C4, may be obtained from the 
solution data of aliphatic alcohols. These are shown in 
Fig. 7 . 24 Where available, published or measured 
calorimetric AHs° (heat of solution at infinite dilution)

data are used; otherwise, these values are estimated 
from the temperature variation of solubility. Relative 
solubilities were determined for 1 -hexanol using gas 
chromatographic analysis of the saturated solutions, 
and a radioactive technique was used with 1 -dodecanol. 
Except for the shorter chain lengths, ideality of solu
tions at saturation has been assumed, and the slight 
solubility of water in the alcohol at equilibrium has 
been ignored. It is apparent from Fig. 7 that for chain 
lengths greater than C4, where the influence of the al
cohol head group is presumably negligible, more than 
two-thirds of the free energy of solution is enthalpic 
(~590 cal./mole of CH2 for AHa°) in contrast to the 
predominant role of the entropy term which would be 
deduced from the data for short chain length alcohols. 
Data for an analogous process, the desorption from 
the air-water surface into water, provide supporting 
evidence for the importance of the enthalpy term with 
longer chain length alcohols and carboxylic acids. 22 23

Returning to the micellization data (Tables I and II), 
for the chain lengths studied, C7 to C,2, the situation is 
very similar to that found previously, and the roughly 
constant entropy term is about 18-20 e.u. for the alco
hols and ionic surfactants and 25 e.u. for the amine 
oxides. The calorimetric data are insufficiently precise 
to show whether A<Sm° values actually increase slightly 
with increasing chain length as is suggested by the data 
in Fig. 7. It appears, therefore, that although entropy 
changes provide the driving force for micellization (and 
similar processes) with short chain length compounds, 
with longer chain lengths the enthalpy term predomi
nates for additional CH2 increments. A physical pic
ture of the surfactant monomer consistent with such

( 2 0 )  T h i s  i s  s u p p o r t e d  b y  m e a s u r e m e n t s  o f  t h e  p a r t i a l  i n o l a l  h e a t  

c a p a c i t y  ( C p?)  o f  D C s A O 15; t h e  h i g h e r  C P2 v a l u e  o b t a i n e d  f o r  m o n o 
m e r s  o f  t h i s  c o m p o u n d  t h a n  f o r  p o t a s s i u m  o c t a n o a t e , 4 e v e n  a f t e r  
a l l o w i n g  f o r  t h e  e x t r a  C H 2 g r o u p ,  s h o w s  t h a t  t h e  a m i n e  o x i d e  h e a d  
g r o u p  i s  a  b e t t e r  s t r u c t u r e - m a k e r  t h a n  t h e  c a r b o x y l a t e  h e a d  g r o u p  
p l u s  c a t i o n .

( 2 1 )  I n  p r o t e i n  s y s t e m s  o n l y  p a r t i a l  i n t e r a c t i o n  o f  a d j a c e n t  h y d r o 
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data is one in which the hydrocarbon chain curls up 
when possible in order to reduce the degree of contact 
with the water. Such changes in hydration might be 
expected to begin to take place above C4 chain lengths 
as is found with alcohols (Fig. 7). The entropy of solu
tion per CH2 group is approximately twice as large be

low C6 chain lengths as above for the alcohols, in semi- 
quantitative agreement with a curled-chain model.
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The magnetic float technique has been employed to carry out density measurements on 
sodium dodecyl sulfate solutions in the submicellar concentration range and on the sodium 
salt of 2'-hydroxy-5'-sulfophenylazo-2-naphthol. The slope of the partial molar volume 
curve of the solute, bVi/cVn , deviates from the Debye-Huckel limiting slope even at 
very low concentrations, and the negative deviations of F2 increase with rising concentra
tion. The results are interpreted in terms of ionic dimerization as a result of hydrophobic 
bonding and a resultant shift in the hydration equilibrium.

Introduction
In recent years, several investigations of dilute solu

tions of surfactants have been carried out to produce 
evidence of preassociation or dimerization below the 
critical micelle concentration, c.m.c. Although Mc- 
Bain and his co-workers reported deviations from 
normal 1 - 1  electrolyte behavior in dilute solutions of 
ionic surfactants2 and his findings have received sup
port from careful conductance and transference studies 
on sodium dodecyl sulfate (SDS) , 3 the experimental 
results have been challenged by van Voorst Vader, 4 

who carried out e.m.f. measurements with a D S '/ 
HgDS(s), Hg(l) electrode, and more recently by 
Parfitt on the basis of a conductance study of SDS, 
and the application of the Fuoss-Onsager equation to 
the experimental results. 5

Thus, although it is accepted that in carboxylic 
soap solutions acid soaps such as HX X ' do exist, 
there appears to be no clear-cut evidence that such pre
association does take place in aqueous solutions of 
alkyl sulfates and sulfonates. In the present study, 
the density was chosen as a physical property likely 
to provide high precision results capable of unam

( 1 )  ( a )  V i s i t i n g  N A S A  R e s e a r c h  A s s o c ia t e ,  1 9 6 3 - 1 9 6 4 ;  U n i v e r s i t y  o f  
P i t t s b u r g h ;  ( b )  D e p a r t m e n t  o f  C h e m i c a l  T e c h n o l o g y ,  I n s t i t u t e  o f  
T e c h n o l o g y ,  B r a d f o r d  7 ,  Y o r k s . ,  E n g l a n d .

( 2 )  ( a )  M .  E .  L .  M e  B a i n  a n d  W .  B .  D y e ,  J . A m . Chem. Soc., 6 1 , 3 2 1  
( 1 9 3 9 ) ;  ( b )  M .  E .  L .  M c B a i n ,  J . Colloid Sci., 1 0 ,  2 2 3  ( 1 9 5 5 ) .

( 3 )  P .  M u k e r j e e ,  K .  J .  M y s e l s ,  a n d  C .  I .  D u l i n .  J . Phys. Chem., 
6 2 ,  1 3 9 0  ( 1 9 5 8 ) .

( 4 )  F .  v a n  V o o r s t  V a d e r ,  Trans. Faraday Soc.. 5 7 ,  1 1 0  ( 1 9 6 1 ) .

( 5 )  G .  D .  P a r f i t t  a n d  A .  L .  S m i t h ,  J . Phys. Chem., 6 6 ,  9 4 2  ( 1 9 6 2 ) .
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biguous interpretation in terms of partial molar 
volume changes.

Density measurements on SDS solutions at 23° have 
been reported, but they cover mainly the micellar con
centration range. 6 Of more immediate interest are 
some measurements on sodium dodecyl sulfonate7 

which show a pronounced curvature in the density 
vs. concentration plots, although no explanation is ad
vanced for this unexpected decrease in the partial 
molar volume, F2, of the dodecyl sulfonate ions below 
the c.m.c.

It has been established that dimerization takes place 
in solutions of some azo dyestuffs, and a spectrophoto- 
metric study of the dimerization equilibrium in aque
ous solutions of the sodium salt of Solochrome Violet 
R (SVR), 2'-hydroxy-5'-sulfophenylazo-2-naphthol, has 
recently been reported .8 Thus in order to obtain more 
evidence for the existence of preassociation equilibria, 
density measurements were also carried out on solu
tions of SVR in the concentration range 0.5-4 X 
1 0 - 4  m.

Experimental
The experiments here described were performed as a 

preliminary investigation to ascertain whether density 
measurements would constitute a suitable method for 
the study of dimerization in dilute solutions. The 
precision aimed at was one part in 105. In the light 
of the results obtained, a more refined apparatus, 
capable of a precision of five parts in 1 0 7, has now been 
constructed and will be described in due course.

Materials. Dried Analar grade sodium chloride was 
used for the calibration experiments. The sample of 
SDS employed had been prepared by the usual method9 

but had been stored for several months. As there 
is some evidence that SDS decomposes during storage, 10 

the sample was extracted several times with ether and 
dried in vacuo. A standard solution of purified SVR 
was kindly supplied by Mr. E. Coates.8 Deionized 
water equilibrated with C 0 2 was used throughout.

Apparatus and Method of Operation. A modifica
tion of the magnetic float technique was employed. 11 

The Pyrex cell was firmly mounted on a water-tight 
brass base which contained the solenoid. The di
mensions of the float were chosen such that it would 
just float when immersed in water at 20.00°. The 
whole assembly was mounted in a thermostat capable 
of a temperature control of ±0.01°. The current 
supply consisted of a 1 2 -v. battery connected in series 
with a 1 0 ,0 0 0 -ohm resistance box for approximate 
adjustment, and a 1 2 -ohm continuously variable resist
ance for fine adjustment of the solenoid current which 
was measured by the potential drop across a standard

2-ohm resistance. The circuit was completed by a 
switch and a tapping key which allowed the float to 
be pulled to the bottom of the cell by applying a booster 
current to the solenoid.

After the cell and its contents had reached thermal 
equilibrium, the current was adjusted to 70 ma. The 
float was then pulled down to the base of the cell and 
kept there for about 1 min. The current was then 
gradually reduced until buoyancy caused the float to 
rise. The potential drop across the standard resistance 
was then measured to 0.1 mv. The float was cali
brated with standard solutions of sodium chloride of 
known densities. 12 To minimize errors due to ad
sorption, the cell and float were left in contact with a 
concentrated solution of SDS (or SVR) overnight. 
The cell was then thoroughly rinsed and allowed to 
dry at room temperature.

Results
Figures 1 and 2 show the specific volumes of solutions 

of SDS and SVR at 20° as functions of the solute weight 
fraction w2. The partial molar volumes were obtained 
from large scale graphs by the method of intercepts, 
and they are shown as functions of m'/2 in Fig. 3 and 4 
for SDS and SVR, respectively. The density measure
ments on SVR did not extend down to sufficiently 
low concentrations for reliable \ \  values to be obtained 
over the whole association range.

The partial molar volumes at infinite dilution, F2°, 
had to be obtained by extrapolating the specific 
volume curves to zero concentration and taking the 
limiting slope; they are thus subject to a degree of 
uncertainty. Their correct order of magnitude can be 
roughly checked by comparing F2° with the molar 
volume of the pure substance, F2°. Table I shows such 
a comparison for a variety of compounds. I t is well 
known that for compounds containing aliphatic or 
aromatic residues F2° <  V2°, and the relative volume 
difference 1 0 0 (F2° — F2°)/F 2° is usually of the order of 
10%.

The initial slope of the V2 vs. m ' plot is obtained 
from the Debye-Hiickel limiting law for 1-1 electro
lytes and is given by

( 6 )  L .  M .  K u s h n e r ,  B .  C .  D u n c a n ,  a n d  J .  I .  H o f f m a n ,  J . Res. N ail. 
B ar. S t d 4 9 ,  8 5  ( 1 9 5 2 ) .

( 7 )  K .  A .  W r i g h t  a n d  H .  V .  T a r t a r ,  J . A m . Chem. Soc., 6 1 ,  5 4 4  
( 1 9 3 9 ) .

( 8 )  E .  C o a t e s  a n d  B .  R i g g ,  Trans. Faraday Soc., 5 7 ,  1 6 3 7  ( 1 9 6 1 ) .

( 9 )  E .  E .  D r e g e r ,  G .  I .  K l e i n ,  G .  D .  M i l e s ,  L .  S h e d l o v s k y ,  a n d  
J .  R o s s ,  Ind . Eng. Chem., 3 6 ,  6 1 0  ( 1 9 4 4 ) .

( 1 0 )  B .  P e t h i c a ,  p r i v a t e  c o m m u n i c a t i o n .

( 1 1 )  D .  A .  M a c l n n e s  a n d  M .  O .  D a y h o f f ,  Rev. Sci. In str .,  2 2 ,  6 4 2  
( 1 9 5 1 ) .

( 1 2 )  “ I n t e r n a t i o n a l  C r i t i c a l  T a b l e s , ”  V o l .  I I I ,  1 9 2 8 ,  p .  7 9 .
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V 2 = F2° +  k r ' A

where

r = 2c¡z-2

k = 2.303vRTV  X 'A
'3d  ln D 

àP

k' = vlzi2(D T )~ /'

à In Ci
dP 

X 106

The uncertainty in k arises out of a lack of reliable 
data concerning the pressure dependence of D, the 
dielectric constant, and the compressibility of the solu-

Table I : M olar Volumes of Pure Compounds
and Partial Molar Volumes a t Infinite Dilution 
in Aqueous Solution

f2°, V‘i\
ml. ml. 100( V20 -

mole -1 mole -I Vt°) /  w

Ethane 55 50 9
Benzene 89 83 7
Phenol 88 82 6
Ethanol 58.4 55 6
SDS 271 246 9
SVR 300 270 10

tion; the problem of assigning a reasonable value to k 
has recently been discussed by Redlich and Meyer, 13

Figure 1. Specific volumes of aqueous solutions of 
SDS a t 20° as a function of weight fraction. The 
arrow indicates the c.m.c.

Figure 2. Specific volumes of aqueous solutions of SVR 
a t 20° as a function of weight fraction.

Figure 3. Experimental and calculated partial molar 
volumes of SDS. The calculated volumes obtained 
by putting K d = 250 are included.3

Figure 4. Experimental and calculated 
partial molar volumes of SVR.

( 1 3 )  O .  R e d l i c h  a n d  D .  M .  M e y e r ,  Chem. Rei:., 6 4 ,  2 2 1  ( 1 9 0 4 ) .

V o lu m e  68 , N u m b e r  12  D ecem ber. 166 Jf



3 5 8 4 F e l i x  F r a n k s  a n d  H a r o l d  T .  S m i t h

and Fig. 3 and 4 include the small positive limiting 
slope based on their calculations.

Discussion
The volumetric behavior of SDS and SVR, i.e., nega

tive (F2° — F 2°) values which become more negative 
with rising concentration, resembles that of other soluble 
compounds with hydrocarbon groups, e.g., alcohols14 
and tetraalkylammonium halides.15 The magnitude 
of the deviations from the limiting law is much greater 
than can be accounted for by a decrease in the électro
striction effects with increasing ionic concentration, 
and the shape of the V2 curves is in qualitative agree
ment with the postulate of an equilibrium of the type

2DS' ^==± DS2"

such as has in fact been demonstrated in the case of 
SVR.8 Assuming as a first approximation that the 
monomer partial molar volume is constant and inde
pendent of concentration, then

à V \ àV  ômD
r -  = r — X —  (1)
O'Yl'iJ t ,P,n.\ OTtlT) OTYl,

where ran is the molal concentration of dimers, from 
which an estimate of the dimerization constant Kn 
can be obtained. Neglecting the term in mn2, and 
setting all activity coefficients equal to unity, we can 
write

ADm2 àmn 2Adwi(1 +  2 ADm)
D 1 — 4 K nm ’ àm ( 1  +  4Ad?u) 2

which, at high concentrations, has a limiting value of
0.25. Now àV/àvin  in eq. 1 is the volume change 
AFd, due to dimerization, and it is obtained by multi
plying the high concentration asymptotic (F 2° — 
F2) values in Fig. 3 and 4 by the limiting value of 
ànin/àm. AFn is thus given as ~160 and 48 ml. 
mole-1 for SVR and SDS, respectively. The results 
can now be fitted to eq. 1 in the intermediate concentra
tion range and the best values for Kn obtained. For 
SVR, Kn = 2000, as derived by Coates and Rigg,8 
provides a good fit to our data, whereas for SDS the 
best fit is given by A d = 100 which is in reasonable 
agreement with Kn = 250 obtained from conductance 
measurements on very dilute solutions.3

The nature of AFd is most readily accounted for on 
the basis of a partial dehydration of the hydrocarbon 
chains upon dimerization

2DS'-gH20* DS2" -rH20* +  (</ -  r)Ii20

where H20* refers to “structured” water, as defined 
by the formalisms of Frank and Evans16 or Nemethy 
and Scheraga.17 This species of water of hydration, to 
which have been ascribed some of the structural 
properties of ice17 or of inert gas hydrates,18 differs 
from bulk water by virtue of its lower density, and 
hence A F d  is negative. Since (q — r) will increase 
with increasing chain length, A F d  should do likewise. 
The very large A F d  of SVR reflects the greater degree 
of hydration, and hence the higher solubility, of aro
matic compounds over that of aliphatic compounds 
with the same number of carbon atoms.

If the driving force for the formation of the dimer 
is taken as the hydrophobic bond, as discussed by 
Nemethy and Scheraga,19 then for a homologous 
series

A(?d  =  — R T  In A d = nAG4> T  AGmjX

where AG<f> is the free energy of formation of a hydro- 
phobic bond, n is the number of such bonds formed per 
dimer, and AGmix is the free energy of demixing as
sociated with the formation of the dimer. The latter 
term would be expected to increase only slowly with 
increasing chain length, so that Ad would be affected 
mainly by the first term which has been estimated as 
— 0.6 keal. mole-1.19 That A d is indeed affected by 
the length of the hydrocarbon chain has been estab
lished by pNa measurements on a series of alkyl 
sulfates.20 These have demonstrated that the behavior 
of CioH2iS04Na closely follows that of NaCl, but that 
progressively larger deviations are observed for SDS 
and CnH^SChNa which cannot be accounted for by 
the usual ion size corrections to the Debye-Hiickel 
limiting law.

High precision density measurements on a range of 
alkyl sulfates and on some homologous aromatic com
pounds at several temperatures are now in progress, 
and the results will be reported in due course.

( 1 4 )  A .  G .  M i t c h e l l  a n d  W .  F .  K .  W y n n e - J o n e s ,  D iscussions Faraday 
S o c 1 5 ,  1 6 1  ( 1 9 5 3 ) .

( 1 5 )  W .  Y .  W e n  a n d  S .  S a i t o ,  J . Phys. Chem . ,  6 8 ,  2 6 3 9  ( 1 9 6 4 ) .

( 1 6 )  H .  S .  F r a n k  a n d  M .  W .  E v a n s ,  J . Chem. Phys., 1 3 ,  5 0 7  ( 1 9 4 5 ) .

( 1 7 )  G .  N e m e t h y  a n d  H .  A .  S c h e r a g a ,  ibid., 3 6 ,  3 4 0 1  ( 1 9 6 2 ) .

( 1 8 )  H .  S .  F r a n k  a n d  A. S . Q u i s t ,  ib id . , 3 4 ,  6 0 4  ( 1 9 6 1 ) .

( 1 9 )  G .  N é m e t h y  a n d  H .  A .  S c h e r a g a ,  J . Phys. Chem., 6 6 ,  1 1 7 3
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Effect o f Electrolyte and Urea on M icelle Form ation1 2 3 4 5 6 7

by M. J. Schick

Lever Brothers Company, Research Center, Edgewater, New Jersey  (Received A p ril 6 , 1964)

The effect of counterion hydration on the critical micelle concentration (c.m.c.) of some 
n-dodecyl sulfates has been studied in aqueous salt solutions as a function of counterion 
concentration maintaining a constant similion. In order to supplement this study of 
hydration effects in the electrical double layer on the micellar periphery, the effect of urea 
on micelle formation and on hydrophobic bonding in the micellar core of some n-alkyl 
sulfates has been investigated as a function of urea concentration and temperature. The 
increments in c.m.c. values on urea addition increase in the following order: lithium n- 
dodecyl sulfate, sodium n-decyl sulfate, sodium n-dodecyl sulfate, tétraméthylammonium 
(TMA) n-dodecyl sulfate. These results are interpreted in terms of the structural con
cepts of water. For comparison with the data on ionic detergents, the effect of urea on 
the c.m.c. of n-dode.cyl ether alcohol sulfates in aqueous solutions and of polyoxyethylene 
alkanols in aqueous and in electrolyte solutions has also been studied as a function of 
urea concentration and temperature. Increments in c.m.c. values of the polyoxyethylene 
alkanols on urea addition are attributed to increased hydration of the ethylene oxide chain 
caused by a reduction of the cooperative structure of water.

Introduction

Recent investigations2-7 have supported the con
tention that changes in water structure are an important 
factor in micelle formation. Therefore, an investiga
tion has been carried out to increase our experimental 
knowledge of the effect of these changes in water struc
ture upon micelle formation of ionic, nonionic, and the 
intermediate n-alkyl ether alcohol sulfate detergents. 
In addition, the effect of changing counterions has 
been examined.

Corrin and Harkins8 have shown in a study of the 
aggregation of long-chain electrolytes (1) that the 
c.m.c. is related to only the concentration of the 
counterion and the nature of the similion is without 
effect, and (2) that the c.m.c. of a long-chain electro
lyte is a linear function of the logarithm of the total 
concentration of the counterion. This holds only for 
univalent counterions and has been treated theoretically 
by Hobbs.9 10

The effect of changing counterions has been the 
subject of several investigations.10-16 For example, 
'he  effect of univalent cations on the c.m.c. of sodium 
n-dodecyl sulfate has been reported by Goddard, 
et al.,w of univalent anions on the c.m.c. of dodecyl-

pyridinium chloride by Lange,11 and of univalent 
anions on the c.m.c. of dodecyltrimethylammonium 
bromide by Anacker and Ghose.12 13 14 15 However, these

(1) Paper presented in the Kendall Award Symposium on Behavior of 
Surfactants at Interfaces and in Solution at the 147th National 
Meeting of the American Chemical Society, Philadelphia, Pa., April 
5-10, 1964.
(2) E. D. Goddard, C. A. J. Hoeve, and G. C. Benson, J. Phys. 
Chem., 61, 593 (1957).
(3) E. D. Goddard and G. C. Benson, Can. J. Chem., 35, 986 (1957).
(4) P. Mukerjee and A. Ray, J. Phys. Chem., 67, 190 (1963).
(5) W. Bruning and A. Holtzer, J. Am. Chem. Soc., 83, 4865 (1961).
(6) K. W. Herrmann. J. Phys. Chem., 66, 295 (1962).
(7) M. J. Schick, ibia., 67, 1796 (1963).
(8) M. L. Corrin and W. D. Harkins, J. Am. Chem. Soc., 69, 683 
(1947).
(9) M. E. Hobbs, ,/. Phys. Colloid Chem., 55, 675 (1951).
(10) E. D. Goddard, O. Harva, and T. G. Jones, Trans. Faraday Soc., 
49, 980 (1953).
(11) H. Lange, Kolloid-Z., 121, 66 (1951).
(12) E. W. Anacker and H. M. Ghose, J. Phys. Chem., 67, 1713
(1963) .
(13) J. M. Corkill and J. F. Goodman, Trans. Faraday Soc., 58, 206 
(1962).
(14) K. J. Mysels and L. H. Princen, J. Phys. Chem., 63, 1698 
(1959).
(15) E. W. Anacker, R. M. Rush, and J. S. Johnson, ibid., 68, 81
(1964) .
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three investigations dealt with solutions containing 
mixtures of counterions,10-12 in which the possibility 
of formation of micelles with mixed counterion layers 
exists as shown by Corkill and Goodman.13 In con
trast, Mysels and Princen have compared the c.m.c. 
values of some n-dodecyl sulfates in solutions con
taining a single counterion.14 In the present investi
gation, these data have been amplified with a study 
of the c.m.c. values of lithium, sodium, and tétra
méthylammonium n-dodecyl sulfates in salt solutions 
containing a single counterion and a constant similion 
over the concentration range 0-0.4 M.

Mukerjee and Ray4 and Bruning and Holtzer6 have 
used dissolved urea as a probe for investigating the 
water structure contribution to micelle formation and 
hydrophobic bonding. The choice of urea is based 
on its two outstanding properties in aqueous solutions, 
namely, its great ability to undergo hydrogen bonding 
with water because of the presence of three potential 
centers on each molecule and its small effect on the 
polarity of water.4 Urea actually increases the di
electric constant of water appreciably and the surface 
tension slightly. At high concentrations urea modifies 
the “iceberg” structure around solute molecules as has 
been inferred from micellization and protein dénatura
tion studies without unduly affecting interfacial 
effects.4i6'16'17 In order to supplement our initial
study of the hydration effects in the counterion layer 
of ionic micelles an attempt was made to elucidate the 
detailed nature of hydrophobic bonding in the micellar 
core of ionic micelles. In analogy with the two in
vestigations cited above,4’s this was achieved by study
ing the effect of urea on the c.m.c. of n-alkyl sulfates. 
For comparison with the data on n-alkyl sulfates the 
effect of urea on the c.m.c. of n-alkyl ether alcohol 
sulfates and of polyoxyethylene alkanols has also been 
studied.

Experimental

Lithium n-dodecyl sulfate was prepared by treating 
Givaudan 1-dodecanol (99.6%) with S03 (Baker Sul- 
fan). Dry nitrogen was passed over the liquid S03 
and the vapors introduced into the stirred 1-dodecanol 
at 40-50°. The n-dodecyl sulfuric acid was neutra
lized by addition to an aqueous solution of LiOH until 
the paste was a t pH 8. The paste was dried and re
crystallized three times from 2-propanol. The molecu
lar weight of lithium n-dodecyl sulfate was determined 
by conversion to the free acid through ion exchange 
and subsequent titration. Thé observed molecular 
weight was 273.1 as compared to the theoretical 
one of 272.4.

Tetramethylammonium n-dodecyl sulfate was pre
pared by a similar procedure as lithium n-dodecyl 
sulfate. The n-dodecyl sulfuric acid was neutralized 
by addition to an aqueous solution of tetramethyl
ammonium hydroxide until the paste was a t pH 8. 
The paste was dried and recrystallized four times from 
2-propanol and five times from ethanol. The observed 
molecular weight was 339.9 as compared to the theo
retical one, 339.6.

Sodium n-dodecyl sulfate was prepared by the 
method of Dreger, et ah,18 recrystallized several times 
from ethanol, and extracted with petroleum ether. 
The synthesis of the sodium n-dodecyl ether alcohol 
sulfates has been referred to before.7 The purity of 
these materials was readily checked from the shape of 
the surface tension vs. logarithm of concentration 
plots near the c.m.c. The origin of the polyoxyethyl
ene alkanols has been described previously.7 The 
water was redistilled from alkaline permanganate. 
Analytical reagent grade electrolytes and urea were 
used.

For the procedure of the surface tension measure
ments see our previous communication.7

Results
Changes in the c.m.c., i.e., the maximum concentra

tion of molecular dispersion, are a measure of the 
balance of forces causing the formation of micelles.19 
Moreover, since interpretation of the experimentally 
measured behavior of micelles in terms of their struc
ture requires extrapolation to conditions under which 
interaction between the micelles is negligible or, in 
other words, zero concentration, we were concerned 
with establishing this concentration, i.e., the c.m.c. 
Throughout this investigation, the c.m.c. values were 
taken from the sharp breaks in the surface tension vs. 
logarithm of detergent concentration plots.7'19

Tonic Detergents. The effect of the hydration of uni
valent counterions on the c.m.c. values of some n- 
dodecyl sulfates has been studied as a function of 
counterion concentration maintaining a constant simi
lion at 25.0° and is illustrated in Fig. 1. In aqueous 
solutions, the c.m.c. values decreased in the order of 
diminished hydration of counterions, viz., Table I, 
from n-C,2H26S04Li (7.9 X 10-3 M), n-C12H26S 04Na 
(7.2 X 10-3 M) to n-C12H25S04TMA (4.8 X 10-3

(16) D. B. Wetlaufer, S. K. Malik, L. Stoller, and II. L. Coffin, 
J. Am. Chem. Soc., 86, 508 (1964).
(17) W. Kauzman, Advan. Protein Chem., 14, 1 (1959).
(18) E. E. Dreger, G. I. Keim, G. D. Miles, L. Shedlovsky, and 
J. Ross, Ind. Eng. Chem., 36, 610 (1944).
(19) M. J. Schick, S. M. Atlas, and F. R. Eirich, J. Phys. Chem., 66, 
1326 (1962).
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Table I : Effect of Urea on the C.m.c. of Some n-Alkyl Sulfate Solutions

vtime,/ Cilii>c> (U)
n-Alkyl s u l f a t e U r e a ,  M 1 0 ° 2 5 ° 4 5 ° 1 0 ° 2 6 ° 4 5 °

ra-CioTLi-SChNa 0 3.1 X 10“2 1 . 0 0
7i~CioH2i~ SO<î N a 1 3.2 X 10-2 1.03
^ _C]ofÏ2i SO4Na 2 3 5 X 10~2 1.13
7i~CioïÎ2i—SO4N a 3 3.7 X 10“2 1.19
ra-CioEhi-SChNa 4 . 5 4.3 X 10“2 1.39
n-C 10H'2,-SOiNa 6 5.0 X 10~2 1.61
re-Ci2H 26-S 0 4Na 0 7.4 X 10“3 7.2 X 10~3 7 . 6  x  1 0 - 3 1 . 0 0 1.00 1 . 0 0

7Z“Cl2l Ï 25—S0 4 N̂" a 1 7.4 X IO“3 1.03
a 2 8.0 X IO“3 1.11

n -  C, 2H25-SO 4N a 3 1.06 X 10~2 9.0 X 10“3 9.1 X 10”3 1 . 4 3 1 .25 1 . 2 0
71- C12ÏÏ.25- Ŝ O 4 N a 4.5 1.02 X 10-2 1.42
w-Ci2H 25-S 0 4Na 6 1.41 X 10“2 1.20 X 10“2 1.15 X IO“2 1.91 1.67 1.52
re-Ci2H 26-S 0 4Li 0 7.0 X IO“3 7.9 X 10“3 8.0 X 10~3 1.00 1.00 1.00
n-C 12H 26-S 0 4Li 1 8.0 X IO '3 1.01
w-C12H 2S-S 0 4Li 2 8.2 X IO“3 1.04
?i-Ci2H 25- S 0 4Li 3 8.0 X 10~3 8.8 X IO"3 8.9 X IO“3 1.14 111 1.11
w-C i2H26- S 04Li 4.5 9.4 X :0 "3 1.19
n-C 12H 26- S 0 4Li 6 1 . 0  x  io~2 1.0 X 10“2 1.05 X IO“2 1.43 1.27 1.31
w-C i2H 25-S 0 4TM A “ 0 4.8 X IO“3 4,8 X 10“3 6.3 X 10“3 1.00 1.00 1.00
w-C 12H 25-S 0 4TM A “ 1 5 .0  X 10“ 3 1.04
w-C 12H 26~S0 4TM A “ 2 5.8 X 10“3 1.20
ra-C12H 26~S04TM A “ 3 6.6 X 10“3 6.9 X 10“3 7.9 X IO-3 1.37 1.43 1.25
n-Ci2H25-S 0 4TMA° 4.5 7.9 X IO“3 1.65
n-C,2H 2S-S 0 4TMA° 6 1.0 X 10“2 1.0 X 10“2 1.08 X 10“2 2.08 2.08 1.72
n-C,6H 33-S 0 4Na 0 6.0 X :o~4 1.00
w-C16H 33-S 0 4Na 3 6.4 X 10“4 1.07
n-Ci6H 33-S 0 4Na 6 7.9 X iO"4 1.31

“ Tétraméthylammonium.

M ). 10,14,20 These results are in line with those re
ported by Mysels and Princen,14 who concluded that 
hydrated ions are less closely attached to the aggre
gates than unhydrated ones and, therefore, contribute 
less to their formation. I t is worth noting that these 
c.m.c. values determined by the surface tension method 
are somewhat lower compared to those of the light
scattering method, but follow the same order. The 
results of Fig. 1 follow the general relation that the 
logarithm of the c.m.c. of a colloidal electrolyte is a 
linear function of the logarithm of the total concentra
tion of the counterion.8 These results may also be 
expressed by the equations

log (c.m.c.) = —3.55 — 0.68 log (Li+) (1)

log (c.m.c.) = —3.60 — 0.66 log (Na+) (2)

log (c.m.c.) = —3.65 — 0.57 log (TMA+) (3)

The intercepts vary with the degree of hydration of the
counterions,20 and the slopes decrease slightly in the 
order w-Ci2H25S04Li, w-Ci2H25S04Na to n-Ci2H 25S0 4  

TMA. The latter may be attributed to a reduction in 
the effect of shielding of charges when the counterions

are more closely attached to the aggregates. These 
results conform with earlier predictions of Goddard, 
et al.,m and Lange.11

In addition to this study of hydration effects in the 
counterion layer of w-dodecyl sulfates, the object of 
this investigation was also to understand hydrophobic 
bonding in the micellar core of ionic detergents. 
Therefore, the effect of urea on the c.m.c. of w-dodecyl 
sulfate solutions has been determined as a function of 
urea concentration and the pertinent data are given 
in Table I and Fig. 2. Only at high urea concentra
tions was a marked increase in c.m.c. observed, which 
followed an almost linear relation between c.m.c./ 
c.m.c. (0) vs. urea concentration in the region of 2 to 6 
moles/1. of urea. The ratio of the c.m.c. in the presence 
of urea to the c.m.c. in the absence of urea, c.m.c./ 
c.m.c. (0), has oeen adopted as a convenient way of 
representing the data.4 The c.m.c. determinations of 
the w-dodecyl sulfates given in Table I have been carried 
out at 10.0, 25.0, and 45.0°, whereas those of sodium 
w-decyl sulfate and sodium n-hexadecyl sulfate have

(20) E. R. Nightingale, J. Phys. Chem., 66, 894 (1962).
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Figure 1. Log-log plot of the effects of salts on the c.m.c. 
of some n-dodecyl sulfate solutions a t 25.0°.

U r e a ,  m o le s /1 .

Figure 2. Effect of urea on the c.m.c. of 
some n-alkylsulfate solutions a t 25.0°.

been limited to one temperature, i.e., 25.0 and 45.0°, 
respectively. Sodium n-hexadecyl sulfate is insoluble 
below 45.0°. No significant difference in susceptibility 
to changes in c.m.c. on urea addition was observed at 
25.0° between sodium n-decyl sulfate and sodium n-

dodecyl sulfate within experimental accuracy. In con
trast, a much lower increase in c.m.c. on urea addition 
was observed with sodium n-hexadecyl sulfate than 
with the shorter chain homolog at 45.0° The incre
ments in c.m.c. values of n-dodecyl sulfates on urea 
addition decrease on raising the temperature from 10.0 
to 45.0°. These results are at variance with those 
of Mukerjee and Ray,4 who observed no tempera
ture dependence in the c.m.c. of dodecylpyridinium 
iodide solutions on urea addition. The effect of urea 
on the c.m.c. of n-dodecyl sulfates as a function of the 
hydration of the counterions is shown in Fig. 2. The 
increments in c.m.c. values on urea addition, in the 
concentration region from 0 to 6 M, increase in the 
order of diminished hydration of the counterion14'20: 
lithium n-dodecyl sulfate, sodium n-dodecyl sulfate to 
TMA n-dodecyl sulfate.

Nonionic Detergents. For comparison with the 
data on ionic detergents, the effect of urea on the c.m.c. 
of sodium n-dodecyl ether alcohol sulfates and poly
oxyethylene alkanols in aqueous solutions has also 
been studied as a function of urea concentration and 
the pertinent data are given in Tables II and III. 
With the sodium ether alcohol sulfates, the increments 
in c.m.c. values on urea addition increase with increas
ing length of the polyether chain. Thus, the transi
tion from the moderate effects of ionic detergents to 
the larger effects of nonionic detergents with compar
able hydrophobic groups, viz., Tables I and III, is 
reflected in these results. With the polyoxyethylene 
alkanols, the increments in c.m.c. values on urea addi
tion increase in the order of their c.m.c. values in the 
absence of urea: 1-hexadecanol +  30 EO, 1-dodeca- 
nol +  7 EO, and 1-dodecanol +  30 EO. The effect of 
6 M  urea on the c.m.c. values of polyoxyethylene 
alkanol solutions as a function of temperature is 
shown in Fig. 3. For comparison, data of sodium n- 
dodecyl sulfate and of sodium n-dodecyl ether alcohol 
sulfates have been included and are represented by 
the dotted lines. The values of c.m.c./c.m.c. (0) in 
the c.m.c./c.m.c. (0) vs. temperature plots of the poly
oxyethylene alkanols decrease with increasing tempera
ture and follow the order: 1-dodecanol +  30 EO, 
1-dodecanol +  7 EO, and 1-hexadecanol +  30 EO. 
In analogy the c.m.c./c.m.c. (0) values in the c.m.c./ 
c.m.c. (0) vs. temperature plots of sodium n-dodecyl 
sulfate and the intermediate sodium n-dodecyl ether 
alcohol sulfates decrease in the temperature range 
from 10.0 to 45.0°. An interpretation of these data of 
polyoxyethylene compounds is given in the discussion 
in terms of changes in the hydration of the ethylene 
oxide chains.

Finally, the effect of urea on the c.m.c. of 1-dodeca-
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Table II: Effect of Urea on the C.m.c. of Sodium n-Dodecyl E ther Alcohol Sulfate Solutions

U r e a , -------------------------------------------C.m.c., M--------------- — ,----------------—C.m.c./c.m.c. ( 0 ) -
M 1 0 ° 2 5 ° 4 5 ° 1 0 ° 2 5 ° 4 5 °

n-C12H 25-(O C 2H <)3-S 0 4Na 0 1.1 X 10“4 1.0 X 10“4 1.2 X IO“4 1.00 1.00 1.00
3 1.55 X 10“4 1.5 X 10—1 1.93 X IO -4 1.41 1.50 1 61
6 2.85 X IO '4 2 .5  X 1 0 -4

7OXco 2.60 2.50 2.25
n-C12H25-(0C2H )I7.5-S04Na 0 6 .5  X 10- 5 6 .0  X 10~6 4 .5  X IO"6 1.00 1.00 1.00

3 1.3 X 10“4 1.2 X 10~4 7.02 X IO"6 2.00 2.00 1.56
6 2.48 X IO '4 2 .2  X HU4 1.41 X IO -4 3.80 3.70 3 13

Table III : Effect of Urea on the C.m.c. of Polyoxyethylene Alkanols in Aqueous Solutions

U r e a , --------- ■--------------------------------------C . m . c . ,  M ---------------------------------------------- -  *---------------- C . m . c . / c . m . c . ( 0 ) -
Hydrophobe n EO M 10° 2 5 1 4 5 10° 2 5 ° 4 5 °

n-Dodeoanol 7 0 8 .0 X 10-s 5 0 X IO-6 2 .8 X IO“6 1.00 1.00 1.00
n-Dodecanol 3 1 2 X IO -4 6 . 25 ><: io - 6 3 .4 X IO“6 1.50 1.25 1.22
n-Dodecanol 6 2 .

7©X00 1.2;j X IO“4 5 6 X IO-6 2.60 2.50 2.00
n-Dodecanol 30 0 9 0 X IO“6 8 0 X IO-6 4 .8 X IO“6 1.00 1.00 1.00
n-Dodecanol 3 3 6 X IO“ 4 1 6 X IO -4 6 .7 X IO-6 4.00 2.00 1.40
n-Dodecanol 6 7 2 X IO -4 2 .5 X IO -4 9 fXTfl 8.00 3.13 1.97
n-Hexadecanol 30 0 2 .0 X IO“5 1 . 1 X IO“6 5 .0 X 10-0 1.00 1.00 1 .00
n-Hexadecanol 3 3 2 X IO -6 1.6 X 1 o —6 6. 3;) X: 10-® 1 .60 1.45 1.27
n-Hexadecanol 6 4 0 X IO-6 2 .0 X IO"6 7. 9 X 10-® 2.00 1.82 1.58

nol +  30 EO in electrolyte solutions has been deter
mined at 25.0°, and the results are listed in Table IV. In 
previous communications we have shown that at a spe
cific temperature the lowering of the c.m.c. of a nonionic

Table IV : Effect of Urea on the C.m.c. of n-Dodeeanol +  30
EO in Electrolyte Solutions a t 25.0°

C .m .c .

S o lv e n t U r e a ,  M D.m.c. , M C .m .,c. (0)

h 2o 0 8 0 X 10 "5
0 43 M  NaCl 0 3 0 X 10 -5 1 .00
0.43 ili NaCl 3 4 5 X 10 ~5 1 .50
0.43 M  NaCl 6 1 .0 X 10--4 3 .34
0.86 M  NaCl 0 2 0 X 10--5 1 .00
0.86 M  NaCl 3 5. 0 X 10--Ó 2 .50
0.86 M  NaCl 6 1 . 2 X 10--4 6 .00
0.86 M  NaCNS 0 5 5 X 10--5 1 00
0.86 M  NaCNS 3 8 7 X 10--5 1 .58
0.86 ili NaCNS 6 1 1 X 10--4 2 .00
0 . 8 6  M  V2N a2S 0 4 0 1 . 2 X 10-"5 1 .00
0.86 M  ' / 2N a2S 0 4 3 2 . 9 X 10 ‘5 2 .40
0.86 M  */2N a2S 04 6 3 6 X 10--5 3 .00
0 86 M  LiCl 0 4. 0 X 10 "5 1 00
0.86 M  Li CI 3 5. 0 X 10--5 1 .25
0.86 M  LiCl 6 8. 0 X 10--5 2 . 00
0.86 M  TM ACl” 0 3. 0 X 10-"5 1. 00
0.86 M  TM ACl“ 3 5 7 X 10 -Ó 1 90
0.86 M  TM A Cl’ 6 1 0 X 10--4 3 33

° T é t r a m é t h y l a m m o n i u m  c h l o r i d e .

Figure 3. Effect of 6 M  urea on the c.m.c. of polyoxyethylene 
alkanol solutions as a function of temperature.

detergent on electrolyte addition is proportional to the 
electrolyte concentration, but inversely proportional

V o lu m e  68 , N u m b e r  1 2  D ecem b er , 1964
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to the lyotropic number of the anions.7-19-21 The effect 
of variations in the lyotropic number of the anions is 
more pronounced than that of the cations. This also 
follows from the results of Table IV, which demonstrate 
both the effects of electrolyte concentration and lyo
tropic number. In contrast, the c.m.c. of 1-dodec- 
anol +  30 EO is raised on urea addition (see Table III). 
From this it follows that two opposing effects must 
take place in this simultaneous addition of electrolyte 
and urea to 1-dodecanol +  30 EO solutions. Let us 
now compare the results in Table IV at the highest 
urea concentration level, i.e., 6 M. In general, the 
magnitude of the c.m.c./c.m.c. (0) values in these 
solutions correlates with the lowering of the c.m.c. 
in electrolyte solutions containing no urea. Thus, 
the increase in c.m.c./c.m.c. (0) values is proportional 
to the electrolyte concentration, 3.34 for 0.43 M  NaCl 
and 6.00 for 0.86 M  NaCl but is inversely proportional 
to the lyotropic number of the anions, 2.00 for 0.86 
M  NaCNS and 3.00 for 0.86 M  ViNajSCh, or cations
2.00 for 0.86 M  LiCl and 3.33 for 0.86 M  TMAC1. 
No marked difference of the effect of variations in the 
lyotropic number of the anions compared to that of the 
cations in c.m.c./c.m.c. (0) in the presence of 6 M  
urea was observed in contrast to the large difference 
in the absence of urea.

Discussion
Water has always provided an interesting scientific 

challenge. In order to explain the properties of water 
and to elucidate its structure, many qualitative and 
quantitative theories have been proposed. Several 
of the more recent theories of water structure and the 
influence of various ions on it are given in the papers 
referred to below.22-32 In particular, interest has 
been focused on the relation between hydrophobic 
bonding in proteins and water structure.16-17-30-32 
From the results of our previous communications7-19 
and related investigations,2-6-33 it was inferred that 
changes in the water medium are an important factor 
in stabilizing an equilibrium size distribution in micelle 
formation. Therefore, it seems appropriate to in
terpret the results of this investigation in terms of the 
structural concepts of water.

Let us first define the “iceberg” picture and the role 
of ions and urea in aqueous solutions more accurately. 
The currently accepted hypothesis for micelle forma
tion of ionic detergents invokes the “iceberg” structure 
of water.2-22 Goddard, Hoeve, and Benson have 
given an explanation for the observed positive values for 
A/7m at lower temperatures in terms of a water (so- 
called “iceberg”) structure around the hydrocarbon 
chain of the single ions.2-22 The hydrocarbon chain

surrounded by the water structure represents a com
paratively low energy state but the concomitant re
striction of motion provides a driving force to aggrega
tion, which is an entropy effect at lower temperatures.3 24 
Furthermore, Frank and Wen25 and Nightingale20 have 
shown a gradation of ions in their effect of altering the 
structure of water. Thus, alkali metal ions are struc
ture breakers whereas the tétraméthylammonium ion 
is a structure promoter in aqueous solutions. Accord
ing to Frank and Wen,26 27 28 structure breaking ions orient 
the neighboring solvent molecules, restricting their 
participation in hydrogen-bonded water clusters and 
leading to a region of disorder around the solvated 
solute molecules. The role of urea may be defined 
similarly. In order to explain the observed anoma
lously low viscosities of urea solutions, Rupley34 
suggests that urea disrupts the water structure. The 
proposed mechanism of the disruption of water struc
ture by urea follows the same line as that given before 
for the structure breaking by ions.34 Thus, we are 
led to hypothesize that ions and urea may modify the 
“iceberg” structure around the hydrocarbon chain of 
the single ions and consequently affect micelle forma
tion of ionic detergents.

The effects in the electrical double layer of ionic 
micelles are considered first. The decrease in c.m.c. 
values of the n-dodecyl sulfates, see Table I, can be 
simply related to diminished hydration of the univalent 
cations,29 * 31 32 33 i.e., from Li+, N a+ to TMA+, for which 
Mysels and Princen14 have given a plausible explana
tion in terms of differences in the closeness of attach
ment of the counterions to the aggregates. However, 
in order to explain the drastic decrease in c.m.c. by 
the symmetrical tétraméthylammonium ion despite

(21) M. J. Schick, J. Colloid Sci., 17, 810 (1962).
(22) H. S. Frank and M. W. Evans, J. Chem. Phys., 13, 507 (1945).
(23) F. S. Feates and D .  J. G. Ives, J . Chem. Soc., 2798 (1956).
(24) H. S. Frank, Proc. Roy. Soc. (London), A247, 481 (1958).
(25) H. S. Frank and W. Y. Wen, Discussions Faraday Soc., 24, 133 
(1957).
(26) H. S. Frank, ‘‘Desalineation Research Conference,” Publication 
942 of National Academy of Science, National Research Conference, 
Washington, D.C., 1962, p. 141.
(27) H. S. Frank, “The Effects of Solutes on the Structure of Water,' ' 
Paper presented at the 144th National Meeting of the American 
Chemical Society, New York, N. Y., September 9-13, 1963.
(28) R. P. Marchi and H. Eyring, J. Phys. Chem.. 68, 221 (1964).
(29) E. R. Nightingale, ibid., 63, 1381 (K j).
(30> G. Némethy and H. A. Scheraga, J. Chem. Phys., 36, 3382 
(1962).
(31) G. Némethy and H. A. Scheraga, ibid., 36, 3401 (1962).
(32) G. Némethy and H. A. Scheraga, J. Phys. Chem., 66, 1773 
(1962).
(33) J. M. Corkill, J. F. Goodman, and S. P. Harrold, Trans. Fara
day Soc., 60 , 202 (1964).
(34) J. A. Rupley, J. Phys. Chem., 68, 2002 (1964).
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a reduction in electrostatic interaction, Mysels35 
suggests that other nonelectrostatic interactions be
tween hydrophobic surfaces of aggregates and ions 
must also be at work. Contact between these hydro- 
phobic surfaces of aggregates and ions can reduce the 
hydrocarbon-water interface in the solution and, con
sequently, stabilize an equilibrium size distribution at 
a lower concentration level. From this it follows that 
other functions besides the electrostatic interaction 
may be assigned to counterions in micelle formation.

In line with the “iceberg” picture, it is anticipated 
that a structure-promoting ion should enhance micelle 
formation, whereas a structure-breaking ion should 
reduce it. This is confirmed to a large extent by our 
results of the n-dodecyl sulfates. The structure-pro
moting tétraméthylammonium ion exhibits a drastic 
decrease in c.m.c. from the high values in the presence 
cf the structure breaking alkali metal ions, as shown in 
Table I. In contrast, the discrepancy between the 
c.m.c. values of the lithium and sodium n-dodecyl 
sulfates is small and follows the order of hydration 
rather than the efficacy of structure breaking. The 
wide discrepancy between the effect of structure- 
promoting and structure-breaking ions on micelle 
formation is shown also in the results of urea addition 
to n-dodecyl sulfates, as illustrated in Fig. 2. The 
highly ordered “icebergs” around the solute molecules 
in the presence of structure promoting tétraméthyl
ammonium ion are more susceptible to modification by 
urea than the disordered “icebergs” around the solute 
molecules in the presence of structure-breaking alkali 
metal ions. The c.m.c./c.m.c. (0) values follow the 
same order as the c.m.c. values. These results suggest 
a multiplicity of functions for the counterions in micelle 
formation; however, further work is required to 
explain the relative contributions from electrostatic 
interaction, ion hydration, water structure changes by 
ions, and other factors. Likewise, the argument of the 
“iceberg” picture is useful to explain the results of the 
temperature dependence of the c.m.c. of n-dodecyl 
sulfate solutions in the presence of urea, as given in 
Table I. On raising the temperature, a gradual 
decrease of ordered regions in water occurs above 
25.0°.28 Consequently, it is anticipated that the 
modification of the “iceberg” structure around solute 
molecules on urea addition gradually decreases at tem
peratures above 25.0°. This is borne out by our 
results of Table I* which show a decrease in the in
crements in c.m.c. values of the n-dodecyl sulfates on 
urea addition, on raising the temperature from 10.0 
to 45.0°.

Secondly, the effects exhibited by nonionic micelles 
are considered. I t is generally recognized that the

over-all solubility of nonionic detergents depends on 
the extent of hydration of the hydrophilic group 
through formation of hydrogen bonds between ether 
oxygens and water molecules.21 The c.m.c. values of 
nonionic detergents depend on the balance of forces 
between the van der Waals interactions in the hydro- 
phobic groups and the opposing hydration of the ethyl
ene oxide chains. Therefore, it is expected, if we ac
cept the validity of Rupley’s34 postulate of the disrup
tion of water structure by urea, that addition of urea 
to polyoxyethylene surfactants increases the hydra
tion of the ethylene oxide chains and consequently 
raises the c.m.c. values of these solutions. Thus, 
the marked increments in c.m.c. values of polyoxy
ethylene alkanol solutions on urea addition, as shown in 
Table III, may be attributed to increased hydration 
caused by a decrease of ordered regions in water.

As may be deduced from the inverse solubility rela
tion, the hydration of the ethylene oxide chains de
creases with increasing temperature.21 This is a t
tributed to the fact that at higher temperatures the 
tendency of water to hydrogen bond to the ether oxy
gens is reduced. Consequently, the c.m.c. values of 
nonionic detergents decrease with increasing tempera
ture.7 I t has been stressed already that on raising 
the temperature, .a gradual decrease of ordered regions 
in water occurs above 25.0°.28 Therefore, it is antici
pated that the effect of urea on the hydration of the 
ethylene oxide chain gradually decreases a t tempera
tures above 25.0°. This follows also from our results 
given in Fig. 3, which show a decrease in the incre
ments in c.m.c. values of the polyoxyethylene alkanols 
in the presence of 6 M  urea on raising the tempera
ture from 10.0 to 45.0°. After having given an expla
nation for the temperature dependence of c.m.c. 
values in urea solutions of n-dodecyl sulfates and poly
oxyethylene 1-dodecanols, it is clear that both these 
explanations apply to the intermediate n-dodecyl 
ether alcohol sulfates.

Finally, the results of Table IV on the addition of 
electrolyte and urea to 1-dodecanol +  30 EO solutions 
are briefly discussed. The effects of electrolytes on 
nonionic detergents have been attributed to a salting- 
out mechanism.13'21 The magnitude of this salting 
out effect depends on the electrolyte concentration 
and lyotropic number of the “counterion,” see Table
IV. I t  is concluded from examination of the two 
opposing effects that nonionic detergents under con

(35) K. J. Mysels, Final Report Project NR 356-254, Office of Naval 
Research Contract NONR-274 (004).
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ditions of maximum dehydration of the ethylene oxide 
chain on electrolyte addition are prone to maximum 
hydration of the ethylene oxide chain on urea addition. 
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Thermodynamic Properties of Solutions of Homogeneous 

p,t-Octylphenoxyethoxyethanols (OPE110)

by E. H. Crook, G. F. Trebbi, and D. B. Fordyce

Research Laboratories , Rohm and Haas Co., Philadelphia, Pennsylvania CReceived A p ril 8, 1964)

Surface tension as a function of concentration and temperature has been determined for 
aqueous solutions of single species p,£-octylphenoxyethoxyethanols (OPEi_10). From 
these data surface tension at the critical micelle concentration (yc.m.c.), area per molecule, 
and c.m.c. have been obtained and are presented as a function of temperature and ethylene 
oxide chain length. y c .m.c. decreases with temperature, the dependence being greatest 
for compounds with ethylene oxide chain lengths greater than five EO units. This be
havior may be attributed to the dehydration of the surfactant molecules which form a 
lower surface energy film at the air-water interface. Area per molecule at the air-water 
interface increases as a function of temperature due to the greater surface area swept out 
by the molecules with increased thermal-kinetic motion. Applying the pseudo-phase 
model of micellization, changes in enthalpy (AHmT) and entropy (A(SmT) of micellization 
are calculated for OPEi _m. AH mr  and A<SmT increase with increasing EO chain length 
and decrease with temperature. With increasing EO chain length, this corresponds to a 
greater positive energetic contribution to the micellization process due to the breaking 
of an increasing number of hydrogen bonds, and with increasing temperature at constant 
EO chain length, there is a reduced contribution to the energetics of the micellization 
process because of a lesser degree of initial hydrogen bonding.

Introduction
In a previous investigation,1 the surface tension 

of single species OPE1 -1 0  as a function of concentration 
was determined at 25°. At this temperature, several 
conclusions were drawn as to the effect of ethylene oxide 
chain length on the surface physicochemical properties 
of these compounds. Only a few recent investiga
tions2-10 have dealt with the effect of temperature 
on the surface tension properties of nonionic surfac
tants. It is commonly known that temperature has a

drastic effect upon the bulk properties of certain non
ionic compounds. This is demonstrated by the so- 
called “cloud point” phenomenon.11'12 In this investi
gation a systematic study of the effect of temperature

( 1 )  E .  H .  C r o o k ,  D .  B .  F o r d y c e ,  a n d  G .  F .  T r e b b i ,  J . P hys. Chem., 
6 7 ,  1 9 8 7  ( 1 9 6 3 ) .

( 2 )  M .  J .  S c h i c k ,  ibid., 6 7 ,  1 7 9 6  ( 1 9 6 3 ) .

( 3 )  M .  J .  S c h i c k ,  J . Colloid Sci., 1 7 ,  8 0 1  ( 1 9 6 2 ) .

( 4 )  J .  M .  C o r k i l l ,  J .  F .  G o o d m a n ,  a n d  R .  H .  O t t e w i l l ,  Trans. Faraday 
Soc., 5 7 ,  1 6 2 7  ( 1 9 6 1 ) .
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upon the surface tension properties of solutions of 
homogeneous OPE1 -1 0  is presented.

Experimental
Materials. Details of the preparation and char

acterization of single species OPEi-m have been pre
sented elsewhere.1’5 6 7 8 9 10 11 12 13 All of the water used in the 
preparation of solutions was distilled from alkaline 
permanganate solution and had a specific conductance 
of <1 X 10-6 ohm-1 cm.-1, which indicates the sub
stantial absence of inorganic contaminants.

Apparatus. Two Du Noiiy tensiometers were used 
to measure the surface tension of the aqueous surfac
tant solutions. Calibration of the tensiometers was 
carried out with water by determining its surface t ension 
as a function of temperature. Temperatures both 
above and below room temperature were obtained 
by circulating a thermostatec mineral oil through 
specially designed chambers (Tig. 1) which enclosed 
the Du Noiiy ring and surfactant solution. Tempera
ture constancy was obtained within ca. 25 min. as was 
initially determined with a thermistor probe situated 
at the center of the surfactant solution. Uniformity 
of temperature was better than ±0.5° over the entire 
depth of the inner chamber of the cell. There was a 
<1° temperature gradient between the constant tem
perature bath and the inner chamber of the cell.

Procedure. Stock solutions or dispersions of the ap
propriate surfactants were prepared by dissolution of

Figure 1. Constant tem perature cell for surface tension 
determination: A, circular glass portholes; B, Du Noiiy 
ring and adapter; C, Tannin dish; I), cell cover; E, cell 
body; F, 3.5-mm. orifice; G, insulation; H, “O '’ ring; I, 
tapped base for attachm ent to tensiometer platform ; J, 
inlets and outlets for therm ostatted liquid.

the corresponding pure material in water and subse
quent equilibration for 24 hr. at room temperature. 
Subsequent dilutions were prepared from these stock 
solutions and were equilibrated for 24 hr. before sur
face tension measurements were carried out. To 
initiate a run, an acid-cleaned Tannin dish was placed 
in the inner compartment of the constant temperature 
cell. Thirty milliliters of surfactant solution was care
fully added via a pipe!:. The stem of the Du Noiiy 
ring, with its adapter, was then inserted through the 
bottom of the cover of the constant temperature cham
ber and held firmly in place until the top had been fitted 
onto the main body of the constant temperature 
chamber. The adapter, which was attached to the 
stem of the Du Noiiy ring, was then inserted into the 
appropriate receptacle in the arm of the Du Noiiy 
tensiometer. Some lateral movement of the main 
body of the constant temperature cell was often neces
sary to ensure free movement of the Du Noiiy ring 
through the orifice (ca. 3.5-mm. diameter) in the top of 
the cell. This adjustment was provided by the swing
ing arm of the tensiometer to w'hich the main body of the 
cell was attached. Orientation of the ring with respect 
to the air-water interface was accomplished by illumi
nating the ring from a top porthole and viewing through 
a porthole locatec on the side. Necessary adjustments 
were then made by rotating the stem of the ring until 
the ring was parallel to the surface of the surfactant 
solution. Once the correct orientation was obtained, 
surface tension values were determined in the conven
tional manner. Measurements were carried out be
tween 15 and 85° in 10° increments. Four to six 
readings were obtained at a given temperature and an 
average value was recorded.

Results and Discussion
From surface tension vs. concentration plots at vari

ous temperatures, the parameters: surface tension at 
the critical micelle concentration, 7 c.m.c. (Fig. 2 and 3), 
area per molecule a t the air-water interface (Fig. 4 and

( 5 )  P. II. E l w o r t h y  a n d  A .  T .  F l o r e n c e ,  J .  Pharm . Pharmacol., 1 6 ,  
8 5 1  ( 1 9 6 3 ) .

( 6 )  M .  E .  G i n n ,  F .  B .  K i n n e y ,  a n d  J .  C .  H a r r i s ,  J . A m . Oil C hem ists’ 
Soc., 37, 1 8 3  ( 1 9 6 0 ) .

( 7 )  T .  N a k a g a w a ,  PI. I n o u e ,  K .  T o r i ,  a n d  K .  K u r i y a m a ,  J . Chem. 
Soc. J a p a n , 79, 1 1 9 4  ( 1 9 5 8 ) .

( 8 )  C .  A .  J .  H o e v e  a n d  G. C .  B e n s o n ,  J . Phys. Chem., 6 1 ,  1 1 4 9  
( 1 9 5 7 ) .

( 9 )  K .  W .  H e r r m a n n ,  ibid., 6 6 ,  2 9 5  ( 1 9 6 2 ) .

( 1 0 )  I .  R e i c h ,  ibid., 5 0 ,  2 5 7  ( 1 9 5 6 ) .

( 1 1 )  W .  N .  M a c l a y ,  J . Colloid S c i . ,  11, 2 7 2  ( 1 9 5 6 ) .

( 1 2 )  T .  N a k a g a w a  a n d  K .  T o r i ,  K olloid-Z., 1 6 8 ,  1 3 2  ( 1 9 6 0 ) .

( 1 3 )  R. C. M a n s f i e l d  a n d  J .  E. L o c k e ,  J . A m . Oil Chemists' Soc., 4 1 ,  
2 6 7  ( 1 9 6 4 ) .
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Figure 2. Plot of 7 „.m.c. vs. ethylene oxide 
chain length (t = 15-85°).

5), and critical micelle concentration, c.m.c. (Fig. 6 and 
7), were determined. Calculated values of the en
thalpy (AHmT) and entropy (ASmT) of micellization 
which were determined from plots of log c.m.c. vs. l /T  
data are presented in Fig. 8 and 9. A(AHm) vs. t°C. is 
presented in Fig. 10.

Tc.m.o. vs. Temperature. From Fig. 2 it is clear that 
OPE3 -7  are the most surface-active members of the OPE 
series at all temperatures that were studied. I t is 
noteworthy that the relative order of surface activity 
within the series varies with temperature. This is to be 
expected since the HLB (hydrophile-lipophile balance) 
of the individual molecules will change with tempera
ture. For example, at 15° OPE3 is the most surface 
active molecule of the series, while between 35 and 65° 
OPE4 becomes the most surface-active entity, and 
finally OPE5 and OPE6 are the most surface-active 
molecules at higher (75-85°) temperatures. This 
effect occurs as the molecules become more hydrophobic 
as a consequence of increasing dehydration of the EO 
chains as the temperature increases. Also of interest is 
an apparent limiting surface tension (25.8 dynes cm.” 1) 
which occurs in the OPE series in the range of 75 to 85°. 
This is necessarily related to a unique value of HLB

Figure 3. P lot of y0.m.c. vs. tem perature (OPEi_i0).

which gives rise to an optimum molecular packing at 
the air-water interface of OPE-water systems.

With shorter EO chain length members, values of 
Yc.m.c. approach the surface tensions of alkylated 
phenols ( 7  = 39-41 dynes cm.” 1) as the EO chain 
length decreases. It is likely that with octyl phenol and 
perhaps OPEi an insoluble monolayer forms at the air- 
water interface. This could account for the observed 
high surface tension values.

Maintaining the EO chain length constant (Fig. 3), 
the surface tension at the c.m.c. decreases with in
creasing temperature, which behavior is analogous to 
the surface tension dependence of pure liquids, e.g., 
benzene, hexane, or molten NaCl. The decrease of 
surface tension at the c.m.c. with temperature, how
ever, is nonlinear while conventional liquids usually 
show a linear decrease of surface tension with tempera
ture. Such deviations from linearity for all of the sys
tems studied can be related to the effect of temperature 
on the interactions between the surfactant molecules 
and the water molecules. Such interactions are pres
ent and sensitive to temperature because of the large 
degree of hydrogen bonding which exists in the system 
and, in fact, is responsible for the solubility of the OPE 
molecules. With longer chain length OPE’s (e.g.,
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Figure 4. Area per molecule vs. ethylene oxide 
chain length (t = 25, 55, and 85°).

OPEio) the EO chain is greatly hydrated. As thermal 
energy is imparted to the system, many of the existing 
hydrogen bonds are ruptured and a corresponding de
crease in the surface tension occurs as the hydropho- 
bicity of the molecules increases. For shorter chain 
length OPE’s (e.g., OPE,) the dehydration effect will be 
somewhat less pronounced since the surfactant molecule 
binds considerably less water, i.e., is more hydrophobic, 
to begin with. In fact, at higher temperatures, the 
surface tension at the c.m.c. of OPEi 6 either approaches 
a limiting value or in some cases, actually increases. 
This behavior is caused by the continuously changing 
HLB of the surfactant as the temperature increases and 
with the shorter EO chain lengths can lead to a less 
surface-active structure.

In interpretation of the properties of EO containing 
molecules dissolved in aqueous systems, two opposing 
thermally controlled effects must be considered: (i) the 
dehydration of the EO chains which results in an in
crease of hydrophobic character of the molecule with 
increasing temperature, and (ii) increase of solubility 
with increasing temperature due to kinetic-thermal 
effects. With longer EO chain length OPE’s, the first 
effect overbalances the thermal solubility effect, but

Figure 5. Area per molecule vs. tem perature (OPEi_w).

with shorter EO chain length molecules, which have only 
a few oxygen atoms available for hydrogen bonding, the 
second effect plays an important role and in some in
stances (e.g., OPEi- 6) predominates. This trend will 
be further demonstrated in the discussion of c.m.c. as a 
function of temperature.

Area per Molecule vs. Temperature. From Fig. 4 and 
5 it is clear that the area per molecule at the air-water 
interface is an increasing function of EO chain length 
and temperature. The result obtained as a function of 
EO chain length has been reported previously114 as 
being due to poorer packing at the air-water interface 
since the hydrated, coiled EO chains sweep out a 
greater surface area as their length increases. As the 
EO chain length approaches zero, the area per molecule 
approaches that of the hydrophobe itself,1'16 the p,t- 
octylphenyl group.

The increase of area per molecule at the air-water 
interface with temperature is presumed to be primarily a 
kinetic-thermal effect. An increase of molecular mo-

(14) M. J. Schick, S. M. Atlas, and F. H. Eirich, J. Phys. Chem., 66, 
1326 (1962).
(15) M. J. Schick and E. A. Beyer, J. Am. OU Chemists’ Soc., 40, 
66 (1963).
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Figure 6. C.m.c. vs. ethylene oxide chain length 
(t = 25, 55, and 85°).

tion with increasing temperature results in poorer pack
ing of the adsorbed molecules and a consequent in
crease of area occupied per molecular unit. This ther
mal effect is opposed by the influence of the decreased 
hydration of the EO chains (which consequently sweep 
out less area under static conditions) which undergo 
further dehydration with increasing temperature. 
With all of the OPE’s studied, the former area-increas
ing effect predominates over the latter area-decreasing 
effect.

C.m.c. vs. Temperature. The data plotted in Fig. 6 
show that the c.m.c. at constant temperature is an in
creasing function of EO chain length within the OPE 
series. This result is in agreement with previous 
studies1'18-18 with nonionic surfactants. Such be
havior is directly related to the increase of hydro- 
philicity of the OPE molecules with increased EO chain 
length; i.e., longer EO chain length surfactant mole
cules being more water soluble because of increased 
oxygen atom content, form micelles at higher concen
trations than do the shorter EO chain length molecules.

In Fig. 7 for the surfactants, OPE6- io, the c.m.c. 
initially decreases, then increases, as the temperature of 
the system is increased. The initial decrease of the 
c.m.c. with temperature is undoubtedly a result of the 
decreased solubility of the surfactant because of the

Figure 7. C.m.c. vs. tem perature (OPE,.™).

rupture of hydrogen bonds, i.e., the onset of micelliza- 
tion occurs at a lower concentration. As the tempera
ture increases further, the thermal solubility effects 
begin to exert their influence and finally predominate 
as the c.m.c. attains a minimum value and finally in
creases with temperature. Structurally, this corre
sponds to an initial increasing aggregation of micelles 
followed at higher temperatures by a partial disintegra
tion of these highly dehydrated aggregates into smaller 
aggregates. Such behavior has been observed19 with 
some of these materials (OPE5-s). One notes first that 
with increasing temperature the turbidity of the aque
ous system increases, reaches a maximum, and then de
creases, thus reflecting a corresponding change in aggre
gation number.

The c.m.c. values of OPE1 -4  increase monotonically 
with temperature. The insolubilizing effect of dehy
dration is much less pronounced and indeed the kinetic- 
thermal solubility effects predominate. The average

(16) L. Hsiao, H. N. Dunning, and P. B. Lorenz, J. Phys. Chem., 60, 
657 (1956).
(17) F. V. Nevolin, T. G. Tipisova, N. A. Polyakova, and A. M. 
Semenova, J. prakt. Chem., 15, 206 (1962).
(18) H. Lange, Proc. Intern. Congr. Surface Activity, 3rd Cologne, 1, 
279 (1961).
(19) E. H. Crook, D. B. Fordyce, and G. F. Trebbi, J. Am. Oil 
Chemists' Soc., 41, 231 (1964).
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Figure 8. AH m vs. ethylene oxide c h an  length (i =  25, 45, 65, and 85°).

slope of the curve is more positive the shorter the EO 
chain length, which fact is consistent with the de
creased dehydration of the EO chain of the smallest 
OPE molecules.

One of the referees has pointed out that some of the 
systems studied may have precip itated as the tempera
ture was raised, so that kinks in the surface tension vs. 
concentration curves may correspond to solubility 
effects rather than to c.m.c. effects. For solutions of 
all the compounds studied (OPEM0) insolubility is 
already present or attained in the 15-85° temperature 
range (e.g., 1 %  solutions of OPEi_6 all have “cloud 
points” below 0° while 1% solutions of OPE7-10 have 
“cloud points” of 28, 54, 68 and 78°, respectively) at 
concentrations in excess of the c.m.c. This “cloud 
point” corresponds to an aggregation of micelles such 
that a distinct phase separation occurs in the system, as 
is evidenced by turbidity. As is shown in Fig. 7, no 
simple correlation exists between this cloud point 
phenomenon and the dependence of the c.m.c. on tem
perature, since solutions of OPE4 -6  which exhibit tur
bidity over the entire temperature range show both 
positive and negative slopes within the c.m.c. vs. tem
perature plot over the temperature interval studied. 
Also, the compounds, OPE7- 10, all show a reverse of

sign of slope of c.m.c. vs. temperature at 45°, thus being 
independent of EO chain length. Consequently, it is 
believed that the obtained c.m.c. values are indeed in
dicative of a primary micellization process which is 
coincidental in some cases with aggregation rather than 
due to any simple insolubility effects which are inde
pendent of a micellar structure.

Thermodynamics of Micellization. Two general theo
ries have been proposed to account for the thermody
namics of micellization, i.e., the phase separation 
model20 21“'22 and the mass action model.23 In principle, it 
is identical to treat micelle formation either as a mass 
action equilibrium or as a pseudo-phase.24 25 If, however, 
the aggregation number of the micelle is small, the mass 
action model is used, while if the aggregation number is 
large, the phase separation model is applied.26 Since 
the aggregation numbers of the micelles of ethoxylates

(20) A. E. Alexander, Trans. Faraday Soc., 38, 54 (1942).
(21) K. Shinoda, Bull. Chem. Soc. Japan, 26, 101 (1953).
(22) E. Hutchinson, A. Inaba, and L. G. Bailey. Z. physik. Chem. 
(Frankfurt), 5, 344 (1955).
(23) J. N. Phillips, Trans. Faraday Soc., 51, 561 (1955).
(24) K. Shinoda and E. Hutchinson, J. Phys. Chem., 66, 577 (1962).
(25) K. Shinoda, et al., “Colloidal Surfactants,” Academic Press,
London, 1963, p. 37.
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Figure 9. AS m vs. ethylene oxide chain length 
(t =  25, 45, 65, and 85°). Figure 10. Increment of AHm per EO unit vs. tem perature 

(average EO chain length =  1.5, 3.5, 5.5, 9.5).

of alkyl phenols are greater than 100 for EO chain 
lengths of ten or less,14'26'27 the pseudo-phase model has 
been applied to the present results.

With this model, the c.m.c. corresponds to the satura
tion solubility of the molecular species. If this concen
tration is exceeded, a new phase is formed. Stainsby 
and Alexander28 have proposed the calculation of the 
change in enthalpy (AH mT) and entropy (ASmT) of 
micellization from the temperature dependence of the 
c.m.c. according to a Clausius-Clapeyron type of 
relationship

AHmT = - R T \ d  In c.m .c./dT), (1)

Since the micellization process is considered a phase 
transition, AFmT = 0, and thus

ASmT = A H j / T  (2)

Recent criticism29 of this method has centered about 
the need for values of AH mr  and ASmT which are cor
rected for: (i) the change of activity with concentration 
of the surface-active molecules, and (ii) the change of 
aggregation number with temperature. With com
pounds having small c.m.c. values it has been shown30 
that the change of activity with concentration is equal

to unity and thus does not contribute to any errors in 
thermodynamic functions derived from c.m.c. as a func
tion of temperature data. This certainly applies to 
single species OPEi-io in which the mole fraction c.m.c. 
varies from 7.8 X 10-7 to 6.1 X 10~6 (for OPEi and 
OPEio, respectively). In this investigation the aggre
gation number of the compounds as a function of tem
perature was not determined. If the aggregation 
number is large (as it is14'26’27 with ethoxylated adducts 
of alkyl phenols) the fraction of solute in the aggregated 
form will be negligible and the correction to be applied 
to the change in enthalpy and entropy will be very 
small and can be neglected.31 On these grounds it is 
believed that the thermodynamic parameters derived 
from the temperature dependence of the c.m.c. of

(26) C. W. Dwiggins, Jr., R. J. Bolen, and H. N. Dunning, J . Phys. 
Chem., 64, 1175 (1960).
(27) P. Becher, J. Colloid Sci., 16, 49 (1961).
(28) G. Stainsby and A. E. Alexander, Trans. Faraday Soc., 46, 587 
(1950).
(29) K. Shinoda, et al., ref. 25, p. 129.
(30) K. Shinoda, et al., ref. 25, p. 36.
(31) K. Shinoda, et al., ref. 25, p. 36.
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OPEi-io are good approximations to the more accurate 
values which could possibly be obtained via calorimetric 
determinations of the heat of dilution . 3 2 -3 4

Values of AH mT and ASmT as a function of EO chain 
length at various temperatures are presented in Fig. 8  

and 9. AH mT and A*SmT at a given temperature become 
less negative and in some cases positive as a function of 
increasing EO chain length. AH mT and ASmT for a 
given EO chain length molecule decrease with increasing 
temperature: in some cases (OPE4- i0) passing from 
positive to negative values while in others becoming 
increasingly more negative (OPE:- 3).

There are two main structural processes35 which op
pose one another during micellization; (i) the destruc
tion of a considerable portion of the “iceberg” water 
structure about the monomeric units of surfactant 
during their incorporation into the micelle with a conse
quent desolvation of water molecules, and (ii) the re
arrangement of a substantial number (> 1 0 0 ) of ran
domly oriented monomeric molecules into a well-ordered 
micellar structure. From an entropy viewpoint the 
former process should lead to a positive change in en
tropy in the transition from a monomeric to a micellar 
state, while the latter process would lead to a negative 
value of the change in entropy:

With OPE,.K, at 25° the change in entropy upon mi
cellization becomes more positive as the EO chain 
length increases. This result is consistent with the 
desolvation of H 20  molecules outweighing the ordering 
process of the surfactant molecules, and increasingly 
so as the EO chain length and consequently the number 
of hydrogen-bound water molecules increase. At EO 
chain lengths less than four, the change in entropy still 
increases with EO chain length but the ordering effect 
of micellization predominates over the desolvation effect 
simply because of the reduced number of hydrogen- 
bound water molecules.

With increased temperature, e.g., 65 or 85°, the AiSmT 
values are all negative, which indicates that the micellar 
ordering process is more important than the desolvation 
effect over the entire range of OPEi-io. This result is 
entirely consistent with the less solvated initial structure 
of the monomeric surfactant molecules at these tem
peratures (which can no longer overbalance the ordering 
process that occurs during micellization).

The present results are entirely in accord with those

of Schick8 who calculated AHmT and A(8’,„T for molecu- 
larly distilled fractions of EO adducts (ranging from 
10 to 50 EO units) of boctylphenol and nonylphenol. 
In the temperature interval studied (25 to 55°) with 
compounds of EO chain length longer than those in
vestigated in the present work, the obtained AH mr  and 
ASm"1 values are positive. This agrees with the trend 
of the present results obtained for the longest EO chain 
length compound which was studied, i.e., OPEw.

In Pdg. 10 is plotted the increment in AHm (A(AH m)) 
per unit increase in EO chain length as a function of 
temperature for several average EO chain length mole
cules. In general, the increment in AH m decreases as a 
function of increasing EO chain length and approaches 
a limiting value of ca. 2 0 0  cal. mole- 1  in the range of 
ethylene oxide chain length of 6  to 1 0  units (and by im
plication at longer EO chain lengths). At shorter EO 
chain lengths (OPEi- 6) the increment in AH m per unit 
of EO is strongly temperature dependent above 35°. 
This is due to the strong dehydration effect of tempera
ture on the small number of water molecules which are 
bound to such short EO chains; i.e., at higher tempera
tures (e.g., 65°) the difference in the energy of micelliza
tion between OPEi and OPE2 is larger than the same 
parameter evaluated at 35°. For the longer EO chain 
length molecules (OPE6- io), the values of A(AH m) 
are practically temperature-independent because the 
number of bound water molecules is not as drastically 
increased on a fractional basis in a transition from 
OPEs- 9, whether evaluated at 35 or 65°, as would 
be the case with the shorter EO chain length com
pounds. The same explanation applies to the incre
ment of ASm as a function of temperature evaluated at 
several average EO chain lengths.
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On the Viscoeleetric Effect in Colloidal Solutions1

by D. Stigter

W estern Regional Research Laboratory , 2 A lbany, California  (Received A ugust 6, 196If)

The viscoelectric effect for charged colloidal particles is represented as an apparent shift, A, 
of the shear surface. The value of A is not very sensitive to the type of kinetic experiment. 
Comparison of theoretical values with an experimental value A <  1 A. for ionic detergent 
micelles suggests that the Lyklema-Overbeek estimate of the viscoelectric constant of 
water is considerably too high.

Introduction

In a discussion of electrokinetic theory, Lyklema and 
Overbeek3 have introduced the viscoelectric effect. 
This is the change of the viscosity 77 of a liquid under 
the influence of an electric field E. The treatment is 
based on the relation4 *

V =  V o ( l +  / £ 2) (1)

where 770 is the bulk viscosity of the liquid, E  is derived 
from electric double layer theory, and the viscoelectric 
constant /  for water is estimated

/  = 10.2 X 10-12 v .-2 cm.2 (2)

The results suggest that inclusion of the viscoelectric 
effect in electrokinetic theory raises the calculated 
¿"-potential substantially in most practical cases. This 
paper presents evidence to the contrary. The vis
coelectric effect is introduced into the theory of in
trinsic viscosity and of the rate of self-diffusion of 
charged colloidal particles with a relatively thin double 
layer. The treatment is applied to ionic micelles in 
aqueous detergent solutions and compared with 
the viscoelectric effect in micellar electrophoresis. 
The results are compared also with experimental 
viscosity data on micelles.

at x = x0. In the solution, when no pressure gradient 
is imposed, the equations of viscous flow reduce to

d (
' dr2

d x \ f d x
= 0 ; vz = vv = 0 (3)

where 77 may be a function of x. Integration with re
spect to x yields

T)dvz/dx  = constant (4)

Remembering the definition of 77,  it is evident that the 
constant in eq. 4 equals the shearing force F  per unit- 
area in the liquid parallel to the flat surfaces. For 
example, on the stationary surface we have in the case 
of uniform viscosity v = Vo

F  = v o ( d v z/ d x ) z=0 = VoVc/xo (5)

We now assume that the surface at x — 0 is charged 
such that the electrostatic potential at x = 0  is f  while 
the potential in the bulk of the solution vanishes. 
When the surface charge gives rise to a variable 
viscosity in the solution near x = 0 , we define an ef
fective shear surface a t x = A, where A is evaluated 
from

F  = r i à v j à x  = 77oi’o/(zo — A) (6 )

Apparent Shift of Shear Surface
We wish to develop a convenient representation of 

the viscoelectric effect. To this end we consider 
shearing motion in a 1 - 1 -valent salt solution con
tained between two infinitely large, flat surfaces of 
shear located at x =  0  and x = x0 in a rectangular 
coordinate system; see Fig. 1. The liquid is at rest 
at x  = 0  and has a velocity in the z direction vz = va
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( 3 )  J .  L y k l e m a  a n d  J .  T h .  G .  O v e r b e e k ,  J . Colloid Sci.,  1 6 ,  5 0 1  
( 1 9 6 1 ) .

( 4 )  E .  N .  d a  C .  A n d r a d e  a n d  C .  D o d d ,  Proc. Roy. Soc. ( L o n d o n ) ,
A 2 0 4 ,  4 4 9  ( 1 9 5 1 ) .

T h e  J o u r n a l  o f  P h y s ic a l  C h e m is tr y



V i s c o e l e c t r i c  E f f e c t  i n  C o l l o i d a l  S o l u t i o n s 3 6 0 1

x = 0 and x = x0, in shear motion: A, w ith constant liquid 
viscosity; B, with increased viscosity in liquid near x =  0.

Introducing eq. 1 for g, and assuming x0/A — we 
find from eq. 6

p  dx p  fE 2 , _
A -  *■ -  J ,  r+w’ Jo  r + i p (7)

Specializing now for E  to the Gouy-Chapman theory 
of the flat double layer, as in ref. 3, the result is, for 
A  < 1

A = A'a (1 — A) 1/1 k- 1 [arctan {A‘a ( 1 — A) 'A X 

cosh (e£/2kT)} — arctan A'a ( 1 — A)  ‘A] (8a)

and for A  > 1

A = A'a (A -  l p A(2Kp  [In {A'a cosh (ef/2kT) -  

(A -  1)‘A} {A'a +  (A — 1)‘A} -  

In { A‘a cosh (e{/2kT) +  (A -  1)'A} {A‘a -

(A — l p }  ] (8b)

where A = 32wcRTf/1000e, c is the concentration of 
salt in moles/liter, and k is the reciprocal thickness 
of the double layer.

If an effective shear surface is introduced, eq. 1 
for the variable viscosity is replaced by a step function 
wherein the change from g = rj0 to rj = °° occurs at 
distance A from the true surface of shear. The ad
vantage of an effective shear surface is, of course, 
that it permits one to apply the usual hydrodynamic 
relations derived with r? = i jo ,  such as the Stokes fric
tion law and the Einstein viscosity theory for spheres. 
Indeed, it can be shown that in translation as well as 
in rotation of spheres in viscous liquid the liquid 
velocity at the surface of the sphere is purely tangential. 
Hence, for diffusion and intrinsic viscosity of charged 
spheres with radius a, eq. 8 applies in the limiting case 
that o/A -+■ Incidentally, in a complete analysis 
of viscosity and self-diffusion one should also take into 
account the interaction between the charged colloid

particle and the mobile ions in its double layer. At 
present we assume that such interactions may be sepa
rated from the viseoelectric effect and can be described 
satisfactorily, e.g., by the expressions derived by Booth.5 6 *

Lyklema and Overbeek8 report their results as a 
correction factor to the Helmholtz-Smoluchowski 
electrophoresis equation. With the help of the po
tential distance relation in a flat Gouy-Chapman 
double layer, this correction factor can be translated 
into an apparent shift A of the shear surface. This 
representation greatly facilitates the comparison be
tween the viscoelectric effect in, say, viscosity and elec
trophoresis. I t  is obvious that, for a given structure 
of the double layer, the exact value of A depends upon 
the volume forces on the solution in the double layer 
region. Hence, we anticipate that A for electrophoresis 
differs from A for viscosity. This is borne out by the 
example given in the next section.

Application to Detergent Micelles

We have applied eq. 8 to micelles of sodium dodecyl 
sulfate in aqueous sodium chloride solutions, using eq. 
2 for /  and assuming that one-half of the number of 
counterions is inside the true shear surface of the 
micelles.6 As the theory has been developed for a flat 
double layer, the present calculations neglect the curva
ture of the micelle surface or, rather, we assume «a =. 
co, a being the radius of the spherical micelle.

The results for A, recorded in Table I, range from 7

Table I : Viseoelectric Shift (A) of Shear Surface of
Micelles of Sodium Dodecyl Sulfate in Aqueous Sodium 
Chloride Solutions Calculated for na =

I o n i c  s t r e n g t h ,  
m o le /1 . KCL

,---------------------------- A,

I n t r i n s i c  v i s c o s i t y
A .--------------------- ------- -

E l e c t r o p h o r e s i s

0.0085 0.66 14.8 9.0
0.0153 0.91 13.5 9 .2
0.0333 1.4 11.8 ,8.6
0.0523 1.8 10.7 7 .8
0.101 2.5 9.3 7 .0

o
to 14 A. Introduction of the curvature of the micelle 
surface should decrease the calculated values of A, 
particularly those a t low ionic strength. This cor
rection for curvature is difficult to evaluate. However, 
the theory for the flat surface, na = «>, should be ap

( 5 )  F .  B o o t h ,  Proc. R o y . Soc. ( L o n d o n ) ,  A 2 0 3 ,  5 3 3  ( 1 9 5 0 ) ;  J . Chem. 
P h y s . ,  2 2 ,  1 9 5 6  ( 1 9 5 4 ) .

( 6 )  D .  S t i g t e r ,  s u b m i t t e d  f o r  p r e s e n t a t i o n  a t  t h e  I V t h  I n t e r n a t i o n a l
C o n g r e s s  o n  S u r f a c e - A c t i v e  S u b s t a n c e s ,  B r u s s e l s ,  S e p t e m b e r ,  1 9 6 4 .
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proached reasonably well for m  = 2.5 in Table I. 
In this case one does not expect a very large correction 
for curvature. Thus it seems safe to conclude that the 
theory based on eq. 1 and 2 predicts A values of several
o
A.

The second observation on Table I is that A is of the 
same order of magnitude for viscosity as for electro
phoresis.

At this point we introduce some conclusions derived 
in a concerted analysis6 of various experiments on 
micelles of sodium dodecyl sulfate in which the vis
coelectric effect was disregarded. The viscosity of 
micellar solutions, and also the rate of self-diffusion 
of micelles, showed that the shear surface of micelles 
coincides within 1 A. with the surface enveloping the 
hydrated heads of the micellized ions. This means

that, up to a distance of less than 1 A. from this en
velope, the viscosity of water may be treated as a 
constant. Consequently, the experimental value of 
A is less than 1 A. and, for all practical purposes, the 
viscoelectric effect may be neglected in the interpreta
tion of intrinsic viscosity data.

Returning now to Table I we conclude that (a) the 
viscoelectric effect may also be neglected in the interpre
tation of micellar electrophoresis; (b) the viscoelectric 
constant of water, as estimated by Lyklema and Over- 
beek, 3 eq. 2 , is probably too high, perhaps even by one 
order of magnitude.

This author agrees with the final suggestion by 
Lyklema and Overbeek3 that “a determination of the 
viscoelectric constant for water and aqueous solutions 
[is] highly desirable.”

T h e  J o u r n a l  o f  P h y s ic a l  C h e m is tr y
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On the Adsorption of Counterions at the Surface of Detergent Micelles1

by D. Stigter

W estern Regional Research Laboratory , 2 A lbany , C alifornia  (Received August 24, 1964)

This paper presents a model of an ionic micelle in which the electric double layer is divided 
into a Gouy-Chapman layer outside and a Stern layer inside the shear surface. In the 
Stern layer the discrete nature and the size of the counterions and of the ionic headgroups 
are introduced as well as a specific adsorption potential A/u° of the counterions. The 
potential A/j.° is calculated as a residue from the equation for the adsorption equilibrium 
of counterions between the Stern layer and the bulk solution. The theory is applied to 
micelles of sodium dodecyl sulfate and of dodecyl ammonium chloride, both in aqueous 
sodium chloride solutions. Using the charge and size of kinetic micelles as determined 
from various experiments, we find An° «  0.5kT. There is no significant trend of A,u3 with 
ionic strength. The uncertainty in A^° is due mainly to uncertainties in the precise 
location of the shear surface, in the dimensions of ions, and to approximations in the ion 
distribution inside the Stern layer. The results, although developed for prolate ellipsoidal 
micelles, are not very sensitive to micelle shape. From the repulsion between the micelle 
core with low dielectric constant and an ion in water, one expects for the sodium counterion 
Aju° «  0.25kT  and for the chloride counterion Afx° ~  0A5kT. The present results suggest 
that dehydration of counterions at the micelle surface is insignificant and that the distribu
tion of small ions is governed almost wholly by electrostatic and dimensional factors.

Introduction

Micelles in ionic detergent solutions are interesting 
objects of research. On one hand, their structure is 
simple enough to be explored extensively with present 
experimental techniques. On the other hand, micelles 
have in common with more complex systems certain 
interesting features which may be studied fruitfully 
in the simpler system of micellar solutions. An ex
ample is the interaction between small ions and charged 
colloidal particles, the subject of 'his paper.

The most advanced theoretical model of a micelle 
discussed so far is a sphere with a uniform surface 
charge surrounded by a Gouy-Chapman diffuse double 
layer. The shortcomings of this model are at least two
fold. First, it was found some time ago that the model 
is inconsistent with the low electrophoretic mobility 
of micelles and suggested that micelles have a rough 
rather than a smooth surfaced Second, the Gouy- 
Chapman theory itself has some serious defects. 4 

For exaipple, it neglects the dimensions of small ions 
and recognizes only Coulomb interaction forces.

On the basis of present experimental information,

we may introduce a more detailed model of ionic 
micelles. The new feature is a Stern layer4 at the 
micelle surface where correction of the Gouy-Chapman 
theory is most necessary. In the Stern layer we take 
into account the geometry of the micelle surface and 
the size of the counterions. Furthermore, we allow 
for a specific adsorption potential of the counterions 
in the Stern layer.

The starting point of the theory is the equilibrium 
between the counterions in the bulk solution and in the 
Stern layer or, stated otherwise, the equality of the 
electrochemical potential of the counterions, 17, in the 
two regions. Indicating properties of counterions in 
the bulk solution and in the Stern layer with subscripts
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t h e  A m e r i c a n  C h e m i c a l  S o c i e t y ,  P h i l a d e l p h i a ,  P a . ,  A p r i l ,  1 9 6 4 .

( 2 )  A  l a b o r a t o r y  o f  t h e  W e s t e r n  U t i l i z a t i o n  R e s e a r c h  a n d  D e v e l o p 
m e n t  D i v i s i o n ,  A g r i c u l t u r a l  R e s e a r c h  S e r v i c e ,  U .  S .  D e p a r t m e n t  o f  
A g r i c u l t u r e .

( 3 )  D .  S t i g t e r  a n d  K .  J .  M y s e l s ,  J . P hys. Chem., 5 9 ,  4 5  ( 1 9 5 5 ) .

( 4 )  J .  T h .  G .  O v e r b e e k  i n  “ C o l l o i d  S c ie n c e , ”  V o l .  I ,  I I .  R .  K r u y t ,  
E d . ,  E l s e v i e r  P u b l i s h i n g  C o . ,  N e w  Y o r k ,  N .  Y . ,  1 9 5 2 .

V o lu m e  68, N u m b e r  1 2  D ecem ber, 1964



3 6 0 4 D .  S t i g t e r

b and s, respectively, we write conventionally for 
counterions in the bulk, outside the double layers

Vb = Mb° +  kT  In pb +  kT  ln/b +  ze\pb (1)

pb° is the standard chemical potential, pb is the con
centration (number density), /b is the relevant single 
ion activity coefficient, and ze\pb is the electrostatic 
potential energy of a counterion with charge ze in the 
bulk solution. As \pb is constant outside the double 
layers, we follow common practice and set \pb = 0.

We may express p3 formally in a similar way

Vs — Ps° +  kT  In ps +  zei/'s (2)

where p, is the effective concentration of the counter
ions in the Stern layer and ze\ps is their electrostatic 
potential energy in the field of the neighboring ions. 
There is no rigorous treatment for ps and for \(/a. The 
problems are similar to those in the theory of con
centrated solutions. In fact, the entropy term kT  
In ps and the energy term ze\ps cannot be separated 
explicitly, as in eq. 2, except in certain approximate 
treatments. The approach in this paper is based on 
a cell model of the Stern layer that does allow separate 
evaluation of p„ and \ps.

As in most theories, our model is a compromise 
between tractability and reality. Although the pres
ent choice is not fully satisfactory, it allows us to de
cide which features of the model require refinement. 
The test quantity in the theory is the difference Ap° = 
Ps° — Mb° which is found as the final term in the equi
librium equation r/b = v*- With eq. 1 and 2 we have

Ap° =  ps° — pb° = kT  In (fh Pb / P s )  — zeifia (3)

The term Ap° is generally called the specific adsorption 
energy of a counterion in the Stern layer. We note 
that this quantity is a free energy.

We can identify one positive (repulsive) contribu
tion to Ap°. In general, when an electrostatic charge 
approaches a region of lower dielectric constant, its 
self-energy increases. For this reason, p° increases 
when a counterion approaches the hydrocarbon core 
of a micelle. This contribution to Ap° can be cal
culated from a model. Comparison with the result 
of eq. 3 for Ap° in various practical cases yields a rough 
test of the theory. A satisfactory model might then 
be used to treat other topics in micelle theory, e.g., 
the micelle-monomer equilibrium and the micelle 
size distribution.

The applications of eq. 3 in this paper are restricted 
to two detergent systems for which sufficient experi
mental information is available: sodium dodecyl sul
fate and dodecyl ammonium chloride, both in aqueous 
sodium chloride solutions at 25°. We start with a

discussion of the model and the derivation of some 
parameters from experiments. This part has been 
nearly completed in previous reports5'6 and a brief 
summary suffices.

Model of Micelle
Figure 1 shows a partial cross section of the model of 

a sodium dodecyl sulfate micelle. The interior of the 
micelle is formed by n associating hydrocarbon chains. 
The density of this core, as extrapolated from the 
density of liquid hydrocarbons at 25°, is 0.802 g./rnl. 
Small micelles have a spherical core with a radius not 
exceeding the length of the straight dodecyl chain of
16.6 A. Larger micelles, with n > n0 = 54.7, have a 
prolate ellipsoidal core with a short semi-axis of 16.6
°  . oA. and a long semi-axis of 16.6 n /n0 A.

Between the smooth surface of the core and the 
smooth shear surface is the aqueous Stern layer which 
contains the n ionic heads of the micellized detergent 
ions and (1 -  a)n counterions. The core and the 
Stern layer together form the “kinetic micelle.”

The charge of the kinetic micelle is neutralized by 
an excess of an counterions in the surrounding Gouy- 
Chapman diffuse double layer. The reciprocal thick
ness, k , of the diffuse double layer is determined by the 
(effective) ionic strength of the solution, that is, by 
the concentration outside the double layer of non- 
micellized (monomeric) detergent and of foreign salt.

The model, as described so far, is essentially defined 
by three parameters: the association number n, the 
thickness s of the Stern layer, and the fraction a of the 
total number of counterions located outside the shear

Figure 1. Partial cross section of sodium dodecyl 
sulfate micelle. Crosshatched area in Stern layer 
is available to  the centers of sodium ions.
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Figure 2. Association number, n, of micelles in 
aqueous sodium chloride solutions. Circles: dodecyl 
ammonium chloride, experiments by Kusher,
Hubbard, and Parker’; triangles: sodium dodecyl 
sulfate, experiments by Mysels and Princen.8

surface. In order to determine these parameters we 
have carried out a concerted analysis of various ex
periments.5'6

The association number n is determined5 8 from light 
scattering data.78 As shown :n Fig. 2, n increases 
with increasing ionic strength and, furthermore, n 
depends on the particular type of detergent.

The thickness of the Stern layer follows from the 
viscosity of micellar solutions and from the rate of 
self-diffusion of micelles. We find6 that, within 1 A., 
s equals the length of the hydrated ionic head of the 
micellized ions.

Information on micelle shape is also obtained. Vis
cosity data indicate6 that large micelles behave like 
flexible rods as is consistent with the assumed fluid 
structure of micelles. Small angle X-ray scattering9 
has confirmed the liquid nature of micelles.

The values of a derived6 from electrophoresis and 
from electric conductance of micelles range from 0.4 
to 0.6.

The present treatment requires a rather detailed 
model of the Stern layer. We assume that the ions 
in the Stern layer remain hydrated and behave like 
hard spheres. A diameter of 4.6 A. is taken for both 
sodium and sulfate ions and 3.8 A. for chloride and am
monium ions. In addition, we take s = 4.6 A. for the 
dodecyl sulfate micelle and s = 2.7 A. for the dodecyl 
ammonium micelle. Actually, there is considerable 
uncertainty about the size of hydrated ions.10 Be

cause of this uncertainty, we shall investigate the effect 
on our results of a variation of 0.5 A. in s and in the 
ionic radii.

Effective Concentration of Counterions in the 
Stern Layer

In Fig. 1 the crosshatched sections indicate the free 
volume of the Stern layer, that is, the volume that is 
available to the centers of the counterions. Figure 3 
shows a schematic top view of the Stern layer, again 
for sodium dodecyl sulfate, with a = 0.5. The n 
fixed S04~ groups are arranged hexagonally, leaving 
n/ 2 face-centered sites or cells for the sodium ions. 
With this regular arrangement, elementary geometry 
suffices to make an estimate of the free volume v per 
sodium site, as a function of the micelle size. The 
results are presented in Fig. 4. It is apparent that the 
uncertainties in the values of s and of the ionic radii 
may cause an error of a factor 2 in v.

The concentration ps of the counterions in the Stern 
layer is, of course, connected with the free volume 
in the Stern layer. At a = J/ 2 a crude estimate is 
ps = l/v. This estimate of ps is too high for two rea-

Figure 3. Top view of Stern layer of sodium dodecyl 
sulfate micelle a t  the level of the centers of fixed sulfate groups; 
Crosshatched sections are available to center of sodium ions.

( 7 )  L .  M .  K u s h n e r ,  W .  D .  H u b b a r d ,  a n d  R .  A .  P a r k e r ,  J . Res. Natl. 
B u r. S td ., 5 9 ,  1 1 3  ( 1 6 5 7 ) .

( 8 )  K .  J .  M y s e l s  a n d  L .  H .  P r i n c e n ,  J . P hys. Chem., 6 3 ,  1 6 9 6  ( 1 9 5 9 )

( 9 )  F r .  R e i s s - H u s s o n  a n d  V .  L u z z a t i ,  ibid., 6 8 ,  3 5 0 4  ( 1 9 6 4 ) .

( 1 0 )  R .  A .  R o b i n s o n  a n d  R .  H .  S t o k e s ,  “ E l e c t r o l y t e  S o l u t i o n s , ”  
B u t t e r w o r t h s ,  L o n d o n ,  1 9 5 9 .
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Association number n

Figure 4. Volume, v, per adsorption cell in Stern layer vs. 
association number, n, of detergent micelles, calculated with 
smoothed values from broken lines in Fig. 5 of ref. 6: 
curve 1, sodium dodecyl sulfate, with s = 4.6 A. and 
diameters of sodium ion and of sulfate group = 4.6 A.; 
curve 2, model as for curve 1, except that diameter of 
sodium ion = 5.6 A.; curve 3, dodecyl ammonium 
chloride, with s = 2.7 A. and diameter of 
chloride ion and of ammonium group = 3.8 A.; 
curve 4, model as for curve 3 except that s = 3.2 A.

sons which are both connected with the liquid structure 
of the micelle.

In the first place, the arrangement of the fixed charges 
is not at all regular. Therefore, the average overlap 
of excluded volumes around fixed charges is larger than 
evaluated above and, consequently, the average value 
of v is also larger.

In the second place, the cell theory assumes that 
each cell is occupied by one counterion which is re
stricted to movement inside the cell. Actually, this 
restriction is too severe. In general, the relevant 
correction for communal entropy is difficult.11 In a 
simple case a rigorous treatment shows that pa is a 
factor e' less than predicted by the cell theory,11 e' =
2.718... being the base of the natural logarithms.

In the present applications we distribute the (1 — a)n 
counterions in the total free volume of the Stern layer 
n v / 2  and we add a factor e '  for communal entropy

ps = 2(1 -  a)/ve' (4)

Expression 4 for pa is perhaps not very satisfactory. 
One might abandon the cell theory altogether and 
consider the ions in the Stem layer as an imperfect 
two-dimensional gas. However, it was found that the 
ion concentration is much too high for an application 
of the approximate van der Waals approach. The 
virial expansion method might be more practical,

provided that it can be carried through to sufficiently 
high terms. This problem was not studied in any de
tail.

Electrostatics of the Stern Layer
We wish to derive the average electrostatic potential 

due to the interaction with the neighboring ions 
of a counterion in the Stern layer. To this end the 
ion distribution is divided into several parts and the 
contribution of each part to i/-s is evaluated separately. 
We have: (a) the potential i/m due to the ions in the 
Gouy-Chapman diffuse double layer; (b) the potential 
\pi due to the fixed ionic charges in the Stern layer; and 
(c) the potential ^C) caused by the counterions in the 
Stern layer, excepting the one counterion in the cell 
under consideration.

The effect of micelle shape is introduced in an ap
proximate way as follows. We first evaluate for 
spherical micelles with a core radius a = l6.Q(n/no)1/! 
A. Subsequently, we apply to a correction for the 
deviation from spherical shape of the micelle which will 
be estimated later.

We assume that the dielectric constant is a step 
function with ec 2 inside a sphere with radius b and ew
78.5 outside this sphere. We set b equal to the core 
radius a and, in addition, we shall investigate the effect 
on \pB of a variation of 5.

We evaluate tps in the center of an adsorption cell 
and we shall consider, to some extent, the variations 
of tpa within a cell.

We now return to the shape factor in ^s. Let us 
consider a particle with volume V and electric charge 
e in a medium with dielectric constant e. The surface 
potential ^ of the particle may be written as

* =
e / 3 F \ ’/3 
i \4ir / So = -  So er0 (5)

where r0 is the radius of a sphere with volume V. S0 
is a shape factor which equals unity for spherical 
particles.

Standard texts on electricity show that the equipo- 
tential surface around a uniform line charge is the 
family of prolate ellipsoids with foci at the ends of the 
line charge. Thus we find for the shape factor of 
prolate ellipsoidal particles with axis ratio p

(1 -  £*)■/', 1 + E  ,o0 = -----t:-------In ;-------- = 12 E 1 -  E
~~E4 -  —  IV +  
45 2835

(6)

( 1 1 )  S e e ,  e.g., T .  L .  H i l l ,  “ I n t r o d u c t i o n  t o  S t a t i s t i c a l  T h e r m o 
d y n a m i c s , ”  A d d i s o n  W e s l e y ,  R e a d i n g ,  M a s s . ,  1 9 6 1 ,  p .  2 9 0 .
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where the eccentricity of the ellipsoid is E = V i -  1/p2- 
Expression 5 has to be corrected for the effect of the 

electric double layer that is present around charged 
micelles in aqueous salt solutions. The presence of 
a double layer, with thickness 1/ k, around a particle 
changes both the cofactor, e /er0, and the shape factor. 
We are concerned with the change of the shape factor 
from So to S. In limiting cases this change is obvious; 
for

and for

KT0 0, S So

KT0 ---> co , S  ---> 1

Furthermore, a reasonable guess is, for

kto = 1, S  = (/So l)/2

A simple interpolation function satisfying the above 
three cases is

Figure 5. Plane hexagonal array of fixed charges, with repeat 
distance d. Potential in Q for discrete point charges is given by 
series 10, for uniformly smeared-out charges by series 11.

S — (So +  K?'o)/(l +  Kfo) (7)

With equations 6 and 7 we shall estimate S for micelles 
in aqueous sodium chloride solutions.

Contribution of Diffuse Double Layer to Stern Po
tential. In order to evaluate rpa we start with the total 
electrostatic potential, f, in the spherical shear surface 
with radius a +  s. In the Gouy-Chapman model we 
have3

the potential ipQ at the center of a cell, we divide the 
array into groups of equivalent neighbors of the central 
charge, separated by concentric circles in Fig. 5. The 
potential in Q is written as the sum of successive group 
contributions, starting with that of the six nearest 
neighbors

i/o = e, (10.39 +  5.20 +  7.86 +  5.77 +  . ..)  (10) 
ed

P ew(a +  s) [1 +  k(u +  s) ]

The factor p, also denoted12 7//(D H ), corrects the De- 
bye-Hiickel relation between the surface potential 
f and the particle charge awe. Numerical values of 
8 as a function of the parameters e f/kT  and k(o +  s) 
are available.3'12

The desired potential \pi is found by subtracting from 
f the potential at the uniformly charged surface of the 
kinetic micelle without diffuse double layer

awe
'I'd = f ------ T~ 7ew(a +  s) (9)

Contribution of Fixed Charges to Stern Potential. 
In the present model the Stern layer contains discrete 
ionic charges. It is of interest to establish the differ
ence from the simpler, more conventional model which 
possesses a uniform surface charge instead of a Stern 
layer. The difference is demonstrated with the help 
of a planar, hexagonal array of point charges e as shown 
in Fig. 5. This p ra y  is the same as that of the fixed 
charges in Fig. 3, provided that the curvature of the 
micelle surface is disregarded. In order to evaluate

e is the dielectric constant of the medium and d is the 
repeat distance of the array along a trigonal axis.

We now smear out the charges over the appropriate 
rings so that the plane of the array has a 
uniform charge density 4e/d2\ /3 .  Similar to eq. 10 the 
potential in Q can be written as the sum of contributions 
from successive charged rings and we find

\pQ — ~  (13.20 +  5.47 +  7.73 +  5.93 +  . . .) (11)
ed

The comparison between corresponding terms in 
eq. 10 and 11 reveals that only with the nearest neigh
bors the discreteness of the charges is important. 
The more distant charges may be smeared out without, 
changing i/o significantly. Consequently, in the 
evaluation of f/i we treat the six nearest ionic heads as 
discrete charges and we smear out the remainder of 
the fixed charges over the appropriate surface. This 
procedure is also, at least to some degree, in accord 
with a fluid nature of the Stern layer.

( 1 2 )  A .  L .  L o e b ,  J .  T h .  G .  O v e r b e e k ,  a n d  P .  H .  W i e r s e m a ,  “ T h e  
E l e c t r i c a l  D o u b l e  L a y e r  A r o u n d  a  S p h e r i c a l  C o l l o i d  P a r t i c l e , ”  
M a s s a c h u s e t t s  I n s t i t u t e  o f  T e c h n o l o g y  P r e s s ,  C a m b r i d g e ,  M a s s . ,  
1 9 6 0 .
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Q

Figure 6. Cross section through dielectric sphere with 
charge e in P. Potential in Q is given by eq. 13.

The introduction of discrete charges in the Stern 
layer destroys the spherical symmetry of the charge 
distribution. To obtain the proper solution of La
place’s equation, A\p =  0, we first look at the poten
tial field of a single charge in the Stern layer.

Let the charge e in Fig. 6 be in P a t distance t from 
the center 0  of the micelle. The position vector r 
makes an angle 8 with OP. Modification of the field 
around an electric charge near a dielectric sphere under 
vacuum13 gives for the present situation, in the region 
r >  b

t [l = <)L
+

( Cw Cc) ̂
w(l T- 1) +  tol \  t

i + in
P ¡(cos 8) (12)

where Pi (cos 6) are Legendre functions.
The summation in eq. 12 is carried out similarly to 

one by Kirkwood and Westheimer,14 who derived 
the potential for a point charge inside a dielectric 
sphere, t < b in Fig. 6. With the abbreviations b2/tr  = 
x and e0/ew = to, eq. 12 is converted into

* = +
e(l +  to)

6w(i2 -  2tr cos 8 +  r2) 'A ewf>( 1 +  to) X

X
.(1 — 2x cos 8 +  x 2) 

■1/(1 + “> dy

_ _ ~w/ (1 + ") vVî x A

(1 -  2 y1 + -  cosd + y2 + 2“)‘Aj
(13)

With eq. 13 we evaluate the contribution to \pf 
of the six nearest neighbor fixed ionic charges. The

Figure 7. Cross section through dielectric sphere with 
uniform surface charge of density n e /iT t2 in concentric 
spherical surface with radius t between 6 = and 
9 = it. Potential in Q is given by eq. 15.

parameters t, r, and x are derived from the micelle 
model as specified above and 6 is obtained from an 
approximate expression

e = 4 v /*73n/v /3 (14)

which is exact for 8 -*■ 0.
I t remains to find the potential of the (n — 6) 

smeared-out, fixed charges. This requires the potential 
in a point Q near a partially charged dielectric sphere 
(Fig. 7). In the surface t = constant, between 8 = 
80 and 8 = tr, the charge density is ne/dirt2. This sur
face is divided into rings between 8 and 6 +  dd. The 
contribution of a charged ring to the potential in Q is 
obtained with eq. 13. The total potential is found by 
integrating with respect to 8 between the limits 80 
and 7r. The potential in Q is

t  =
ne j  t

2ew¿\ r
t P Va )

2 ; cos0» +  7 í j  ; +
ne(l — w )  

2ew6(l T  uj)
X

X

| l  — x — (1 — 2x cos do +  z2) 'a +  x

'1/(1+“)(1 -  2t/1+" cOS0o +  ^2+2")‘/! — 1 + y 1+u
,1 +<* dy

(15)

(13) See, e.g., C. J. F. Böttcher, “Theory of Electric Polarization,” 
Elsevier Publishing Co., New York, N. Y., 1952, p. 102.
(14) J . G. Kirkwood and F. H. Westheimer, J. Chem. Phys., 6, 506 
(1938).
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Figure 8. Plane trigonal array of counterions with repeat 
distance d. Hexagonal cells indicate arrangement of fixed ions. 
Potential in Q for discrete counterions is given by series 16, 
for uniformly smeared-out counterions by series 17.

The contribution of the (n — 6) smeared out fixed 
charges to fit is derived with eq. 15, where cos do = 1 
— 12/n  as follows from solid geometry.

Contribution of Counterions in Stem Layer to Stern 
Potential. The discussion of i/c follows closely that of 
ipi. We start with the case of a = 1/t. In the regular 
plane array, as shown in Fig. 8, the counterions form 
a trigonal lattice with repeat distance d. Some of 
the n/2  hexagonal cells formed by the fixed charges 
are also indicated in Fig. 8. The charges are divided 
into equivalent groups, separated by the circles in 
Fig. 8, and the potential in the central site Q is evalu
ated as the sum of group contributions. Counting all 
counterions discretely we find

\{/q = — ( °° — 6 — 3.46 T  3 +  4.54 +  . ..)  (16)
td

For the uniformly smeared-out charges the equivalent 
series is

= -  (3.81 +  6.27 +  3.83 +  2.70 +  4.60 +  . . .) 
ed

(17)

The main difference between 7he series 16 and 17 is in 
the leading term, that is, the contribution of the central 
ion. But this term refers to the self-potential of the 
central counterion which should be omitted altogether 
in thè evaluation of the Stern potential. Indeed, the 
Stern potential, as defined in this treatment, deals with 
the interionic interaction only. Possible changes of 
the self-potential of an adsorbed counterion are

c m c  +  c N aC | , m o l / l

Sodium  dodecyl su lfa te

0 .01 0 .0 3  0.1

c m c  +  c N aC 1, m o l / l

8

4

2

Figure 9. Absolute values of surface potentials vs. ionic 
strength for detergent micelles in aqueous sodium chloride 
solutions a t 25°. Comparison of the Stern potential \f/s 
calculated for various models (solid lines) with the (“-potential 
(broken lines). In all cases the smoothed a-values have been 
used from the broken lines in Fig. 5 of ref. 6: curve 1, 
regular, face-centered hexagonal array of charges in Stern 
layer; change from ew = 78.5 to ec = 2 a t surface of micelle 
core; shape factor S  = 1; curve 2, model as for curve 1, 
except th a t one nearest-neighbor sulfate group is as close as 
possible to  t.he central sodium ion; curve 3, model as 
for curve 1, except th a t the change of « occurs a t 2.3 A. 
from the core, a t  the level of the centers of the 
fixed ions; curve 4, model as for curve 1, bu t including shape 
factor S  for prolate ellipsoids according to eq. 7.

properly counted with the specific adsorption potential 
as discussed later.

In the actual case of micelles, when a ^  l/ 2, an — 1 
counterions are smeared out over (n/2 — 1) cells, that 
is, over (1 — 2/n)th part of the total surface of the 
sphere. The desired potential is now obtained from 
eq. 15 in which n  is replaced by [(1 — a)n — 1 ]/ [1 — 
2/n] and with cos = 1 — 4/n.

The Stern Potential. We are now in a position to 
evaluate the Stern potential = ¡fd +
In Fig. 9 we compare the /-potential with the results 
of fin for various models in two micellar systems. It 
appears that /  is 50 to 75 mv., that is, about 2 to 3 
units in e$/kT, lower than \ps. This difference has but, 
one major cause.

The /-potential is derived for a uniformly charged 
sphere. This means that /  is an average surface po
tential to which all ions contribute.

On the other hand, in evaluating we specifically 
exclude the central counterion because we wish to 
incorporate in f  , only the interactions with neighboring 
ions. Now, the potential of the central, smeared-out 
counterion is quite significant. It is represented, in 
the case of a plane surface, by the leading term of

V o lu m e  68, N u m b e r  1 2  D ecem ber, 1 9 6 4



3 6 1 0 D .  S t i g t e r

series 17. For spherical micelles we find from eq. 15 
that the omission of the central smeared ion lowers 
e\pa/ k T  by 2.2 to 3.0 units in all cases. Further details 
of the model may change \f/a only by small amounts.

The present model of the ion distribution in the 
Stern layer is very schematic. In all cases ips was cal
culated for the center of a hexagonal cell. There are, of 
course, potential variations within a cell. The poten
tial at the center is minimal. A crude estimate is that 
variations up to 0.4 unit in e i J k T  occur within a cell. 
Another estimate is obtained when we allow variation 
in the position of a neighboring fixed ionic group. 
Curves 1 in Fig. 9 are for regular arrays of ions. How
ever, i/'s is raised to curve 2 when one neighboring sul
fate group is moved toward the central sodium ion. 
It is likely that curves 1 represent a low estimate of 
the Stern potential.

Another difficulty is the change of the dielectric 
constant near the micelle surface. An increase of the

o
radius of the dielectric sphere by 2.3 A. lowers e\pa/ k T  
from curve 1 to curve 3.

We have also tested the effect of micelle shape on 
i/'s. The introduction of the shape factor S  from eq. 
7 lowers \ps from curve 1 to curve 4 for dodecyl am
monium chloride. It is evident that this shape effect 
is hardly significant. For micelles of sodium dodecyl 
sulfate the correction for shape is even smaller.

In further studies one might introduce an interme
diate dielectric constant for the Stern layer. In addi
tion, one might improve the ion distribution in the 
Stern layer by using, say, a two-dimensional Debye- 
Hiickel approach.

The Specific Adsorption Potential Ap° of 
Counterions in the Stern Layer

With the information collected so far we can now 
evaluate A b y  means of eq. 3. The activity co
efficient fh  is identified with the average activity 
coefficient in an aqueous sodium chloride solution15 
at concentration CNaCi +  c.m.c. The charge of the 
kinetic micelle may be evaluated from micellar elec
trophoresis and also from the conductance of micelles. 
We have used both sets of data6 for a  in the present 
calculations. In Fig. 10 the results for Ap° are plotted 
vs. ionic strength. In each of the micelle systems the 
considerable spread of Ap° is due mostly to the un
certainty in a  which gives rise to errors in p8 and \f/s. 
The micelle charges derived from micellar conductance0 
are by no means definite. A thorough study of this 
method, both theoretical and experimental, would be 
very helpful.

There are additional errors in p8 and in ^8 which are 
reflected in Ap°. Some refinements in the theory are

2

i

o

0.01 0.03 0.06

c „  +  c m c, m o l/ l c „  +  c m c, m o l/ iNaU NaCI

Figure 10. Specific adsorption potential Ap° of counterions in 
the Stern layer of micelles in aqueous sodium chloride 
solutions vs. ionic strength a t 25°: open circles, micelle 
charge derived from micelle electrophoresis6; solid 
circles, micelle charge derived from micelle conductance.6

CNaCI + CmC' m0l/l

possible as pointed out before. However, a large error 
in v, and hence in Ap°, may be due to our inaccurate 
knowledge of the thickness of the Stern layer and of 
ionic radii. Direct experimental determination of 
these parameters with sufficient accuracy does not seem 
feasible. The comparison of micelle systems dif
fering only in, say, the type of counterion presents it
self as an indirect way of testing the geometric as
sumptions of the Stern layer model.

Before further discussion of the data in Fig. 10, we 
evaluate an electrostatic contribution to Ap°. The 
electrostatic energy (self-energy), <j>, of a counterion 
increases when the ion moves from the bulk of the 
aqueous solution to the micelle surface. This change, 
A</>, increases the adsorption potential Ap° of the 
counterion.

Let the counterion be a sphere with radius 6 and 
charge e, located in point Q of Fig. 6. The surface 
potential of the ion, i s, is derived with eq. 13. The 
desired change of self energy is

A<S> = (ViMlh O') — i s  O' = °°)] (18)
When we treat the ion as a point charge, that is, as
suming b/(r  — 6) —*- 0, eq. 18 and 13 yield

= ___ e*(l -  co)b _
0  2ew( l  +  o>) (r2 -  6*) 

e2( l j - u )  r (W  2/(1+"> d y
2ew6(l +  «) \ r )  J 1 _  J,1+- (19)

In the case of the flat interface, b /( r  — b) , eq. 19
is converted into

A </> = e2(l -  M) 
4ew(l +  a>)(/' -  b)

(20)

(15) H. S. H arned .and  B. B. Owen, “ The Physical Chem istry of 
Electrolytic Solutions,” 2nd Ed., Reinhold Publishing Oorp., New 
York, N. Y„ 1950, pp. 360, 362.
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Figure 11. Change of self-energy A<j> of monovalent ion in 
water vs. distance r — b from surface of sphere with dielectric 
constant ec = 2 and radius b = 16 A., b = 20 A., and b = «•.

It is observed that according to eq. 20 the influence of 
the dielectricum on <j> may be represented by the action 
of a virtual point charge (1 — co)e/ (1 +  o>) situated in 
the mirror point, that is, at distance 2(r — b) across the 
interface from the real charge e. For this reason A4>, 
in eq. 20, is often called an image term. The cor
responding term in eq. 19 is the first one on the right- 
hand side. The other term in eq. 19 is the correction 
for curvature of the interface.

In Fig. 11 we have plotted A<f> vs. the distance be
tween the charge and the interface for dielectric 
spheres and also for a flat interface. The data show 
that curvature of the interface may reduce A c o n -

o
siderably. A radius of 16 to 20 A. is representative 
for micelles. For the counterions in the Stern layer, 
A<}> may vary because of the finite thickness of the 
Stern layer.

In the present model we estimate A</> = 0.15 to 0.3 
k T  for sodium dodecyl sulfate and A<f> = 0.3 to 0.55k'T  
for dodecyl ammonium chloride. These values com
pare favorably with the results of A/u° in Fig. 10, 
but the agreement might be fortuitous. The un

certainty in Aju° is perhaps of the order of I k T . More
over, there might be other contributions than A<£ to 
A/u°. One possibility would be a significant decrease 
of the free energy of hydration of the counterions due 
to disarrangement of water molecules around the ions 
in the Stern layer. This effect would add a positive 
(repulsive) term m A/i°.

We have no theoretical reason to anticipate a pro
nounced trend of A/i0 with ionic strength. Therefore, 
the absence of a special trend of A/i° in Fig. 10 supports 
the present model, in particular the assumption that 
the distance s between core surface and shear surface 
does not depend on the ionic strength (compare Fig. 
4). This reinforces the conclusion of a previous paper 
that for micelles a dependence of s on ionic strength 
due to the viscoelectric effect is insignificant.16

Strictly speaking, a factor exp(—A4>/kT) should be 
introduced into the Poisson-Boltzmann equation that 
gives the ion distribution in the diffuse double layer. 
Such a factor would tend to lower the ion concentra
tion near the interface and, consequently, imply a more 
extended diffuse double layer around the micelles. 
However, Fig. 11 indicates that at a distance larger 
than 3 or 4 A. from the core surface, A<p drops to a 
small fraction of k T . Thus it is a good approxima
tion to neglect the image term in the region outside 
the shear surface of micelles.

In conclusion, it should be mentioned that there is a 
considerable body of literature on the Stern layer in 
various double layer systems including detergent mono- 
layers at a dielectric interface.17-19 Now a micelle 
might be viewed as a detergent monolayer adsorbed 
onto itself. Therefore, one expects a similarity be
tween the theorjr of micelles and of monolayers. How
ever, there are considerable differences. One reason 
is that the experimental information of the two systems 
is quite different. Another reason is that in monolayer 
theory the statistical treatments of the Stern layer are 
essentially based on dilute solution theories whereas 
for the Stem layer of micelles we have used approxi
mations devised to deal with concentrated solutions.

(16) D. Stigter, J . P hys. Chem., 68, 3600 (1964).
(17) D. A. Haydon and F. H. Taylor. Phil. Trans. Roy. Soc. (Lon
don), A252, 225 (I960); A253, 255 (1900).
(18l S. Levine, J. Mingins. and G. M. Bell, J .  Phys. Chem., 67, 2095 
(1963).
(19) S. Levine, G. M. Bell, and B. A. Pethica, J . Chem. P hys., 40, 
2304 (1964).
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Ultrafiltration of Nonionic Detergent Solutions1

by Hans Schott

Research Center, Lever Brothers C om pany, Edgewater, New Jersey {Received A pril 6, 1964)

The ultrafiltration of nonionic detergent solutions through cellophane was used as a method 
of purification. Since the hydrated micelles are about twice the average pore size, the 
ultrafiltrate consisted chiefly of water-soluble impurities and nonassociated detergent 
molecules. This permitted removal of carbonylated oxidation products, polyethylene 
glycol, and sodium chloride. Because of the low c.m.c., the loss of detergent was small. 
Some fractionation occurred; molecules of longer EO chains filtered through preferentially. 
Below the c.m.c., purified detergent passed the membrane unhindered. Above it, the 
detergent concentration in the ultrafiltrate increased linearly with the filtrand concentra
tion. This line intersected the 45° line through the origin at the c.m.c., which can be 
determined in this manner. The increase in ultrafiltrate concentration was chiefly due to 
increasing monomer concentration of the filtrand although a few micelles also permeated 
the membrane, as was shown by the dye tagging technique. An approximately linear 
increase of monomer concentration with over-all detergent concentration was thus shown 
by ultrafiltration.

Introduction

Although McBain'2 studied the ultrafiltration of 
sodium oleate and potassium laurate as long ago as 1922, 
additional application of this technique to association 
colloids has been scant and limited to other anionic 
detergents.3

Nonionic detergents differ from anionic ones in three 
pertinent aspects. The membranes used in previous 
work, viz., cellophane3 and nitrocellulose,2'4 5’6 are 
negatively charged, and their charge was probably 
increased by adsorption of anionic detergent. Electro
static repulsion may have prevented the passage of 
anionic micelles through the membranes and possibly 
reduced that of trimers, dimers, and even monomers. 
Micelles of anionic detergents tagged with a water- 
insoluble dye did not permeate cellophane in dialysis6-7 
and ultrafiltration experiments.4 Lacking a pro
nounced electric charge, nonionic micelles can be pre
vented from filtering through the membrane only by 
sieving action.

On the other hand, nonionic micelles are considerably 
larger than anionic ones, having similar aggregation 
numbers but much larger monomer molecular weights. 
Their large size will improve the retention of nonionic 
micelles by sieving. The slow rate of dissociation of

nonionic micelles on dilution8 is also likely to benefit 
the retention of micelles during ultrafiltration by mini
mizing the effect of concentration fluctuations at the 
membrane in changing the proportion of micelles to 
monomers.

Experimental
M aterials. The detergent used most extensively, 

molecularly distilled polyoxyethylated 1-dodecanol 
averaging 30 ethylene oxide (EO) units (C12EO30), 
was received from Dr. M. J. Schick. The micellar 
molecular weight of this particular sample, determined 
by light scattering,9 was 82,000, which corresponds to

(1) Presented a t the 147th National Meeting of the American 
Chemical Society in Philadelphia, Pa., April 6-10, 1964.
(2) J. W. McBain and W. J. Jenkins, J . Chem. Soc., 121, 2325 
(1922).
(3) J. W. McBain, Y. Kawakami, and H. P. Lucas, J . A m . Chem. 
Soc., 55, 2762 (1933).
(4) E. Hutchinson, Z . physik. Chem., 217 38 (1959).
(5) E. Hutchinson and P. M. Shaffer, ibid., 3 1 ,  397 (1962).
(6) R. B. Dean and J. R. Vinograd, J .  P hys. Chem., 46, 1091 (1942).
(7) K. J. Mysels, P. Mukerjee, and M. Abu-Hamdiyyah, ibid., 67, 
1943 (1963).
(8) P. Becher and N. K. Clifton, J . Colloid Sei., 14, 519 (1959).
(9) M. J. Schick, S. M. Atlas, and F. R. Eirich, J . P hys. Chem., 66, 
1326 (1962).
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o

a diameter of 64 A. if spherical shape is assumed. Since 
diameters measured by sedimentation velocity are about 
one-third larger,9 the hydrated micelle has a diameter 
of about 85 A. Extrapolation of data referring to 
commercial polyoxyethylated dodecanols10 results in

o

approximately 52 and 73 A. for the diameter of a 
spherical micelle of C12EO30 as measured by light 
scattering and as calculated by including water of hy
dration, respectively.

Igepal CO-880, a branched nonylphenol with an 
average of 30 EO units (NPh30EO) made by General 
Aniline and Film Corp., was also used. For another 
commercial NPh30EO, the micellar molecular weight 
determined by light scattering was 29,700.10 This 
corresponds to a diameter of 45 A. for a spherical 
micelle and to 62 A. if the water of hydration is in
cluded.10 For molecularly distilled NPh30EO, a mi
cellar molecular weight of 67,000 has been found by 
light scattering,9 which corresponds to a spherical 
micelle of 59-A. diameter.

Orange OT (F. D. and C. Orange No. 2; 1-o-tolyl- 
azo-2-naphthol, mol. wt. 262.3), a water-insoluble dye 
used for solubilization experiments, was purified by 
twice precipitating it from acetone solutions with 
water, followed by three recrystallizations from 
ethanol.11 The melting point of 130-131° was 
the same as that of a sample synthesized in 
the laboratory. Carbowax 1540 and Carbowax 
600 are polyethylene glycols of Union Carbide 
Chemicals Co. with nominal molecular weights 
1300-1600 and 600, respectively.

Ultrafilter. The LKB ultrafilter12 consists of a cy
lindrical nylon framework 9.5 cm. long with a 2.7- 
cm. o.d. over which a tubular cellophane membrane is 
stretched. The upper end is sealed off by tying the 
membrane into a double knot. The lower end is 
closed by a perforated rubber stopper having a glass 
tube flush with the upper surface, through which 
vacuum is applied and the ultrafiltrate removed. The 
supported membrane is mounted in the center of a 
cylindrical glass container which is filled with the solu
tion being filtered (filtrand). This container has a 
jacket for circulating water of constant temperature. 
Its lower end is closed by a perforated rubber stopper 
directly beneath the first one, and the glass tube which 
drains the ultrafiltrate runs through it as well. This 
simple and inexpensive setup affords filtration rates of 
20-30 cm.3/hn The ultrafiltrate runs down the in
side surface of the membrane and the frame, thereby 
practically eliminating dialysis.

M embrane. Seamless regenerated cellulose tubing, 
Type Visking 36 DC, was used; its diameter was 2.74 
cm. After the glycerine with which the cellophane

is plasticized was washed out, the specific water con
tent of the membrane, defined13 by Ferry’s eq. 7, was 
0.80 g./cm.3. The cellophane had a thickness of 
40 n when wot and 18.3 n when dry. The 
average pore diameter, determined from pressure- 
flow rate data obtained with detergent solutions, 
was 34 A. according to Ferry’s eq. 4, which assumes 
that all capillaries run perpendicular to the mem
brane. 13

The carboxyl content of the cellophane was found to 
be 7 ± 1 juequiv./g. by direct titration14 15 * and 11 ± 2 
/uequiv./g. by the calcium acetate method.18 Cello
phane from three different rolls was used. The rolls 
are designated 1, 2, and 3; the different membranes 
from each roll are designated by letters.

Procedure. Ultrafiltrations were carried out at 25.0 
± 0.5°. The volume of filtrand was initially 710 cm.3. 
It was usually kept constant by gradual addition of 
water in order to avoid an increase in filtrand concentra
tion during filtration and to keep the membrane covered 
with solution, except for experiments with very dilute 
solutions or with solutions containing solubilized dye. 
In most experiments below the c.m.c., the filtrand was 
replenished with more of the initial filtrand. Filtrand 
concentrations listed are the arithmetic mean values 
of initial and final concentrations. The solid contents 
of filtrands and ultrafiltrates were determined by 
drying aliquots at 75° in  vacuo. In a typical experi
ment, the filtrand consisted initially of 710 g. of a 
0.700% C12EO30 solution. After 8 hr., 176 g. of solu
tion containing 0.079 g. of detergent had filtered 
through. The filtrand concentration was thereby 
reduced to 0.689%.

Stirring of the filtrand was necessary to avoid build
ing up a layer of very concentrated solution near the 
membrane.13 The effect of the rate of stirring was not 
investigated except to make certain that the ultra
filtrate concentration did not increase when the r.p.m. 
of the stirrer was reduced to one-fifth. The filtrations 
were carried out under vacuum; evaporation of water 
never exceeded 2% if the pressure did not come within 
4 mm. of the pressure at which the ultrafiltrate boiled. 
The effect of net pressure on rate of filtration and on 
ultrafiltrate concentration is shown in Table I. Rates

(10) P. Becher, J . Colloid Sci., 16, 49 (1961).
(11) R. J. Williams, J. N. Phillips, and K. J. Mysels, Trans. Faraday 
Soc., 51, 728 (1955).
(12) LKB Instrum ents, Inc., W ashington 14, D. C.
(13) J. D. Ferry, Chem. Rev., 18, 373 (1936).
(14) S. M. Neale and W. A. Stringfellow, Trans. Faraday Soc., 33, 
881 (1937).
(15) P. A. McGee, W. F. Fowler, and W. O. Kenyon, J . A m . Chem.
Soc., 69, 347 (1947).
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of flow were directly proportional to applied pressure. 
Except for filtration under gravity, where dialysis may 
have contributed, the ultrafiltrate concentration was 
independent of the rate of filtration. Values of filtrand 
and ultrafiltrate concentrations obtained with different 
membranes from the same roll of cellophane were in 
good agreement, but there were distinct variations 
from roll to roll.

Table I : Effect of Pressure on Rate of Flow 
and U ltrafiltrate Concentration of C12E028

U l t r a -
F i l t r a n d f i l t r a t e

P r e s s u r e R a t e c o n c e n  c o n c e n 
M e m  d if f e r e n c e , o f  f lo w , t r a t i o n , t r a t i o n ,
b r a n e m m . g . / h r . % %

l-H 6« 0.54 0.502 0.0389
1-K 5° 0.52 0.488 0.0380
l-H 1.65 4.47 0.488 0.0304
1-K 368 10.12 0.498 0.0307
1-C 722 21.00 0.493 0.0305
2-C 168 4.46 0.490 0.0401
2-A 368 10.51 0.437 0.0377
2-C 720 21.92 0.440 0.0379
2-B 725 21.90 0.492 0.0399
2-B 728 22.80 0.303 0.0306

a By gravity; all other filtrations were a t constant volume.

In dye solubilization experiments, an excess of dye 
was suspended in C12EO30 solutions of different con
centration. The solutions were kept in dark bottles 
under nitrogen. Six to eight days of agitation on a 
jar-rolling mill were followed by 10-14 days of storage 
at 25.0 ± 0.1°. Most of the excess dye settled on stand
ing. The finely dispersed dye suspended in the de
canted supernatant was removed by filtration through 
a tightly packed plug of absorbent cotton.16 This 
removed all nonsolubilized dye because doubling the 
detergent concentration of a filtered sample by the 
addition of solid detergent did not increase its absorb
ancy.

Conductance measurements were made with a dip
ping cell immersed in the filtrand and an alternating 
current conductance bridge. Surface tensions were 
measured at 25.0 ±0 .1°  with a sand-blasted platinum 
Wilhelmy plate. In the range between the critical 
micelle concentration (c.m.c.) and one-half of the c.m.c., 
the surface tension was not very sensitive to changes 
in concentration.

Spectroscopic M ethods. 1. Infrared. A Beckman 
IR-5A infrared spectrophotometer and 0.1-mm. so
dium chloride cells were used to detect the presence of 
carbonyl groups in C12EO30 by their absorption band

at 5.8 n and to determine variations in the EO chain 
length. For the second objective, five molecularly 
distilled polyoxyethylated dodecanol samples of known 
EO content9 were used to establish a calibration curve. 
The ratio of the absorbancy of the stretching vibra
tions of the C-H bond at 3.4 n to that of the C-0 
bond at 9.0 a, determined with 1.5% solutions in 
carbon tetrachloride, became nearly independent of 
the chain length above 23 EO units. Therefore, the 
ratio of the absorbancy of the two weaker and less 
readily assigned bands at 7.75 and 6.9 n was used. 
The base line for the 6.9-ju band was drawn from 6.7 
to 7.1 a', that of the 7.75-n band, from 7.1 to 8.3 n- 
All measurements, including the calibration data of 
Table II, were made with 8.0% solutions in tetrachloro-

Table II : Infrared Absorbancy of 
EO Adducts of 1-Dodecanol

R a t io
/--------Absorbancy ( A) at-----—' -47.711 p

na 7 . 7 5  m 6.8 p A 6-8 p

3.5 0.121 0.368 0.330
7 0.186 0.328 0.568

14 0.246 0.311 0.792
23 0.282 0.304 0.928
30 0.293 0.300 0.977
P E G 6 0.269 0.254 1.056

Number of EO units per detergent molecule. 6 Carbowax
1540.

ethylene. In the 20-30-EO range, careful work affords 
a reproducibility of ±1 EO unit. Nondistilled EO 
adducts of 1-dodecanol did not fall on the same cali
bration curve. In the presence of carbonyl, the esti
mated number of EO units was low.

2. Visible. Orange OT used in solubilization ex
periments has an absorption maximum at 492-493 m/x 
when dissolved in aqueous C12EO30 solutions. Spec
tra were taken with a Perkin-Elmer 202 ultraviolet- 
visible spectrophotometer and with a Beckman DK-2 
recording spectrophotometer, using quartz cells 0.5, 
1, 5, and 10 cm. long. The plateau at 700 ni/u nearly 
coincided with the base line of the blank and was used 
as reference (I0). At the 492-m^ absorption maximum 
Beer’s law was obeyed up to the highest absorbancy 
tested, namely, 0.9. The absorbancy, log I 0/ I ,  is the 
product of the molar extinction coefficient «, molar 
concentration c, and path length l in cm. Acidifica
tion of solutions11 did not change absorbancies. The

( 1 6 )  M .  W ,  R i g g  a n d  F .  W .  J .  L i u ,  J . A m . Oil Chemists' Soc., 3 0 ,  1 4  
( 1 9 6 3 ) .
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molar extinction coefficient of Orange OT at 492 m p  
was determined by adding very small volumes of ace
tone solutions with a micrometer syringe to aqueous 
2.00% solutions of C12EO30 The acetone content 
of the aqueous solutions did not exceed 0.2%. Since 
the highest dye concentration was less than one-fifth of 
the solubility limit, little or no dye precipitated when 
the acetone solution was added to the C12EO30 solu
tion. The best value of e, 1.73 X 104 l./mole cm. 
(see Table III) is in good agreement with Kolthoff’s

T a b le  I I I :  M olar Extinction Coefficient
of Orange OT a t 493 mm

Mg. of 
Orange OT/ 

1000 g. of 
C12E028 
solution

log do//;/ 
l ”  eC, 
cm. -1

e,
(l./mole cm.) 

X 10 -«

1.740 0.114 1.726
3.529 0.234 1.740
3.793 0.251 1.737
6.714 0.450 1.759

13.482 0.905 1.762

1.98 X 104 value17 determined in an alcohol-water 
mixture, but is an order of magnitude lower than the 
value determined by Williams, Phillips, and Mysels 
in sodium dodecyl sulfate solutions.11

8. Ultraviolet. Variations, in the EO chain length 
of NPh30EO were estimated by the absorbancy of the 
276-277-m/x band, which is due to the alkylbenzene 
portion of the molecule. The EO portion merely di
lutes the chromophore.17 18 19 The methanol solutions 
obeyed Beer’s law at the 277-mfi maximum. The 
molar extinction coefficient was found to be 1510 ± 
21 l./mole cm. for three commercial polyoxyethylated 
nonylphenol samples containing nominally 15, 20, 
and 30 EO units, respectively. The method affords 
a reproducibility of ±0.5 EO unit in the range of com
position of NPh30EO.

Results and Discussion
U ltrafiltration as a M ethod o f Purification. 1. 

C12EO80. Infrared spectra of the C12EO30 sample 
showed a weak carbonyl band at 5.8 ¡i.n  When a 
given portion of this detergent was subjected to a 
continuous series of ultrafiltrations, the initial ultra
filtrate portions had abnormally high solid contents, 
and their solid residues had high carbonyl contents. 
The relation between concentration of filtrand and of 
ultrafiltrate free of carbonyl is represented by the 
line CBA of Fig. 1, whereas the triangular points of 
line EB represent the successive solid contents during

% FILTRAND
Figure 1. Relationship between the concentrations of 
filtrand and ultrafiltrate for C12EO30/C12EO28, 
expressed as wt. %.

the early stages of the ultrafiltration of a given deter
gent sample when the initial filtrand concentration was 
1.8%. The further the ultrafiltration proceeded, the 
less carbonyl was found in ultrafiltrate and filtrand, 
while the concentration gradually changed from E to
B. After the first 10-15% of the detergent had been re
moved by ultrafiltration, both filtrand and further 
ultrafiltrate were free of carbonyl, and their concentra
tion relationship fell on the line CA at point B. The 
C12EO30 sample contained 6-7% of this carbonylated 
impurity. The ease with which it was removed by 
ultrafiltration indicates that it was soluble in water 
and probably not associated in micelles.

Even though it had been molecularly distilled, the 
C12EO30 sample was not quite homogeneous, and 
successive ultrafiltrations produced some fractionation; 
molecules of longer EO chains filtered through preferen
tially. The detergent in the initial ultrafiltrate con
tained approximately 45 EO units. After the first 16% 
of the detergent had been removed, the EO chain length 
of the detergent filtering through had decreased to 28. 
It remained constant at 28 until about 55% of the 
sample was removed, then drifted down, reaching 
20 after removal of 80% of the detergent. All quanti
tative work was done while this 39% portion containing 
28 EO units, designated C12E028, was being filtered.

Commercial polyoxyethylated detergents usually con
tain small amounts of alkali salts resulting from 
neutralization of the ethoxylation catalyst. The 
removal of electrolytes by ultrafiltration was studied

(17) I. M. Kolthoff and W. Stricks, J. Phys. Colloid Chem., 52, 915 
(1948).
(18) J. Kelly and K. L. Greenwald, J. Phys. Chem., 62, 1096 (1958).
(19) J. M. Corkill, J. F. Goodman, and R. H. Ottewill, Trans. Fara
day Soc., 57, 1627 (1961).
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by adding small amounts of sodium sulfate and of 
sodium chloride, respectively, to C12E028 filtrands. 
The rate of salt removal was followed by the de
crease in conductance of the filtrand and checked by 
chemical analysis of successive ultrafiltrate portions. 
The conductance data followed first-order kinetics. 
The specific rate constants are listed in Table IV.

Table IV : First-Order Velocity Constants for
Removal of Electrolytes by U ltrafiltration“

Elec

Initial
concen
tration,
molarity

✓—Rate constants, hr. l, determined by— 
Electric Chemical Rate

trolyte X 10“ resistance analysis" of flow

NaCl 2.67 0.0132 0.0135 0.0200
NaCl 4.66 0.0192 0.0205 0.0230
N a2S 0 4 2.61 0.0049 0.0048 0.0220

° Filtrand contained initially 0.400% C12E028; ultrafiltra-
tion a t constant volume. b Chloride was determined by Vol- 
hard's method; sulfate gravimetrically as BaSO,.

Comparison of the values obtained by conductance 
or by chemical analysis with the values derived from 
the flow rate of the ultrafiltrate indicates that sodium 
chloride passed almost freely through the membrane. 
Sodium sulfate was strongly retained, passing through 
the membrane at only one-fifth of the rate of the ultra
filtrate. The detergent was even more strongly re
tained; the first-order velocity constant for its re
moval was about 0.0016 hr.-1. With filtrands con
taining initially 0.40% C12E028, removal of 95% 
of the salt present coincided with removal of 23-26% 
of the detergent in the case of sodium chloride but 58% 
in the case of sodium sulfate. Removal of electrolyte 
from nonionic detergent solutions by ultrafiltration 
seems worthwhile only for chloride and perhaps for 
other univalent anions. The presence of electrolytes at 
the IO-4 M  level did not significantly affect the relation
ship between the C12E028 concentrations in filtrand 
and ultrafiltrate.

2. NPhSOEO. After discarding the initial ultra
filtrate containing the first 7-8% of this detergent,
the EO chain length of the detergent filtering through
had decreased from about 50 to 30. It remained con
stant at 30 until at least 28% of the detergent had been
removed, and all quantitative work was done while 
this 20% portion was being filtered.

Polyethylene glycols may be an impurity in com
mercial polyoxyethylated detergents. The feasibility 
of removing them by ultrafiltration was investigated by 
adding 0.0185% of Carbowax 600 to a filtrand contain-

ing 0.53% NPh30EO. The specific first-order rate 
constant for removal of the polyethylene glycol, as 
determined by the ultraviolet spectra of successive 
ultrafiltrates and by their solid contents, was 0.0238 
hr.-1. The constants for the rate of flow of the ultra
filtrates and for the removal of detergent were 0.0298 
and 0.0028 hr.-1, respectively. This indicates that 
the retention of polyethylene glycol by the membrane 
is slight, and that, in order to remove 95% of it, one 
loses 28% of the detergent.

R ela tionship  between the Concentrations o f F iltrand  
and Ultrafiltrate. This relationship, shown in P’ig. 
1-3, is seen to change abruptly at the c.m.c. Working 
below the c.m.c. with detergent solutions which had 
been purified previously by filtering off the initial 
16% of the detergent for C12EO30 and the initial 8% for 
NPh30EO resulted in ultrafiltrates with lower solid 
contents than the respective filtrands. This was 
probably because of the presence of small amounts 
of water-insoluble impurities in the filtrands, which 
remained solubilized even below the c.m.c., holding 
back some of the detergent. Surface tensions of the 
filtrands were about equal to those of their respective 
ultrafiltrates. When the ultrafiltrates of previous 
filtrations were used as filtrands, the concentrations 
of the ultrafiltrates were equal to or only very slightly 
below those of their filtrands. These points fell just 
barely below or directly on the 45° line through the 
origin in Fig. 2 and 3, indicating that little or no de
tergent is retained when solutions of highly purified 
nonionic detergents below the c.m.c. are filtered 
through cellophane.

Above the c.m.c., points fell on the straight line CBA 
up to filtrand concentrations of approximately 1.8%. 
For C12E028, the equation of this line, calculated by 
the method of least squares from 39 points determined 
with six membranes from roll 1, is

U = 0.0104 +  0.0495F (1)

where U  and F  are the solid contents of ultrafiltrate 
and filtrand, respectively, expressed in wt. %. The 
variance about the line is 2.15 X 10-5. This line 
intersects the 45° line observed below the c.m.c., 
for which U  = F, at 0.0109%. The c.m.c. for C12EO- 
28, determined as the concentration at which the break 
in the surface tension vs. log. concentration plot oc
curred, was 0.0106%. Interpolation from the c.m.c. 
values of a series of molecularly distilled polyoxyeth
ylated dodecanols, which included the present starting 
material,* 2 * * * * * * 9 gave 0.0105% as the c.m.c. for C12E028. 
The 45° line through the origin and the line ABC 
intersect almost precisely at the aforementioned c.m.c. 
value since the coordinates of point C were U  = F  =
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%  C 12 EO 28 IN FILTRANO

Figure 2. Relationship between the concentrations of 
filtrane! and ultrafiltrate for C12E028; low 
concentration region on expanded log-log scale.

Figure 3. Relationship between the concentrations 
of filtrand and ultrafiltrate for NPhSOEO, 
expressed as wt. %.

0.0109%. Plotting the few measurements made with 
roll 2 gave a line slightly above ABC and having a 
slightly greater slope, but which intersected the 45° 
line at the same point, namely, 0.0109%.

For NPhSOEO, the least-squares equation of line 
ABC obtained from eight points determined with 
three membranes from roll 1, is

U  = 0.0406 +  0.0382F (2)

The variance about this line is 2.37 X 10~5. I t in
tersects the 45° line through the origin a t 0.0422%. 
The c.m.c. of Igepal CO-880 at 25° was reported20 
as 0.0385-0.0462%, so that point C represents the c.m.c. 
of NPhSOEO as well.

Ultrafiltration therefore offers a method for determin
ing the c.m.c. of nonionic detergents. For this purpose, 
filtrand concentrations in the range of 0.2 to 1.0% are 
recommended. Higher concentrations may give points 
in the nonlinear region beyond point A. The weighing 
error or the large volume of water to be evaporated on 
determining the solid contents of very dilute ultra
filtrates dictates the lower limit.

Above ’filtrand concentrations of approximately

1.8%, line CBA curves toward the filtrand concentra
tion axis. For instance, a 3.45% filtrand of C12E028 
gave an ultrafiltrate containing 0.116% solids, con
siderably below the 0.181% value calculated by eq. 1. 
The ultrafiltrate of a filtrand containing 2.56% NPh
SOEO had 0.0736% solids instead of 0.1387% as cal
culated by eq. 2. The rates of flow of these ultra
filtrates were unexceptional.

D ye Solubiliza tion  E xperim ents. The nonzero slope 
of CBA could be due to limited permeability of the 
membrane to micelles and/or to an increase in the 
monomer concentration with increasing concentration 
of filtrand. The permeability of cellophane to micelles 
was investigated with Orange OT. The pure dye, 
synthesized in the laboratory, was insoluble in water at 
25°; aqueous suspensions centrifuged at 8000 or 17,000 
g and 25.0 ± 0.5° did not show the characteristic 
absorption maximum at 493 m/i. The reported solu
bility value of 0.2 mg./l. in pure water at 30°16 may be 
due to incomplete removal of suspending agents which 
are probably admixed with commercial dye samples. 
Moreover, virtually no dissolved Orange OT could be 
detected after exposure to C12E028 solutions below the 
c.m.c. Therefore, dye appearing in the ultrafiltrate 
is most likely solubilized in detergent micelles. Table 
V shows that, for a given roll of cellophane, the 493-

Table V : Ultrafilt~ation of C12E028 
Solutions Saturated with Orange OT

Monomer
Absorbancy concen-

Average Ultrafiltrate of ultra tion in
filtrand -------concentration------- filtrate filtrand,
concen Calculated for 1.00- calculated

Mem tration, Observed, by eq. 1, cm. cell by eq. 3,
brane % % % X10< %

1-H 0.088 0.0180 0.0148 12.4 0.0174
l- i 0.301 0.0248 0.0253 23.1 0.0237
l-H 0.680 0.0385 0.0440 42.3 0.0365
3-K 0.238 0.0199 0.0222 9.5 0.0194
3-L 0.456 0.0269 0.0330 11.4 0.0264
3-K 0.582 0.0391 0.0392 30.7 0.0376

mju absorbancy of the ultrafiltrate increased with in
creasing filtrand concentration. This indicates that 
the membrane had a few pores large enough to pass 
micelles, and the dye solubilized within them. It is 
also seen that solubilization of Orange OT did not 
affect the relation between filtrand and ultrafiltrate 
concentration; eq. 1, which was determined for roll

(20) L. Hsiao, H. N Dunning and P. B. Lorenz, J. Phys. Chem., 60, 
657 (1956).
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1 in the absence of dye, predicted equally well the con
centration of ultrafiltrates obtained in the presence of 
dye.

The dye content of detergent solutions saturated 
with Orange OT, expressed as ec, increased linearly with 
detergent concentration up to 0.40% (cf. Table VI).

Table V I: Solubilization of Orange OT by C12E028

Micelles per solubilized
---- ——dye mol ecule-------- -

At constant Corrected for
Detergent monomer increasing
concentra Absorbancy concentra monomer-

tion, % for 1.00-cm. tion of concentra
C12E028 cell 0.011% tion

Solutions saturated with dye
0.662 1.443 0.95 0.91
0.576 1.325 0.90 0.86
0.567 1.107 1.06 1.02
0.500 1.100 0.94 0.90
0.350 0.688 1.04 0.99
0.275 0.515 1.08 1.03
0.200 0.383 1.04 0.99
0.139 0.241 1.12 1.06
0.088 0.164 0.99 0.93
0.050 0.075 1.10 1.00

Ultrafiltrates of saturated solutions
0.039 0.00307 19.3 1.00 by
0.038 0.00423 13.4 analogy to
0.027 0.00114 29.6 above data
0.025 0.00231 12.8
0.020 0.00124 15.3
0.018 0.00095 15.5

This straight line intersects the % detergent axis at 
0.011%, which is the c.m.c. of C12E028, indicating 
that no dye solubilization occurs below the c.m.c.16’17 
Together with the fact that solubilized dye did not 
affect the relation between filtrand and ultrafiltrate 
concentration, this shows that the method of dye 
solubilization for determining the c.m.c.11’17 is applic
able to nonionic detergents.

The solubilization limit of Orange OT in C12E028 
solutions at 25 ° is calculated in the upper half of Table 
VI based on the assumption that the micellar molecular 
weight, namely 82,000,9 is independent of detergent 
concentration. Since the Debye plots used in de
termining micellar molecular weights by light scattering 
were linear at least up to 0.5% detergent,9 this assump
tion is valid at least up to that concentration. In the 
third column, a constant monomer concentration of 
0.011% is assumed throughout and subtracted from 
the detergent concentration, in order to obtain the 
fraction of detergent aggregating into micelles and from 
it the molar ratio of micelles to solubilized dye mole

cules. In the last column, this ratio is corrected for 
the increase in monomer concentration with increasing 
detergent concentration (see below). The result for 
all saturated solutions was a molar ratio of detergent 
micelles to dye molecules.of 1.0 ± 0.1, he., each micelle 
enfolded one dye molecule. The weight of solubilized 
dye amounts to only 0.32% of the weight of the 
micelle which it saturates or 2.82% of the hydrocarbon 
portion thereof.

Mysels, et a l .7 showed by dialysis that for sodium 
dodecyl sulfate, the activity of monomer as well as 
that of micelles increases appreciably with increasing 
concentration above the c.m.c. Their experimental 
demonstration was simplified by the virtual impermea
bility of cellophane to the anionic micelles. Some of 
the C12E028 did go through the membrane in the form 
of micelles. However, their contribution to the 
total amount of detergent in the ultrafiltrate could 
be determined because each micelle became tagged 
with one dye molecule when the filtrand was saturated 
with Orange OT. It is seen in the lower half of Table 
VI that in the ultrafiltrates, out of an amount of de
tergent sufficient to form 13-30 micelles, only one 
micelle was shown by the dye tag actually to have 
permeated the membrane as such. The remainder, 
comprising the bulk of the ultrafiltered detergent, 
must have existed in the filtrand as monomer. The 
term monomer is used here to include dimers, trimers, 
etc., i.e ., species small enough to permeate the mem
brane with relative ease and too small to solubilize 
Orange OT.

The monomer concentration of the filtrand shown in 
the last column of Table V was calculated on the as
sumption that the micellar molecular weight was con
stant at 82,000. Since the proportion of original 
micelles is very small, an increase in the micellar 
molecular weight with concentration would introduce 
only minor changes. As can be seen from the data of 
Table V, there is an approximately linear relationship 
between the calculated monomer concentration in the 
filtrand (M ) and the total detergent concentration 
(F) expressed as wt. %, at least in the range of 0.09 to 
0.70% C12E028. The least-squares equation relating 
these two quantities is

M  =  0.01247 +  0.03676F (3)

The increase in monomer concentration is appreciable. 
As the detergent concentration goes up from 0.10 to 
0.54%, the monomer content doubles. Below the 
c.m.c., M  — F , and this 45° line intersects the line 
represented by eq. 3 at 0.013%, namely, the c.m.c., 
as it should be.
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Experimental Investigation on the "D im pling” o f Thin Liquid Film s

by D. Platikanov

Institu te o f Physical Chemistry, Bulgarian Academ y o f Sciences, Sofia, Bulgaria  (.Received A p ril IS , 1964)

In order to provide an experimental check of the Frankel-Mysels theory for the shape of 
the “dimpling” during the approach of two interfaces, measurements were carried out on 
microscopic, circular, thinning liquid films on a solid substrate and on similar foam (soap) 
films. The shape of the “dimple” was given by the interference picture obtained by 
photographing the films in reflected monochromatic light. The decreasing of the thickness 
in the center of the film was measured interferometrically with a photomultiplier. Films 
of water, aqueous KC1, aniline, ethanol, and oleic acid were used. A shape corresponding 
to the Frankel-Mysels theory but with a slightly smaller “dimple” was obtained for films 
on a substrate. For foam films the shape evolved in a different way. In all cases prac
tically plane-parallel films were obtained when the diameters of the films and their thick
nesses were sufficiently small. This is in accordance with the assumptions used in the 
dynamic method for measuring the disjoining pressure in thin liquid films.

The properties of thin microscopic circular films, 
formed when a gas bubble or a liquid drop approaches 
an interface, are of utmost importance for the behavior 
of the respective disperse systems (foams, emulsions, 
flotation systems, etc.). When the films are suf
ficiently thin, an additional pressure arises—the so- 
called disjoining pressure—caused by the deformation 
of the double electric layers and by van der Waals 
forces. Recently,1-3 a dynamic method has been 
developed for the measurement of the disjoining pres
sure in thin liquid films as a function of their thickness. 
This method is based on the assumption that thin 
liquid films are plane-parallel and that the liquid flows 
out of them as if between two parallel rigid disks. 
Thus the equation of Reynolds can be used for the rate 
of thinning of the film

d ( lA 1 2) =
df 3j?r02

where h is the thickness of the film, r0 is its radius, and

t] is the viscosity. As shown earlier,3 when one of the 
surfaces of the film dilutes freely, the numerical factor 
is 16/ 3. For both cases the general equation will be

d(l/7i2) = 16
df 3n2rp'o2 (1)

where n  is the number of surfaces a t which the flow rate 
is zero. The pressure P  = P ,  +  II is a sum of the 
capillary pressure P„ = 2a /R  (<r is the surface tension, 
R  is the radius of the bubble or the drop) and of the 
disjoining pressure IT. To apply eq. 1 to the dynamic 
method for the measurement of n , the experimental 
conditions in previous works1-3 were chosen so that in 
the thickness range under investigation the films were 
plane-parallel, which was controlled visually.

(1) A. Scheludko, K o l l o i d - Z 155, 39 (1957).
(2) A. Scheludko and D. Exerowa, ibid., 165, 148 (1959); 168, 24 
(1960).
(3) A. Scheludko and D. Platikanov, ibid., 175, 150 (1961).
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I t is established, however,4-11 that when a bubble or a 
drop approaches an interface, the film obtained be
tween the latter and the flattened part of the bubble 
is not plane, but has a central part thicker than its 
periphery. Thus a “dimple” is formed, entrapped by 
a thinner “barrier ring.” A hydrodynamic theory for 
the profile and evolution of this dimple was developed 
by Frankel and Mysels.8 This theory takes into con
sideration only the capillary pressure, but neglects 
the disjoining pressure which arises at low him thick
nesses and depends on this thickness. According to 
this theory the thickness h in the center of the him 
(the maximum thickness) is given by the equation

h =
0.0096rc. W  

crR

n 1/. 1

.  (< -  fo) A
(2)

and the thickness z0 at the barrier ring (the minimum 
thickness) by

zo =
0.0907i.2?;ro2Æ-  V* 1

(t -  to) l/1 (3)

where t0 is the time of formation of the hypothetic 
dimple with inhnite thickness. The last equation 
coincides almost completely with eq. 1, which on inte
gration becomes

h
0.094W Vo2fil 1A

cr

1
(4)

(for a flat him h = z0). From eq. 2 and 3 one obtains 
the expression

zo
h

R
3.066 -  h

?V
(5)

which indicates, that the dimple should become rela
tively more pronounced as the him thins.

The disagreement between these results and the ex
perimental data which serve as a base of the dynamic 
method1-3 for the measurement of the disjoining pres
sure requires elucidation. In the present work thin 
liquid circular Aims on a solid substrate, as well as 
free foam Aims were studied and the results compared 
with the Frankel and Mysels theory.8

Experimental
A number of liquids with different viscosity were 

examined: water, aqueous KC1 solutions, ethanol, 
aniline, and oleic acid.

The microscopic circular Aims on solid substrate 
were obtained in cell a (Fig. 1). A small glass plate, 
e, with well-polished surfaces was laid down on the 
bottom of the cell and the liquid under study was 
poured in (f). A vertical tube with a radius R  = 2.4 X

Figure 1. Cell for the investigations of circular 
liquid films on a solid substrate.

10~2 cm. was placed above the plate so that the gap 
between its lower end and the plate was smaller than 
the radius R . With the aid of a mercury-sealed micro
metrie screw, air is pressed slowly through the capillary, 
d, until the concave liquid meniscus is lowered suf- 
Aciently to approach the glass plate. Thereupon a 
circular Aim is formed at point g. The micrometrie 
screw makes it possible to obtain Alms with different 
radii, r0, although the radius R  of the “semibubble” 
remains constant. In this case the capillary pressure 
depends9 on r0

P .  = 2<r (6)

When r0 «  R , r0 may be neglected in eq. 6.
The Alms thus obtained are illuminated with a mono

chromatic beam, observed and photographically re
corded through the plane-parallel bottom, b, of the 
cell. At deffnite intervals the interference pattern 
displayed by the Aim is photographed. From these 
photographs the thickness h and z0 as well as the pro- 
flics of the dimple and of the barrier ring were calcu
lated. Since the thicknesses could be determined from 
these photographs only with an accuracy of about ± 
0.03 m, the values of h were also measured directly by 
means of a photomultiplier, which registered the in
tensity of the beam reflected by the center of the film. 
The plots of photocurrent-time were used to calculate 
the h - t  plots. The latter overlapped the respective 
curves calculated from the photographs.

(4) B. Derjaguin and M. Kusakov, Acta Physicochim. U R S S , 10, 
25 (1939).
(5) G. A. Elton, Proc. Roy. Soc. (London), A 194, 275 (1948).
(6) P. S. Prokhorov, D iscussions Faraday Soc., 18, 41 (1954).
(7) R. S. Allan, G. E. Charles, and S. G. Mason, J . Colloid Sci., 16, 
150 (1961).
(8) S. P. Frankel and K. J. Mysels, J . Phys. Chem., 66, 190 (1962).
(9) D. Exerowa, I. Ivanov, and A. Scheludko, Godishnik Sofiiskiya  
Unix>. K h im . Fak., 56, 157 (1961/62).
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Pictures of films of 0.1 N  aqueous solutions of KC110 
show that a dimple with a regular circular form is 
formed in the center of the film and thins slowly with 
time. Simultaneously, the film is rapidly thinning at 
its periphery—the barrier ring. They also show that 
the bigger the radius r0 of the film, the more pronounced 
the dimple. When r0 <  5 X 10~3 cm., practically no 
dimple is formed. The profiles of a film having r0 =
1.4 X 10~2 cm. taken at intervals from 1 to 300 sec. 
after its formation are shown in Fig. 2. The film thick
ness scale is 200 times that of its radius, so that in 
reality the curvature of the dimple is many times 
smaller than shown. After a prolonged evolution, the 
dimpling of films in 0.1 N  KC1 solution disappears com
pletely and h = z0 ~  300 A. These profiles are not 
to be seen in Fig. 2, because it is rather difficult to 
maintain the radius r0 at a constant value for very 
long periods of time. The time dependences of h 
and 2<i are given in Fig. 3. The curves are calculated 
by eq. 2 and 3, respectively (q = 0.01, a = 72.7, n  = 
2), whereas the points are experimental. The same 
results are represented in Fig. 4 plotting z„/h against h. 
The dotted line is calculated by eq. 5.

The photographs of aniline films—a liquid with 
considerably higher viscosity—show the same picture 
but the process of thinning is much slower. Here one 
can observe the initial stages of the formation of the 
dimple, which in the case of water proceeds very 
quickly. The profiles of a film with r0 = 1.6 X 10~2 
cm. obtained at intervals from 1 to 900 sec. after its 
formation are shown in Fig. 5. The data for h and z0 
are given in Fig. 6 and 7, in a manner similar to that 
for the 0.1 TV KC1 solution. (The theoretical curves 
were calculated for q =  4.48 X 10-2, a = 37, n  = 2.)

The results with ethanol films are somewhat different. 
Inasmuch as the surface of ethanol against air dilates 
freely (n  = l ) ,11 the rate of thinning is considerably 
higher. Furthermore, ethanol forms quite thick (ca. 
1400 A.) equilibrium films upon glass and 20 cannot 
reach lower values. Consequently, the barrier ring 
offers only small resistance to the flow of the liquid, so 
that h decreases rapidly to reach an equilibrium value, 
at which the whole film is already plane-parallel. The 
profiles of a film with a radius r0 = 1.25 X 10~2 cm. 
obtained at intervals from 4 to 30 sec. from its forma
tion are shown in Fig. 8, and the results for h and 20 are 
given in Fig. 9. The curves in the latter are calculated 
by eq. 2 and 3 with q =  1.20 X 10-2, <r =  22.3, n = 1. 
Similar results are obtained with films of pure doubly 
distilled water.

The experiments on free foam films were carried 
out as described previously.2 Films of 5 X 10~3% 
OP20 (a nonionic surfactant) in 0.1 N  KC1 aqueous

Figure 2. Profiles of a film of 0.1 N  KC1 solution on glass; 
film radius, 1.4 X 10~2 cm. The curves, beginning from the 
top correspond, respectively, to 1, 3, 6, 12, 20, 60, 100, 200, 
and 300 sec. from the formation of the film.

Figure 3. Plot of h (filled circles) and zo (open circles) vs. 
time of thinning for the film of Fig. 2.

solution were studied. Dimples were observed with 
films having a radius of ca. 10-2 cm. Their form as a 
rule was irregular, located asymmetrically with re
spect to the center of the film and unstable. As the 
film thins, the dimple shifts toward the edge and sud
denly and rapidly flows out to the bulk of liquid. Very 
often dimples are not formed at all but a number of 
thicker “channels’’ directed to the periphery can be 
seen through which the liquid flows rapidly toward 
the edges. Such a flow through “channels” was usually 
observed at large diameters of the films.12 At radii 
lower than ca. 10 2 cm., no thickenings—either dimples

(10) KC1 was added in order to eliminate the  positive electrostatic 
disjoining pressure.
(11) As was previously established,1-3 infinitesimal quantities of sur
face active agents in water solutions are sufficient to reduce the sur
face flow rate of the film to zero. In  the case of aniline this was 
obtained by the addition of 0.5% C10H 21OH. The surface flow of 
pure ethanol, however, is free, which is proven by the fact th a t free 
foam films cannot be obtained from pure ethanol.
(12) A. Scheludko and D. Exerowa, Izv. K h im . Inst. Bulgar. Akad, 
N a u k ., 7, 123 (1959).
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Figure 4. Plot of Zo/h vs. h for the film of Fig. 2.

Figure 5. Profiles of a film of aniline on glass; film radius,
1.6 X 10-2 cm. The curves, beginning from the top 
correspond, respectively, to 1, 3, 6, 12, 30, 60, 180, 300,
450, 600, and 900 sec. from the formation of the film.

or channels—are formed and the films are plane- 
parallel. When the film thins to ca. 1000 A. it is in all 
cases plane-parallel. Inasmuch as water is a liquid 
of low viscosity, the phenomena described above 
proceed very rapidly. Therefore films of oleic acid 
which thin considerably more slowly were also studied. 
The series of pictures in Fig. 10 demonstrates the char
acteristic evolution of a dimple in the case of small 
free foam films. The dimple obtained in thin liquid 
films between two drops of another liquid undergoes a 
similar evolution.13

Discussion
The results show that the theory of Frankel and 

Mysels,8 which considers the simplified model of a 
flow strictly symmetrical with respect to the center, 
in a steady-state form, and at a constant surface

Figure 6. Plot of h (filled circles) and zo (open circles) 
vs. time of thinning for the film of Fig. 5.

Figure 7. Plot of Zo/h vs. h  for the film of Fig. 5.

Figure 8. Profiles of a film of ethanol on glass; film radius, 
1.25 X 10“2 cm. The curves, beginning from the top 
correspond, respectively, to 4, 6, 8, 12, 16, 20, and 
30 sec. from the formation of the film.

(13) D. Platikanov and E. Manev, Izv. In st. F izikokhim . Bulgar. 
A kad. N auk ., 4, 185 (1964).
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Figure 9. Plot of h (filled circles) and z0 (open circles) 
vs. time of thinning for the film of Fig. 8.

tension along the film, is approximately followed in the 
case of thin liquid films on solid substrates. Obviously, 
comparison with the theory is possible only for thick
nesses at which any disjoining pressure (a component 
of the pressure dependent on the thickness) is absent. 
In this thickness range, the presence of a dimple is 
indeed observed and its evolution can be followed and 
is consistent with the theory. In all cases, however, 
the dimple is somewhat less pronounced than expected 
by theory. In the case of high viscosity liquid films 
(aniline) it was established that in the initial stages of 
its evolution the dimple is considerably less pronounced. 
The respective ratios z0/ h  are not only higher than the 
theoretical values but their h dependence strongly 
deviates from the linear as shown by the points with 
abcissas 10.6 X 10_5and 11.5 X 10~8inFig. 7.

The results with films on a solid substrate indicate 
that in the presence of a positive disjoining pressure 
the dimple quickly flattens out, which is quite natural 
(Fig. 8, and the points corresponding to small h in 
Fig. 4 and 7). The problem becomes much more 
complicated when a negative disjoining pressure is 
present. Unfortunately, no such cases could be realized 
in the course of the present experiments. The studies 
of free foam films1-2'9 have shown that negative dis
joining pressure alone is not capable of distorting a 
plane film to a concave one. It seems that a similar 
behavior is shown by liquid films on mercury,3 where 
ruptures (holes), occurring uniformly along the film 
surface were observed. The rupture of the film is 
possible only at a negative value of the disjoining 
pressure. The formation of holes all over the surface 
and not only at the periphery is definite evidence that 
the film is plane-parallel.

Figure 10. Evolution of the dimple in a free foam film of 
oleic acid: A, 15 sec., B, 20 sec., C, 45 sec., D,
70 sec. after the formation of the film.

The observations of free foam films leave little doubt 
that, on account of lability of form, the flow is much 
more complicated, and the symmetry in the flowing of 
the film is spontaneously disturbed. In this way the 
expulsion of the thicker parts and the formation of flat 
films becomes possible and in the latter, provided that 
they are sufficiently thin, no dimpling occurs.

A further development of the theory concerning the 
initial stages of dimple formation could perhaps eluci
date the lack of dimpling in sufficiently thin flat films 
(even in the presence of negative disjoining pressure) as 
well as in all kinds of films with small radii.

As a conclusion, it should be noted that in the case of 
circular liquid films on a solid substrate, the theory of 
Frankel and Mysels accounts fairly well for the ob
served shapes. This indicates that some of the basic 
factors determining the hydrodynamics of thin liquid 
films are now understood. A development of the 
theory for the initial stage of the dimpling no doubt 
would be of interest. In order to include the phenomena 
occurring with larger free liquid films, however, the 
theory needs substantial and very complicated modi
fications. Free liquid films which are sufficiently small 
and thin are practically plane-parallel, so that the use 
of Reynolds’ equation with the dynamic method for 
the determination of the disjoining pressure is justi
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fied. This is true also for thin liquid films upon a 
solid substrate, but only at considerably smaller radii 
of the films.
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The interaction in aqueous solution between sodium lauryl sulfate either with water- 
insoluble (such as polyvinyl acetate) or water-soluble (such as bovine serum albumin) macro- 
molecules was studied. Potentiometric determinations with permselective membrane 
electrodes or cationic glass electrodes and specific conductivity were employed in this 
investigation. Several evidences clearly confirm the formation of a “complex” between 
macromolecule and colloidal electrolyte. Data are also reported about the shift observed 
in the c.m.c. values, as well as the binding of sodium and calcium ions in solution of these 
complexes. In spite of the poor solubility of the calcium salt of a detergent in aqueous 
solution, it is shown that the solution of the “complex” before precipitation may sequester 
significant amounts of calcium. The behavior of the complex was studied both as a function 
of the molar detergent-polymer ratio and as a function of the concentration of the complex 
In solution. On the basis of these experiments, a theoretical approach is proposed to treat 
the complex as a polyelectrolyte.

Introduction
I t was shown that water-insoluble polymers can be 

dissolved in a solution of ionic detergents.1 The 
mechanism of solubilization was explained by assuming 
the formation of a “complex” between the macro
molecule and the detergent. Similar “complexes” are 
also built up in the presence of surfactants and a water- 
soluble polymer such as polyvinylpyrrolidone.2 With 
molecules other than detergents, as for instance an 
azo dye,3 similar interactions occur. The common 
feature in all these complexes is, however, their poly- 
electrolyte character. In the field of biologically im
portant, macromolecules, the interaction with colloidal 
electrolytes was also studied by many authors.4 5 6 7 8“ 9

The study reported below refers to the complexes 
resulting by an interaction between sodium lauryl 
sulfate (NaLS) and polyvinyl acetate (PVAc) or bovine 
serum albumin (BSA).

Experimental
M aterial. Crystallized BSA obtained from Armour 

Laboratories was dialyzed against water by allowing the 
solution to stand for 5 days at 3°, and then the resulting 
solution was lyophilized. Polyvinyl acetate was a 
sample supplied by Polymer Consultants Ltd., England. 
The molecular weight, determined by light-scattering

(1) I. Isem ura and A. Imanishi, J . Polym er Sci., 33, 337 (1958).
(2) S. Saito, J . Colloid. Sci., 15, 283 (1960).
(3) H. P. Frank, S. Barkin, and F. R. Eirich, J . P hys. Chem., 61, 
1375 (1957).
(4) G. Strauss and U. P. Strauss, ibid., 62, 1321 (1958).
(5) M. Brauer and U. P. Strauss, ibid., 64, 228 (1960).
(6) B. P. Brand and P. Johnson, Trans. Faraday Soc., 52, 438 (1956).
(7) D. F. Waugh, J . Phys. Chem., 65, 1793 (1961).
(8) B. S. Harrap and J. H. Schulman, D iscussions Faraday Soc., 13, 
197 (1953).
(9) I. Blei, J . Colloid. Sci., 15, 370 (1960).
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measurements, gave a value corresponding to about 975 
monomers/molecule. Sodium lauryl sulfate was pre
prepared according to Dreger.10

Procedure. Potentiometric determinations of the 
activity of N a+ ions were performed with both mem
brane electrodes and a couple of a sodium-responsive 
electrode (Beckman 39278)-liquid bridge calomel, in a 
wide range of polymer-detergent concentration.

In this latter case, the activity of sodium ions was 
calculated by means of a calibration curve, which al
lowed the conversion of e.m.f. values into activities. 
This was obtained by diluting a sodium chloride solu
tion stepwise, recording the e.m.f. of the cell and plotting 
it vs. the logarithm of N a+ ion activity at each step. 
A linear plot11 of the e.m.f. against log was obtained. 
The flNa+ values of the solution were calculated from 
the measured e.m.f. by interpolating the calibration 
curve. This was done by assuming that 7 n» + =  
7±(NaCi> in the calibrating solution.

The sequestering power determinations were per
formed following the procedure already described.1213 13 
Conductometric titrations were performed in a thermo
static bath at 25 and 30°. In some cases, the potentio
metric and the conductometric determinations were 
carried out simultaneously.

Results and Discussion
In previous papers,14'15 the behavior of aqueous solu

tions of colloidal electrolytes was studied by means of 
e.m.f. measurements and discussed in terms of an 
interaction between counterions and micelles, the latter 
being treated as a spherical polyelectrolyte. It is as
sumed that the liquid junction potential remains effec
tively unchanged, regardless of the nature of the solu
tion, since the concentration of NaCl in the liquid 
bridge is higher than the concentration of the experi
mental solution.

In Fig. 1 the activity coefficient of sodium ions is 
reported as a function of concentration of sodium lauryl 
sulfate in solution (open points, plot a). The c.m.c. 
value, Co, is marked by the discontinuity in the plot. 
The concentration of NaLS at this point is 8.0 X 10-3 
M , and the 7 Na value is 0.56.

In the same Fig. 1 (full points, plot b), the behavior 
of 7 n., refers to a solution of NaLS with PVAc dissolved. 
The molar NaLS-PVAc ratio was 2.61. As extensively 
discussed in a previous work,14 it is assumed that above 
c.m.c. any addition of detergent increases the number 
of micelles since both the concentration of monomers 
and the number of monomers per micelle are considered 
to be constant in solution. Furthermore, since the 
value of the dielectric constant of the solution contain
ing the NaLS-PVAc complex is nearly coincident with

Figure 1. 7 Na+ rs. concentration expressed as 
molarity of NaLS. Open points refer to NaLS solution; 
full points, to a  solution of NaLS-PVAc complex.

the one of simple NaLS solution, no influence on yNa 
was considered. As may be seen, an apparent shift 
toward higher concentrations in c.m.c. is observed. 
This shift from C 0 to C  can be ascribed to an amount of 
free monomers removed from the equilibrium monomer 
micelle by an oriented absorption of the monomers on 
the polymeric chain of the PVAc, as elsewhere dis
cussed.1

The relationship which gives the y ex value (7 CX being 
the experimental value of the activity coefficient) at 
the concentration corresponding to the c.m.c. of NaLS 
in solution of the “complex” NaLS-PVAc may be 
written as

7 N a + C o  +  7 N a + a  (C —  Co)
Tex =  ------------------- ------------------—  (1)

When the complex with a NaLS-PVAc ratio of 2.61 
is present in solution, the concentration of NaLS itself 
required to form micelles is C  = 1.0 X 10~*. At this 
point, the value 7 CX is 0.48.

So, replacing the experimental data in (1)

0.48 =
0.56 X 8 X IQ"3 +  0.56a(10 X lO^3 -  8 X 10 3) 

10 X 10~3

(10

(10) E. E. Dreger, G. I. Keim, G. A. Miles, L. Shedlovsky, and J. 
Ross, Ind. Eng. C h e m 36, 310 (1944).
(11) F. Ascoli, C. Botré, and A. M. Liquori, J. Mol. Biol., 3, 202 
(1961).
(12) F. Ascoli and C. Botré. Farmaco (Pavia), 17, 213 (1962).
(13) C. Botré, V. Crescenz:, and A. Mele, J. Nucl. Chem., 8, 369
(1958) .
(14) C. Botré, V. Crescenzi, and A. Mele, J. P hys. Chem. 63, 650
(1959) .
(15) L. Shedlovsky, C. W. Jakob, and M. B. Epstein, ibid., 67, 2075 
(1963).
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the degree of dissociation, a, of Na+ ions in the complex 
NaLS-PVAc may be obtained. This value of a  is 
about 0.28.

If a cylindrical model is assumed for the polyelectro
lyte complex, then, on the basis of a relation proposed 
by Oosawa, the degree of dissociation, a, of counterions 
in solution may be evaluated

In = In +  qa  In -  (2)
a  1 — <t> <f>

-  e°2
q D T kb  ( )

where a = degree of dissociation, e0 = charge, b = 
distance between neighboring charged groups, <f> = 
volume fraction of the polyelectrolyte, D  = dielectric 
constant of water, and T  and k  have the usual meaning.

In the case within the range of complex concentra
tions considered, the value of <f> being small compared 
with unity, the relation (2) may be written as

1 — a  1
In 0 = I n -------  — aq In - (4)

a  ip

therefore, q = 1. By assuming for our complex a =
o  o

15 A. and b = 2.5 A., the value of a  is 0.32. At c.m.c. 
this value of a  is in good agreement with the value 
of 0.28 determined experimentally.

It is to be pointed out that the hypothesis to treat the 
polyelectrolyte complex with a cylindrical model may 
be successful if this treatment is applied to a relatively 
dilute solution where mainly detergent molecules, and not 
aggregates, are present inside the polyelectrolyte com
plex. In fact, in a more concentrated solution, the 
contribution of the yn» value is mainly determined by 
micelles, while the role played by the complex becomes 
negligible. This is in agreement with the experiments, 
and no significant differences in yn.  values may be ob
served in the presence or absence of the complex when 
the concentration of NaLS is higher than 2.5 X 10~2 
M .

From such an interaction results the polyelectrolyte 
character of the complex which is expressed by the 
typical behavior of ynh upon dilution. Obviously, the 
charge density on the macroion is closely dependent 
upon the degree of binding of the detergent molecules 
on the polymeric chain. When partially hydrolyzed 
samples of PVAc are employed, the number of active 
sites for the adsorption of detergent molecules on the 
polymeric chain is lowered. Therefore, the charge 
density on the macromolecular complex is also lowered, 
and an increase of is found.

Above c.m.c., as discussed elsewhere,14 the situation 
is more or less the same, as in simple NaLS solutions.

In both cases, in fact, the steep decrease of yNa may be 
explained, considering the micelles as highly charged 
spherical polyelectrolytes. On the surface of the 
micelle, the high electrostatic field, determined by the 
ionic heads of the detergent toward water, affects the 
distribution of Na+ ions in solution significantly. The 
consequent interaction between micelles and counter
ions leads to the lowering of free charges on the former 
because of an extensive binding of sodium counterions.

Furthermore, a striking difference may be observed 
in the binding of divalent cations, i.e.. Ca+2 ions. In 
fact, when Ca+2 ions are added to a solution of deter
gent, a precipitation of the calcium salt takes place. 
On the contrary, in detergent solutions containing dis
solved PVAc, after addition of Ca+2 ions, significant 
amounts of calcium are held in solution before the 
formation of a precipitate.

To test the sequestering ability of this complex, the 
binding of Ca+2 was evaluated according to a method 
described elsewhere.12 To evaluate the binding of Ca+2 
ions in solution of the complex, a potentiometric system 
was set up which employs both glass cationic electrodes 
and membrane electrodes. The sensitivity of cationic 
glass electrodes is very high toward monovalent cations 
while the sensitivity toward divalent cations is very 
low (near zero). I t  was observed that Ca+2 ions in 
the range of concentration used in sequestering power 
determinations do not alter the potential difference 
due to N a+ ions alone and recorded by the couple 
of electrodes—cationic glass electrode-calomel electrode.

In Fig. 2 (system A), a combination of the nega
tively charged membrane electrode, prepared accord
ing to Neihof,16 and the sodium electrode is reported. 
Neglecting the junctions, the e.m.f. A2?i .2 is given by the 
expression

— A E \ , i
R T

F
¿N a + In

&N a2+

&Nai +
+  V a +2 In

ilCa, +2 

flCai +2_

(5)

and the e.m.f. A-EVia is given by

— AAnb = K  log <ZNa2+ (6)

where R , T , and F  have the usual meaning, aNa,+ and 
oca, *2 are N a+ and Ca+2 ion activities in reference solu
tion, and aNa2+ is the ion activity measured with the Na 
electrode. Furthermore, across the membrane one has

¿Na + +  fca+2 = 1.0 (7)

¿Na+ and fea+2 being the transference numbers of 
sodium and calcium, respectively. They are functions

(16) R. Neihof, J . Phys. Chem., 58, 916 (1954).
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of cin a + and oca« so that it is impossible to determine 
aca+a by direct use of (5)-(7). This difficulty has been 
overcome by using a reference system (Fig. 3) analogous 
to the first one and schematized hereafter as system B 
and characterized by the e.m.f. values, A E \ ,2 and 
A E ^ h'.

The titration is performed as follows. The solution 
of the complex is placed in one half-cell (side 2 of system 
A) and NaCl solution is placed in the other one (side 1 
of system A). This latter solution is diluted or con
centrated in order to have an e.m.f. equal to zero so 
that the activities of N a+ ion are equal in the two half
cells. The composition of the solution in side 1, 1', and 
2' of the two systems A and B are kept identical with each 
other throughout the titrations. After each addition of 
equal amounts of CaCl2 in both half-cells of the system 
and in half-cell 1' of system B, the potential differences 
AFWn and A An./ are read. A solution of NaCl is now 
added to the half-cell 2' of the system B until AFW 
matches AEW (obviously taking into account the neces
sary corrections due to small differences in the calibra
tion curves of the two sodium electrodes). CaCl2 solu

tion is now added to the half-cell 2' of system B until 
A E i ,2' matches A E i ,2. The amount of Ca+2 ions added 
to the half-cell 2', therefore, corresponds to the Ca+2 
ions not bound by the sequestering agent in the half-cell 
2 of system A. The difference between the Ca+2 ions 
added to side 1' and side 2' of system B indicates the 
amount of sequestered Ca+2 ions.

The above described steps are repeated after each 
addition of CaCl2 to both half-cells of system A. Thus, 
the calcium sequestered as a function of Ca+2 ions 
present in a solution containing a fixed concentration of 
sequestering agent is obtained. In agreement with the 
polyelectrolyte character of the complex, the amount 
of calcium sequestered is a function of the concentration 
of complex in solution (Fig. 4), and of the NaLS-PVAc 
ratio (Fig. 5), which is in close correlation to the charge 
density on the polymeric chain.

The strong electrostatic interaction between Ca+2 
ions and the macroanion leads to a release of N a+ ions 
and is evident from the plots of Fig. 4. In fact, the 
two plots differ from each other only in the total amount 
of complex in solution, the NaLS-PVAc ratio being the 
same in both cases. The curves of Fig. 4 and 5 are 
calculated by using eq. 5 with tca^  =  1 and iNa+ = 0. 
On the other hand, by taking into account the sodium 
release by means of the preceding procedure, the plots 
become more or less coincident giving a straight line 
with a slope of 45° (broken lines both in Fig. 4 and 5).

Figure 4. Sequestering power of NaLS-PVAc. The 
three plots refer to the same am ount of PVAc present 
in solution bu t a t different NaLS-PVAc ratios. By 
increasing the detergent concentration, the total 
amount of C a +2 sequestered is increased.
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Figure 5. Sequestering power of the complex toward calcium 
ions. The ordinate represents the am ount of C a +2 sequestered; 
the abscissa, the total amount of C a+2 present in solution.
The two plots refer to the same NaLS-PVAc ratio 
bu t a t different concentrations of the complex.

As it may be seen, the correction due to the sodium 
release is significant particularly when the concentra
tion of ions in solution is large. However, the accuracy 
of released sodium ions in solution of surface active 
agents is significantly affected, probably by the adsorp
tion of detergent on the surface of the glass. In fact, 
the poor suitability of glass electrodes for measuring pH 
in solution of detergents and similar substances was 
pointed out by Nebe,17 18 who found some errors in pH 
measurements. Nevertheless, our aim was to study 
such a behavior in a semiquantitative way.

The formation of a complex, with charge density 
strongly dependent on the charge density on the 
macro ion, as well as on the ionic strength of the medium, 
was also found in solution of NaLS and BSA. In Fig. 6 
(left ordinate, open points), the activity coefficient of 
sodium ions 7 nb is reported as a function of the concen
tration of the lauryl sulfate in solution of the NaLS- 
BSA complex. As may be seen, a discontinuity may be 
observed, such a discontinuity also being evident with 
specific conductivity measurements of the same solution

Figure 6. 7 Na+ (open circlets, left ordinate) and specific 
conductivity x (full circlets, right ordinate) vs. the molarity of 
NaLS in a solution of the BSA-NaLS complex.

(right ordinate, full points). On the other hand, when 
the same experiment is performed in presence of CaCl2, 
5 X 10-4 M , the discontinuity in the activity coefficient 
of sodium ions and in the specific conductivity is no 
longer detectable.

In agreement with other authors,918 it could be 
assumed that “micellar clusters” might be formed when 
the detergent acts on the macromolecule. Divalent 
cations might reduce the net charge of the complex as 
shown by previous plots. Such a reduction of the net 
charge of the complex was also claimed by some of the 
previously mentioned authors who ascribed to Ca+2 
ions also an increase in solubilizing power of several 
protein detergent complexes.
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Interaction of Electromagnetic Radiation with Matter. I. Theory of 

Optical Rotatory Power: Topic B. Digonal Dihedral Compounds 

and Compounds of Lower Symmetry13

by Andrew D. Liehr,b

M ellon Institute, Pittsburgh, Pennsylvania  15213, Bell Telephone Laboratories, Inc., 
M urray H ill, New Jersey 07971 (Received M a y  28, 1964)

A belief is not true because it is useful.— Amiel

A complete theory of the electronic properties of digonal dihedral compounds and com
pounds of lower symmetry, both organic and inorganic, is chalked, with special emphasis 
upon their optical rotatory power. Molecular orbitals are constructed, many electron con
figurations fabricated, and sundry spectral parameters reckoned. A number of points of 
general interest have been discovered and underscored: (1) overlap can be used as a bond 
criterion for orbitals of the selfsame symmetry solely; for orbitals of different eurythmy a 
nonunit (nonconstant) weight function of identical symmetry as the molecular Hamiltonian 
must be used; (2) short of a full quantum mechanical computation, there exists no sure 
means by which the absolute sign of the molecular orbital variational parameters and hence, 
the optical rotatory powers can be determined; (3) the finished optical rotatory power de
pends both linearly and quadratically upon the amplitude of the covalent strength, with 
quadratic dominance at high strengths; (4) the rotational and spectral powers are func
tionally relatively insensitive to the explicit appearance of the angles of ligand orbital (lone 
pair, bond pair, acceptor, or donor) cant (as the quadratic ligand-ligand terms tend to 
dominate), but covertly extremely sensitive to their implicit appearance (since the para
metric magnitude of odd ligand additaments hangs immediately upon them) ; (5) there is a 
direct correspondence between the rotational and spectral powers of spin-free transition 
metal electronic configurations and their spin-free half-shell supplements and numerous 
direct and indirect relationships between these and other systems; (6) the principal deter
minant of rotatory direction is the relative ligand orbital (lone pair, bond pair, donor, or 
acceptor) constellation; (7) there is no prime difference in origin of optical rotary and 
spectral intensive power in organic and inorganic compounds; (8) optical rotatory transi
tions to or from bonded and antibonded electronic states, both organic and inorganic, turn 
electromagnetic radiation either parallely or oppositely dependent upon conditions; (9) 
configurational interaction, whether electronically or nuclearly induced, is of essential import 
in optical rotivity and intensity calculations; (10) there exist no simple addition invariance 
connections for eurythmically abased compounds. Representatives have been manifested, 
a road for future progress laid, and a map for closer theoretical-experimental reciprocation 
drawn.

(1) (a) Presented a t the Eighth International Conference on Coordi
nation Chemistry, Vienna, Austria, Sept. 7-11, 1964; an ampli
fied account of this lecture, as well as of th a t (the non-Faraday por
tion) presented a t the Sixth International Conference on Coordina
tion Chemistry, Wayne S tate University, Detroit, Mich., Aug. 27-

Sept. 1, 1961 (this latter lecture is not th a t published in the conference 
proceedings, "Advances in the Chemistry of Coordination Com
pounds,” S. Kirschner, Ed., The Macmillan Co., New York, N. Y., 
1961), may be found in Progr. Transition  Metal Chem., 1 and 3 (1965 
and 1966). (b) Mellon Institute, Pittsburgh, Pa.
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In continuation of our quest of the primeval source 
of optical rotatory power in chemical compounds, we 
have embarked upon a critical surveyal of the elec
tronic characteristics of inorganic and organic aggre
gates of low symmetry. The initial fruits of this sur
veyal are here reported. They are divided into these 
main categories: Division A, the transition metal di- 
gonal dihedral compounds; Division B, the transition 
metal compounds of lower symmetry; Division C, the 
nontransition metal compounds (carbon and others); 
Division D, the conclusion; and Division E, the ac
knowledgments. We start with Division A, the transi
tion metal digonal dihedral compounds.

Division A

Transition Metal Digonal Dihedral Compounds

I. Introduction
The potency of natural optical rotatory power as a 

structural tool has nowhere been better demonstrated 
than in its use to fix the nonplanarity and nontetra- 
hedrality of four-coordinated platinum or palladium 
amine complexes2'3 or the relative conformation of car
bon compounds.4 * However, despite this stereochemical 
success, the electronic source of the optical rotatory 
power has remained as mysterious as ever, notwith
standing the many efforts and some advances which 
have been made to uncover its origin.4'6 What we wish

(2) F. M. Jaeger and J. ter Berg, Proc. Roy. Acad. Sei. (Amsterdam), 
40, 490 (1937).
(3) W. Theilacker, Z. anorg. allgem. Chem., 234, 161 (1937).
(4) For a surveyal of the carbon (and other) problem read (a) “ Optical 
Rotatory Power: A General Discussion,” Trans. Faraday Soc., 26, 
265 (1930); (b) G. Kortüm , Z . angew. Chem., 43, 341 (1930); Physik. 
Z., 31, 641 (1930) ; “ Neuere Forschungen über die optische A ktivität 
chemischer Moleküle,” Sammlung chemischer und chemisch-tech
nischer Vorträge [N.F.], Heft 10, Enke, S tu ttgart, 1932; W. Kuhn 
and K. Freudenberg, “ Hand- und Jahrbuch der chemischen Physik,” 
Band 8, Abschnitt III , A. Kucken and K. L. Wolf, Ed., Akademische 
Verlagsgesellschaft, Leipzig, 1932; “ Stereochemie,” K. Freudenberg, 
Ed., F. Deuticke, Leipzig and Vienna, 1932-1933, Books 1-3 [note 
especially the paired articles by W. Kuhn, Book 1, pp. 317-434 and 
by K. Freudenberg, Book 2, pp. 662-720]; (c) S. Mitchell, “ The Cot
ton Effect and Related Phenom ena,” G. Bell and Sons, Ltd., London, 
1933; (d) T. M. Lowry, “Optical R otatory Power,” Longmans, 
Green, and Co., London and New York, N. Y., 1935; (e) G. Bruhat,
“Traite de Polarim étrie,” Editions de la Revue d ’Optique théorique 
et instrum entale, Paris, 1930; M. Delepine, “Traite de Chimie Or
ganique,” V. Grignard, Ed., Vol. I, Masson, Paris, 1935, pp. 833- 
1008; PL Darmois, ibid., Vol. II, 1948, pp. 1-58; P. A. Levene and 
A. Rothen, “Organic Chem istry,” Vol. 2, 1st Ed., H. Gilman, Ed., 
John Wiley and Sons, Inc., New York, N. Y., 1938, pp. 1779-1849; 
R. L. Shriner, R. Adams, and C. S. Marvel, ibid., Vol. 1, 2nd Ed., 
1943, pp. 214-488; J. R. Partington, “ An Advanced Treatise on 
Physical Chem istry,” Vol. 4, Longmans, Green and Co., London and
New York, N. Y., 1953, pp. 290-391; W. Klyne, “ Determination of 
Organic Structures by Physical M ethods,” Vol. 1, E. A. Braude and 
F. C. Nachod, Ed., Academic Press, Inc., New York, N. Y., 1955, pp. 
73-130; G. G. Lyle and R. E. Lyle, ibid., Vol. 2, P\ C. Nachod and 
W. D. Phillips, Ed., 1962, pp. 1-92; W. Heller and D. D. Fitts, 
“Technique of Organic Chem istry,” Vol. I, Part III , A. Weissberger, 
Ed., 3rd Ed., Interscience Publishers Inc., New York, N. Y., and

London, 1960, pp. 2147-2333; W. Klyne and A. C. Parker, ibid., pp, 
2335-2385; W. Klyne, “Advances in Organic Chemistry: Methods 
and Results,” R. A. Raphael, E. C. Taylor, and H. W ynberg, Ed., 
Vol. 1, Interscience Publishers Inc., New York, N. Y., and London, 
1960, pp. 239-348; E. L. Eliel, “ Stereochemistry of Carbon Com
pounds,” McGraw-Hill Book Co., Inc., New York, N. Y., and London 
1962; T. M. Lowry Chem. In d . (London), 477 (1935); H. M. Powell, 
Endeavour, 15, 20 (1956); V. Sykora, Chemie (Prague). 9, 400 (1957); 
0 . Cervinka, ibid., 637 (1957); J. A. Schellman, Compt. rend. trav. lab. 
Carlsberg, Sèr. Chim., 30, 363 (1958); K. Nakanishi, K agaku No 
R yoiko, 13, 2 (1959); K. Imahori, ibid., 13, 92 (1959); M.-L. Huang, 
K 'o  Hsueh T 'ung  Pao, 255 (1959) ; K. Im abori, T am pakushitsu  
K akusan  Koso, 5, 549, 606 (1960); S. S. Yu fit and V. F. Kucherov, 
Usp. K him ., 31, 474 (1962); R. D. Gillard, A nalyst, 88, 825 (1963); 
O. N. Perti, Agra Univ. J .  Res., 11, 175, 15 (1962); (f) “ Progress in 
Stereochemistry,” Vol. 1-3, W. Klyne and P. B. D. de la Mare, Ed., 
Butterworths, London and W ashington, D. C., 1954-1962; (g) C. 
Djerassi, Record Chem. Progr., 20, 101 (1959); “ Optical R otatory 
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to do in this article is to present a model, an extension 
of our previous one for octahedral six-coordinate 
molecules,6 which will explain the occurrence of the 
phenomenon of natural optical rotatory power in four- 
(and other) coordinate systems. We shall show that 
optical rotatory power can be qualitatively and quanti
tatively accounted for by a simple model of dihedrally 
twisted local electronic charge densities. In subsequent 
papers we shall demonstrate the capabilities of similar 
models to explain forced optical rotatory power in a 
variety of other situations.

II. Theory

§1. Molecular Orbitals for Digonal Dihedral 
Compounds: Zero Spin-Orbit Forces

1.1 The a-M olecular Orbitals. In Fig. 1 through 9 
we diagrammatically display the geometries of a series of 
typical (T-bonded [neglecting so-called “ammonia” 
framework hyperconjugative effects] digonal dihedral 
complex cations. Figures 1 through 4 depict the ideal
ized disposition of the ligand u-bond orbitals which we 
assume in our subsequent numerical toil, and Fig. 10,11, 
and 12 a typical, but not all inclusive, level scheme. 
Mark particularly the clear provisos in Fig. 1, 2, 3, 4, 7, 
8, 9 for angles of cant a  and i (defined in Fig. 9) be
tween the ligand orbitals and the metal orbitals. [The 
metal orbitals are in this paper taken to be aligned

Optical R otary Power,” Thesis, Princeton University, 1940; W. 
Kauzmann, J. E. Walter, and H. Eyring, Chern. Rev., 26, 339 (1940) 
[erratum, J. F. Lane, Science, 113, 577 (1951)]; W. Kauzmann and
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and E. S. Wallis, J . Org. Chem., 6, 319 (1941); W. Kauzmann, J . 
A m . Chem. Soc., 64, 1626 (1942); W. Kauzmann, F. B. Clough, and
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Izv. A kad. N a u k  S S S R , Ser. Fiz., 17, 574 (1953); M. V. Vol’kenshtein 
and M. P. Kruchek, Opt. Spectry., 9, 243 (1960); Zh. S trukt. K him ., 2, 
59 (1961); M. V. Vokkenshtein and I. O. Levitan, ibid., 3, 80, 87
(1962); S. Yamana, Bull. Chem. Soc. J a p a n , 31, 558 (1958); 33, 
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J . Chem. P hys., 25, 1189 (1956); (r) A. J. Moscowitz, ‘‘On Optical 
Activity—Hexahelicene,” Thesis, Harvard University, 1957, and to 
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Mislow, M. A. W. Glass, A. J. Moscowitz, and C. Djerassi, J . A m . 
Chem. Soc., 83, 2771 (1961); A. J. Moscowitz, E. Charney, U. Weiss, 
and H. Ziffer, ibid., 83, 4661 (1961); W. E. Moffitt, R. B. Woodward, 
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W. Glass, and C. Djerassi, ibid., 84, 1945 (1962); E. Bunnenberg, 
C. Djerassi, K. Mislow, and A. J. Moscowitz, ibid., 84, 2823 (1962); 
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Harvard University, 1958; Rev. Mod. Phys., 32, 443 (1960), and to 
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Shinadaand S. Sugano, to be published; (u) A. Julg. Tetrahedron, 12, 
146 (1961); M. Maestro and S. Merlino, Gazz. chim. ital., 93, 477 (1963) 
(v) R. Deen, “Optical Rotatory Dispersion of Some Organic Mole
cules,” Thesis, University of Leiden, 1961; R. Deen and H. J. C.

Figure 1. The idealized complanately bonded right-angled 
geometry of the bis(ethylenediam ine)platinum(II) cation and 
its associate localized ligand orbital spatial disposition for the 
A (\,\)  conformation [for conformational conventions see Fig.
5 and 7]. The upward-directed localized ligand (nitrogen) 
orbital (i.e. directed toward positive z-values) is leagued 
with the upward-placed adjacent ligand (carbon) kernel.

octahedrally along the x ' , y ', and z ' axes of the figures.] 
If, as in Part I, Topic A,6 we designate the localized

Jacobs, Proc. Roy. Acad. Sci. (Amsterdam), 64B, 313 (1961); (w) 
T. S. Piper, J . A m . Chem. Soc., 83, 3908 (1961); T. S. Piper and A. G. 
Karipides, Mol. P hys., 5, 475 (1962); A. G. Karipides and T . S. 
Piper, J . Chem. P hys., 40, 674 (1964); (x) N. K. Hamer, M ol. Phys., 
5, 339 (1962); (y) H. Poulet, J . chim. phys., 59, 584 (1962); (z) 
Kwang-Hsien Hsu, “Theory of Optical R otatory Power,” Thesis, 
Columbia University, 1951; D. J. Caldwell, “ Selected Topics in the 
Theory of Optical Rotation,” Thesis, Princeton University, 1962; 
J. P. Ranck, “ Optical R otatory Dispersion of Complexes of T ransi
tion Metals with Asymmetric Ligands,” Thesis, Princeton Univer
sity, 1962; D. J. Caldwell and H. Eyring, Rev. Mod. P hys., 35, 577
(1963); (aa) Th. Bürer, M ol. Phys., 6, 541 (1963). Highly critical re
views which underscore the successes as well as the failures of these 
efforts may be found in (bb) T. M. Lowry, ref. 4d; E. U. Condon, ref. 
5m; W. Kauzmann, J. E. Walter, and H. Eyring, ref. 5n; P. Szarvas, 
M agyar K em . Folyoirat, 46, 1 (1940); M. Y. Vol’kenshtein, Usp. 
K him ., 9, 1089, 1252 (1940); E. Hückel, 2T. Elektrochem., 50, 13 
(1944); J. P. M athieu, “ Les Théories Moléculaires du Pouvoir Rota
toire N aturel,” Centre National de la Recherche Scientifique, Gau- 
thier-Villars, Paris, 1946; “ Activité Optique Naturelle,” H andbuch der 
Physik, Band X X V III, Spektroskopie II, S. Flügge, Ed., Springer- 
Verlag, Berlin, 1957, pp. 333-432; G. W. van Vloten, Chem. Week- 
blad., 48, 977 (1952); S. F. Mason, Quart. Rev. (London), 17, 20
(1963) ; D. J. Caldwell and H. Eyring, A n n . Rev. P hys. Chem., 15, 281
(1964) . The rigorous quantum  mechanical basis (independent of 
model) of optical rotation is given in (cc) L. Rosenfeld, Z . P hysik , 52, 
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Walter, and G. E. Kimball, “ Quantum Chem istry,” John Wiley and 
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Introduction,” Academic Press, Inc., New York, N. Y .,  1957, and in 
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(6) A. D. Liehr, J . Phys. Chem., 68, 665 (1964).
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Figure 2. The idealized complanately bonded right-angled 
geometry of the bisi'cyclopentanediamine)platinum(II) cation 
and its associate localized ligand orbital spatial disposition for 
the A(5,5) conformation [for conformational conventions, see 
Fig. 6 and 8]. The upward-directed localized ligand (nitrogen) 
orbital (i.e., directed toward positive z-values) is leagued with 
the downward-placed adjacent ligand (carbon) kernel. [Thus, 
bisethylenediamine (Fig. 1) and biscyclopentanediamine (Fig.
2) pseudo-complanate compounds of the same over-all 
conformation rotate oppositely. Hence, relative conformation 
of coordination compounds with nonhomomorphic ligands 
cannot be secured from relative rotational signs alone: 
comparative localized ligand orbital patterns need also to be 
known.]

Figure 3. The idealized complanately bonded right-angled 
geometry of the bis(ethylenediam ine)platinum(II) cation in the 
A(X,X) conformation [for conformational conventions, see Fig.
5 and 7] and its associate localized ligand orbital spatial 
disposition viewed as a tetrahedral affiliate.

ligand cr-bond orbitals by the symbol \ j  ( j  = 0, 1, 2, 3), 
we may approximate the digonal dihedral one-electron 
(r-like molecular orbitals, As, as a linear combination of

these localized orbitals [but see the qualifications of 
this statement in footnote 4, ref. 6 ],

3
As = (1)

i - 0

As our molecular framework has the symmetry D2, the 
three twofold axes being the x, y, and 2 axes pictured in 
Fig. 1, 2, 3, 4, 7, and 8 , we can demand consistently that 
our molecular orbitals, A,, be digonally symmetric; 
that is, that [recall that in ordinary space e 2(y) equals
e2(z)e2(z)]
Qi(z)K{'x) = sA 2(,i); e20 )A ,> ) = s A ,(5i);

e 2(?/)A,A) = SxsA A  (s2, s* = ± )  (2)

In the localized representation, eq. 1, for the one-elec
tron molecular orbitals, At,('D, we find that the a;S2‘* 
equal 1 , sx, szsz, s2 times Oo!2!*, respectively, for ( j  = 0 , 
1, 2, 3), (sr, = ± ), or that [letting szsz equal s j

As/* 1 * **) =  Ros/^Xo +  SzXi +  s!/X2 +  sA} (3)

where the constants ao!z*x are determined solely by 
normalization. Printed in full and classified as to their 
proper D2 symmetry species [see Table II], these one- 
electron orbitals subsume the form7

A+(+)(ai) = Go++|Xo +  Xi +  \ 2 +  A3}

A+(—>(bi) = a0+“ { Ao — Xi — X2 +  X3 }

A_(~) (b2) = do— {Ao — Xi +  X2 — X3}

A_(+)(b3) = Oo_+{Xo +  Xi — X2 X3} (4)

With the neglect of localized ligand-ligand overlap, the 
constants <a<;,!25* uniformly equal one-half.

Table I :  Definition of the e2(z), and e 2(x ) Symmetry
Operations

k e,(.z)k C r[x)k Ci (y)k (W) e3(x)(w) Gi(y)(kl)

0 3 1 2 (01) (32) (10) (23)
1 2 0 3 (23) (10) (32) (01)
2 1 3 0 x ' - x ’ - y ' y'
3 0 2 1 y' - y ‘ —x ' x '

(7) These selfsame equations could also have been derived by use of 
the localized crbital formalism of eq. 13 through 15 of ref. 6 . In this 
formalism, eq. 1 of this paper would be recast as A, =  bos(01) +  
f>is(23), and the application of Q i ( y )  and & i ( x )  as in eq. 2 would then 
imply bis equals %vbm, and (10) equals .sj (01) and (32) equals s*(23). 
[C f■ Table I. For comparison, mark th a t in ref. 6, the operation e?(V j, 
Gad/), and complex conjugation, *, together implied th a t (51) 
equaled (15)*, (40) equaled (04)*, and (32) equaled (23)*]. Whence if
(01) is approximated as Xo +  C01X1 and (23) as X2 +  C23X3 we find coi
and cm equal s- and eq. 3 and 4 are recreated [similar comments hold
with regard tc eq. 1 0  and 16 of ref. 6 .]
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Table I I : The D2 Point Group and Transformation Standards

D2 E C j(2) c  2(y) Cs(*) Transformation standards

A i 1 1 1 s 2, j/2, z2, x 'y ', x '1 +  y '2, z '2, A+(+’
B, i 1 - 1 - 1 z, t„ z ', l,>, xy, x"1 -  xy'2, A+<_)
b 2 i - 1 1 - 1 y, lv, x '  +  lx' +  ty', xz, x 'z ' — y 'z ', A_<-)
b 3 i - 1 - 1 1 x, 4 , x ’ -  y', l„' -  ty', yz, x 'z ' +  y 'z ', A J +)

Table I I I : Definition of the Local a- and 7r-Orbitals Utilized

j

0

<TjC

k s(2 s)Ao — k p cos l cos a  (2p*Oiio k p cos

WJC

l sin a  ( ^ P v ' ) a o kp

r j

sin i (2 p z ') M
1 k s(2 s )A, +  k p cos i cos a  {2pv') Al — k p cos i sin a  (2px')^i kp sin i (2pz'k i
2 k s(.2s)x2 — k p cos i cos a  (2 p v')Al k p cos i sin a  (2 p i 'k , kp sin i (2p,<k,
3 ks(2a)A, +  k p cos i cos a  (2pX')A, —k p cos t sin a  (2ps')^i kp sin i (2p;,')^3

Figure 4. The idealized complanately bonded right-angled 
geometry of the bis(cyclopentanediamine)pIatinum(II) cation 
in the A(S,S) conformation [for conformational conventions, 
see Fig. 6 and 8] and its associate localized ligand orbital 
spatial disposition viewed as a tetrahedral affiliate.

For ease of later computations, it is expedient to 
parcel the localized ligand orbitals into a “cr-part” 
and a “ 7r-part” which are separately directed along the 
axes x ',  y ' , and z ’ of Fig. 1, 2, 3, 4, 7, 8, 9, and 13.8 We 
may then scribe

!lo

O V O  + ? iy o  +  7r2/0 ; Xi = Oy> 1 + K x ' l  +  k z ' i

X2 — <ty '  2 T " * x ’i  +  T T z ' l , X3 = O' x ' Z  + TCy' 3 +  flV3

(5)

where [w = x ',  y ', z '\  j  = 0, 1, 2, 3]8

ctw1c = k sns  =F k P cos t cos a  rip^- 
wwjc = ± k v cos l sin a  npXu,y

trwjs = sin t wpi-„. (6)

and where the superscripts c and s have been introduced 
in eq. 6 to witness the attendance of the factors 
k p cos i cos a  (or sin a) and k p sin i in the a- and 7r-like 
functions. [If these factors are absent the superscripts c 
and s are to be discarded. See Fig. 13a. ] The factor =f 
in the awjr expression of eq. 6 gives the phase required for 
maximum <r-bonding strength; the factors ± in the 
7t„ /  and Trwje expressions give the phases needed for 
proper symmetrization and orientation [compare Fig. 
1, 2, 3, 4, 7, 8, 9, and 13b and Table III], In this 
idiom, eq. 3 and 4 become

= 2* > )c +  iW*** +  (7)

A+(+,(ai) =  2+<+Ma:„) +  n +'+ -(bIff) +  n +<+>*(bla) 

A+(“)(b1) =  V ~ )c(b2i) +  n +<->'(a2c) +  n +<->*(a2a) 

A -(_>(b2) =  S_<-)c(e„s) +  n_<->e(e* ) -  ft_<->*(e,6) 

A -(+)(b3) =  S - (+,c(eM) +  n_<+^(eaJ  +  II

(8)

where
2 i2(s*)c =  a s/ Sl{(7oC +  Sj-0'1C +  SyVZ +

n s/ Sl)C  =  0 * " * {  TTa +  +  S„7T2C +  Sz i r 3C}

n s, (5l)s =  ir08 +  s^iri8 +  s„t 2* +  s,ir3c} (9)

(8) This parcelment is accomplished by the techniques of footnote 7 
and Fig. 4b of ref. 6, with the angular identification of the angles a 
and (pa of ref. 6 with 90° — i and ± a  here [cf. Fig. 1, 2, 3, 4, 7, 8, 9, 
and 13].
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2+(+)‘(ai,) = «+ '+ :[ <roC+ oT + C2c + C3c}

2+ (- >c(b2i) = <T0 - <*\ - C2c + C3c}

2_ (- )c(e„.) =
Cc0 — + cC2 — 03e}

S_(+)c(eK6) = a - '+ i coc + <y\ - cC2 - C3c}

n+ (+)c(bic) = fl+"+ ;[ N + c
*1 + c + clx3 1

n+ (“,c(a2e) = a+ *-\ xoc — cX1 - X2C+ X3C.

n_ =  a- T~l x0c — cXl + 7T2C— IT 3C

n_<+>‘(eM) =  0_ ' + { toC +  9T!C -  X2C -  X3‘} 

n + (+)3(b lu) =  a + '+{7T0S +  7T!8 +  x /  +  7T3S}

n +(“ )8(a2li) =  a + ’r- { x 0s — iri® — x 2s +  tt/}

n _ (->8(e i il) =  a-_’r _ { x 0s — x /  +  x 2* — x 38}

n _ (+)8(e„i,) =  a _ '+ { x o 8 +  x i8 -  x 28 -  x 38) (10)

Figure 5. Conformational conventions for the ligand ethylene- 
diamine. The lambda (X) conformer is defined as th a t 
obtained by a clockwise left-hand screw rotation (i.e., a 
clockwise rotation with the left hand which advances the left 
thum b outward toward the eyes of the observer) of less 
than 180° which will take the bottomm ost (i.e., on the palm 
side of the hand) branch of the ligand into contingence with 
the topmost (i.e., a t the thum b side of the hand); the delta 
(5) conformer as th a t obtained by the contrary (mirror image) 
right-hand counterclockwise rotation; and the ineso (p) 
conformer as th a t obtained by an internal inversion (i) [Fig.
5] or reflection (a ,) [Fig. 6] which will take all ligand parts 
into themselves.

Figure 6. Conformational conventions for the ligand 
cyclopentanediamine (read caption to Fig. 5 for detail).

and where the subscript w  equals x ' , y 1, z ’, which is 
made superfluous by Fig. 13 and Table III, has been 
dropped. The quadrate (D3*) species classification 
[Table IV] has been added to the symbols 2S2(5*)c, 
n s,(s*)c, n !/ 5*,s (sx, sz = ± ), in eq. 8 and 10 for tutorial 
clarity.

The construction of the one-electron molecular orbi
tals of a digonal dihedral compound is now straight
forward: it is only required to sum the compatibly 
oriented and symmetrized localized ligand molecular 
orbitals, with suitable multiplicative variational con
stants, to the proper central atom orbitals [collate 
Tables II, IV, and V], If we let. these multiplicative 
constants be rj or rj* (the star * denotes quantities 
allied to different orbitals of the same species, here to 
the second orbital of species a), pi, p2, and p3 for the 
ligand functions A+(+ (ai), A+(-)(bi), A_i_)(b2), and 
A_(+)(bs), separately, we find that

a(x2 -  y 2) = N a{ d x, - y, +  t)A+(+)} 

a*(3z2 -  r2) = Vn*{d322_ r2 +  ?)*A+(+,l 

bi (xy) = N h { d xv +  piA+(_)} 

b i(xz) = N b\ d lz +  p2AJ->} 

b z(yz) = N tz{ d vz +  PsA_(+)} (11)
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z
Z

Figure 7. Conformational conventions and localized ligand orbital spatial dispositions for (pseudo) complanate bisethylenediamine 
complexes. The over-all delta (A) conformer is defined as th a t which fashions a two-bladed screw propeller whose smoothed lateral- 
most surface edges are right-handed or A-helices (i.e., a two-bladed screw propeller which moves forward toward the observer when 
rotated counterclockwise—view Fig. 47). As this over-all conformer is formed only by ligands of lambda (X) constitution, it  is most 
completely designated as A(X,X). The over-all lambda (A) conformer is defined contrarily. Since it likewise is set wholly by ligands 
of delta (h) fixture, i t  is also most fully designated as A(5,5). The over-all meso (M ) conformer is defined as th a t which fashions a 
two-bladed counter-screw propeller whose smoothed lateralmost surface edges are one right-handed or A- and one left-handed or A- 
helices (i.e., a two-bladed screw propeller which remains translationally immobile under clockwise or counterclockwise rotation but 
gyroscopically pivots about axes perpendicular to its principal (translational) axis of rotation). I t  is composed solely of paired 
ligands of S- and X-structure, and is therefore totally designated as M(5,X). As in Fig. 1 and 2, the upward-directed localized 
ligand (nitrogen) donor (lone pair) orbitals (symbolized by a full line) are allied with the upward-lodged adjacent ligand (carbon) 
kernels, and the downward-directed localized ligand (nitrogen) donor (lone pair) orbitals (symbolized by a dashed line) with the 
downward-lodged adjacent ligand (carbon) kernels in Fig. 7, and vice versa in Fig. 8; wherefore, identical conformers of pseudo- 
complanate bisethylenediamine and biscyclopentanediamine aggregates, for the same (metallochromophoric) electronic jump, rotate 
electromagnetic radiation contrarily.

where N a, N a+, N ti, N b„ and N b! are the molecular 
normalization constants which we choose to be real.

N a = U + 2 rjS [d3Zi_ r 2 > A+':+)]
N a* = U + 2 y * S  [dxi_ y2> A+(+)] +  V 2] - 1"

N tl = U + 2pi<S [di„; A+ (- : ] + P!2} - ' A

N b, = U + 2p2<S [dxz; A_ ] + - 2Ì ~ ‘/2 P2 j

N bs = u + 2 psS [d A__(+) ] + 2) — V* 
P3 j

The connection between these functions and those 
correspondent to their tetrahedral and octahedral 
progenitors is as portrayed in Fig. 10, 11, and 12 and 
tabulated in Tables IV and V.9

1.2 The ir-M olecular Orbitals. If localized ligand 
functions exist which present true ligand-central atom

(9) Note, in sharp contrast to ref. 6 [cf. footnotes 14 and 17 of ref. 6], 
that all the functions of eq. 11 and 12 are truly dihedrally dissym
metric since pseudo-octahedrality or tetrahedrality was nowhere in
voked in their construction [study Tables II I  and IV].

V o lu m e  68 , N u m b e r  1 2  D e ce m b e r , 1964
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Table V : Central Atom Orbital Transformation Properties

■Central atom orbital designation“------------------ -------------------- d and p representations------- ' •—Transformation properties-
D2 D4fc(T<¿) D*h(Oh) T d 0 * T i Oi Ci(*) e«(y) e»(x)

a aie(e) e0 &ga di22_r2 d32'2-r2 a a a
a b i c ( e ) bigitïg) e& blga dj2_j2 d*v a a a
b i b 2t f ( t 2) blgiUo) t-2a 60b dxy di'2_„'2 b i — b i —  b i

b 2 Q<jb( t 2 ) ’X /1 A(̂ 0&( Ap) t 26 V ^A  (W& A(7 c) día d y’z') —b 2 b2 - b 2
b 3 &ga(t2) \ZW i(eob(Uo) +  e ya( t 2 e ) ) 12c \ Z I/ i ( t2gb +  W ) di!i A/Vs(d*V T  dy'2 ') - b 3 — b 3 b 3

b i a2u( t 2) a2u( tiM) 12o tluo Pa P . '_ b i — b i — b i

b 2 Qub( t2) V/ l / 2 (6«a(tiM) +  eM&(ti«)) t26 Pi/ V 'A ÍP * ' +  P»') — b 2 b 2 - b 2

b 3 6ua( t2) \ / 1 A( ®î/o( tl u ) Gwè(tiw)) 12c v V îi t l  UC P* V ' M p p  -  w ) — b 3 —  b 3 b 3

“ The octahedral, tetrahedral, and tetragonal specie subscripts a, b, and c of columns two, three, four, and five are appended as 
indicated by their orbital representatives, columns six and seven. To elucidate, e0b(t2!7)[D 4*(Oit)] ~  x'z  or y', e06( t2)[D4/,(T<j)] ~  xz or 
y, t 26[Trf] ~  xz or y, t 2o6[O*] ~  x 'z ' or y ’, and so forth [the coordinate bases are as shown in Fig. 10], In this notation and functional 
orientation we have e3(x = y = 2 ) [Td] or e s( i  '=  y ' = 2 ' ) [O*] {a,6,c} equals ¡f>,c,a) and C4(z or z ')[D 4/,[ {a,b} equals {i>, — a ) .

z z

z 2

Figure 8. Conformational conventions and localized ligand orbital spatial dispositions for (pseudo) complánate 
biscyclopentanediamine complexes (read caption to Fig. 7 for detail).
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s i n ( 9 0 - a ) c o s  <■ = s in  ^ e 3 c o s

s in  l = s in  s in  0e3

Figure 9. Definition of the angles of cant a and t and of the 
Euler angles 0 C, 0C) tc and a sample (a t coordinate position 
three. A t this position the <r-like orbital X3 is directed in the 
Xi', — ¡/s', 2 3 ' octant, and the 7r-like orbitals Xf and x f in the 
X3', yz', Z3 and — 0, 2 3 ' octants, each) specification of their
interconnection.

/T-bond potentialities, the above molecular orbital 
analysis must be amended accordingly. Figures 14 
through 17 portray the geometry and idealized local 
ligand orbital disposition, each, for a series of typical 
7r-bonded digonal dihedral complex anions, and Fig. 18 
and 19 show a possible, but not essential, level pattern. 
Once more the <j - and 7r-ligand frameworks are canted 
to the central atom-ligand axes, which have been here 
picked to be the x ' , y ',  z ' axes for presentational sim
plicity.

To obtain the needed truly 7r-bonding linear com
bination, we proceed as in §1.1, eq. 1 through 12. We 
once more partition the available localized ligand orbi
tals when possible. If we signify by X̂ 1 and X.,x the 
localized 7r-like ligand orbitals perpendicular to those 
of eq. 1 through 4 [cf. Fig. 9, 16b, and 17b],10 we may 
write symbolically

K0 1  =  a v o  +  7 iy  0 +  / ¡ V o )  k iX  =  o y i  +  i r x ' i  +  i r , ' i

*2"*" =  V y'2 +  ITj '2 +  Tz’i', ^  = <TX>3 +  Tt v'% +  /fz'3

(13)

where k1 equals Xx or X1. The explicit specialization 
of eq. 13 to a form analogous to §1.1, eq. 6 is slightly in
volved. What is required is the Eulerian specification,

Aj, of the canted orbital (axis) system {x;, X̂1 , Xix} 
relative to ‘he uncanted system { p X'j, p v>j, pzq) [view 
Fig. 9, 13, 16b, and 17b]11

Px'J
X / = A, Pv'lH 1 „Pz'J _

(14)

Equation 14 reduces to eq. 6, §1.1, whenever interest is 
confined solely to the orbital Xy. In this case the three 
Eulerian angles, (</>„■, 6tj, \pd), which particularize Ai; 
convert to the two substitute angles, as and q, of §1.1 
[as an instance, witness Fig. 9]. The correct one- 
electron digonal dihedral localized ligand molecular 
orbitals are then given by a form identical with eq. 7 
and 8 of §1.1 with the exception that the localized 0-, 
7 r - ,  and if-like functions now have a somewhat more 
complex appearance than that of eq. 6, §1.1 [recall the 
similar circumstance in ref. 6] due to the occurrence in 
their definitions of more complex multiplicative angular 
factors for the atomic-like functions n p awj, n p Wtcj, and 
n p ^  of eq. 6.

The molecular orbitals for a <7- and Tr-bonded digonal 
dihedral complex are now secured as before. The ap
propriate generalizations of eq. 7 through 10 of §1.1 
are combined with the apt central atom orbitals to 
form proper molecular orbitals for the compound, whose 
form is identical with eq. 11, §1.1. This mathematical 
confluence of the v-bonded and cr,7r-bonded one-electron 
molecular orbitals, as in the trigonal dihedral case, ref. 
6, is of wide consequence for the optical intensity and 
rotativity computations which follow.12

§2. Molecular Orbitals for Digonal Dihedral 
Compounds: Nonzero Spin-Orbit Forces

The meet tetragonal one-electron spin-orbital func
tions for states of octahedral of tetrahedral lineage e(;) 
and t 20  have been constituted earlier by the author. 13

To adapt these functions to the current inquiry, it is 
but necessary to express the tetragonal basis (axes x ' , y ' ,

(10) Alternatively, as explained in footnote 15 of ref. 6, the equiva
lent localized ligand orbital representation (Ay, Xy<, Ay<} of Fig. 16a 
and 17a could be used.
(11) For a marvellously clear exposition of E ulerian coordinate 
geometry, read H. Goldstein, “Classical Mechanics, ” Addison-Wes
ley, Cambridge, Mass., 1951. Our Eulerian matrix A and its angular 
depiction is identical with Goldstein’s.
(12) I t  is im portant to  note here that, in contrast to our treatm ent of 
the trigonal dihedral problem, ref. 6, no orbitals, gerade or ungerade, 
have been om itted in our formulation of tr-bonded or <r,7r-bonded 
digonal dihedral molecular orbitals. Thus we can expect digonal di
hedral optical intensities and rotativities which are considerably en
hanced with respect to the trigonal dihedral ones of ref. 6
(13) A. D. Liehr, J . P hys. Chem., 64, 43 (1960).
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b;g(d«y) b<(dXy S Cf̂ S-y«) b<g(dX'2_y'2)

\  a<g(d3z2 _r2) a(d3Zg - rg » d 3̂ 2 - r2) _  «jg(dg*-rg)

\  / ®D

b|g(d<2.y2) a(dx2_y2=-dxy) bzgidx'ÿ)

\  kg [dxz g 2  ̂(dx'z' - dy'2')}
\  eg(dxz,dyZ) 6g(dxy,dyv)

teg

b3[dyZ2 2 2(dx'z' +dy'z')]

FREE ION TETRAHEDRALLY 
FOUR-COORDINATED 

MOLECULE (Td)

and z'

~  /A
7 \ ^

i S x 1 T \ “X
1 s J ''' r

QUADRATELY 
FOUR-COORDINATEO 

MOLECULE (D4h) 
(SQUARE PLANAR)

PTEROTACT ICALLY 
FOUR-COORDINATED 

MOLECULE (02) 
(RHOMBIC BISPHENOID)

and z'

QUADRATELY 
FOUR-COORDINATED 

MOLECULE (D4h) 
(SQUARE PLANAR)

OCTAHEDRALLY 
SIX-COORDINATED 

MOLECULE (Oh)

z'and z f'and z

FREE ION

Figure 10. A correlational ligand field energy level diagram for the central atom of a pterotactically four-coordinated (digonal 
dihedral) compound. The order of the levels has been surmised from qualitative electronic overlap considerations. N ote especially 
the placement of the a(dj22-r>) level. I t  is dictated by the large overlap of the d322 - ,2  central atom orbital with the ligand o--bond 
orbitals. This latter overlap is — V xI l a +~  or approximately minus the square root of one-third times th a t of the strongly 
<r-bonded central atom dxy orbital with the ligand <r-bond orbitals. In  turn, the overlap of central atom d^-y! strongly ?r-bonded orbital 
is \ / 2  cot t sin a  a+T*/a - i  “ or + (note th a t this quantity  vanishes when a, t go to zero, the pure <r-bond limit) times th a t of the 
moderately ?r-bonded dx2 and dyz orbitals (for compounds with true ir-bonded ligand possibilities, and with a, i zero, the m ulti
plicative factor is y /2  a+’r+/a _ i -o r  + , where the canted <r-bond ligand orbital parameters ct, i, and kp have been suitably suppressed 
in the ligand-ligand normalization equations, eq. A-21 of the Appendix, section X II, § 5.7. W ith compounds of such possibilities, 
the ratio of the strong a-bond overlap (dxy) to the strong jr-bond overlap {dxi-yi) is ~  — 2.70+ /a + r* [bis(ethylenediamine)copper(II)
cation]. The location of the b2(dx2) level above the b3(dy2) level is made on steric grounds [cf. Fig. 1, 2, 3, 4, 7, 8].

2 ') in terms of the digonal dihedral basis (axes x , y, z) 
[mark Fig. 10 and 13]

d x ' y '  =  d xl—y2, d Z ' 2 '  ' \ / l/ 2 ( d XZ I " d y 2 ) ,  dy'z‘

A / ^ ^ / s C d  yz d I 2 ) ,  d 3 2 ' 2 _ r 2 d 3 z 2 — r2, d z '2 — y'2 d Z y

f '( ± 7 i )  = eT” /8f(±V2) (15)

and substitute in eq. 15 of ref. 13.14
When the digonal dihedral basis orbitals d xi - V2,

d3z2_22, dx„, dX2, and d„2 are abbreviated by their digonal
dihedral species denominations, a, a*, bi, b2, and b3, se
quentially, and eq. 15 is entered into eq. 15 of ref. 13, 
we find the wanted digonal (octahedrally oriented) spin

orbital wave functions to be15

r 5(;)(7)(W> =  T s u ÿ lW  =  7 7(»)(t2„) =
■ ±7t{/8

—7|-  {ar(=F V2) =F \/2dT±(±V*)}
7 5(;)t8> (tsr) =  7?(f)>(t2i) =  7 8(;)(W  =

fe±ir</ 8
{ V/2af(:F V2) ±  dir±f (±  */2)}

(14) The conversion of the spatial functions from the  tetragonal 
{ x ' , y ' , z ' |  to the digonal [x, y,  z\  representation is self-evident and 
needs no further comment. The same is not true for the conversion of 
the spin functions from the tetragonal £'(=t V2) to the  digonal ¿"(rt V2)

T h e  J o u r n a l  o f  P h y s ic a l  C h e m is tr y
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Figure 11. C orrelational m olecular o rb ita l energy level d iagram  for a  p tero tac tica lly  four-coordinated (digonal d ihedral) cr-bonded 
compound. T he figure illustra tes the  confluence of the  te trah ed ra te , quadrate, and p tero tac ta te  diagram s. Level orders have 
been surm ised as in Fig. 10.

b*3(e,)

Figure 12. C orre la tional m olecular o rb ita l energy level d iagram  for a p tero tac tica lly  four-coordinated  (digonal d ihedral) «-bonded 
com pound. T he figure illustra tes th e  confluence of the  octahedrate, quadrate, and p te ro tac ta te  diagram s. Level orders have been 
surm ised as in Fig. 10.
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(a)

Figure 13. Pieturization of the local atomic orbital rectilinear 
basis. Figure 13a specifies the right-handed quadrately 
symmetric basis, [ a), vry, wj]  (j  = 0, 1, 2, 3), and crj are as 
blocked in Table III and eq. 6 with a ,  t equal zero and tj  
and ttj  are - ( 2 p v ' )M, - ( 2 p x ' )Au ( 2 p x >)A„ (2 p „ ' ) Al, and (2pz')a,-, 
respectively, for j  equal 0, 1, 2, 3 serially. Figure 13b specifies 
the related left-handed pterotactately symmetric basis,
{<rjC, 7TjC, i r j ( j  =  0, 1, 2, 3), with a j C, 7r / } and w f  as 
stamped in Table III and eq. 6.

representation, and some direction is required. Two methods of pro
cedure may be followed. As each is differently instructive we outline 
both here. The first method invokes the invariance of physical points

under arbitrary coordinate transformations, (P; that is, that (Pr equals

r and (PT equals T for any coordinate vector r in physical space or any 
spin (state) vector T in spin space. In physical space this invariance 
demand requires that the coordinates \x', y'} z'\ or \x, y, z] transform 
inversely (“contragradiently”) to their basis vectors |i', j ', k' j or ji, j, 

kj, where r = x’i' + y’]' + z'k' = x\ + yj + sk; in spin space it exacts 
that the coordinates |c'(+ ‘A), c'(- Vi) I or {cC+'/s), c(- Vs) Ì trans
form inversely (“contragradiently”) to their “basis vectors” If'(+ >/s) 
r#(-Vt)l or Irc+’A), f(-V2)i, where T = c'( + Va)
+ c'(— V 2)̂ '(— V2) = c(-f V2)f( + V2) -f c(— V 2)f(— V2). Hence, 
if the usual physical coordinate and spin coordinate (“spinor”) 
transformations have matrix representations A-1 and Q ~ l, individ
ually, then the physical coordinate basis vectors and the spin coordi
nate basis vectors have matrix representations A and Q. Specifically, 
for the counterclockwise coordinate replacement transformation (rota
tion), C8(3 or z'), for which 63(3 or z'){x’, y', z'\ equals \x, y, z), we 
have 63(2 or 3,)f/(±1/2) equals f(± V2), equals e± ' ( ±  i/2) where

f(±1/2) are the spin basis vectors correspondent to the new physica 
coordinates [x, y, z\. [To derive the last equality, 6s(z or 3;)f'(± V2) 
equals e±*-t/s£'(=t V*)» from standard spin coordinate (“spinor”) 
transformation tabulations, such as those of Goldstein,11 extreme care 
must be taken to ensure that the tabulated general transformation 
and the utilized special transformation are of the same sense. As an 
instance, we here use counterclockwise coordinate replacement trans
formations, whereas Goldstein11 employs counterclockwise coordinate 
transplacement (“goes into”) transformations, and so our transforma
tions are inverse to his. Thus, to use Goldstein’s11 tabulations with our 
conventions (which we have done), one must always take an inverse. 
This stipulation implies that for physical and spin coordinate trans
formations we use his A -1 and Q -1 matrix representations, and for 
physical and spin basis vector transformations we use his A and Q 
matrix representations. In particular, for the transformation &s(z or z') 
discussed above, we use Goldstein’s11 matrices A -1 and Q with 
Eulerian angles (<f>e, 6t, 1pt) equal (7r/4, 0, 0) and obtain the physical 
coordinate and spin basis vector identities quoted earlier.] The 
second method invokes an analogy. One simply notes that as the 
counterclockwise replacement transformation (rotation), 6s(3 or z'), 
supplants the orbital basis functions {d*V, dyV  j with [dxz, dy2j that 
it must also supplant the spin basis functions {f'C+Va)» r/(~1/2)l 
with (¿'( + 1/2), f( — V2)), and as the usual11 spinor transformation, Q, 
correspondent to 6s(z or zf) supplants jf'(+l/2), *̂'( — V2)} with 
(e+ '(-f- i/2), e— i/2) we conclude that {'(¿A/a) equals

in agreement with method one. A third method based 
on the fixity of quantum mechanical expectation values (in this case 
on the numerical stability of the Pauli spin expectation value {<rx') 
upon basis change) also exists, but as it is detailed at length in the 
excellent book of D. Bohm [“Quantum Theory,” Prentice-Hall, Inc., 
New York, N. Y., 1951], albeit in an entirely different context, we 
shall not describe it here.

(15) The spin orbital functions of eq. 16 have been digonally oriented 
such that

e 2(z)y7(;) = t j 'tv (“); e 2(z)y7(;) = zpeTTriA T7(‘) ; 7 ?(;) =  77 (?)

62(2 )7 8  (;) = T*78(;); e2(x)78(“) = Te=F«/<T!(;);7?(;) = 78(J) 
62(2 )73(3) = =f*78 (5); e2(x)78(o) = e±«/<78 (3); 7?(;) = 7s(d)
in which the 180° rotations 62(3), 62(2/), and 62(2) of spin space are 
defined in accord with Goldstein11 as €2(3) = iaz, 62(y) = i<ry, 62 (a;) 
= iffx, where <yz, <xy, and <jx are the Pauli spin matrices. This defini
tion implies that 62(3) = 62(2/)©2(2), 6i(y) = 62(2)62(3), 62(2) = 
62(3)62(2/), as usual, but that 62(10) ~l equals — 62(10) (w = z, y, 3), in 
spin space [as = o'yCx = eijtry, ~̂̂ y — vo'x
— azay = <jvcrz, and (i<rw) equals — i<rw (w = z,y,x)n).
The uncommon reverse relationship of 62(1«) in spin space may be 

reconciled with the familiar physical space relationship, 62(10)_1 
equals 62(tt>) (w = 3, y, x) by use of the 360° rotation, 61(10), which 
in the absence of spin is normally held to be equivalent to the identity 
(“do nothing”) rotation (operation), d. In the presence of spin we 
equate the rotation 61(10) with the Janus (“two faced”) operation, fj, 
which multiplies a function by plus or minus one, dependent upon 
whether it is a physical or integral spin function or a half-integral 
spin function, respectively. Then, 62(10)_1 equals ¿[62(10) equals 
62(10)0), and ¿|2, which may be thought equivalent to the 720° rota
tion 61/2(10) [recall that a counterclockwise rotation by the angle 
2ir/n is designated by 6n], equals (in a mathematical sense) The 
Janus operation, ¿), being purely multiplicative (i.e., diagonal in 
matrix terminology), is universally commutative, ¿[0 equals 0$ for 
any operation 0. Hark that because of the physical space ambiguity 
of 62(10) and 62(10) _1 one cannot construct a unique spin space matrix 
representation of 62(10) from Eulerian angular specifications [e.g., 
physically the Eulerian sets (0, 0) and (0, — t, 0) produce the same
coordinate transformation {x, y, z) replaced by [x, —y, —z\, but 
abstractly they produce inverse transformations 62(3) and 62(z) -1, 
separately]. Twofold rotations 62(q), in spin space about arbitrary 
axes, q, are generated by the relation 62 (<z) = i<rq = la■ q = iax'(-q) 
+ ivv'iV- ff) -f i<r2/(k/ * q) = lV*(i*q) -f- ¿<ry(j*q) -f ¿<r«(k-q). 
As samples, 62(ai#)f/(± V*) equals i<rx't'(±1/2) equals tf,(q= >/2), 
62(x)̂ /(=bV2) equals ((1/\Z2)iax’ - ( l / v W O f '(=*= */*) equals 
±e± 7ri/4̂'(=p i/2)? e2(a:)f(d=1/2) equals i<rx$(zb1/») equals #(^7*). 
62(i/,)r,(±1/2) equals i<xv’l'(± l/2) equals =Ff'(TVi), 62(j/)f ;(=t l/2) 
equals ((1/y/i)iox' + (1/y/2)i<rv')?''(± l/t) equals =Fê  ̂ /^'(T V2), 
6a(i/)f(±1/2) equals iav£(zk1/2) equals T^Vi), 62(3' or 3)f/(±l/2) 
equals iaz'£'(± V2) equals ±i£,(±1/2), 62(3)¿*(± V2) equals i<rzf(±V2) 
equals ±if(d=V2), and so on.
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75(;)<8)'(W -  -  78($)(W -
e± " /8d7rTf ( ± ‘/2)

75(:)(8,(es) = y $ g ( e . )  = 78(;)(e,) = ± e ± "78b1r(=F y 2)

T'sC;)® (e») =  ^5(1) (ee) =  7g(5)(eii) =

± e ± " /8a*r(=FV*) (16)
where d7r± equals VV^d*« ± id„2) equals " \ /y 2(b2 
±  ib3). The insertion of eq. 11 and its accompani
ments, eq. 7 through 10, into eq. 16 gives the sought-for 
o--bonded or cr,x-bonded digonal dihedral one-electron

spin-orbital molecular orbitals. Figures 20a,b,c,d pic
ture the conjunction of the two views, that with and 
without spin-orbit forces, in both octahedral and non- 
octahedral orientation, for the one- and nine-electron 
couple.

§3. The Optical Rotatory Power
3.1 Matrix Elements. The tally of the needful 

matrix elements is routine. The employment of eq. 7 
through 11 and of Tables I through V produces the 
basic spinless one-electron molecular orbital matrix 
elements.

=  0

= i N J f*
P2L[A_( >; dJ2] +  p3L[d22; A - (+>] +  p2p3T[A_( A _ <+)]

—ißB +  p2A i [ A _ (~ ) ; d„2] +  pìM[àxz) A _ ( + ) ] +  p2p3M [ A _ < - ) ; A _ (+  ]

,m a ) =  j N bzN a

b- |I] »•
P|m|

P
m

vL[d„; A+(+)] +  p2T[A_<->; d „_ ,,]  +  p2t,L[A_<->; A+<+>]

_ — i p B +  t ) M [ d „ - ,  A+(+)] +  p2M[A_<_); d x, - yZ] +  p2t ] M [A_{_); A+<+)]_

Ip \ V*L{dxz’ A+f+>] +  p2L[A -<_); d322_ r!] +  pi.ri'L[A_(-); A+<+>]
a* ) = J N bzNa*

_z'V /3ms +  v*M[dxz) A+(+)] +  p2M (A_(-); d322_r2] +  p2r;*Af[A_(_); A+(+,]_|rn /

5 \  - P iL [d 22; A+ ( J] +  p2L [A _( ) ; d2„] +  p2piL[A _( >; A+( ) ]
in bi > = 1 N bzN bt

ipB +  PiM[dxz] A+(~~>] +  p2M [A _ (_>; d2„] +  p2p,M [A_(-> ; A+(_ ) ]_

a ; =

a ; =

0

iN b,Na

iN b,Na*

vL[duz; A + <+>] +  p3L [ A _ ( + ) ; d„_ ,,] +  p„L[A_<+>; A+<+>)

- i p B +  vM[dyz; A+t+>] +  pJM[A_(+); d»._t ,] +  p3VM [A_<+>; A+<+>]J 

7]*L[dvz; A + ( + ) ] +  p 3L [ A _ ( + ) ; d 322 _ r2] +  p3r)*L[AJ+); A + ( + ) ]

_ — i y / 3mb +  v*M[dyz; A+(+)] +  p3M[A_(+>; d32!_r!] -f p3ij M[A_(+); A+(+)]

PiL [d„2; A+(-> ] +  p3L[A_(+); d r,] +  p3PiL[A_<+>; A+<~>]

— ip-B +  P\M[dyz) A+<_)] +  p3Af[A_(+); dxy] +  p3p3M [A_t+); A+(-)]_

pL[A+<+); d2„] +  piL[dxi - yi; A+( >] +  j/p iL [A + (+ ) ; A+( >]

—i2pB +  rçAf[A+<+); d2„] +  p\M [d â—„ü; A+(_)] +  t?piM[A+(+>; A+( - ) ] _

P
in =  0

V*L[A+<+); dI1(] +  piL[d32!_r2; A+( >] +  77 piL[A+(+); A+( J] 

ijkM [A+(+); d„ ] +  PiM[d32»-r.; A+<->] +  v*PlM[A+<+>; A+<->]_

(17)
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where the integrals L[xi; x2]andM [x i; X2] are as de
fined in the Appendix, section X II, §5.6, eq. A-14 
through 17.

Figure 14. The idealized complanately bonded right-angled 
A(X,X) and A(S,i) geometry of the bis(ethylene glycol)- 
platinum(II) and the bis(cyclopentane glycol)platinum(II) 
cations, individually. Their tetrahedral affiliation is as in 
Fig. 3 and 4, with appropriate label change. Their adjacent 
(ligand) carbon stations are as in Fig. band 2.

The supplementation of eq. 17 with the magnitudes

<f(±72)|2S|r(±72)> =
<f(±7,)|2S|r(=F7,)> = nB(\ t  t'j) (18)

permits the compilation of the basic one-electron 
molecular spin-orbital matrix terms. The empanelment 
of these terms is greatly eased by the abridgement

(b2|p b3) - <0ak, (b2|in |b3) = —Imo a k

(b2|p|a) == kb) , (b2|m |a) = —irrito]

<b3|p|a) = k  ct <b, m|a) = — iviocì

<b2|p|a*) =" ha] ; (b2|mlj ★ x[a ) = —inha]

<b2|p|bi) =~ kb 1 f <b2|m Ibi) = —iniib'i

(b3|p|a*) == ha i ; (bj[in|a ) = —im2ai

(bs|p]bi) == 2̂6 j , (b3|m |bi) = —imv,]

(a|p|a*) =- ka®> (a|ifn|i ★ \a ) - —imaa o

(a|p|bi) == kb“k, (a|im| b.) = — irritai

<a* i p | br) =-  (ok, (a |m[|bi) = —i0vik

where l betokens r or —ip dependent upon the repre
sentation er or (h/i)y, respectively, used for the electric 
dipole operator, p, and where 6 is the “unit” null vector. 
In this garb the spin-orbital matrix constituents be
come16 as in eq. 20.

Figure 15. The idealized complanately bonded right-angled 
A(X,X) and A(5,5) geometry of the bis(ethylene glycolate)- 
platinum(II) and the bis(cyclopentane glycolate)platinum(II) 
anions, individually. Their tetrahedral affiliation is as in 
Fig. 3 and 4, with appropriate label change. Their adjacent 
(ligand) carbon stations are as in Fig. 1 and 2.

(16) The connectiveness of the 75(g) matrix members is a direct is
suance of their momentum reversal, 3C, and their counterclockwise 
rotational, 62(2), symmetry [for the definition of the momentum re
versal operator, 3C, read footnote 25 of ref. 6, and for that of 62(2) 
confer footnote 15 of this paper]. As 3Ct5(j) equals ± 75(g) for all 
75(g) recorded in eq. 16, and as JCp equals ±p dependent upon the 
representation used for p, and 3Cm equals — m, we deduce

where the asterisk * again [recall footnote 7] indicates complex con
jugation. Similarly, from the 62(2)75(5 ) relations of footnote 15, we 
secure for any true vector or pseudo vector v (v = p or m)

(75a(7'8> 0r (8)' | Vz, V„ V* I Y5o17,81 or (8) ') =
<75617,81 0r 181'|v*, —Vj., — V,| 75617,81 or 181')

<76..17,81 °r 181' | Vx, V„, V, | 750181' or (7,8)) =
<75617,81 °r 181/ |Vz, Vy, V2 | 756181 / or (7,8))

<75»17,81 07 181'¡V*, V„, Vz | 75617,81 07 181') =
— 1<Y5617,81 °r (8)'|VI( —Vy, —V2| 75a17,81 or 181')

<75617,81 °' (8)'[V„ Vy, Vz j 756181 ' ” l7,8l> =
f(Y5617,81 0r (8, '|Vi, — Vv, —V2 |75a(8)' or (7,8))

regardless of the origin, t20 or en, of the spin-orbitals.
These kinships plus those derivable from matrix Hermiticity and 

62(2) symmetry then govern the form of eq. 20 [for example, the 
joint usage of the momentum reversal, 3C, and the twofold rotational,
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z and  z ' 2 and z '

(a) (b)
Figures 16a and 16b. The localized ligand orbital spatial disposition for the idealized complanately bonded right-angled 
conformations of the bis(ethylene glycol or glycolate) platinum(II) cation or anion. Figure 16a displays the spatial disposition 
under the premise of isosceles hybridization and Fig. 16b under the premise of digonal hybridization. Figure 7 suitably 
modified shows it under tetrahedral hybridization [read division C, section VIII for the precise sense of the word hybridization 
used here]. The actual disposition is presumably intermediate between these extreme types.

62(2), connections aloft and a segregation of the individual component 
matrix terms into real and imaginary parts quickly shows that 
<vx )aa 'o r w /and (vy,z)aa or bb are real, (vx)affl0r66 and ( v v , z ) a a ' o r b b '  are 
pure imaginary, and e**/4{vx)o6 or <*V» e»t/4(vVl*)o&' or a 'b  and
e - T r i / 4  ( v x ) a b ' o r  a 'b ,  ( v v , z )a b  or a 'b '  are real for v pure imaginary,

and vice versa for v real; anc the 62(2) functional invariance of footnote 
15 implies that ( v x . y ) a a . a a ' .h r .b b ' and ( v z ) a b . a b ' , a ' b ' . a ' b  are zero, and hence 
that ( v ) a a . a a ' , b b , b b '  is parallel to the k axis and ( v ) a b . a b ' . a ' b ' . a ' b  is per
pendicular to it for any 7o(«)(7,8) or 7s(£)(8)/ spin molecular orbital, 
regardless of source, t̂g or ec. ]
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75(n(8),( W

7«c)(8>'(t*,)

7 5(;)(8),( W

7«C)<,>'(t*.)

7 s« ) (7 )( W

75(?)<7)(t20)

75«<8)'(W

75(;)(8)'(t2s)

75(nf8, '( t2i)

75(;)<8,,(t25)

7 5(;)<7,( W

75(;)(7>( W

75(n (7,(t2f)

75«)(7>(t2s) 

75(n(8)(t2s) 

75(;)(8)(t2s) 

75«)<8,( W  

7o(;)<8)(t2c) 1
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m
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m
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75(n(7)(W  

75(;)<7)(t2i) 

75(;)(8,(t2i) 

75(‘)(8) (t2o) 

75(;)(8,( W  

75(i)(8) (t2o)

ys(.i)m '(e,,) 

7«d)<8,'(c.) 

75(»(8)(e„) 

75(‘)<8)(e0) 

75(;)<8)'(ei') 

75(;)(8,/(ec)

75(n<8)(e<,)

7 5 a)<8)(e„)

75(n(8)'(ei,)

75(S)<8)'( e 5)

75(;)(8)(ec)

75(10)(8,(e(,)

= k-y/Vs

±n»/4

\ / 6

- k \ / 'A

9?e/oa 

0

Joei

(w0c +  2 /ifl)i T i(w 06 

3?c/0a

0

e±wi,i i(W  =F i/oftj)
V 3  l_(w0r — ¿iB)i T i(woi, -

\/^2
3 L - ( m o a +  2ix„)_

i((Joc +  29icZ0c) i  ±  i ( L

(w 0c +  2,uB) l  ±  i(m 0

= ±  k

3a/ 2

0

= 0

=Fe

e±«/4

W /4

“f" ^laj 
_ — -F m iaj)_

¿isi ± ifesj
\ / 2  \_ — i(inu\ ±  m 2„j)_

= 0

=  =F
e=F 7Tt/4

t i V ' / i

V 3  —i(>H2lIi ±  m laj)_ 

iL  

mo &

e ± r l /4

“  ^  V 3

Zl*i T  iZ26j 

_ — i(m u i ~F m 2s])_

=  0

e T ” /4 W  ±  Hui

V q i(i»2ai ±  i '» la j )_

= T kV V s

= ±
±  7T l'/4

V e

.WosJ

/i*! ~f  t726}

— i(m u t -f  i'm 26])_
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7 5 ( S ) (8>,( e <?)

yi(l)w \ e s)

75(;)(8)'(ef) 

7 *(;)(8,,(e,) 

75(;)<8, (e„) 

75(;)(8,(e J

.7*«)(8)/(e,) ) = =f£
0

_Mß_

m

p
in

P
in

P
in

P
m

75(*)<8),(e ff)

75(?)(8)(ef)

7 s ( ‘ ) (8) (e„) 

7e(fc)(8) (e„)

75(‘)(8>(ei,)

= - e T ' i/4
0

_Mfl(î ± fj)_

= k

=  T k

— e

lo

- iih0_

~0

.Ms.

-t'/4
o

_MbO ±  *j)_

75(?)(8>'(W

75(;)(8,,(W

75(n<7>(t2(,)

75«)<7>(W

75(n(8)(t2i,)

75(;)(8)(W

m

75(;)<8)'(W  )  = ± k
_ (Wo a Mß)_

75(*)<8),(t2„) 0

75(;)(7)(t2„) > = =FV»k 

T tî/4
75(‘)(7)(W  ) =

75(0(8)(t2i) > = =FV«k

23m/0a

- (2woa +  Mb)

— 2(3fmZ0cî ±  î^m/osj)

_(2 w0c +  Mb)î ±  Z(2 wos +  mb)]_

75(‘)(8)(t20) ) =
2 e=Fir»/4

_— (ni0a — Ms)_

3 :m /0(.î ±  I3m /o i,j

_ — ((m#0 — Mb)Î ±  i(w 06 — Mb)]).

It is to be particularly heeded that the magnetic dipole 
transition moments which are posted as simple multiples 
of mb in eq. 2 0  are born of spin alone. 17

3.2 Rotational and Spectral Strengths. The usual 
electronic dipole length rotational and spectral strengths

,■ I •< b\
^  h -,
Z  T v.,

(2 0 )

Z  -t
7 ^  I

(2 2 )

(has = 3m j<^a|E  e r j p y ^ j E

Sab = < a |£  e r ^ - ^ b j Z  eiÇjT) = |< 7 |E  er*|£T>|2

9Eas = <(a|E nq jò^-^ò jZ  nv,ja> = |< a jE  | 2

(2 1 )

and the less usual electronic dipole velocity rotational 
and spectral strengths

®ab 9îe<C a
v  h -, 
Z  . V;7

Z  “b

where for exact wave functions [<P may be thought of as 
short for pirouettal or pirouettory and 0  for optical; 
E a and Eb are the energies of the states a and b and m 
is the mass of the electron]

(17) It is no contradiction of Kramers’ theorem for the matrix ele
ments (75(2)ip 7:->(%)) and (7s(g)|p|75(J)> not to vanish when p has the
representation (h/i)V, as (h/i)V is not an operator for an electric per
turbation. [Cf. the remarks of footnote 2G of ref. 6. The momentum 
reversal and group theoretical arguments of that footnote must be 

modified when p equals (h/i)V, as in this event the momentum re
versal, group theoretical, and complex conjugational properties of p 

and m become indistinguishable.]
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(a)

Z

(b)

Figures 17a and 17b. The localized ligand orbital spatial disposition for the idealized complanately bonded right-angled 
conformations of the bis(cyclopentane glycol or glycolate) platinum(II) cation or anion. Figure 17a displays the spatial disposition 
under the premise of isosceles hybridization and Fig. 17b under the premise of digonal hybridization. Figure 8 properly altered 
pictures it under tetrahedral hybridization [read division C, section VIII for the exact meaning of the word hybridization used 
here]. The actual disposition is presumably intermediate between these extreme types. Mind the electronic antipodality of 
biscyclopentane and bis(ethylene glycol) derivatives of the same over-all nuclear conformation [compare Fig. 7 and 8j.

m ( E b — E a) ^  ^  m 2( E b — E a) 2 p
~ he “.." ab] ai ~ We2

(23)

are now readily cataloged.
(a) No Configuration Interaction: Zero Spin-Orbit 

Forces. The installation of eq. 17 and 19 into eq. 21 
and 22 gives the pertinent basic spinless one-electron 
rotational and spectral strengths. To save type, we

set W a6 equal to (Ra„ or (Pab, X ab equal to Sa6 or 6ab, and 
g equal to r or p [*W may be considered as brief for 
whirlatory and 9C for chromatory],

W[b2 -► b2] =  0, 9C[b2 — b2] =  0, 9F[b2 -*■ b2] =  0 

“Wibs -*■ b3] = goamoa, 9C[b2 -*■ b3] = g0a2,

3Tl[b2 -► b3] = m0a2

W [b, -■ b3] =  0, 0C[b3 b,] =  0, 9fIT[b3 b3] =  0
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W [b2—* a] = ^06^ 06, 9C[b2—* a] = g%2, 9TC[b2—*- a] = m0¡,2 

W[b3 a] = g0cñiac, 9C[b3 -*■ a] = g0c2,

Sfll[b3 -*■ a] =  m0c2

*W[b2 —► a*] = gumía, 9C[b2 a*] = gu 2,

9H[b2 -► a*] = miá2

W [b2 —► bx] =  gibmn , 9C[b2 -*■ bi] = gu2,
3Tí[b2 -*• bi] =  mu2

W[b3 -*■ a*] = g u m u , 9C[b3 a*] = qu 2,

9E[b3 -► a*] = mió2

W [b3 —► bi] = SC[b3 bi] = gu2,
3TC [b3 —► bi] =  mu2

W [a —► a] =  0, 9C[a -► a] =  0, 3TC [a -*• a] =  0

W [a -  a*] =  0, 9C[a -*■ a*] ^ 0, 3TC[a -*■ a*] =  0

V? [a -- b t ]  == gob>nQb, 9C [a - b j ]  =: gofi, nn;[a -*■ bi] =
m062

W[a* - a * ] =  0, 2C[a* -► a*] = 0, 9Tt[a* -► a*] =  0

W[a* - b i ] = g0m0, 9C[a*’ - b i ]  == go2,
art [a* bi] = m02

W[bi — bi] i=  0, 9C [bi bi] =  0)
3Tl[bi —► bi] = 0 (24)

(6) No Configuration Interaction: Nonzero Spin-Orbit 
Forces. The inlay of eq. 20 into eq. 21 and 22 composes 
the appropriate basic one-electron spin-orbital rota
tional and spectral strengths epitomized beneath. 
Again \Vab equals (Ro!> or <Pat, 9Ca6 equals Sa6 or 0a6, and g 
equals r or p.

”W[76«)'8)'(W  —> 76(;)(7)(W1 =  0 

9C[76(?)(8)'(t25) —>■ 76(?)(7) (t2t,) ] = 2/3roa2 or 0 
3lH7«(:)®'(t*f) —► 76(;)(7)(t2i)] = o
cW[75(;)(8> (t2<?) —> 75(S)f7)(t2,)] = +  2mb) +

goAfiloc +  2  Mb)}
9C[76(;)(8>'(W  — 76(S)(7)(t2!,)] = V A qu? +  goc2}

9Tt[75(;)<8),(t2,) —^  75(‘)(7)(t2i>)] =
V4 (?«(,(, +  2Mb)2 +  (woe +  2Mb)2}

W[75(^)<8)'(t2i,) ---> 75(;)(8)(W  ] = 0

9C[75(;)<8)' ( W —> 76U)(8,(W ] = 'M ^ o r O

£nx[76(?)C8),(t2i,) — ► 7B(n<8) (t2p)] = 0

tW[75(;)(8)'(t2i) — > 75(‘)(8>(t2i,)] =
1/z{got(m0b —  Ms) +  00c (mOc —  Ms) |

scfrstt)® '^,) — ► 7*0® (t.,)] = Vs{0»2 +  0oc2}

3It[75U)<8)( W  — 76(i)(8)(t2£,) ] = - wbY +

(m0c -  Ms)2}
cW[75(n<7)(t2C) -—> 75(;)l8)(t2c)] = 0 or

2/ 9p0a(m0a +  2ßB)

9C[76(0<7)(b2£,) — 75(;)(S)(W ] = 0 or 2/ip üai 

2nrt75(?)<7)(t2i,)] -—> 76(;;.(8)(t2s)] =  Vfimoa +  2ßB) 2

<W[75(;)(7>(W  ---> 75(‘)<8)(t2<7) ] =

Vz{foc(moc +  2^B) +  f0ò(m0b +  2ßB)} 
or

1/is{poc(ñ¡oc +  2ßB) +  pob(ñ¡ob +  2ßB)}

92[7b(S)(7>(t2̂  —> 75Ü)(t)(t2„)] =

V 4 fOc2 +  % 2Ì or Vis{^0c2 +  Pot,2} 

31t[75(?)(7,(t2f) — ► 75(‘),8)(t25)] =
V i s i  ( m 0c +  2 / i ß ) 2 +  ( m 0b +  2 / i ß ) 2 }

'W[75(;)(8) ,( t2„) — >  76(;:(8) '(e5) ]  =

9C[75(2)(8)'(t2s) — > 75(í)ís)'(e¡,)] =
91t[76(?)<8/(W  —> 76(»<8)'(ei)] = 0

*w [75(|)(8>,(t2£,) ---> 76(S)(8),(e„)] = Vl\g-la'>nia — gumu}

9C[7B(;)(8)'(t2f) —> 7e(‘):8),(ei,) ] = V2{?2a2 +  gu2} 

3Hl76(;)(8)(t22) ■—*- 7e(‘)(8),(ei,)] = Vs\ m i 2 +  mla2} 

■W[7*(«®'(t*,) —> 75(?)<8,(ei)] =
9C[76(|)(8)'(t23) —> 75(n(8)(e5)] =

9TC[75U)(8),(V> —> 75(;)(8>(eii)] = 0 

W[75(;)C8),(t2„) •—> 7e(‘)(8)(eí) ] = l/Adv>mn +  dibmu] 

9C[75(;)(8)'(t2,) —>• 76(V:8>(ei,)] = ‘A {gib2 +  gib2} 

91t[75(2),8>'(t2*) — > 7e(S><8)(e^)] =  l/i{m u2 +  m2s2} 

■W[75(;)(7)(t2») — ^ 7B(j)(8, (ef)] =

9C[75(S)<7)(t^) —> 7B(»(8)'(e„)] =
3Tt!.7B(;)(7)(t2i,) — *- 75(V)C8) (et?) ] = o

"W[7B(s)c7)(t2j) —> 75(‘)<8),(ec)] = Vzigumu  +  i?2am2o}

9C[76(ï)<7)(t2.) 75(‘)<8,'(e,)] = V s h u 2 +  gifi]

31t[75(?)(7>(t25) —> 75(‘)(8),(e<7) ] = 74?n,a2 +  mlö2] 

W[75(;)(7)(t2ff) —> 75(;;(8)(e„)] = 1/zgmmab 

9C[75(V<7>(t2i) — ^ 75(0;s)(ec) ] = Vsöos2

9TCl75(;)(7)(W  --- > 76(; I<8)(es) ] = Vamos2

W[75(V(7)(W  —> 76(‘:.(8)(e„)] = '/»{gnmn +  g^mu]

V o lu m e  68 ,  N u m b e r  12  D ecem b er ,  1964
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9C[75«)(7)(W> — 76(‘)(8)(es)] = Vafgriö2 +  git,21

9TC[T5(?)(7)(t2i7) — >• 75(;)t8)(e„) ] = V 3{ mift2 +  i n ^ 2}

'W[76(;)(8)(W —> 76(;)(8)'(ei,)] =
æ[76(n(8>(t2C) —> 75(l)<8),(ei?)] =

3TC[76(;)(8,(t2S) — > 7 6 «)®' d  = 0

W[75(n(8)(t2,) —> 75« )® ^)] = \/i{g2am2a +  gum^]

9C[75(n(8,(t2f) ---> 7 6 (‘)(8>'(ei7)] = ‘Al Q7.a2 +  gia2}

9ft[75«)®(t2i,) —■> 7 e(‘)(8),(e5)] = Ve} » ^ 2 +  »¡ia2| 

IW b'5«)(8)(W) —> 76(2)®(e„)] = 2/ 3gmmn 

9C[7B(S)(8>(t2i7) — > 7s«)®(e,)] = Vsÿoft2

m 2) ys[y,,7«2)] « stategli

FORCES NON-ZERO SPIN-ORBIT FORCES FORCES

(a)

FORCES NON-ZERO SPIN-ORBIT FORCES FORCES

(b)

b, y5(b,i
----------- d

a*
d F -----------

Ste'l
----------- d

a rsM
----------- d

bz
I d - -----------

b3

d -----------

ys(b2)
------------d

S(bj)
-----------d

°z
d -

ZA

( Z >

D ,

d

d
r/Bj)

d
r5ft)

■ a
iyVi
d
r/e,)

■ a
D2

ZERO SPIN-ORBIT 
FORCES

d2
NON-ZERO SPIN-ORBIT 

FORCES

d2
ZERO SPIN-ORBIT 

FORCES

d2
NON-ZERO SPIN-ORBIT 

FORCES

(0 (d)

Figure 20. Concurrence of the tetrahedrate, octahedrate, and peterotactate zero and nonzero molecular spin-orbital energy level 
diagrams for a one- [(a) and (c)] and nine- [(b) and (d)] electron digonal dihedral transition metal compound.
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9TC[75(;)<8)(W — ►  7*(;)<8>(e,)] = VsWoi,2 

'W[75(S)(8)(t25) — >  76(;)(8)(e„)] =  7»{ffi»Wi» +  02i,m26}

9C[t6(;)(8'(W — *- 76(;)<8)(e„)] =  Vefffi»* +  ê?2ô2}

3TC[7s(;)<8,(ti») —> 76(S)l8,(ef)] = V6{ miö2 +  m2„2}
'W [ 7 5 ( ; ) (s)' ( e 1,) — ■> 7 6 ( ;) (8 ) '( e „ ) ]  =

9C[76(;)(8)'(ef) —> 7 6(f)<8> (ê ) ] = 0

3TC[76(»(8),(e„) —> 76(;)<8),(e„)] = mb2 

W [76(;)(8)'(e„) — 76(i)<8>,(ep)] =
9C[7 6 (s)(8) (e^) -— >  7 6 (J)(8 >,( e c) ]  =  0  

9TC|75(?)<8> (e„) —> 76(‘)(8> (e„)] = 2ms2 

cW[75(n(8>,(e1,) —> 75(s)w(e£,) ] = g0m 0 

9C[75(?)(8),(ei,) —> 76(;)<8)(e,)] = h 2 

3H[76(;)(8),(e„) —> 7s(;)<8>(ei7)] = n k 2 

tW[76(n<s) (e<i) —> 75(;)<8)(e„)] =
K [7 6 (? )<8 ) ,(e „ )  — >  7 6 ( ï)<8 ) ( e f ) ]  =

9il[76(?)(8)'(ec) — > 76(;)(8)(e„)] = 0

tW [ 7 6 ( n (8 ) (e„) — >  7 6 ( ;)<8 ) (e„) ] =

9C[76(?)(8 ) (e„) — >■ 7 6 (? )<8)(e„) ] =  0

3 Tl[7 5 (;)<8)(ei) —> 7*U)(8)(e,)I = mb2 

cW[7B(;)(8)(e5) —> 7B(;)(8)(e»)] =
æ[75(s)(8)(e„) —> 7 5 (‘)(8>(ei) ] = 0 

3TC[76(;)<8>(efl) — 7 6C)(8)(e„)] = 2mb2 

cW[7 6 (;)(8)'(t2C) —> 7b(s)(8'1 (t2ff) ] = 0 or poaimoa -  ma) 

9C[76(S)<8)'(t2i,) —» 7b(;)(8> (Wl = 0 or p0a2 

3T l[76 (;)(8 ) , ( t2 i )  — *  76("t ) l8),( W l  =  ( « 0 „  -  Mb ) 2

w [ 7 6 a ) (8),( W  — ► 7 6 ( ;)<8 ) ' ( W ]  =

9C[76(?) (8 ) '( t2 5) — ►  76(‘)®'(W] =
9 E [7 B (;) (8 ) '( t 2 i,) — ■> 7 6 (S)<8 >' ( t 2l, ) ]  =  0

'W [ 7 B(;)(7 ) ( t 2 i ) — ^  7 5 ( n (7 ) ( t 2 „ ) ]  =  O o r

V « i o . ( 2 m 0o +  m b)

9 C l7 6 ( ; ) (7 ) ( t 2i) — >  7 6 (s)a ) ( W  ] =  0  o r  Y s p o « 2 

9 T l[7 6 (n ,7 ) ( t2 i ) —> 7 6 ( n t7 >(t2 i, ) ]  = 7 »(2 m0« + mb) 2

W [ 7 5 ( n ' 7 ) ( t2 i,) ----->  7 5 (‘ ) (7 >(t2 1!) ]  =  0

o r  2 / 9 { ^ oc( 2 woc +  Mb ) +  poniamoti +  Mb )} 

9 C[7 6 ( ; ) (7 ) ( t 2 „) — ■> 7 6 ( i ) (7 ) ( t 2 S) ]  =  0  o r  V s}  A m2  +  pot,2}

3 E [ 7 6 ( ;) <7)( W  — >  7 6 (‘ )<7 >( t 2£,) ] =

V9 { (2w0c + Mb)2 + (2w06 + Mb)2}

iW[76(;)(8>(W) '— *■ 76(;)<3>(t2<,)] = 0  or '/tpoairhoa -  mb)

9C[76(S)(8>(t21,) -- > 75(s)(8,(t2t,) ] = 0 or VspOa2

3rt[75(;)(8,(t2„) ---> 76(»(8)(t2i,)] = 7 9(m0a -  Ms)2

'W[7B(;)(8)(t2i) — >  76(S)(8,(t2i)] =  0

or */9{p0c(ni0c -  Mb) + pot,(m0b -  mb)} 

9C[75(“k)(8)(t2„) —> 76(‘)<8’(t2o)] = 0 or V,[poc2 + pob2} 

2nrt[75(S)<8)(t2ff) —^ 76(*)(i)(t2„) ] =
7 9} {rhdc — Mb) 2 +  (rhm -  Mb ) 2} (2 5 )

These single rotational and spectral strengths sum to 
the full rotational and spectral strengths filed below

'W[75(8,'(t2?) — ►  75(7)(t2c)] =

1 /  + 2mb) + 30c(Woc + 2mb)}

9C[7b(8,'(W — ► 76C7)(t2c)] = Vafo.2 +  V e ^ 2 +  YeTo,2

or Vepoi,2 + l/6poc2

31t[75(8) (t2„) *■  76<7,(f2ii)] = 74(̂ 06 + 2mb)2 +

(woe + 2mb)2}

'W[76(8)'(t2i) — ► 75® ( U ]  =
7i{ ô»(wo» -  Mb) +  Soc(w0c -  Mb)}

9C[76(8)'(t2e) — ►  75(8)(t2i)l = 7»{'o.2 + To,2 + %2}
or 7*{ P002 + poc2}

3nx[76<8,'(t2ff) — ► 75(8)(tif)] =  7ai (m„ - mb)2 +

(woe -  Mb)2}

W[76m(t2,) —> 76(8)(t2,)] =
7e| r0c(m0c +  2mb) +  rüb(m0il +  2mb)} 

or 2/spia(rh0a + 2mb) + l/ispoc(m0c +  2mb) +
'/ 18̂ 0, (two, +  2m,)

9C[76(7)(t2„) — >  76(8)(t2,)] =  72! To,2 +  To,2}

o r  2/ , p 0a2 +  7 18p 0c2 +  7 l8 ^ 0 , 2

?TU7st7,(t29) — ► 76(8)(t27)l =

2/i(nt0a +  2 mb)2 +  7 i8(twoc +  2mb)2 +  Visito, +  2mb)2

tW[75i8)'(t2ff) — > 76l8) (e#) ] = 7 2} ÿ2aMi2fl + giam la\

9C[75(8)'(t2i) — > 75®'(e,)] = 72Ì g u 2 + 92a2} 

3E[76(8,'(t2i,) —> 75<8),(e„) ] = 2/ i \ m u 2 +  mia2\ 

7V[75(8),(t2„) —■> 75(8)(eff) ] = 7z{ fifiöTTii* + gnm ib\ 

9C[76l8),(t2„) —> 75(8)(e„)l = 7 2} gib2 + On2]

31t[76(8),(t2l!) — *■ 7b(8)(o,) 1 = 72} rriib2 +  m 2i)2} 

cW[76(7)(t2„) — *■ 75(8)’(ei,)] = 7 3{ÿiamlŒ +  giam ïa]
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— > 7 5 ®'(e„)] = Vsjgia2 + g*a2}

—> T6(8>,(e„)] = V si^ia2 +  m2(t2} 

' W [ T 6(7 ) ( t 2S)  — >  7 6 ® ( e „ ) ]  =  V a W w W i o »  +  g u m u  +

S,20'^l2i>}

9C[t5c<7> (t2„) — *■ 7 6 (8)(e„)] = v,{p»* +  gu2 +  gn2}

3H [ 7 5 ( 7 ) ( t 2 „ )  ------->  7 ô ( 8 ) ( e „ ) ]  =  V s j m o i , 2 +  TOl&2 +  TO 2„ 2 }

tW [ 7 5 ( 8 ) ( t 2 i )  — >  7 5 <8,’ ( e t ) ]  =  1/ t \ g i a m i a  +  ÿ 2am 2 a }

9C[76®(t*,) — >  76® '(e ,)]  =  ‘/«{ffu* +  O u * ]

3 T ï [ 7 5 (8 ) ( t 2iI)  — *■ 76®(ef)] =  V « { m u s +  m 2a 2} 

tW [76(S)( W  — >  7«® (ef) ]  =

V  3<7o&Wio& +  V  i Q u m i b  +  V  602&OT.2&

9C[75t8)(t2i) — ► 76® fo,)] =  0

or Vî Oo* +  V»/»®* +  V 9̂ 0c2

3Tt[75l8)(t2<?) —> 76® (W l = YoO^o« — Mb)2 +
4/i>(too6 -  Mb)2 +  VsCwoc -  Mb)2 (26)

(c) Configuration Interaction: Zero and Nonzero Spin- 
Orbit Forces. The admission of configuration interac
tion to eq. 24, 25, and 26 proceeds identically as in ref.
6. Note though that no essential alteration of eq. 24 is 
engendered by so doing, in sharp contrast to eq. 25 and
26.

3.3 Dissymmetry Factors. The apropos dissym
metry factors with and without configuration interac
tion for both zero and nonzero spin-orbit forces are 
easily fabricated from their definition

9C [7 6 ® (t2i) — > 7 6 ® (e„)] = 2/afltoa + V6<7io2 + Veffss2

3TC[75®(t2s) — ► 76® (e„)] =

2/ 3nun? +  V«mi#2 +  V6WI2&2 

W [7 6 ® '(e f) — >  76® '(ef) ]  =

9C[76®'(e0) — >  76® '(e ,)]  =  0

Gah
. V <Tta6 my (Pa6

= 4 ------- = 8 - r ------- --
Cab Sab 0 Qab

(27)

and from eq. 24, 25, and 26, and hence need not be 
listed here.18

III. Applications

3H[76®,(e(() — > 7 6 ® (e„) ] = 3mb2 

W [76<8) (e„) — > 76® (e„)] = <?o?no 

9C[76®'(e„) —> 76®(e„)] = go2 

3H[76®,(e„) —*■  7B®(e„) ] = in o2 

cW[75®(ef) — > 76®(es)l =
9C[7»®(ef) — > 76® (e,)] = 0

9H[76®(e„) —> 76® (e„)] = 3mb2 
■ W[76®'(ti#) —> 76®'(W l = 0 or paa(.rn0a -  mb) 
9C[76®'(t2ff) —> 76®'(W ] = 0 or p0a2 

3Tl[75®'(W> — * 75(8)'(t2ff)] = (TO0a -  mb)2

§4. The Many-Electron Systems :
Wave Functions and Matrix Elements

4.1 The One-and Nine-Electron Case. The apt rota
tory and refractory parameters for one-electron systems 
have already been put down in eq. 17 through 26. 
Hence, the nine-electron case is all that need be at
tended at this instance. The fit orbital wave functions 
are

(a) No Configuration Interaction: Zero Spin-Orbit 
Forces, (i) Wave Functions: One Electron

2A[2T2,( V ) ] :a

2B a)l2T2,( V ) ] : ( ± ) b (i)

2A [% (es')]:a*

w [ V 7>(t2,) — > 76®(t2i)] =  0

Or 2/9{p0a(2Woa +  Mb) +  P<»(2TOo& +  Mb) +
p0C(2ih0c +  Mb)}

9C[7.m(t*,) —> 76® (W ) = 0
or Vsl^Oa2 +  p0b2 +  pofi}

9Tt[76®(t2i) —*> 75(7)(t2C)] = V9} (2m0o +  Mb)2 +
(2#% +  Mb)2 +  (2to0c +  Mb)2}

W [76® (t2„) -  7»® (t* ,)] =  0

or Vfpoaifih-Qa -  Mb) +  Vipmirhm — Ms) +
4/  vpQcifiîoc — Mb)

^ P E ^ e / ) ] : ^  (28)

(it) Wave Functions: Nine Electrons

2A [2E(,(t2i,6e(,3) ]: |b2b2b3b3aaa*bibi|

2B] p E / t ^ e / )  ]: |b2b2b3b3aaa*a*bi| 

2A[2T2„(t2i5e /)  ]: |b2b2b3b3aa*a*bibi| 

2B(|)[2T2(,(t2i,6e /)  ]: |b2b3b(|)aaa*a*b,bi| (29)

(18) Note in passing that the specific integral expressions of ref. 6 for 
(Rab, Sab, and Gab, ref. 6, eq. 47, 49, 52, 53, 54, 55, 58, 60, 61, and 62, may 
be facilely metamorphosed into a catholic form parallel to eq. 24, 25, 
and 26 of this article by the simple use of the ecumenical matrix 
definitions and their special structures of ref. 6, footnote 49. Read 
Appendix, section XII, §6, of the present work.
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where in eq. 28 and 29 the spin function f(+V s) is 
appended to a molecular orbital on its initial appearance 
in a determinant and the spin function f ( —*/2) (indi
cated by an overhead bar) on its last. An itemization 
of the wanted matrix components with these functions 
demonstrates that the nine- and one-electron situations 
are connected as follows.

(Hi) M atrix Elements: One Electron

2B;i)[2T2ÿ(V )]

2B(>)[2T2ff(V ) ]

2A[2t 2c(v )] )  =

2B,;i)[2T2f( v ) ;  ?

( ± ) O x?)

2A[2E s(e/)] y  =

(= * = )  (  b ( i )

(± )  ( b(S) bi

2A[2T2i( V ) ]  I?n

2A[2T 2f( V ) l  |S

2A [2E„(ef0 ] > =  0

*B1[*E,(e,1) ] )  =  ( a

2A PE^e,1) ] m
*B1[*E,(e,1)]/> = (  a

(30)

(iv) Matrix Elements: Nine Electrons

*B,[*E#(t»#V ) ]

2A [% (t2,V ) ]

2A[2E„(t2i,6eff3) ] m

2B(!)[2T2(,(t2i6e /)]

O )  < b(i) bi

2A[2T2f( V e ;) ]  > ^ 0  

2B(§) [2T2„(t2(,6e(r4) ]

( O  <  b ( i )

2A[2T2„ (V e /)] 2B(i)[2T2#(t2/ e / ) ]  )  =

O )  \  b(=) | a i a )  3̂1)

Due to the broad correspondence of the forecasts which 
can be promulgated on the basis of eq. 31 to those which 
can be promulgated on the basis of the nonzero spin- 
orbit force equation, eq. 34 of the next paragraph ,§4.1b, 
we shall postpone consideration of the issuance of this 
equation till after eq. 34 of that paragraph, and there 
present a concurrent inquisition of the one- and nine- 
electron orbital and spin-orbital prophecies.

(6) No Configuration Interaction: Nonzero Spin-Orbit 
Forces. The proper spin-orbit wave functions are as 
succeeds.

(■i) Wave Functions: One Electron

r 6(î) [r 8(I)(2T2<7) ] : 76(;)(8)(t2„)

r 6(!)[r8(5)(2T 2, ) ] :T6(?)®'(W)

2B1[2EJ( V e /) ; 2A [ % ( V ei3)] r 6ü)[r7(;)(2T,)]:Y5(°t)m(t2s) 

r 6 0 [ r 8(;)(2E,)]:T6(;)(®)(e1,) 

r 6a)(r8(5)(2E 9) ] :TBa)<8>'(eff) (32)

!B,[!E , ( t A !)] 2A[2T2c( V e /) ]  > =
In eq. 32 and 33 the molecular spin orbital Y6a(t2(, or e„) 
has been put ahead of 7 5 i,(t2(, or e„). A chronicle of the 
required matrix parts with these functions manifests 
that the nine- and one-electron electron situations are 
tied as shown.

(it) Wave Functions: Nine Electrons

r B(-)[r8(5)(2E?) ] : 175<3> (t2i)2YS,8)'(t2,)2Y5(7)( W V 8)(e,)27 S«)(8,'(e„)11
r5«)[r8u)(2E5)]: |7 5(8>(W 27 5 (8)'( W 2Y5(7>(t2S) 2Y5(n(8)(e5) 17 5 (8,'(e,)2|

r 6(j)[r7(?)(2T2s)]: 75(8)(t2 ,)275(8)' ( W 275(n(7)(t2 ,) , 75(8>(e„)275(8)'( e ,)2|

I*;) [r8(5)(2T2ff) I : ! 7 5<8) (t*,)27 »(;)(8) '(W 17 5 (7)( W 2 Y»(8) (e,)27 5 i8) '(e„)21
r 5(;)[r8(;)(2T2,)]: [7 s(;)(8,(t2c) 17 5 (8,'(t2c)27 5 (7)(t2,)27 5 (8)(e,)27 5 <8)'(e,)2| (33)
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(Hi) Matrix Elements: One Electron. These are the
same as eq. 2 0 .

(it/) Matrix Elements: Nine Electrons

rx;>[r»<5)(% )] ,5 j r 6l-t)[rg(i)(% )]

T5(;)l8l'(es) T5(2)(8),(e„)

r 6(i)[r*(5)(% )] r 6(i)[rg(;)(% )] > =

75(;)w '(e,) ml

r 5a )[r 8(5)(2E,)] j

r*(l) [!*(;)(%)]

r 5ii>[r8(;)(2E„) ] > =

-  ( 75(a)''8)(Cff)

75(r)(8>,(e„)

75(‘)l8) '(('„)

r 5c;)[r8(j)(2E ?)] > =

75(S)<8, (ps) lJ  7 5 (;)(8> (e„)

r 6(;)[r„<;)(%)]

r su‘)[rs(5)(2Ei)]

J  r5(j) [r7(j)(2T2!7) ] )  =

-  (  75(;)(7)(W

r 5(i)[r7(?,)(2T2j ]  )  =

p 

rn75(;)<7,(W

r s(;)[r8(5)(2T2s)] )  =

-  < 7r,(i)(8’ (t2s)

|P iiV n [rS(5)(% )] r 8(;)[rS(-q(2T2ff)]

7S(I!)'®’'(W

m

7 h:;),8)’(cP)

7 5 (‘)l8)'(ei)

75(61)(S’,(e„)

7 5 ( ‘ ) (81 (e„)

r.(;)[r8(;)(2Ke)] r 5a)[r8a,(T 2„)] )  =

-  ( 75(!;)(8)(Eff

p!r 6(;)[r8(.;)(2Ki)] U  Eo(,';)[r8(;:)(2T-20) ] ) =

75(;)(8>(W

75(J),8) (e()

75ii)'8),(e„)

r«c)[r8(;)(,E,)]

r«(;)[rg(;)(% )]

r 6(?)[r8(S)(2E (i) ]

r5«)[r8«)(2Es)]

r 6(;)[r*(i)(% )]

r 5(?)[r8(i)(2E£,) ]

r 5(;)[r 8(;)(2E„)]

r 5(;)[r8«)(2E s)]

r 5(;)[r7W(2T2c)]

r 5(;)[r7(?)(2T 2i,)]

r 6(;)[r 8U)(2E»)] ) =

75(?,)<8)(Ri)

r 5(‘)[r8a)(2E5)]

75(;)<8)(e„)

r 5(i)[r7(«)(2T2„)l ) =

75(S)(7)(t2ff)

r 5(‘)[r7(‘)(2T2s)] )  =

7=«)(7’(W>

r 5(i)[r8(5)(2T 2„ ) ] \  =

-  < 76(J)(8) (W

r r.C)[r 8(?)(2T2s)] ) =

7 5 ( ; ) ( 8 ) ( t 2(,)

r 6(?)[r8a)(2T 2i)]

75(S)<8,(W

7 5 « ) (8 ) ( c „)

75(;)<8)(e„)

75(i)<8)(e!,)

75(‘)<8,(ei)

75(i)(8)(eff)

75(‘)(8)(ef)

7 5 (i)t8)(eff)

r5(;)tr8(;)(2T2f)] > =

75U)(8)(t2ff) £  75(S)(8)(es)

m

IP

r 5«)[r7(;)(2T2#)] > =

75(;)(7)(W

r 5(;)[r7(‘)(2T2ff)] )  =

75Wi7,(W

7s(;)<7)(t2ff) 75(i)(7)(t2c)

Ip Ir 5(n [r7(n(2T2ff)] g l  r ^ t r ^ C T , , ) ]  )  =

-  < 75(J)<8) (W 75C)(7,(W

T h e  J o u r n a l  o f  P h y s ic a l  C h e m is tr y



I n t e r a c t io n  o f  E l e c t r o m a g n e t ic  R a d ia t io n  w it h  M a t t e r 3657

r5«)[r7u)(2T2c)]

r s(s) [r7(s)(2T2p) ]

r 6(» [r7© (2T2i)]

r5(?)[r8(5)(2T2,)]

r 6a )[r8(5)(2T2ff)]

r5C)[r8(i)(2T2cr)]

75«)® ( W

r5«)[rsU)(2T25)] )  =

75«)® (W

75(Î)(f)(t2„) 

r5«)[r8a)(2T2t)] 

75tt)(»(t*.) 75«)® ( W

r 5(g)[r 8(5)(2T2i?) ] ) =

7s« )® '(W 75«)®(W>

r 5(‘)[r8(j)(2T 2£,)] )  =

75«)<8),( W 75«)®'(W>

nine-electron rotational and spectral strengths, with 
apropos not.ational modifications of the bracketed 
transition states, are given by eq. 24, 25, 26, and 27.

4.2 The Two-and Eight-Electron Case. As in ref. 6, 
we confine attention to singly excited electronic con
figurations solely, with no penalty of lost generality. 
The wave functions of concerns are then as stamped 
underneath.19

(a) No Configuration Interaction: Zero Spin-Orbit 
Forces. (i ) Wave Functions: Two Electrons

3Bi[3Tis(t2i2)]: |b2b3|

3B(i)[3T lf( V ) ] : |b (1)a|

3Bi[3T]ff(t2i!e!,)]:|ab1|

3B(l)[3Tiff(t 2£ie£,)]: (=f )1/ 2{ \/3 |b (!)a* | -  |b(|)bj|} 

3A[3T2„(t2ieI,)]: |aa*|

3B(|) [3T2<,(t2oe0) ] : (=f )V2{ |b(|)a*| +  V'3|b(|)bi|} 

3Bi[3A2i(e„2)]:|a*b1|

XA [1T2ir(taff2) ] : {[b2b2j ] b8b3 ]}

r 6«)[r8(s)(2T 2,)] r 6(s)[r8(°)(-T2(,) ] )  =

-  (  75«)® (W 75«)®'(W>

r 5«)[r8«)(2T2i,)] g l  r 6« )[r8(j)(!T2l,)]

75(f) ® ( W 75(S)®'(t2ff)

r 6(f)[r8(;)(2T25)]

r 6(f)[r8(f)(2T2(,)]

r 6(;)[r8(f)(2T2ff)] )  =

75«>®(W 75(f)® ( W

m r5(f)[r8(f)(2T2i)] )  =

75(î)(8>(t2o) 75«)® (W  > (34)

The injection of eq. 31 and 34 into eq. 22, 23, and 27 
exhibits that the one- and nine-electron digonal rota
tional and spectral strengths are directly coupled in the 
selfsame manner as were correspondent trigonal 
strengths [compare ref. 6, Fig. 14 and the present Fig. 
21 ]. The association is not happenstance, but is a firm 
consequence of the one-electron character of the matrix 
operators p and m. This occurrence and its implica
tions will be discussed at length in section IV. The

1B(i)[lT2 i ( V ) ] : ^  {|b(S)ä| -  Ib(g)aI}

XA [1E É7(ti2£72) ] • {2]aä| — |b2b2| — |bsb31}

!Bi [1E ff(t2i72) ] : — ^  {|b2b3| — | S2b3|}

[xAx£7(t2£72) ] { Ibsb2 | +  |b2t)3| +  |aa|} (35)

(19) The digonal wave functions both here and elsewhere (inclusive 
of the one- and nine-electron functions) have all been manufactured 
as outlined in ref. 6, footnotes 38 and 43. The functions are octa- 
hedrally oriented with respect to Qi(z' or z) such that 63{x' = y' = z') 
internally permutes the triply degenerate species Ti and T2 and 
transforms the doubly degenerate species E in a fashion identical with 
that for the atomic-like orbitals s, px ' . y ' . z ' ,  and d x ' 2~ y ' - ,  d3*'2_r2, 
d*V» d*V, and dyV. The functions are subsequently digonally 
oriented with respect to 62(2). As an instance, we elect 64(2' or z) 
T( 1 )a to equal (±)T(i)a and 63(2' = y' = z') T, |)a fo c to equal 
T ( J so r̂la’ V ’/alTic ± Tib} and T2a, V 1A|T2c ± T26} 
under 62(a)) behave as Bi, B(2) and A, B(2), individually; and we elect 
64(2' or z) E(«) to equal ±E(«) and 63(2' = y' = z') E(«) to equal 
— VsE(j) =F (V3/2)E(J), so that Ea, Eb behave as A, Bi, individually. 
[Note that this orientation for A(T2), B(2)(T2) is somewhat different 
from that which would be obtained from the two “natural” choices, 
{dx'y’t VVt(d*V dyV)| and {— dx'y\ VVa(d*Y =F d/«')], where
T2o equals zfcdxV* T2b equals ±dxY, and T2c equals id//, each, 
which choices are suggested by the definitions of T2(£) in terms of 

63*'(s' — y'  — z')T2a and of A(T2), B(a )(T2) in terms of dx2_ y2, dXZ) 
and d„z [look at Fig. 10]. Our contrary election was stimulated by 
our desire to define parallel shapes for both Ti and T2 digonal 
forms.]
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3658 A n d r e w  D. L i e h r

(it) W ave Functions: E igh t Electrons. Octahedral Orientation  

•Bx [3A2i(t2!,6e1I2) ]: |b2b2b3b8aaa*bx|

3A[’TijCtj/e,,3) ]: |b2b2b3b3aa*bibi|

3B(|)[3T2(,(t2s6eff3) ] : - ‘/ 2{ jb2b3b(23)aaa*bibi| +  a/ 3 |b2b(|)b3aaa*a*bi|}

3B! [3Tlf(t2/ e ,3) ]: |b2b2b3b3aa*a*b,|

3B(|)[3Ti5(t2(l6el,3) ] :—*/*{ \ / 3  |b2b3b(3)aaa*bibi| -  |b2b(|)b3aaa*a*b1|} 

3Bi[3Tiff(t2/e / )  ]: |b2b3aaa*a*bibi|

3B(|)[3Ti£,(t2o4e04) ]: (±) |b2b3b(|)aa*a*bxbx|

‘A [IE0(t2(76e(72) ]: — {|b2b2b3b3aab1bi| — ¡b2b2b3b3aaa*a*|}
V  *

1Bi[1Es(t2S6e(,2) ]: {|b2b2b3b3aaa*bi| — |b2b2b3b3aaa*bi| J

‘A[‘Alp(t2sV ) ] : ^ *a*| -b | b2b2b3b3aabibi | }

1Bi[1Ti„(t24,5e<,3) ]: — “ = {|b2b2b3b3aa*a*bi| -  |b2b2b3b3aa*a*bi|}

^ (D t'T i/tj /e j ,3) ] : ^ ^  {\/3|b2b3b(|)aaa*bibi| -  V ^ |b 2b(3)b3aaa*bxbi| +  |b(|)b2b3aaa*a*bi| -  |b2b(|)b3aaa*a*bi|} 

1A[1T2c(t2!/6es3) ]: — {|b2b2b3b3aa*bibi| — |b2b2b3b3aa*bibi|}

1B(!)[1Tj,(t2f*e,,) ] : ^ ^ |  {|b2b3b(3)aaa*bxbi| — |b2b(3)b3aaa*bibx| — V3jb(|)b2b3aaa*a*bi| +  \/3 |b2b(|)b3aaa*a*bi|} 

IA[1T2„(t2!,4e(;4)]: — {¡b3b3aaa*a*bxbx| — |b2b2aaa*a*bibx| j

1B(^)[1T2f,(t2t4e(,4) ]: ( ± ) —7= 1 |d2u3c ;)aa*a*bibi| — |b2b(j)b3aa*a*bibi|}

•A^EjOVe*4) ] : ----- 77= {2 |b2b2b3b3a*a*bibi| — |b3b3aaa*a*bibi| — |b2b2aaa*a*bxbx|}
V 6

4Bi [ 1E„(t2(,4ei,4) ]: — {|b2b3aaa*a*bibi| — |b2b3aaa*a*bxbx|}

XA [1Ai<,(t2„4e(,4) ]: — {|b2b2b3b3a*a*bibi| +  |b3b3aaa*a*bxbi| +  |b2b2aaa*a*bibx|} (36)

The rotatory and spectral matrix elements are then 
rapidly obtained from eq. 35 and 36.

(Hi) M a tr ix  E lem ents: Two Electrons

*B i[*T i,(V )] 3B(i)[3Tls(t2s2)] )  =

(=*=) (  &(*) &•

3Bx[3T lp(W )]

3B1[3T lf(t2„2)]

3Bx[3Tx„(Wv)] > ^ 0  

3B(l)[3T1?(t2iec) ] \  =

- ‘A 5 \ /3  (  b(j) a* ) + ( v,) U b>

The Journal of Physical Chemistry



I n t e r a c t io n  o f  E l e c t r o m a g n e t ic  R a d ia t io n  w it h  M a t t e r 3659

2B,(b22b2a2a'2b,)

VtblbjaZa'b2,) -

2A(b|b3aa*2b2) -

2B2(b2b|a2a*2b2) - 

2B3(b|b3a2a*2b2) -

b,(eg)

a*(eq)

b2(t2g)

b3(tgg)

b3(t2g)

bĵ gg)
d(t2g)

d#(eg)

b,(eq)

I > | - 2B3{b|b3a2a*2b|) 

\— 2B2(b2b|a2a*2b2)

2A*(t4b|a2a*b2)

^(b^a^b,)

ONE ELECTRON NINE ELECTRONS

r5(!B,)
r5(2A')

r,(2A)

Tsl'Bj)
r5(!B3)

ZERO SPIN-ORBIT FORCES

(a)
r5(b,)

y5(a>)

y5(a)

y,(b2)
y5(a)

y,(b,)

T~r r5(!B3)
r,(zB2)
r/A)

r5W)
r5(28,1

ONE ELECTRON NINE ELECTRONS
NON-ZERO SPIN-ORBIT FORCES

(b)
Figure 21. Graphic portrayal of the conjugate one- and 
nine-electron digonal dihedral electronic transitions in both 
the orbital (a) and spin-orbital (b) bases. Correspondent 
transition dyads are limned by correspondent lines.

W T W ) ]

W I V V ) ]

im 3A[3T2s(t2fe ,) ] ^  =  0 

3B(i)[3T2,(t25e , ) ] \  =

3BiPTlc(V ) ]

V* 1 \  b(!)

P
m

3B2[3Tlc(t2ff2)]

*B(i)[*Tii(W)]

3B(|)[3Tl5( V ) ]

3B(i)[3Tlf(W )]

3B(|)[3Tlf(V ) ]

^ 3B(1)[3T l5(V ) ]

»B^A ^e,*)] ̂  =  0  

3Bs[3Tis(t2i,2) ]̂ > = < b2

-  V 3 < b (i) | bi

'  ^(1) jm

,B«)[3T 1,(tlie() ] ^  =  0 

3B( 1 ) [3T l47(t2ffe„) ] \  =

bi

(=f ) ' / 2 ( a m bi

3A[3T2e(t2l,eff)] > =

(  b(?)\

3B(?)t3T2i(t2ffes)] ) =  0

m

3B(g)[3T l£,(t2c2)]

^ 3B(|)[3Tlff(V ) ]

3B(|)[3T 2ff(t2cei)] > =

( ± ) V ^ / a l Sv ' 2  \  m

> = 0

bi

(37)

(iv) M a tr ix  E lem ents: E igh t Electrons. Octahedral 
Orientation

3A[3T2„(t2/ e (l3) ] y  = 

3B(l)[3T!(( V e / ) A  =

bi

fn by  -  \ / 3  ( b ( i )  

3B(!) [3Tl£,(t2(75e£,3) ] \  =

3Bi [3A2o(t2„6ei,2) ]

3Bi[3A ,„(V eff2)]

(t ) ‘A j<  b(3)

3B,[3A2„(t2/ e c2)]

3B1[3A2„(V e(2)]

(=f)*A { V 3  ( b ( i )  |5 I b ^  +  <^b(3) |5 I a*^>}

3Bi[3A2ff(t2cV ) ]  

3Bi [*A2i(t2»*eJ*) ] 

■ B i t 'E ^ V ) ]

» B ^ E /V e ,* )]

‘B ^ 'E /W e,* )]

>B1 [>Ef(t2fV ) ]

^ [ « T ^ V e ,« ) ]  )  =  0

3B(i)[3Tlff(t2/ e / ) ]  > = 0

(*) ' /*  b(i)

^ [ ‘EjCWe,*)] 

■BrpEXVe,2)]

1A[1T 2i,(t2i,5e„3)] ) = { a bi

‘B i t 'T r /V e ,3)] ) =  0 

1B(i)[1T ls(t2(,5ei,3)]N)  =

(± )V 2 <( b(|) -  V 3 {  b(?) bi
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'B ip E ^ /e , ,2)]

xBi [1E <7(t2i,6ei,2) ]

‘B il 'E .fo 'e /) ]

1Bi[1E 1,(t2/ ’e1,2)]

1Bi[1E„(t2(,6e(,2) ]

> A [% (V e/)]

‘A l 'E /V e / ) ]

'A l'E ^V e.*)]

'A[‘T ^ V ) ]  > = 0  

' B i D l W e , 4) ] )  = 0

IA [% (t2, V ) ] ' )  = 0
/

1B1 [% (t!, V ) ] \ s O  

IA[1Alff(t2/ e / ) ]  )  = 0

■ A p A j^ V ) ]  )  =  0

‘A fT t/V e ,* )]  > =  0

‘B iD t^ j^ V e » 3)]

(=t )'A  b(|) -  V73 (  b(|)

1A[IEi(t2il6e(,2) ]

!A [1E„.(t2P6ep2) ]

( ± ) 1A ^ ( b a

1B1 [1T Ip( V e ff3)]^) = / a

¡m

P
m

bi

bi

’B d ^ T W e , 3)] > =

P
m bi > +  v/3 ( b(.>)

>A[%(W V)]

3A [% (V e „ 2)]

'A [% (t2iV ) ]

‘A [% (t2/ e e2)]

*A[*Ef(t,fV ) ]

'A[>Alf(t2/ e f2)]

lA[‘Als(t2iV ) ]

‘A P T ^ V ) ]  > =  0

‘B c D t 'T ^ ^ V ) ]  ̂  = 0

> A [ % ( t* V ) ] \  =  0

'B J 'E ^ ta /e /) ]  ) = 0

m

|P
|m

|P
im

*A [IT2f (t2(75ep3) ]^> =  0 

IB(i )['T2ff( V e / ) ] \  =

(± )1A << b(|) a )  +  v 3 (  b(|) bi

1A[1Ali,(t2/ e 172)] ,im 1Bi[ITi„(t2i6ei,a)]

- 'A  (  a bi

(=f) 1A {(^bd 

^ [ ‘Ai^Ve»*)] 

'A i 'A ^ A /e /) ]  j

‘A ^ A i / V O ]

'A p A i^ V e ,2)]

‘AI'A i^Ve,*)]

‘Bfi) [1T 1(,(t2o5ei73) ] )  =

bi )  -  VA /  b(|) t \ a*

P
m

IP
jm

P
m

P
in

\ -- m

‘A l 'T . tV e / ) ]  ) =  0

1B(|)[1T 2c,(t2£,4e£,4) ] y  = 0

>A [% (!*, V ) ] ^  =  0  

1B,[*Ef(t,,«ee«)]N = 0  

^ [ ‘A i . i t^ V ) ] >  =  0 (38)

For later work it is also of interest to addend at this 
place the wave functions and matrix elements of the 
nonoctahedrally oriented single assignational eight- 
electron digonal configurations.

(v) W a v e  F u n c t io n s :  E ig h t  E le c tro n s . N o n o c ta h e d ra l  
O rie n ta tio n

:A(1): ★  _ ★  I~~ a

‘A(2): b2b2b3b3aabibi

1A(3>: — {|b2b2b3b3aa*bibi| — |b2b2b3b3aa*bibi|}

iA<4)

‘A(5)
1A(6)

|b2b2b3b3a*a*bibi|

a bibi | 

|b2b2aaa*a*bibi|

1Bi(1) {|b2b2b3b3aaa*bi| — |b2b2b3b3aaa*bi|}

1Bi(2): — — {|b2b2b3b3aa*a*bi| — |b2b2b3b3aa*a*bi|}

'Bd35: — —7= | |b2b3aaa*a*bibi[ — |b2b3aaa*a*bibi|} 
V  2

W ^ f t o a a a V b 1! — | b2b2b3aaa*a*bi | }

^ '« ^ { I b .b s b s a a a ^ b . l  -  |b2b3b3aaa*bibi|}

'B2(3) :^7 = {|b2b3b3aa*a*bibi| — |b2b3b3aa*a*bib1|} 

‘B3(1) {|b2b3b3aaa*a*bi| — | b2b3b3aaa*a*b11}
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1B3(3):—^  {|b2b2b3aää*bibi| — (b2b2b3aâa*bibi|}
V  2

1]B3(2);^ ~  i ¡b2b2b3äa*ä*bibi| — |b2b2b3aa*ä*bibi|}

3A: (b2b2b3b3aa*bib1|

W » : |b2b2b3b3aâa bi ]

3Bi(2> :: |b2b2b3b3aa*ä*b1|

3Bi(3) :: |b2b3aäa*ä*bibi|

3B2(1) :: b2b2b3aäa*ä*bi|

3B2<2>: |b2b3b3aäa*bibi|
3B2(3) : [b2b3b3aa*ä*bibi|
3B3(» : |b2b3b3aäa*ä*bi|

3B3(2> :: |b2b2b3aâa*bibi|
3B3(s) ; |b2b2b3aa*ä*bibi|

(üî) Matrix Elements:

\  m

/ 'A » )

^A <»

(39)

hedral Orientation

lA {k)\  EEE 0  0 \ fc = o, I, 2 , 3, 4, 5, 6 )1A(i)

1A°)

iAd)

.A au)

sBld)

3Bla)

»Bx«»

3B l a )

W 1»

P
in

P
m

P
in

P
in

P
in

P
in

P
in

W 2y  = - V 2  < a 

=  0

1B(§)(1)̂ > = V 2 < b ( i)  

= 0  

= 0

3B/2'8) )  =  0

bi

bi3 A y  = <^a 

3B(|)(1)y > = -  ^ b (3)

3B(3)(2)̂ > = ^ b ( |)

3B(1 )w \  = 0 (40)

1B1(1> )  = V 2  < â bi
These functions and matrices are conjoined to those of 
eq. 36 and 38 by the matrix connectives

‘A t 'E /h /e / ) ]
1 1

0 0 0 0 1A<1)

h A p A x ^ V ) ]
1

V 2

1

V 2
0 0 0 0 1A(«

1A [1T 2i7(t2£FBeff8) ] 0 0 1 0 0 0 !A(3)

^ [ ^ ( V e / ) ] 0 0 0 0
1 1

iA(«

iA [% (t* ,V )] 0 0 0
2 1

\ / 6

1

\ / 6
iA«)

XA [1Ai<7(t2<74e(74) ] 0 0 0
1 [ICO

H
>1 1

- V 3_
iA(6)

^ B x jT U V e ,2) ] “
1B1 [iTlff(t2/ e / ) ] =

_1B1 [1E ,(ti,V ) ] _

1B2 [1T li(t2/ e i3)]

1B2 [1T 2„(t256e1,3) ] =

a b ^ t ^ c w v )] .

0

1

0

- 'A

V 3
2

0

0

0

1

V 3
2

V.

'w «
1B!<2)

1Bi<3)

1B2(1)

W*>

_1B2<3>_
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1B3 [lT li(t2/ e i3)] Vs

1B3 [1T2f(t2/e„3)] = V 3
2

_1B3 [1T 25(t2iV ) ]_ 0

[3A[3T2„ (V e /)]]  = 1 ] [EA ]

_3B1 [3A2,(t2/ e ,2)]" ”1

3B1 [3Tis(t2/ e / ) ] = 0

_ 0

3B2 [3T 2c(t2/e„3)] 1
1_____

3B2 [3T lc(t2a6ec3) ] =
Vs

_3B2 [3Tls(t2iV ) ]_ 0

3B3 [3T 2„(t2ffV ) ] “ V ?  
2

3B3 [3Ti„(t2í,6e¡,3) ] =
- V s

_3B3 [3Tl5(t2,V ) L 0

From eq. 37, 38, and 40 we see that the rotational and 
spectral strengths and dissymmetry factors are simply 
related in a formal algebraic manner to the one-electron 
mathematical rotational, spectral, and dissymmetry ex
pressions of eq. 24 and 27. Attend that, unlike the one- 
and nine-electron case, there is no formal equivalence 
of the two- and eight-electron rotational and spectral 
strengths for any functional orientation. This circum
stance arises as the electronic hops of usual practical 
import are not electron-hole complements [inspect 
Fig. 2 2 ],

('b) No Configuration Interaction: Nonzero Spin-Orbit 
Forces. Two and Eight Electrons. As in ref. 6 , we shall 
defer a study of this representation to future works.

(c) Configuration Interaction: Zero and Nonzero 
Spin-Orbit Forces. Configuration interaction, if ex
treme enough, can alter the results of §4.2b and c 
appreciably. To visualize this fact one need only com
pare the two extremes, eq. 38 and 40. The discussion of 
the intermediates progresses as in ref. 6 , §4.2c. Note 
however, that the breakdown of pseudo cubicity here 
allows much stronger rotations for the eight-electron 
3A2(( to * 3Ti„ electronic shifts than for the trigonal dihe
dral situation of ref. 6 , and that the upsurge of spin- 
orbit reciprocity permits the appearance of nonzero ro
tations and intensions for spin-forbidden bands.

W »

W 2)

_ib 3<3)_

V 3
0

2

-V s 0

0 i

0

1

0

0

0

1

- V s  o 3B2(i)

0 3B2<2>
2

o i_ _3B2<3>_

V*

\ / 3
2

0

W «

3B3<«

- _ W 3>_

ee~ and

(41)

4.3 The Three- and Seven-Electron Case. The 
apposite single electron excitations of harmonious pos
ture wanted for this research are put below. Other 
excitations are the substance of subsequent effort. 20

(a) No Configuration Interaction: Zero Spin-Orbit
Forces. (i) Wave Functions: Three Electrons

4Bi [4A2(,(t2i,3) ] : |b2b8a| 

4A [4T2c,(t2(72e!7) ] : |b2b3bj

(20) The d3,4,5 state functions are fabricated from the d1,2,3 basic 
state functions constructed as in footnote 19 by means of parentage 
concepts. For example, 4Ti0(t2ff2e0) + 4T2ff(t2ff2e(7) equals 3Tiff(t2p2) X 
*E0(e0), and 3Ea(t2p3eff) equals 4A2p(t2p3) X 2FJC,(etf). The d10-71 and d5±n, 
or more generally, the t2i76-i, e04~m, and t■2®6-îea4-wl, state functions are 
structured from the correspondent dn and dr>;Fn or t2gl, e0m, and 
12glZom basic state functions built earlier. To illustrate 3T2(7(t2p5e(;3) ~  
3T2p(t2fireff) ^  3T2p(t2p5ep) ^  3T2p(t2pep3), 3Tip(t2i74) ^  3Tip(t202) ^
3Tip(t2p2ep4) ̂  ̂ îpÔ p̂ p4), and so on. Care must be punctiliously ex
ercised in these generalized electron-hole electrons to ensure a consist
ent choice of determinantal phase. We have picked the standard de- 

terminantal order to be b2b2b3b3aaa*a*bibi, where the bar denotes spin 
minus one-half, and have always taken the hole configuration (ft) to
have the inverse spin order from that of its electron progenitor (2f>) 
[for instance, \/V*{ la*bi| — |a*bi|) (electron progenitor (2b))
<=> W,{|a*bi| — |a*bi|j (hole ({))) <=> VJ/A |b2b2fc*b3aaa*bi[ — 
|b2b2b3b3aaa*bi| ) (electron (2)) and v/l/2(|b2b2| — |b31>31} (electron 
progenitor (Cb)) <=> VvU lb2b2| — Ibsbs| ) W A  |b2_b2| — |b3b3|)
(hole(t))) <=> — VVsl |b3b3aia*a*bibi| — |b2b2aaa*i,*bibi| ) (electron 
(£))]. With a meticulous observance of phase, many electron trans
formational characteristics are neatly established in their conjugate 
hole representation.

T h e  J o u r n a l  o f  P h y s ic a l  C h e m is tr y
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—y 2{ A/3|b(|)aa*| +  |b(j)abi|} 

4Bi [4Ti„(t2l,2eff) ] : |b2b3a*|

4B(i)[4T1(,(t2„2e(,)]:- ‘/ 2{ |b(|)aa*| -  a/ s Ib(|)ab!|} 

4Bi [4T1(,(t2„ei,2) ] : |aa*bi|

4B(i) [4Ti((t2<,ef2) ]: (=F) |b(|)a*b!|

2A [% (t2/ ) ] : - ^ =  {|b2b2a| -  |b3b3a|}

2Bi[2Ef(t2„3) ] : { 2[b2b3ä| -  |b2b3a| — |b2b3a|}

2A[2T2i (t2l)3) ] : ^ 2  {|b2b2a| +  |b3b3a ||

2B(|)[2T2„(t2„s) ]: ( ± ) ^ 7= {(=•=)!b2b3b(|)| +  |b(|)aä|} 

2Bi[2Ti„(t2(,3) ] { |b2b3a| -  |b2b3a|}

2B(?)[2Ti„(t2l,3) ] : ( ± ) { ( q = ) | b 2b3b(|)| +  |b(|)aä|J

(42)

a*b,

b2a* + b3b, 
b3a* b b2b,

ab,
b2b, + b3a*

1  TT

b2b3a2a*b? + b2b3aza*2b, 
b|b3a2a*b5 + b2bfa2a*2b,

b|b|aa*2b,

b2a
b3a

b2b3

ELECTRON
CONFIGURATION

a*b,

ab,

b2b,
b3b,
b2a*
b3a#
b2a
b3a
b|

b2b3

b|
ELECTRON

CONFIGURATION

b2bfaa*zb2

b22b3aa«2b2

b2b3aza*2b2

i ! 1

1 1 1
1 1 1i i 1

! 1 i 1 1
A-

j
! ! i_U__1 M i _

a  m u

¡ i  i | i
♦

i
i
i

!! 
i 1

i
1
1
i

j i i
♦

i
____ u Mi i i i 

1 ;

3B,(3A2g)

3B2(3T,g)
3B3(3T1g)

3B,(3T,g)

JB3(3T2g)
3q ,3B2(3T2g)
3A(3T2g)

3B2(3T,g)
3B3(3T,g)
3B,(3Ttg)

HOLE
CONFIGURATION

3B3(3Tig)
3B2(3T,g)

3B3(3T1g)

3B2(3T,g)
3B,(3T1g)

3B3(3T2g)
3A(3T2g)

3B,(3A2g)

H t
I 1 1 j j! A

1

! i i i ! _!
1

I i 
! ii j

li
i i

1
1
1

1

li
1
1

i i 1
1

1j !
i i r 1 1 1 1 

1 1 1

________ i
1 1

I 1 1
lì  1

T T ! 
! N1 i i

b2b3a2a*2b*
b2b3aa*2b*

b2b3

b3a
b2ab2b3aa*2b, 

b|b3a2a#b5 + b2b3a2a*2b, b3a* + b2b,

b2b3a2a*b, + b2b3a2a*2b, b2a* + b3b1 

ab,b|b3aa*2b,

b|b3a2a*2b, + b2b|a2a*b* b3b, + b2a*
K J . U2  U -.9 ̂mL.2 U u  j . L.

TWO ELECTRONS EIGHT ELECTRONS
ELECTRON

CONFIGURATION

SPIN FREE OCTAHEDRALLY ORIENTED CONJUGATE TWO AND EIGHT ELECTRON TRANSITIONS
(a)

b|b3aza*b,
b|b3a2b3

T 'a":

b2b3a2a*2b,
b|b3a2a'zb,
b2b|a2a*2b?
b|b3a2a*b,
b2b|aa*zb3

bfb3aa*2b3

b|a2a*2b(
b2b3a2ax2b2

b|a2a*2b3

HOLE
CONFIGURATION

r
1

n
n

Aj

L
!!

T:
! i

A^ ;
1 !

i 1j i ! ’
LLM i_i_ 1 1 1 !

B2

'Bf
’B1! 1

’B1”
1q(1)

T~T
1U

’A1"

TWO ELECTRONS EIGHT ELECTRONS

b|a2a»2bf
b2b3a2a'2bî
b|a2a,2b?
b|b3aa,2b2

b2b3aa*2b?
b|b3a2a*bf
b2b|a2a*2b?
b2b3a2a*2b,
b2b3a2a*2b,
b|b3a*zb3

u2u3a~u,
b|b|a2a*b,
b|b|a2a*2

ELECTRON
CONFIGURATION

a*b,
HOLE

CONFIGURATION

t>3
b2b3

b|
b3a
t̂ a
b3a*
b2a*
b3b, 
b2b, 
a2 

a a* 
ab, 
a»2 

a*b,
b?
HOLE

CONFIGURATION

SPIN PAIRED NON-OCTAHEDRALLY ORIENTED CONJUGATE TWO AND EIGHT ELECTRON TRANSITIONS
(b)

Figure 22. Graphic portrayal of the conjugate two- and eight-electron digonal dihedral electronic transitions in the orbital basis 
for both (spin-free) octahedral and (spin-paired) nonoctahedral orientations. Correspondent transition dyads are limned by 
correspondent lines.
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(it) Wave Functions: Seven Electrons 

^ i^ T i / W 5̂ 2) ]: |b2b2b3b3aa*bi|

4B(!)[4Ti{,(t2!,6el,2) ]: -  [b2b(|)b3aaa*b1|

4A [“T ^O V e/) ]: |b2b3aäa*ä*bi|

4B(!)[4T 2i(t2„ V )] :
(=F)1/ 2 j v /3|b2b3b(»)aa*bibi| +  |b2b(§)b3aa*a*bi|} 

4Bi [4Tii(ts,4eJ*) ]: |b2b3aaa*bibi|

4B(I)[4Ti„(Ve„3)]:
( =f ) ‘/ 2 {| b2b3b( 3 )aa*bibi | — \/31 b2b(»)b3aa*a%11} 

4Bi[4A2,(t2isee4) ]: |b2b3aa*ä*bibi|

2 A [2E c(t2„6ei) ]: |b2b2b3b3aaa*|

2Bi[2E (,(t256es) ]: |b2b2b3b3aabi|

2B1 [2Tlff(t2(5ei2) ] : - ^  {2|b2b2b3b3aa*b1| -

|b2b2b3b3aa*bi| — |b2b2b3b3aa*bi|}

2B(5 )[2Tlf( V e s2) ] : -  {2|b(1 )b2b3aaa*b1| -

|b2b(|)b3aää*bi| — |b2b(|)b3aäa*bi| i

2A[2T 2c(t2cV ) ] :

j |b2b2b3b3abibi| — |b2b2b3b3aa*a*|}

2B(i)[2T 2£?(t2o,5e02) ]: -  {\ /3 |b 2b(|)b3aaa*bi| -

V/3|b2b(|)b3aää*bil — |b2b3b(.»)aäa*ä*| +

|b2b3b(3)aäbibi|}

2B1[2T 1,(tt,*e,2)]:

{|b2b2b3b3aa*bi| — |b2b2b3b3aa*bi|}

2B(l)[2T 1»(ti»6e»2) 1 :2 ^ /§  i |b2b(|)b3aaa*bi| -

|b2b(i)b3aää*bi| +  \ / 3 |b2b3b(3)aäa*ä*| —
a/ 3 I b2b3b( | )aabibi | }

2A[2T 2i(t2/ e / ) ] :

{|b2b2b3b3aa*a*| +  |b2b2b3b3abib i|}

*) 1 :

{|b2b3b(|)aäa*ä*| +  |b2b3b(|)aäbibi|} (43)

2B(3)[2T 2,(t2„ V )]: 
1

V 5

From these functions the gyratory and optical matrix 
displays are facilely gotten.

(iii) Matrix Elements: Three Electrons

4Bi [4a 2„(V )]

^ [ « A ^ V ) ]

m 4A[4T2i,(Ve„)] ̂  = (  a 

4B(I)[4T 2,(V e ,)]

bi

( t ) ‘A A < b(|)

4Bi [4A2c(V ) ]

4B,[4A2ff(t2ff3))

[rh bl/ -  V ^^bC f)

^ [ ^ ( V e ^ N ^ O

4B(i)[4Ti„(t2i,2e<r) ] \  =

( ± ) ‘/i | \ /3 < ^ b ( i ) bi > +  (  b(?)

♦ B ^ A ^ t,,3))

4B,[4A2i(V ) ]

4B,[4T l5(t2,e52)] ) =  0

4B(i)[4T ll?( W ) ] )  = 0 (44)

(iv) Matrix Elements: Seven Electrons

4Bi[4T 1#(t2f«ef*)]

4B d 4T lf(t2/ e 52)]

4B(>)i4T 1(( V e (2)] )  =

( ± ) (  b(|) ;m

4A[4T 2s(t2sV ) ]  )  = 0

4B1 [4Tii(t2i6e(,2)] n  4B(3)[4T25(t2s4e,3)] )  =

- 'A  <( b(>) \ / 3 ^ b ( j ) bi

^ [ ^ „ ( V e , 3)] > =  04Bl[4T lf(V e,*)] ^

« B ^ T W e » 2)] A | 4B(3 )[4T 1(,(t2i4e03)] > =

Vt

4BI[4T li(t295e,2)] A

4B2 [4Tl5(t2/ e ff2)]

{ \ / 3 ( b (? ) |S | a* )  +  (b (s ) |H | b ^ |  

4Bi[4A2„(t2l,3ei4)]^> =  0 

4B3 [4T lff(t2,V ) ] N  =

,m

The Journal of Physical Chemistry



I n t e r a c t io n  o f  E l e c t r o m a g n e t ic  R a d ia t io n  w it h  M a t t e r 3665

<x 4B(r [4t 1c(v O ] 4A[<T2e(V e /) ]  > =

b«)

\

4B(?)[4T lc( V ei2)]

\^ 4B(l ) [4Ti„(t2i,6e(,2) ]

4B(l)[4T lt( V e (2)l 

4B(| ) [4Tit,(t2i,5ei,2) ]

4B(l )[4T 1(,(t2/ e 1,2) ] 

(  2A[2Es(t2(,6e„)] I

( ± ) ^ { a

4B1[4T l0(t2/ e / ) ] /^ =

bi

b(l)

4B(?)[4Tic(t2„4ei,3)] > =  0

4B( ? ) [4T i» (We,*) ] \  =

(± )V 2 <^a

^ [ ^ ( V e , 4) ] ^  = 0

bi

2Bi[2E 5( V e i,)] )  = <^a b,

W A [2E„(V e,)] 2Bi[2Ti„(t2„6e„2)] )  =

<^2A [*E,(We,) ] |j

2A[*Ef(t,f«ef)]

2A[2E ,(W ee) ] 

1

2B(| ) [2Tli7(ti2i75Gi7
/

(=F) W s  <^b(l) 

2A[2T2, ( V O ] > ^ 0

m bi

bi

!B(?)[2T 2(( V e /) ]  > =

(=F)2 V § ^ b(s) m| ^ ( b « )

2A[2Ec(V e,)] 2B1 [2T ls(t2/ e f2)] > =

\ / 2  <\ a |I bi

/ 2A[2E„(Ve„)]

( T ) 24 Ä

2B(i) [2Tit,(t2„5e<,2) ] )  =

| \ / 3  / b ( a* )  +  (  b(|) IP
|m bi

4B(^)[4T 2l,(t2iV )]^>  =  0 <^2A[2E 0(t2i,6e0) ] P
m

<B(i)[<T2i(t2„V )]^> = \ 2A[2E„(t2„6e(,)]
\

P
m

2A[2T2i (V e„2)] /  =  0

*B(l)[2T*,(t,fV ) ] ^  = 

1
( ^ ) ^ ( b ( D

2Bi[2E„(t2(,6ec) ]

2B1 [2E c(V e ,)]

2Bi[2E ,(V e f)]

m

*B1 [2Tli(t,f»ef*)] )  =  0

2B (|)[2Tip(t2t,5et,2) ] > =

(± ) W î  <^b(|) 

2A[2T2s(t2„ V ) ] \  =

P
P b i \ '  V 2 ( m
m / _

bi

2Bi[2E £,(t2(,6e(,) ] 

1

2B(l)[2T 2f(t2cV ) ]  > =

(± )  2 a/ 2  1 \  b(l) 5 bi )  +  y / 3  (  b(|)

^*B,[*Ef(V e,)]

2B1 [2E„(t2(,6ep) ]

W ï 7 î { - W ^ ' i m

2Bi[2Tlf(t2i5es2)] ̂ > =  0

* B (|) [2T 1( (tsj5e„2) ]y> =

b.N +  /  b(|)

2Bi [2E,(W e,) ]

2Bi [2E„(W es) ]

2A[2T2i,(t2pV ) ]  > = 

2B(!)[2T25(t2/ e i2) ] \  =

bi

<=F)^ 5 < b«>ff. b‘ > <45)

We uncover from eq. 44 and 45 that the rotational and 
spectral strengths of the three- and seven-electron 
conundrum are simply linked to those of the two- and 
eight-electron problems priorly discussed. In truth, 
we behold an exact one-to-one correspondence of the 
two- and seven-electron spin-free rotational and spec-
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trai strengths and of the three- and eight-electron 
strengths, severally. The seven-electron spin-paired 
rotational and spectral strengths are joined multiplica- 
tively to the one, four, six, and nine [refer §3.1, 3.2, 4.1, 
and 4.4] spin-free strengths and to certain of the five- 
and eight-electron spin paired strengths [confer §4.2 
and 4.5] as we shall see in §4.4 and 4.5. The broad 
repercussions of this correspondence will be sounded in 
section IV.

(6 ) No Configuration Interaction: Nonzero Spin-Orbit 
Forces. Three and Seven Electrons. The comments 
appropriate to this paragraph are identical with those of 
§4.2b.

(c) Configuration Interaction: Zero and Nonzero
Spin-Orbit Forces. Three and Seven Electrons. The 
effects of configuration interaction are exactly as out
lined in §4.2c.

4.4 The Four- and Six-Electron Case. In agreement 
with the confinement of §4.2, we fasten our scan of the 
four- and six-electron puzzle on the single electron 
excitations alone, the left-overs to remain for later 
study. With this bound, the applicable digonally 
situated determinantal functions for the four- and six- 
electron bunches are as penned alow. 21

(a) No Configuration Interaction: Zero Spin-Orbit 
Forces, (i) Wave Functions: Four Electrons

'Af'E^ti/e,,) ] : |b2b3abi|

6Bi [5E f(t2„3e„) ] : — ¡b2b3aa*| 

5A[5T2,(t2,V ) ] : |b 2b3a*b1| 

5B(i)[5T 2i ( V e i2) ] : ¡b(3)aa*bi| 

3Bi[3Tis(t2„4) ] : |b2b3aa| 

3B(|)[2Ti<7(t2(74) ] : ( ±  ) ¡b2bsb(|)a

^ [ T U V ) ] : -

‘B xP E .C V )]:-

IA['T 2i,(t2i74) ] : —

\ / 6
j 2  b2b2b3b3

b3b3aa

{|b2b3aa| — |b;

V 2
|b3b3aâ| — |b2b2aa|}

b2b2aa

‘B d ^ T ^ V ) ] : ^ ) V 2
|b2b3b(3)â( — |b2b(3)b3a|

lA [* 1Aiff(t2ff4) ] —
V 3

b2b2b3b3 +

b3b3aa +  b;

3A[3E (,(t2i3ec)]:^ -^=  {3|b2b3abi| — |b2b3abi| —

|b2b3ab! — b2b3abi

3Bi[3E ff(t2(73ec) ] : — {3|b2b3aa*| —

|b2b3aa*[ — |b2b3aa*| — |b2b3aa*|j

3Bi[3Ti5(t2/ e ff)] :-^ =  {|b2b3aa*| -  |b2b3aa*||

(21) The computation of the requisite functions is greatly eased if it is 
noted that the cumulative products Oiiii + 0202, O1O2 — O2O1, ) (O1O1 — O2O2), 
-  (O1O2 + O2O1) j; Uiili + U2U2 + U3U3, {2UiUi -  U2U2 -  U3U3, WUsils -  
U2U2) {, iU2li3 — U3U2, U3U1 -  U1U3, U1II2 — U2U1), (U2U3 + U3U2, Ibttl + Uiflj, 
U1U2 + U2ii_l | ; [OiUi, ( - V2O1 -  (>/3/2)02)U2, (— V2O1 + (v/3/2)o2)U3b 
[02U1, ((Vs/2)»! -Vs<>2)U2, ( - ( a/3/2)0i — VsOsJuj); aii; jaoi, ao2) ; aui, 
aU2, alb), of basis functions {01,02), {61, fit}; {ui, Us, lb). {¿1, U2, if3); 0 , a, 
of species {E0, Ej); {T(i )a, T(i )j,, T(i )c); A( 1 ), separately, which are 
oriented as in footnote 19, are composite functions, properly oriented, of 
species Ai, A., {Efl, E& f; Ai, (Ea, E;,), {Tia, Tii>, Tic 1, {T2o, Ta,, T2C} [ll, ft 
of same species Ti and T2] or A2, |Ej,,Ea), (T2a, T26, TV), {Ti„, Ti3, Tic) 
[u, it of different species Ti and T2 ]; {Ti„, Tis, Tic), (T2a, Ta, T2C) [0, U of 
species E, Ti] or |T2a, T», T2C(, (Tia> Tu, Ticj [0, u of species E, T2]; Ai 
[a, a of same species Ai or A2 ] or A2 [a, a of different species Ai and A2]; 
{Ea, Ej) [a, 0 of species Ai, E) or {Et, E0[ [a, 0 of species A2, E];
iT( lV Th)l>’T(l)r! [a, U of species Ai, T(i)]or |T(f)0, T(; )6, T(j)c) 
[a, u of species A2, T(i)]. This declaration is quickly proved either 
by direct application of the Qi(z' or z) and 63(a;7 == y' ~ z') operators 
[footnote 19] to the registered cumulative products, or by oblique 
reference to tensorial algebraic considerations [cf. (a) Y. Tanabe and 
S. Sugano, J. Phys. Soc. Japan, 9, 753 (1954), ei seq.; (b) M. E. 
Rose, “Multipole Fields,” John Wiley and Sons, Inc., New York, 
N. Y., 1955; “Elementary Theory of Angular Momentum,” John 
Wiley and Sons, Inc., New York, N. Y., 1957; (c) U. Fano and G. 
Racah, “Irreducible Tensorial Sets,” Academic Press, New York, 
N. Y., 1959; (d) J. S. Griffith, “The Irreducible Tensor Method 
for Molecular Symmetry Groups,” Prentice-Hall, Englewood Cliffs, 
N. J., 1962; (e) S. R. Polo, “Studies on Crystal Field Theory,” 
R.C.A. Laboratories Report, 1963, and to be published. Note that 
the direct application is a simple way of deriving the tensorial coupling 
coefficients tabulated in ref. 21a,b,c,d,e]. Since all nuclear permutar- 
tion (symmetry) operators, (P, such as 6 4(2 ' or 2), 6 3(x' = y' = z')t 
and 6 2(3;), commute with the determinantal electronic antisym- 
metrization operator, (t, the product classifications and expressions 
recorded above are equally valid for the determinantal and non deter
minantal cumulative products, and both kinds of products transform 
isomorphously. As both the nuclear permutation operators (P and
the antisymmetrization operator Ct equals (l/VjVV) 2 J(“ l)p, where

P

the summation, ZJ, is over all two-electron permutations, P, are ortho
normalization preservative, the end functions &(Pnt)/(w/) equal

j
(PC tlltw here ny is the numbered electron associated with orbital 

j
by generated by (P, are orthonormal, if the initial orbitals by were so. 
The process Ofc(P or (PCt applied to a function is entirely analogous to 
that of the addition of a set of orthonormal functions to obtain a final 
orthonormal (new) function. Observe that since (PGe • f) transforms as 
Ct(Pe • !), and since (X(Pe • f) equals Ct((Pe* (Pf)) equals Cfce- f) for a closed 
shell, our argument also proves that electron (e) and hole (f)) con
figurations transform contragradiently (“inversely”) and that there
fore the electron and the electron equivalent of the hole (eft) transform 
cogradiently (“parallelly”). For example, in footnote 20, the eight- 
electron (e) and the two-electron hole equivalent (ef>) transform 
parallelly and the eight-electron (or two-electron hole equivalent) and 
the hole (f)) transform oppositely [the hole (f)) and the electron 
equivalent of the hole (ei)) transform oppositely by construction].
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3B(i)[3Tl9(t2/ e 9) ] : ^ ^  {|b2b8b(»)a*| +

(=F)|b( I )aaa* I +  a/ 3 |b2b(|)b3ti[ +  (=F)V3|b(|) aabij} 

3 A[sT2(,(t2(,3e(,) ] : ~7^ {|babaabi| -  |b2b3abi}

'B d lC T i^V e»)]:- { \/3  |b2b3b(3)aää*| -

a/ 3 |b2b(3)b3aäa*j -  |b2b(|)b3aabi| +  |b(|)b2b3aäbi|} 

IA[1T2„(t2i5e(i) ] : - ^ |  {|b2b2bsb3aä*| — |b2b2b3b3äa*|}

3B(’)[3T2s( V e 9) ] : ^  {V 3  |b2b3b(i)a*| +

(=f ) \ / 3 |b(»)aâa*| -  |b2b(|)b3bi| +  (±)|b(»)aabi|}

^ [ “A ijita^e,)]:— {2 |b2b3ab1| -  |b2b3abi| -

|b2b3abi| +  a/ 3 |b2b2aa*| — a/ 3 |b3b3aa*| ] 

3A[3Ef(t2ö3e9)]: |b2b2aa*| — \ / 3  |b3b3aa*| -

2 1 b2b3äbi I -\- Ib2b3abi| Ib2bjabi }

3B ![% (V e ff) ] : -  ~  { v 3  |b2b2ab!| -  

a / 3  |b3b3abij +  2[b2b3äa*| — |b2b3aa*| — |b2b3aa*[}

» B ^ A ^ V e , ) ] : ^  {V 3  Ib=b2abi| -

a / 3  |b3b3abi| — 2|b2b3aa*| +  |b2b3aa*| +  jb2b3aa*[} 

sAPT2j f e äep)]: ^  {[b2b2aa*| +  |b3b3aa*|j

3B(|)[3T25( V e s) ] : -  ^  {|b;b3b(3 )a*| +

(±)|b(|)aäa*j +  \ / 3  |b2b(3)b3bi| +
( ± ) a/ 3 |b(|)aabi|}

^ [ ^ ( V e J ] : ^  i |b 2b2ab,| +  |b.tobij}

3B(i)[3Tlc( V e , ) ] : -  ~  {v '3  |b2b3b(i)a*| +

( ± ) V 3  |b(|)aaa*| -  |b2b(|)b3bi| +
( T )|b(l )aäb1| } (46)

(ii) W ave Functions: S ix  Electrons 

5A [5T 2ff(t2/ e 92) ] : |b2b3aaa*bi|

6B( t ) [5T25(t2i,V )  ] : ( ±  ) I b2b( * )bjaa*bi |

5A pEjCb/e/) ] : |b2b3aa*ä*b!j 

5Bi[5Ep(t2ff3e,,3) ] : -  |b2b3aa*bibi 

'A ['AijOWO ] : |b2b2b3b3aa|

" B i l 'T i^ V e » ) ] :^  {|b2b2b3b3abi| -  |b2b2b3b3äbi||

'B d l l ^ C V e » ) ] : -  |b2b3b(j)aää*| -

|b2b(|)b3aâa*'| +  a/ 3 |b2b(g)b3aâbi| —
\ / 3  |b(|)b2b3aäbi| (47)

Triplet wave functions 3Bi [3Tiff(t2(,5eif) ], 8A[3T2(,(t2|,5e(,) ), 
3B(5 )[3Tii2i,(t2l,6e1,)] correspondent to those of 
^ [ » T ^ V e ,) ] ,  1A[1Ts(,(t25e1,)]> ^ ^ T ^ O V e , ) ]  im
pressed on high are swiftly fabricated by circumspect 
exploit of their two-electron (partial) hole equivalents 
3Bi[3Ti(,(t2i,e„)], 3A[3T 2(,(t2!Ie9)], 3B(33 )[3T,,2i(t2se9)] of eq. 
35, compliant with the restrictive prescriptions of 
footnotes 19 and 2 0 .

These functions allow the spiratory and spectral 
matrix contents to be indexed.

( in )  M a tr ix  E lem ents: Four Electrons

T h p E ^ V e ,)]

5B i[% (V e ,)]

■ B ^ E /V e ,)]

sApE((t2/e()] > =

-  ( a bi

6A[5T29(t2,V ) ]  )  = / a P
ih| bi

6B(R[sT 2i,(t2l,2e92)] ̂  =

(=*=) <^b(l) 

3A[3E 9( V e c)] 5 3A[*T29(t29V ) ] ^ 0  

‘A[»E,(Ve,)] |5 3B(r)pT2t(t!fV )]^>  =

(± )  (  b(|)

bi

3B(l)[3Tlff(V ) ] 3B1 [3T 1„(t294)]

( T ) < b(i) P !■ ! a

3B(i)[3Tl9(t2/ ) ]  h •B1 [*E,(t2,«e,)] ) =

2  /
(± )  V 3  \ b(i)
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3Bi[3T lc(t2/ ) ] P
in 'B ^ A ^ V e ,) ]  )  =  0 ( ‘A P A ^ V ))

^ [ 'T ^ t , , 4)] P
m 3A [3T2ff(t2o4e0) ]^> = 0 <^'A['Alc(V )]

*B1[*T1, (V ) ] P
m 3B(i)[3T2i (V e,)]^> = (T ) V 2  \

1A[1T 2i,(t2/ e i,) ] > =  0 

1B(î )[ITt,(tï,* e ,)] \ =

bi > +  < b(|) P
m a / l

2 V 2

3BX [3Tl£,(t2<74) ]

3B:[3T1c(V )]

1

“  2 V 2

 ̂V 3  ^b(s) b(J)

3B i[3T ìf iU fie ,,) ] > =  0

3B( I ) [3Tl£,(t263ee) ] )  =

\ / 3  (  b(D b(|) bi

(48)

(iv) Matrix Elements: Six Electrons

3A[*T2s(t2sV ) ]

6A[5T2c(t2,V ) ]  

5 A [5T2„(t2i4ef2) ]

6B(?)pT2i(t2/ e ff2)]

3Ba ) [3T25(t2„ V )]  ̂  =

(± )  / a

sA [% (t!(V ) ] ^ 0

‘B x t 'E / t^ V ) ] > =

b(5)

-  < a bi

3A [% (V e „ 3)] > =

6B(i)[6T2c(t25V ) ]

‘At'AiXW) ]

'A p A ^ V )]

(T ) ^ b ( S)|S

6B1 [6E„(t2p3ei3)]N  =

(T ) ^b (j)  

‘B i p T ^ V e , ) ] )  =

m

V 2

bi

bi

‘B d jI 'T lff(t=ffse0) ] > =

(T)7 l{ V5( b(i) P
ml a /  — \  b(|) bi

(49)

On account of the spin equivocality and fructificity of 
the four- and six-electron assortment, we discern that 
no simple kinship exists either within itself or between 
the one-, two-, three-, seven-, eight-, or nine-electron al
lotments. Nonetheless, within a circumscribed patch 
such kinships can be uprooted. To illustrate: (1) the 
quintet four and six electronic state pirouettory and 
optical strengths are identical with one another and 
with the one- and nine-electron strengths, and are 
multiplicatively connected to the spin-paired seven- 
electron strengths; (2 ) some of the triplet state four- 
electron verticilatory and chromatic strengths are 
formally one-half those of the correspondent two- and 
seven- spin-free electron strengths; and (3) the singlet 
six-electron helical and spectral strengths are formally 
twice those of the kindred three- and eight-electron 
strengths. These kinships will be again asserted in 
section IV.

(b) N q Configuration Interaction: Nonzero Spin-Orbit 
Forces. Four and Six Electrons. The remarks apropos 
of this paragraph are the same as those of §4.2b.

(c) Configuration Interaction: Zero and Nonzero Spin- 
Orbit Forces. Four and Six Electrons. The aftermaths 
of configuration interaction are coequal to those of 
§4.2c.

4.5 The Five-Electron Case. Along with our antece
dent declarations of §4.2, we conduct our inquest of the 
five-electron tangle with attention to the single-elec
tron excitations solely, the residuum to be shelved for 
impendent investment. In this frame, the germane 
digonally disposed cubical many-electron functions for 
the five-electron troop are as engraved underneath.

(a) No Configuration Interaction: Zero Spin-Orbit 
Forces, (i) Wave Functions: Five Electrons

6A [6Ais(t2c3e„2) ] : |b2b3aa*b1|

4BX[4Ti„(t2l,4e(,)] : |b2b3aaa*J

4B( 1 ) [4Ti!7(t2p4e£,) ] :
(±)> /2{V 3 |b2b(g)b3abi[ -  |b2b3b(|)aa*|} 

4A [4T2(,(t2£74ee) ] : jb2b3aabi|

4B(i)[4T2i(t2/ e 5)]:
(=f )V2{ |b2b(|)b3abi| +  \ / 3  | b2b3b( | )aa* j}
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2A[2T2a(t2/ )  ]: |b2b2b3b3a|

2B( i ) [2T2„( t2/ )  ]: | b2b3b( | )aa |

2Bi[2A2i,(t2l,4e(,) ] :— 2  V S  {^|b2b2b3b3bi| —

|b3b3aab]| — |b2b2aabi| —
V S  ¡b2b3aaa*| +  V S  |b2b3aaa* |}

2Bi[2Tii(t2l,4e17) ] : - - ^  {2 |b2b3aaa*| -  
y o

|b2b3aaa*| — |b2b3aaa*|}

2B(3 )[2Tiff( V e c) ] : (± )  { ^ V S  |b2b(|)b3abi| -

V 3  |b2b(|)b3abi] -  y /S  |b(j)b2b3abi| -  
2 |b2b3b(|)aa*| +  |b2b3b(»)aa*| +  |b2b(32 )b3aa* |}

2A[2T2ff(t2ff4ei) ]: — | |b3b3aaa*| -  |b2b2aaa*|}

!B(l)[!Tsf(V e»)):(± ) ! V S  |b2b(’)bsabij -

V S  |b(|)b2b3abi| +  |b2b(|)b3aa*| — |b2b3b(|)aa*|} 

2A[2E i(t2i4es)]: — |2 |b 2b2b3b3a*| — |b3b3aaa*| —

|b2b2aaa*| — y / S  ¡b^aabil +  y / S  |b2b3aabi|}

2Bi pE^b/ e , , ) ] : { 2 jb2b2b3b3bi| -  |b3b3aabi| -

|b2b2aabi| +  y /S  |b2b3aaa*| — y /S  |b2b3aaa* |} 

2A[2T2„(t2i4e ,,) ] :^ g  ¡ 2 |b2b3aabi| —

¡b2b3aab!j — |b2b3aabi|}

2B ( | ) [ 2T 2i, ( t 2l,4e 5) ] : ( = F )  { 2 |b 2b ( | ) b 3a b i |  -

|b2b(§)b3abi] — |b(|)b2b3abi| +  2 y /S  |b2b3b(|)aa*| — 
V S  |b2b3b(3 )aa*| — y /S  |b2b(g)b3aa* |}

2Bi[2Ti„(t2i4e ,) ] :----- 7 = {|b3b3aabi| — ¡babaaabil}
V  2

2B ( i ) [ 2T i , ( t 2i,4e ff) ] : ( = F )  { | b 2b ( | ) b 3a b i |  -

| b ( | ) b 2b 3a b i(  — y /S  | b 2b ( | ) b 3a a * |  +  y /S  | b 2b 3b ( 3 ) a a * |}

2A pAi„(t2i4e,) ]: — {2|b2b2b3b3a*| -  |b3b3aaa*| —

|b2b2aaa*| +  y /S  |b2bsaabi| — y/S  [b2b3aabi| j

2A[2Ei(t2(74e1,) ]: — j [b2b2b3b3a | +

|b3b3aaa*| +  |b2b2aaa*|} 

2Bi[2E„(t2/ e !I) ]: ^ 7^ j |b2b2b3b3bi| +

|b3b3aabi| +  |b2b2aabi|| (50)

These configurational functions enable the vortical 
and photical matrix segments to be gathered.

(ii) Matrix Elements: Five Electrons

zA[2T2i,(t2/ )  ] *B(S)PT*,(V)] > =

(=F)

A[2T 2i,(t2„5)] P
in 2Bi[2A2(,(t2!,4ec)]

^ 2A[2T 2ff(V )] P
m 2Bi[2Tii,(t2i,4e<,) ] )  = 0

!A[2T 2c(V ) ]

V2V V 2 U  b(|)

2A[2T 2i(t2„5)]

2A[2T2ff(t2(,6)]

V* K  b (l)

2APT2, (V ) ]

2B(i)PTl5( V ei)] ̂  =

- y /S  <^b(|) 

*APT2,(t,,4e , ) y  =  0 

2B(3) [2T2s(t2i4e„)]\ =

bi

2A[2T 2£,(t2„5)] 3

2A[2T2„(V )]

2A[*T*,(V)]

a ; -  y /S  <^b(3) 

2A[2E ,( V e ,) ] ^  =  0 

2Bi[2E i(t2„4e(,) ]y  =

V S  \  |m

2A[2T2, ( V e , ) ] \ s O

bi

bi

2B( | ) [2T2i,(t2£,4et,) ] =

W * / *  V S  ( b(j) ! |!  a * \  +  / b(i) bj

2A[2T 2, (V ) ]  £ 2B1 [2Tie(ti,4ep) ] > = 0

T h e  J o u r n a l  o f  P h y s ic a l  C h e m is tr y
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/ 2A[2T2,(V ) ]

1

2y /2 V 3  <fb(j)

*B(S)[,T u(ti,4e,)] ]  =

P a*) + ( b(t)|ff1|bl)}m

(  2A[2T2„(t2/) ]  *A[*A,f(V e ,)]  > =  0

!A[2T 2, (V ) ] 'P
in 2A[2E s(t2/ e c)] > =  0

^ 2A[2T2„(V )] lH 2Bi[2E„(t2l,4e(,)] /  =

V 3  V  |m |bl

2B(l)[2T2i(V )]  

1

P
ffi

(± ) 2 \ /3
b(|) 5¡m

2Bi pA^Ctü/e,) ] y  =

biN - p A \
m a / l

2B(*)[2T 2„(t2ir6) ] n  2Bj[2Ti„(î:2((4ei) ] )  =

y/*Jt <^b(D

2B(i)[2T25(V ) ]  £  2B(|)[2Ti„(t2„4e<,)] )  =  0

2B(i)[2T2„(V )] Ip
in 2B(|)[2T li,(t2(,4ei,)]

(±) 2v/2<\ a |ft| bl
2B(?)[2T2, (V ) ]  g j 2A[2T2f(t2/ e s)]

V 2

2B(I)[2T 2i(t2p)]

2B(l)[2T2„(t2(,5)]

2B(1)[2T2„(V )]

p
in

|p
|m

b(J)

2B( I) [2T 2l7(t2{,4e„) ] ̂ 0

2B(3)[2T 2,(V e ,)]  > =

5 a*m

bi

2A[2E£,(t2c4e(7) ] )  =

(± ) 2V3 { b(?) > \ -  V 3 < b (3 ) |^ | bl
/

2B(*)[2T2,(V ) ]  g 1|2B1 [2Ef(t2/ e i)] ;  =

(T) 2 ^ 3 Kb(l) |sj bl ) + W )

2B(|)[2T2c(V )]

2B( I) [2T2p(t2(,5) ] 

2B(I)[2T2c(V )]

2A[2T2i(t2/ e c)] )  =

/*/i ( bd)Ubi\

2B(s)[îT!f(tî,4ei)l \  =  0 

2B(i)[2T2l,(t2/ e s)]^) =

(=*=)*/2V V 2 / a

2B(32)[2T2(,(V )] n  2Bi[2Tis(t2/ e s)] > =

V 2
b(|)

bi

bi

2B(i)[2T2i(V ) ]  gJ 2B(?)[2T i„(V e5)] /  =  0

2B(!)[2T2i( V ) l

2B(“)[2T2(l(t2i5)]

m 2B(>)[2T1,( t2(4e,)] ^  = 

1
(± )

2 V 2
bi

2A[2A,c(t2„4el,)] > =

(± ) 2x/3  { b(?) a* )  +  V 3 { b ( i ) P h iMin / /

2B( i) [2T 2i,(t2p5) ] L 2A [2E i(t2(,4e„) ] > =

( ^ ) ^ < /b (D

2B(|)[2T25(V )]  H  2B,[2E ff(t2/ e p)] )  =

(=F) V 3 b(I) iïJ bl /  (51)

Like the four- and six-electron circumstance, the 
multifaricity of the spin-electronic states checks any 
even regular concert of the five electron vortical and 
photical strengths with those of the one-, two-, three- 
four-, six-, seven-, eight-, or nine-electron collects. Still 
special relationships exist in limited areas. Exempli- 
ficatively, the four- and five- spin-paired digonally 
directed cubical electron congregations of the legally 
allowed single electron leaps can be put in a one to one 
association with each other so that their vertigal and 
photical strengths become (for the most part) equal 
when the digonal and cubical specie labels A and Bi, B2 

and B3, Ai and A2, and Ti and T 2 are interchanged, that 
is, so that the A(Ti„), B(|)(Ti„) to A(Tlff), B(|)(Ti„)
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transition of the four-electron case corresponds to the 
Bi(T2„), B(3)(T2„) to Bi(T2„), B(|)(T2„) transition of the 
five-electron case, and so on [three exceptions to this 
rule exist; one of the four-electron A(Tiff), B(3 )(Ti„) to 
A(E„), Bi(E„) transitions is four times as strong as the 
associate five-electron transition, and one each of the 
four-electron A(Ti5), B(*)(Tiff) to AlTi,,), B^T^), 
B(|)(Ti,2i)) transitions is one-third as strong as its 
correspondent five-electron transition]. I t  therefore 
follows that the five-electron vertigal and photical 
strengths are also linked to those of the two- and seven- 
electron spin-free (and hence other) situations, just as 
were the four-electron strengths of §4.4. In addition, 
there is a direct multiplicative relationship between 
the two sets of 2A[2T2„(t2(,5) ], 2B(*)[2T2(,(t2„5) ] to 
2A[2E j(t2i4e„)], 2Bi [2E£t(t2174ee) ] five-electron spin-paired 
rotational and spectral strengths and the associate sets 
of *A[*E,(Ve,)], sB1 [2E,(tsi6e,)] to 2A[2T2ff(t2/ e ,2) ], 
2B(|)[2T 2i,(t2(,5ep2) ] seven-electron spin-paired strengths 
[collate eq. 45 with eq. 51], as well as several other less 
direct relationships.

(6 ) No Configuration Inter action: Nonzero Spin-Orbit 
Forces. Five Electrons. The statements relevant to 
this paragraph are coincident with those of §4.2b.

(c) Configuration Interaction: Zero and Nonzero Spin- 
Orbit Forces. Five Electrons. The harvests of configura
tion interaction are consonant with those of §4.2c.

4.6 A Numerical Example: The Bisethylenediamine
and Bisglycolato Copper (I I) Cation and Anion. To 
evince that the electrical asymmetries invoked in the 
precedent paragraphs are of a proper order to rational
ize the measured optical rotations of digonal dihedral 
transition metal compounds, we shall here document 
with a numerical exemplar. Entertain the a- and o-,in- 
bonded complex ions bis(ethylenediamine)copper(II) 
and bis(glycolato)copper(II), separately, and suppose 
for simplicity that these are depictable by a linear com
bination of Slater type metallic and ligand atomic orbitals 
with Slater (effective charge) exponents 7.85 (Cu: 3d), 
3.80 and 3.90 (N : 2s, 2p), 4.4456 (0: 2s, 2p, or 2p), 
with the metal and ligand nuclear centers separated by a 
space of 2.00 A., as in ref. 6 . Also suppose as in ref. 6  

that the ligand cr-bond 2 s- and 2 p-like content ks and 
kv are */s and \ /3 /2  each, that the ligand-metal o,w 
mixture parameters N aria+I,''r'r+ , N a*ri*a+'r,n'’r +, 
^biPia+ ) N  b2p‘id~ , N b3p2d- aie V20,
V20, - l / 2 y 2 ,  ‘Ac, ‘Ao, apiece, 22 that metal multiplica
tive factors Na, Na*, N b„ Nb„ Nb3 are unity, and that the 
angles of ligand-metal orbital cant, a and t, are 5°. 
With these modest estimates the rotational, (R, and 
spectral, S, strengths for bis(ethylenediamine)copper(II) 
in the conformations of Fig. 1 and 3 become, in the 
limit of zero spin-orbit forces

(R[2B,(E„) — 2A(E„)] «  7.6 X 10_3B 

8 [*Bj(Ef) — 2A(E„)] -  6.7 X 10~3Z)2,
3R[*Bi(Ef) -> 2A(E„) ] «  8 . 6  X 10~7F 2 

« [ ‘B^E,) — 2A(T2f) ] «  -1 .5 B 

S[2Bi(Ei) — 2A(T2„)] «  6.7 X KDkD2,
3n[2B!(E5) -> 2A(T2„) ] »  3.4F 2 

(R pB K E ,)- 2Ba ) (T2f)] «  (±)37B 

S[2Bi(E„) —► 2B(|)(T2(,)] «  0.16D2,
9TCPBKE,) — 2B(1 )(T2i)] -  0.86F2 

(R[2A(Eff) -  2A(T2„ ) ] ^ 0

S[2A(E„) — 2A(T2ff)] == 0, 3k[2A(Ef) — 2A(T2ff)] =  0 

(R[2A(E(,) -► 2B(|)(T2£7) ] «  ( ± ) 2B 

S[2A(Es) -  2B(I)(T2s)] «  1 X 10_4Z)2,
9k[2A(Ee) — 2B(J)(T„)] «  2 .6 F 2 

(R[2A(T2ff) -  2B(i )(T2s)] «  3.IB 

S[2A(T2i) — 2B(|)(T2„)] »  1 .1  X 10~3Z)2,
9TC[2A(T2„) — 2B(=)(T2i)] «  0.86F 2 

®[2B2(T2ff) — 2B3(T2ff)] »  -6 .7 B 

S[2B2(T2(I) — 2B3(T2f) ] «  5.2 X 10-3B 2,
3k[2B2 —► 2B3(T2(i) ] «  0.86F 2 (52)

where the symbols B, D, and F  denote the fundamental 
units of rotational and spectral strength, the Biot 
[10- 4 0  c.g.s. ], the Debye [10 18 c.g.s. ], and the Van 
Vleck [10~ 20 c.g.s. ] . 23 If besides the transition fre
quencies involved v[2Bi(E„) -*• 2A(E„)], i/[2Bi(Eff) 
2A(T2p) ], 4*Bi(E,) -  *B(>)(T„)], v[2A(E„) -  JA(T„)],

(22) Mark that if the normalization of the ligand function 2Sz(Sz)c,
nf,(**)c ri„(* x̂ s is taken to be l/2 the variational constants r]a+<T’/7r<7r +, 
7)*a+<7'7r'* +, pia+ ar<ir’*~, pza_ ~t p3â cr̂>7r + become 1/277e+cr>7r>*‘+, 
V2 r}*€+<T'7r<’,r +, l/zpi€+<T'7r'̂ , V2p2€_ lAp3€_ <r, + where the
€±<r,ic,*± are the true variational factors and the 77, 77*, pi, p2, P3 are 
convenient sequesteral coefficients which may be set equal to unity if 
desired. The signs of the variational constants are somewhat am
biguous, as some cannot be fixed by overlap considerations as in ref. 
6, footnote 48 [note, however, that this same ambiguity actually oc
curred in the trigonal problem also, but that it was there craftily 
disguised and glossed over]. This occurrence is especially critical 
for the dominant odd ligand-ligand contributions. We have here 
assumed that sign for these odd ligand orbital constants matches 
that for the companionate even ligand orbital constants. Under
standably, this circumstance casts some doubt upon the signed fore
casts of the rotational strengths in eq. 52 and 53.

(23) The Van Vleck as a unit of magnetic dipole strength is introduced 
here to remove the vexation of the usage of a nonunit conversion fac
tor in the comparison of experimental and theoretical results. It is 
the analog of the Biot and the Debye, whose (theoretical) “natural” 
units would be eps and eao, where e, pb, and ao are the electronic 
charge, the Bohr magneton, and the Bohr radius (infinite nuclear 
mass) [just as the (theoretical) “natural” unit of the magnetic dipole 
moment is pb].
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b 2A(Ec) —► 2B(?)(T29)], ^[2A(T2„) -  2B(^)(T25)], 
p 2B2(T2iJ) —»• 2B3(T29)] are elected to be 5 X 103 cm ."1,
1.2 X 104 cm .-1, 1.5 X 104 cm.-1, 7 X 103 cm.-1, 1 X 
104 cm.-1, 3 X 103 cm.-1, 3 X 102 cm .-1, distributively, 
the electric oscillator strengths /  and the electric dis
symmetry factors G scale to 24 25' 26

G[2Bx(E 9) 2A(E„) ] -  0.91 X 10- G,

/ [ 2Bx(E ff) — 2A(E9) ] «  1.6 X 10-5  

G[2Bx(E„) -  2A(T29)] «  -0 .7 5  X 10- 3r,

/ [ 2Bx(E 9) — 2A(T2„)] -  3.8 X 10-7  

G[2Bi(Eff) 2B(|)(T 2i)] «  (± )  6.2 X 10- S,
/ [ 2Bi(E9) -  2B(i)(T29)] M . 1 X  10-3  

G[2A(E„) —► 2A(T2j ]  =  indeterminate,

/ [ 2A (E9) 2A(T2£i)] =  0

G[2A (E9) -  2B(i)(T29)] » ( ± ) 8 X 10- 4r,
/ [ 2A (E9) -  2B(,)(T 2c)] «  4.7 X 10-7  

G[2A(T2ff) -> 2B( = )(T29) ] -  3.8 X 10- 4r,

/ [ 2A(T2j) -  2B(;)(T25)] «  1.6 X 10-6 

G[2B2(T29) — 2B3(T2,)] «  - 1 .7  X 10-3,,

/ [ 2B2(T29) -  2B3(T2c); «  7.3 X 10-7  (53)

where v is the frequency of the observant light in cm-1. 
The numbers in eq. 52 and 53 are to within ± 5  in the 
second significant figure due to evaluational approxima
tions. The rotational and spectral strengths and the 
dissymmetry factors of eq. 52 and 53 for the 2B (|)(T 2„) 
electronic states are not identically equal in magnitude 
for the parameterization chosen, but the approxima- 
tional errors and the subtractive cancellation of sig
nificant figures precludes a reliable estimate of their 
difference [this difference is within the error limit 
quoted previously] .26

If the more liberal (probably excessively so) assess
ment of the ligand-metal <7,ir-copulative constants and 
cantation angles, 1 /2 0 3 ,  1 /2 0 3 ,  — 1 /2 0 2 ,  1 /2 0 3 ,  
1 /2 0 3 ,  and 15° is made the rotational and electric 
spectral strengths increase enormously.

(R[2Bi(E9) -  2A (E 0  «  0.235,
S[2Bx(E 9) — 2A (EC)] «  1.9 X 10- 2G 2

311 [ ^ ( E , )  2A (E9)] «  2.8 X 10- 4E 2

0 2Bx(E9) -  2A(T2s)] «  - 2 7 B ,

S[2Bx(E9) — 2A(T29)] « 2 . 1 X  10- 2G 2

(R[2Bx(Eff) -  2B (|)(T29) ] *  (±)210,
S[2Bx(E9) -  2B(i)(T2,)] -  5.ID 2

[2A (E9) - 2A(T29)] =  0, S[2A (EC) -  2A(T2c) ] =  0

(R[2A (ES) - 2B (|;(T 2,)] «  (± )3205 ,

S[2A (Es) -  2B(=)(T2j) ] «  3.9Ö 2

<Rt2A(T29) - 2B ( 0 T 2j ]  «  1905,

S[2A(T2„) -  2B (|)(TSi)] «  4.3D2

<R|[2B2(T29) -  2B,(T*,)] «  -5 3 5 ,

S[2B2(T2o) 2B3(T2(7)] «  0.33Ö2 (54)

The magnetic spectral strengths not listed are not much 
changed from their magnitudes (which arose from the 
intrinsic metallic orbital magnetic moments) of eq. 52. 
The correspondent dissymmetry factors and oscillator 
strengths are readily obtained from (54). In general 
they are seen to decrease and increase, respectively, by 
factors of 10 to 104. The upsurge in rotational and 
electric spectral strengths upon growth of metal-ligand 
amalgamation is a consequence of ascendant ligand- 
ligand electric dipole moment contributions [look a t eq. 
8 , 11, and 17].

Because of the expanded orbital basis which allows 
greater metal-ligand intimacy, and the emanant rise of

(24) With the units for electric and magnetic dipole vigor employed 
above, the Debye and the Van Vleck, the expressions for the oscillator 
strengths become
f [ N ~ *  XJel0Ctrlc = 4.705 X 10-MW — X, cm.-1] S [ J V A / C 2] 

f [ N  —  A']m„Knetio =

4.705 X lO -'M V  —  X,  cm.-1] 3R[V -*■  X , V 2]
Note that the fundamental units of B , D 2, and V 2 are all the same—a 
unit electrical charge in e.s.u. squared times a unit length in cm. 
squared [thus the fundamental units of the Bohr magneton are the 
same as those of the Debye and the square root of the Biot!].
(25) Whenever 9TZ/S nears or exceeds unity [recall V 2/ 1 ) 2 equals 10 _4] 
for an electronic transition, eq. 27 for the dissymmetry factor must 
be modified either by a designation such as “electric dissymmetry 
factor” or by the alteration of its denominators with a replacement of 
Sab by Sai, +  3TCab or of 0 ab by 0 at> +  9TCab.
(26) The subtractive difficulties occur only for values of the metal- 
ligand mixture parameters in the neighborhood of ‘/so. Indeed, for 
values lower than this the rotational and spectral strengths of the 
2A(Ep, T20 —► 2B(2)(T20, 2Bi(E0 —> 2A(E0 transitions pass through 
zero and the rotational strengths change sign. For the especially 
sensitive 2A(E0 —► 2B(2)(T20 transition this crossover point takes 
place at the mixture parameter value of -—•24, hence the uncertainties 
referred to above. For the 2A(T2a) —► 2B(2)(T20 and 2Bi(E0 —► 
2A(E0 hops the critical specification falls in a region of less physical 
interest, parameter values of ~ V 4o and ^ :1/i65. The other transitions 
do not exhibit such cancellative difficulties. The possibility of in
ternal compensation arises because of the occurrence of opposed linear 
(metal ligand contributions) and quadratic (ligand-ligand contribu
tions) to the electric dipole length matrix elements [view eq. 17]. At 
values of the parameters not too much greater than the quadratic 
ligand -ligand terms so dominate as to render the linear metal-ligand 
terms but small correctives [an exception to this rule is the (b2 lev ! ba) 
matrix term in which the linear term dominates in practical situa
tions]. The unusually large magnitude of the 2Bi(K„) —> 2B(2)(T20 
rotational and spectral strengths stems from the large (even) ligand 
(r-molecular orbital content in the bi orbitals (the bi orbital is cr-bond- 
ing in the quadrate limit), which creates a large ligand-ligand electric 
dipole moment when a digonal field infuses odd <r-bond character into 
the b(2) orbitals.
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ligand-ligand contributions, the rotational and spectral 
strengths for the bis(glycolato)copper(II) anion should 
be bigger than those for the bis(ethylenediamine)cop- 
per(II) cation in eq. 51, 52, and 54, despite the de
creased magnitude of the metal-ligand integrals due to 
the increased magnitude of the ligand Slater (effective 
nuclear charge) exponents [read ref. 6 , §4.6]. However, 
the sign of its rotational strength will be invariant and 
equal to th a t of the bis(ethylenediamine)copper(II) 
cation of the same over-all ionic conformation.

Unfortunately, experimental data are scarce and no 
detailed experimental-theoretical comparison can be 
made . 27 However, the size of our rotational and spec
tral strengths is of the correct order.

IV. Discussion
The discussion of the digonal dihedral findings, for the 

most part, runs along the lines identical with those de
tailed in ref. 6 , and, hence, need not be recounted here, 
except in where differences or variances occur. Of the 
differences, the most striking is the major importance 
of the ligand orbital out-of-plane cant, without which 
central atom optical activity, either rotational or (non- 
vibronic) spectral [to first order] would disappear by 
virtue of local electric symmetry. I t  is this local elec
tronic nonplanarity which dictates the common union 
of even and odd one-electron ligand molecular orbitals 
with the even central atom orbitals, in sharp contrast 
to the trigonal case where local trigonality alone served 
to induce optical activity. Of course, nonplanarity is 
also a contributent in the trigonal dihedral problem, but 
it is not the prime motivator as here [compare Fig. 1 
through 8  with 23 and 24 and Fig. 11 through 17 with 
25].28 Nonplanarity, except in unusual instances, can
not alter the sign of the trigonal central atom  activity; 
it can only moderate its amplitude slightly. Thus the 
trigonal axial and skew axial ligand constellation [Fig. 
23 ] for the same over-all molecular conformation rotate 
similarly in metallochromophoric absorption seg
m ents . 29 This happenstance is certainly not the case for 
the digonal compounds where oppositely skewed 
ligands may induce either parallel or opposite central 
atom  rotativity dependent upon the local ligand orbital 
conformation [study Fig. 1 through 8 and 14 through 
17 ], and where local ligand electronic nonplanarity is a 
prerequisite for central atom activity . 30

Inextricably wedded to the difference in digonal and 
trigonal sensitivity to ligand architectural idiosyncrasy 
is the digonal-trigonal variance in ligand-ligand im
port. For the trigonal dihedral problem as treated 
previously, the concept of pseudo-octahedrality elimi
nated automatically all contributions of the ligand- 
ligand type in a-bonded complexes except in the internal

one-electron t 2„- to t 2<rlike transition [there was also a 
minor contribution to the magnetic moment of t 2i- to 
e„-like transition. Read footnote 73 of ref. 6 ]. How
ever, even were this concept dropped and large ligand- 
ligand terms admitted, the authoritative rotational and 
spectral terms would still be of predominant external 
trigonal molecular conformational origin rather than  of 
internal aplanar ligand constellational cause. Ligand- 
ligand terms from this latter source, though significant, 
are of a lower order of magnitude for the trigonal situa
tion. For the digonal circumstance there is neither a 
possibility for pseudo octahedrality or tetrahedrality 
nor a possibility for external digonal molecular con
tribution; there is solely the possiblity of internal

(27) Measurements have been made on platinum(II) complexes of 
undetermined conformations.2 Our results are not inconsistent with 
these experiments. As further measurements are sure to be made it is 
not out of place to report in this spot the order of magnitude of the 
signed electric and magnetic dipole strengths to be expected. [The 
estimates are recorded in units of eA. and p b , where e is the electronic 
charge, Â. is the Angstrom unit, and p b  is the Bohr magneton. The 
top half corresponds to the parameterization of eq. 52 and the bottom 
half to that of eq. 54. ]

roa ro(5) roa rob

5 X 10-2 7 X 10 0 - 1 .7  X 10-»
2 X 10 4.3 X 10“i 0 - 3 .0  X IO“2

r ( U a r(\ )b TO

5 X 10-' -8 .3  X 10~2 - 1 .7  X IO“2
1 X 10-1 - 4 .7  X lO-i - 2 .9  X 10 —2

m0a m°(i) mo a mob

1 1 0 2
1 1 0 2

" (I). mG )b mo

( r ) V 3 (=F) 1 - 1 .0  X 10-’
(=f ) V 3 (=F) 1 - 1 .8  X 10-»

Note Added in Proof.—Since this article has gone to press, two 
experimental reports have appeared on the nature of the rotations 
in cobalt ¿-propylenediamine compounds, one of which supports our 
naive numerical work (R. A. D. Wentworth and T. S. Piper, Inorg .  
Chem., in press), and one of which does not (J. H. Dunlop and R. 
D. Gillard, M ol.  P h y s . ,  7, 493 (1963—4)). It will be interesting to 
see which view prevails.
(28) With regard to the problem of ligand conformational preference 
in trigonal, digonal, and other transition metal compounds be sure to 
study the fundamental papers of (a) E. J. Corey and J. C. Bailar, Jr., 
J .  A m .  Chem. Soc., 81, 2620 (1959); (b) K. Nakatsu, N. Shiro, Y. 
Saito, and H. Kuroya, Bull.  Chem. Soc. J a p a n , 30, 158 (1957); (c) Y. 
Saito and H. Iwasaki, ib id., 35, 1131 (1962); (d) F. P. Dwyer, T. E. 
MacDermott, and A. M. Sargeson, J .  A m .  Chem. Soc., 85, 2913 
(1963); F. P. Dwyer and T. E. MacDermott, ibid .,  85, 2916 (1963); 
F. P. Dwyer, A. M. Sargeson, and L. B. Jones, ibid .,  86, 590 (1964); 
and (e) Y. Saito, H. Iwasaki, and H. Ota, Bull . Chem. Soc. J a p a n ,  36, 
1543 (1963).
(29) There is some indicative experimental evidence in support of 
this positive theoretical declaration. Read T. E. MacDermott and 
A. M. Sargeson, Austra l ian  J .  Chem., 16, 334 (1963).
(30) Local metal-ligand bond nonplanarity and nonorthogonality, 
however, as in the case of the trigonal dihedral problem, have little 
effect upon the (qualitative) digonal dihedral rotatory and refractory 
power.
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A (8,8,8)

2 z

A(8,8,8) A(X,X,X)

Figure 23. The lambda (A) conformation of the tris(ethylenediamine)cobalt(III) cation in its two principal (extreme) isomeric forms, 
A (S,5,5) [the observed form28b] and A(X,X,X) [its internally reversed form]. [We here make the convention that the parenthesized lower 
case deltas (S) and lambdas (X) designate the attached ligand conformations (recall Fig. 5 and 6), written in order of their affixment, 
with the conformation of the ligand attached to position 0 first, position 1 second, and position 2 third, and with the proviso that the 
coordination positions be numbered as in Fig. 23 and that positions 0, 1, and 2 not be welded one to the other. We hope this 
convention will find favor. We believe it is more convenient and extensible than th it  recently proposed by Corey and Badar28“ (our 
\(S ,S ,ò)  equals Corey and Bailar’s le i pattern and our A(X,X,X) their ob pattern). For example, mixed A(«,5,X), A(X,S,X), etc., 
constellations are readily (and exactly) specified.]
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Figure 24. The lambda(A) conformation of the tris(cycIopentanediamine)eobaIt(III) cation in its two principal 
(extrem e) isomeric forms, A(5,5,5) and A(A,A,A).
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z

Figure 25. The lam bda ( A )  conformations of the cobalt(III) tris(ethylene glycol) (top), trisoxalato (left), and trisacetvlacetonato 
(right) cations and anions in their A(6,5,«), A(m,m,m), and A(m,m,m) forms, respectively. [The lower case m u’s (m) indicate a 
»neso-arehitecture for the bound ligand. The conventions are as stipulated in Fig. 23.]

aplanar ligand contribution31; hence, the digonal- 
trigonal contrast.32- 33

The loss of pseudo cubicity, besides the induction of 
large ligand-ligand contributions, has another funda-

(31) Although the internal aplanar ligand contributions are of “lower 
order” (i.e., not the main causative) for trigonal structures, this does 
not mean they are negligible or small. It only implies that they are 
not sign determinative. [They add no new parts to the externally in
duced ligand-ligand supplements. ]

V o lu m e  68 , N u m b e r  12  D ecem ber, 1964



3678 A n d r e w  D. L i e h e

Figure 26. The factualized noneomplanately bonded acute- 
angled geometry of the bis(ethylenediam ine)platinum(II) 
cation and its associate localized ligand orbital spatial 
disposition for the A(X,X) conformation. Adjacent (ligand) 
carbon postures are as in Fig. 1.

Figure 27. The factualized noneomplanately bonded acute- 
angled geometry of the bis(cyclopentanediamine)platinum(II) 
cation and its associate localized ligand orbital spatial 
disposition for the A(5,5) conformation. Adjacent (ligand) 
carbon postures are as in Fig. 2.

mental sequent. There are no simple sum rules for 
digonal dihedral compounds. The sums, 53 rjm j>

which equal r0bm m + f0cw0c + rXam u  + ru m u  -  r0bm 0b 
— forho and r0am0a +  r0bmm +  rlo?nia +  rnm u +  r2am 2a +

r n m n  in the tetrahedral (q  equals q * , p  equals p i, p2, Ps) 

and octahedral (q *  equals p i, p equals q ,  p2, p i)  limits, 
separately, reduce to ~ 8 .5 B , 410B  and ~  —0.7B, 
— 27B  in the two numerations of eq. 52, 54, which alge
braically approximate to 2 f0(i)Wo(J) — r0t,m0b and 
rocWoc, separately . 32 33 34 35 Again a digonal-trigonal con
trast . 36

Lastly, the want of good digonal dihedral wave func
tions creates an essential ambiguity. This ambiguity 
was mentioned before in ref. 6 , section II, footnote 22 
and ref. 6 , section IV—it is the formal, but not actual, 
duality of the coordinate, er, and the momental, ( h / i ) v , 
representations for the electric dipole operator, p. In 
both the trigonal and digonal (or any other) case, the 
poorness of the existent wave functions makes this 
duality an enigma, as one does not know a priori which 
representation actually represents the tru th  in any 
specific instance, although there is some practical evi
dence tha t the momentum representation (which is 
actually that of the untransformed theory) is best [read 
footnote 22, ref. 6 ]. To illustrate this enigma in some
what dramatic fashion consider two examples: (i) a ma
trix component between *A [1E i?(e£,2) ] and 'B iI’E ^ e /) ]  
electronic states, T A and 'VB, respectively, and (ii) 
a matrix component between the 'Bi [3T ic(t2„2) ] and 
^ ( D ^ T ^ ^ e , , ) ]  electronic states, and $ b(|), re
spectively, where equals A /y 2{ |a*a*| — |b ib i|}, 'Fb 
equals — v ‘/ 2j|a*bi| — |a*b]|}, <Ffl, equals Ib2b3| , and 
$ b(D equals (=f ) 1/ 2{ \/5 |b (i)a* | — |b(|)bi|}. If we

(32) This contrast is one more of semantics and practics than of 
dialectics and mathematics. The heightened rotativity and intensity 
in both instances springs from the impact of even-odd <r-<7, and to a 
lesser extent, for <r-bonded complexes, tt- tt and <r-7r (<r,7r-bonded com
plexes give equal weight to 0 - 0  and tt- tt contributions and higher 
weight to a - i r  contributions), ligand-ligand contributions to the elec
tric dipole matrix components due to a loss of pseudo cubicitv, and to 
consequent breakdowns of even-odd orbital distinctions [in the 
trigonal case this breakdown manifests itself in the separate admix
ture of 2o(+) and 2± (l), Z± (2) terms into the ai(t2ff) and e±(t2p, ê ) 
one-electron pseudo-octahedral trigonal molecular orbitals].
(33) The digonal and trigonal situations are in agreement on more 
ordinary ligand substituent isomer effects, however. These will have 
but slight influence on the central atom rotational and spectral 
strengths so long as they do not alter the localized ligand-metal elec
tronic charge disposition significantly. They certainly cannot alter 
its sign without a gross concomitant stereochemical molecular charge 
[i .e ., sign alterations can only occur if substituent steric hindrance 
causes a structural rearrangement which transfigures the gross 
molecular form (for example induces a transition from an over-all A 
to an over-all A form, in Piper’s5"' notation) ].
(34) A few terms in the sums do actually algebraically cancel inde
pendent of the numeration. As a sample, the linear r) and 77* terms in 
the tetrahedral (77 equals 77*, p equals pi, p2, ps) and octahedral (77* 
equals pi, p equals 77, p2, pz) sums cancel, and certain metal-ligand 
and ligand-ligand terms both linear in p and quadratic in rjp, rj*p, p2, 
T?2, or tj* 2 also cancel. This incomplete cancellation is not unexpected 
due to the great structural difference between the digonal, tetrahedral, 
and octahedral systems [eye Fig. 3, 4, 10, 28, and 29].
(35) Of course, in the quadrate limit we do get a digonal-trigonal
analogy as the rotational strengths all identically vanish, as all 
transitions are then even-even.
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Figure 28. The faetualized noncomplanately bonded acute- 
angled geometry of the bis(ethylenediam ine)platinum(II) 
cation in the A(X,X) conformation and its associate localized 
ligand orbital spatial disposition viewed as a 
tetrahedral affiliate.

Figure 29. The faetualized noncomplanately bonded acute- 
angled geometry of the bis(cyclopentanediamine)platinum(II) 
cation in the A(X,5) conformation and its associate localized 
ligand orbital spatial disposition viewed as a 
tetrahedral affiliate.

let p equal er or (h/i)V , we find with the use of the matrix
/  h '

identity (for exact wave functions),«' a 7 V b ) equals

tm— (Ea -  E„)(a\er\b),36 that ( ^ I p I^a) equals
he
<a*(p|b,) -  (bi|p|a*), and <<f>Bl|p |$ s(t)) equals
- V 2 { V 3 (b(|)|p|a*) +  (b(|)|p|bi)j can be expressed in 
a quintuple of connections

Ä-.
7  V l y  A  )  =  Y  ( e b  -  E a ) { ^ b \  r | * x )

tm
(Eb — 7?^){(a*|r |bi) -  <bx|r |a*)}

’  B i

mi

| 7 U \  /  * h _ , \  /  1 h -
7 V

11 * v  -  <a7 V
1 V ~ \ b , r

y  {(Ea* -  « a * !? |b i>  -  (Ebl -  Ra*)<bi|?|a*>}

and

tm
$ b(!) )  = ~  (EBl -  ÆB(|))($fll| r|4>jj(|)) =

(EBi -  ^B(l)){V3(b(i)| r]a*) +  (b(pj r|bi)}

K(?) - 'A  | a/ 3 <^b(3)
h -  
7 v % a ) +

tm
2h {V 3 (Et{i) -  E a*) (b(|)|r|a*) +

(Ei{l) -  ®6i)(b(f)|r |bi)}

in which numerous logical self-contradictions appear. 
These contradictions become obvious when there are 
substituted into the quintuples the incorrect identifica
tions (incorrect as the momental-coordinate identity re
quires both 3CT equals ET and /T*3CT equals E, not 
just the latter alone) E A equals E B equals E a* +  E tl 
and E Bl equals E,n +  E„„ E B equals 1/ i(2,(E„ +

V 3 / \ 3 /
E a*) -(- (Eb 3 +  /?&,)), upon which substitution (with
the use of matrix Hermiticity) we see that the first quin
tuple requires that either E a* — EM or (a*| r |bi) vanish, 
neither of which requirements is true. The explana
tion of these contradictions is, of course, that sums of 
determinants of even exact one-electron orbital functions 
can never be eigenfunctions of any Hamiltonian, except 
by fortunate chance. 37 As it is not yet sure which of the

(36) This identity is readily proved with the commutator equality, 
( h / i ) y j  equals ( im /h )  [3C, r}], which holds for any Hamiltonian, 3C, 
which contains ( h / i ) ? j  only in the kinetic fo rm ^ — (k2/2 m )V  k2 [this

k
commutator equality is independent of all functional additaments of 
the potential form V(ri ,  t), rj, . . . rj, rl j ,  ry*, . . . n n . . .) ].
(37) For example, for the determinantal sums ^ a , 'I'r, $ ri, #r 2̂) 
printed above, we have at best SC'&a  equals y / i / t { 2 E a+ |a*a* | — 
2Ebi |bibi |j, 3 C e q u a l s  (E a+ 4- Ebi)'I'r, equals (Eb7 +  Eb9) $ u  
and 3C 2) equals (^V A i (# 6̂2) 4- E a*)  \ /3  |b(|)a* | — (Eb^3) 4- 
Ebi) | b(3)136x1), when the Hamiltonian, 3C, is a one-electron sum, 3C
equals ^  {— (ft2/2m)V/2 4" »(ry) 4- £(ry)/y*sy 4~ ■ . ■ .

3
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Table VI: The Spin-Free d” ( n  =  1, 2, 3, 4, 5, 6, 7, 8, 9), Digonal Dihedral (Octahedrally Oriented) Rotational and Spectral 
Strengths for Zero Spin-Orbital Forces"

-Spectral strengths-
n Transitions Rotational strengths Electric Magnetic

1 (s = 2) *B2(T2o) -  *Bi(T2o) Qoamoa 0o7 ffha2

and 8B(2)(T2o) — sA(T2o) ^°(e)^°(c) m0(t)2

6 (s = 5) -  !A(E„) K \ ) a m { \ ) a 9 ( \ ) ° m i \ ) a

-  *Bi(E„) »(i m i \ ) b

*A(T2„) -  !A(E„) 0 0 0
~ *■ sBi(E0) gobmob got2 m 0b2

'A(Ej) -  *Bi(E„) gom0 g»2
— 2 m0

2 (s = 3) *Bi(Tle) -  ‘B j ./T u ) m„(?)2

and -  *A(T1(I) 0 0 0
7 (« = 4) *B( î )(TIt) ‘A{ g ( i ) a -  \/3 ff( i)6)(m(2)0 --  V3m(i)ft) 'A(S(J)a - V4(»»(f)a -  \ A “ (;

-  *Bi(Ti0) 0 0 0
-  *B( i )(Tle) ‘A( -v/3 g (* )a +  0 (i)6)(\/3ro(2 )o +  m(i)A 1A (v /3ff(2)a +  0(i)6)2 7 4 (v / 3»l(2)a +  OT(:

— *B,(A2f) 0 0 0
'B2(T1o) — *B3(Tls) gOdWlOa 0O»! rhoa2

eB( i) (T10) -  8A(T20) m ( l ) a
0 0 0

-  *B( | )(T2i) 3Aff0i>»l06 3/igot 2 3/ m o b 2

-  *Bi(Tle) 9 ( l )b m ( l ) b

-  *B(i) (T‘»> 0 0 0

-  'Ba ) ( T>») 1 /  i0bbm i)b VíSot2 ' / m o b 2

— *Bl(A20) 0 0 0

3 (s = 4) 8Bi(A2a) —* 8A(T2C) gabmm gob2 mob2

and *B(i) (T^) V4(ff(J)6 "  V S g ( 2 ) a ) ( m ( l ) b - ‘A( ffU)6 -  ■v/ 3ff(î)«)2 7 < O q )6 -  \/3w i(

OO 11 CO -  sBi(Tl0) 0 0 0
-  sB(2)(Tid) 7* ( V z g ( i ) b +  S(2)aXV3W( l )b  + VX "^0(1)6 +  0(()a)2 1A(v /3to(j )6 +
-  'Bi(Tlc) 0 0 0

*B(l)(Tl») 0 0 0

09s 11 *Bi(E„) -  *A(E„) gom0
-2

00
=  2 
m 0

and -  *A(T2s) gobmob gob2 m oi2

9 (s = 2) -> *B(|)(T2i) ° ( l ) b m ( l )b 9 { \ ) l m ( i J
‘ACEJ -  *A(T2ff) 0 0 0

-  sb (2)(t 2o) H l W ’K D a ^(l)a2 TOa )a 2
*A(T2s) -  *B(2)(T2i) H bc)MK b,) H bJ mo(‘)2

*B2(T2o) — *B3(T2t,) gOctWloa goa2 ñlOa2

5 sA(Al0) — 2.4Bi(Tic) 0 0 0
-  ,-‘B( | ) (T I,)

— 2.4A(T2£I)
-  MB( |) (T2s) 

j'4B,(A2„)
— MA(E,)
— VB^E,)
-  MA(AIs)

° The quantities goa,b,a goj 9o a ,b , Q\a,b, <72a, t ,  moa,b,c, mo, moa,b, m ia,b, m 2a,i (g — r, p), are as defined specially and generally in §3.1, eq. 
17 and 19.
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Table V II: The Spin-Paired d" (n  = 1, 2, 3, 4, 5, 6, 7, 8, 9), Digonal Dihedral (Octahedrally Oriented) 
Rotational and Spectral Strengths for Zero Spin-Orbit Forces“

n

4

5

Spectral strengths-
Transitions Rotational strengths Electric Magnetic

3B2(Ti„) -  3B3(Tl0) QOâ Oa goJ m0J
3B(.)(Ti„) 3Bi(Ti„) H t ) ”H i) H t ) 2 mo(0 2

-  3B,(ES) V*«).* 4Am(3)02
-  3A(E„) */*g(i)bm (°)b 4Aff(;)b2 4A™(?)62
-  3Bi(T15) l/ H l ) a V2W(3)a2
-  3B(|)(Ti„) 0 0 0
— 3B(3)(T,s) 3/ &Qobbft<tb 3Ag»*2 3A»iob2
-  3A(T2s) '/w (r)b m (i)b l / H l) b 72m(3)62

-  3B(i)(T2i) 0 0 0

-  3B(1)(T3») 1/aQob‘mQb ‘Ago*2 7 s»Î062
-  3A(Ai0) l/ v W i g ( i ) a -  ?(j >)(\/3to( i )„ -  TO(3)6) 7i2(\/3g(*)a -  g(î)6)2 7.2(V3m(i)o -  W(?)i,)2
-  3B,(E„) Vi2(V3g(.)6 -  J(;)0)(V3m(.)j -  m(?)a) Vi2(\/3g(>)6 -  g(j)a)2 7iXV3»»(3)i -  ™(?)J2
-  3A(E„) 'M V 3 g ( l)a  +  S(J)i,)(v/3m(i)a +  m(?)6) Vl2(\/3g(2)a +  9(2 )b)2 7i2(V3m(|)a +  m(?)b)2
— 3Bi(A2„) l/ ^ V Z Q ( i ) b +  fl'(;)0XV3m(i)6 +  TO(?)o) ViX\/3g(i)6 +  g(f)a)2 7i2(\/3TO(i)i> +  m(2)a)2
-  3A(T25) y ^ { i y m n ) a ‘A™(J)a2
-  3B(|)(T2») 0 0 0
— 3B(3)(T25) t/sgobmob 3Agok2 3A»ioi>2
-  3Bi(Ti„) l/*9tt)bm (l)b l / H \) b V2«r(i)62
- 0 0 0

- •  3B(l)(Ti«) Vsö'o&moi 'Ago*2 ■Amo!,2
3Bi(T1(,) -  >B,(E,) 0 0 0

-  3A(E„) V zQobWlob 4Agoi2 4A«iot2
-  3Bi(T,„) 0 0 0
-*• 3B(|)(Tl0) ‘A(a/ 3ff(i)b -  i(;)a)(\^™ (s> -  m ( \ ) a) l/ W * g ( i ) b -  g(2)0)2 78(v/3m(i)i, -  m(3)a)2
-  3A(T2i) 0 0 0

-  3B(1)(T-) Vs(\/3g(3)0 +  J(j)i,)(V3m{;)„ +  ro(i )6) 7s(v/3g(;)0 +  g(i)&)2 ■A (V3m(f )a +  m( i)6)2
— 3A(A15) V3i7067Mo6 ■Ag»!2 ‘/¡mob2

-  3B1(E„) 0 0 0
-  3A(E„) ‘Agot2 73TO0!.2
— 3Bi(A2o) 0 0 0
— 3A(T2S) 0 0 0
-♦ 3B(2)(T2„) *A(\/3i(i> -  ?(;)aXV3»»(|)j -  ™(;)a) in V t i g ( i ) b -  g(3)a)2 7s(V3m(i)6 -  wi(3)a)2
-  3B,(Tle) 0 0 0

-  3B( l / T-) '/8(\/3g(2)a +  g { \ ) b ) ( ^ m ( i ) a + Vs(V3g(3)a +  g(i)6)2 7 s(a/ 3m(?)o +  m(i)6)2

2A(T2i) — 2B(2)(T2(r) 5o(»)Wo(») go(‘)2 ihb(b(2

— 2B,(A2o) V 300b Wo b ■Ago 62 ‘Awtob2
-  2Bi(Ti„) 0 0 0

-  2B(1)(T'») V s -  V%(f)6X»i(i)0 -  V3m(?)!)) 3A(g(i)a -  V 3 g (* )b)2 3A(m(|)0 -  V 3”î(î )6)2
-  2A(T2„) 0 0 0
-  »B(|)(T^) V»(»(i)o -  V^ff(»)6)(»»(i)o -  V ^ m (!)b) Vs(g(i)a -  V3g(2)6)2 Va(TO(j)a -  \/3m (ì)ò)2
-  2A(E0) 0 0 0
— 2Bi(E„) 'AffOiWlob ’Agob2 xlirrusb2

-  2A(T2„) 0 0 0
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Table VII (C ontinued)

/■—■------------------ Spectral strengths —'
n Transitions Rotational strengths Electric Magnetic

5 -  2B(|)(T2s) 7s(\/3<?(i)a +  g (i)bK V 3 m ^ a + 7 8( v /3ff(i)a +  S(?)6)2 78(v/3m(. )o +  m(2)6)2
-  2B,(T1(,) 0 0 0

— 2B(S)(T“') 7s(V%(i)0 +  ff(?)ò)(v/3m(i)a +  m(»)6) 7 8(V/3!7(i)a +  S(2)6)2 7 8(v /3m(i)a +  m(?)6)2
— 2A(Ai„) 0 0 0
-  2A(E„) 0 0 0
-  2Bt(Ec) 'ASoòWlo» 7  3Sta2 73?«062

2B 2(T 2g) —*■ 2B3(T2£?) QOaW-Qa 00a2 fhoJ

2B(i)(T2o) 2B1(A2j) l/ n ( V ^ 9 ( i ) a ~  ^a)öXv/3m(?)a - 7i2(V3ff(j)a -  ?(1)6)2 7)2(-s/ 3m(j)0 -  m(i)6)2
-  2Bi(Ti0) 7» 9{l)am (l)a M i) « ’ 7*W(M
-  2B(2)(TIo) 0 0 0
-  2B(3)(TI0) V8̂ 06̂ 06 7 80o62 ’A”*»*
-  2A(T2„) ‘M i  )am (l)a ‘M i)« 2
— 2B(!)(T2'’) 0 0 0
— 2B(|)(T2„) V&QobWlQb 3/ egobi 7 sW206 2
-  2A(E„) lM V 3 g ( i ) b -  9{\)a)(V?>™-{i)b -  «*(!)„) 7 i2(\/3ff(j)6 -  ?(i)a)2 7 i2(v /3w(()6 -  ma)»)2
-  2Bi(E()) ’/■Ml) b +  V 3g (i)a)(m (i)b  +  V3W(?)a) 7i2(?(|)6 +  vM (j)a)2 7 i2(TO(|)ö +  V3TO(J)a)2
-  2A(T2o) 7z 9(l)bm (l)b 3Aff(?)ò2 3AW(J)6S
-  lB( i)(T2i) 0 0 0
-  2B(3)(T2e) 3/  8Q0bf̂ 0b 7 80O&2 7 sTO062
-  2Bi(Tl0) lM i)om(i )t M i » 2 ‘A»l(i)62
-  2E(|)(Tl„) 0 0 0
-  2B(3)(Ti„) Vsgobbai 7s0Oft2 7aTO062
— 2A(A12) Vi2(?(i)a +  V/3é?(j)6)(to(i )0 +  V3»t(j)6) 7is(ff(|)a +  V/3?(*)6)3 7io(m(i)a +  y /3 m ( , ) by

-  2A(E„) ‘M l)«W(l)a M M
-  2Ei(E„) ‘/■»(iW Di M l » 2 ‘ATO(|)62

6 ■AiCAio) -  lBi(T,„) 2000̂ 06 2(7o62 2m0i2
-  'B d/T ,.) 72(v'3<7(i)a -  ?(?)6)(V3TO(i )a -  m(;)6) ‘A(MS(3)0 -  S(?)b)2 72(v/3w(i)a -  W(2)6)2
-  ‘A(T2o) 0 0 0
-  'B(. )(T,.) 7i(\/3ff(j)4 +  ?(3)a)(v/3m(?))) +  m(i )o) 1 A( \/3<7( j )k +  0(1 )a)2 ‘A(\/3m(|)6 +  m(i )o)2

7 2A(E0) — 2Bi(E„) gom0 0o2 Too2
— 2Bi(Ti„) 3 /  igobinm, 72006 2 3 A m u 2

-* iB(l)(T^ 3/ ^ ) b m (l)b M M 3A m ( i )b2

-  2A(T2o) 0 0 0

-  *B(I)(T*) 7«(®(J)o -  \/3g(5)6)(m(i)a -  V3"i(;)i,) 7s(0(i)a -  V/30(?)6)2 ‘A(™(|)« -  V M j),,)2
-  2B,(Tl0) '/tgobmoi, 7 20O62 72»l062
-  2B(I)(T'») 7»(\/3ff(i)0 +  ff(»)t )(\/3fft(i)0 +  W(i)4) ‘A(\/30(1 )a +  0(2)6)2 7s(V/3m(i)a +  OT(;)6)!
-  2a:t 2ì) 0 0 0
-  2BU)(T2») M i)« W«)a ‘Affa)»2 ‘Aw(i)a2

2Bi(Ei) — 2B1(Ti„) 0 0 0
-  2B;i)(Tls) 7«(f )»«(?). M M 3A m {l)a 2
— 2a ;t 2ì) 7 2ff06»i06 7 20Ofe2 7i»l062
-  2B,|)(T2i,) 7«(i(j )6 +  V3s(; )„)(”*( 1)6 +  \/3m (2)a) ‘A(ff(|)5 +  V/30(2)a)2 ‘AO(i )6 +  V^n»(j)a)!
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Table VII (Continued)

-------------------- Spectral strengths---------------------s
n Transitions Rotational strengths Electric Magnetic
7 -  2Bi(Tls) 0 0 0

-  *B(|)(Tie) Vs(?(?)a -  ^ 9 ( l ) bY Vs(wi(|)0 -  \/3TO(i)t)2
-  2A(T2i) 'Agotmob Vi?»»2 'Amos2
-  2B( |)(TM) l/*g(\)bm ( \ ) b ‘/* (i )b 1Am(i)02

8 lBi(E„) -  >A(E„) 4pom„ b 4po2& w
— lA (A le) 0C 4f02 c 0'
-  2A(T2t) QfibMob 3062 mob2
-  *B(.)(TW) V«(»(|)6 +  V 3 g ( l) a ) (m (\)b  +  V3m(J)0) *A(3(i )(, +  V%(?)„)2 1A(m(|)0 +  V3m(j)0)2
-  'BifTi,) 0 0 0

lA(»(J)a -  V3ff(i)(,)("!(J)„ -  \ /Z m ^L)6) 'A(3(»)a -  VSirfiji)* 1/ i ( m ( l)a  -  V ^ m ( \ ) b ^
-  ‘A(T2„) 0 0 0
-  1B(i)(T20) 0 0 0
-  ‘ME,) 0 0 0
-  'BifEp) 0 0 0
-  ’A(A1(,) 0 0 0

■A(E„) -  iA(A,„) 0 0 0
-  >A(TO 0 0 0
-  ‘B(. )(Tto) 'A(»(i)o -  V 3 g (* )bX m ( i)a -  \ ^ r n ^ i ) b ) ‘A(ff(i)a -  V ^ ; ^ ) 2 1A(m(i)a -  V3m(2)i))2
-  1B,(TIe) gob^Ob 306 2 WÎ062

'A (?(J)6 +  V3?a)„XTO(|)fc + 1A(»(J> +  V^3(1)0)S 1A(m(j)i, +  \ /3 to(i )0)2
-  *A(T„) 0 0 0

-  1Ba)(T^) 0 0 0
-  1A(Ee) 0 0 0
-  lBi(E,) 0 0 0
-  ‘A(Alff) 0 0 0
-  1A(T2„) 0 0 0
-  ‘B(|)(T2o) 'A (SQ)0 +  \ ^ 9 Q ) A ( m (\)a  +  V3OT(J)fc) ‘ACsfpo +  V39(i)6)2 1A(m(i )o +  v/3m(2)(,)2
-  ,B,(T„) 'AsobWol jA3062 'Amob2
-  1B(S)(Tl») A iio c o t  -  \/39(i)a)(TO(j)5 -  v'STO(i)a) ‘A(3( )̂6 -  V33(i)a)2 1A(m(2)b -  \/3m (i )o)2
-  ‘AfT*) 0 0 0
-  2b (1)(t 2o) 0 0 0
-  'AfEj) 0 0 0
-  lB(Et) 0 0 0

0 0 0
a The quantities g0a,b.c, go, goa.b, gia.t, g2a,b, moa.b.c, m„, moa.b, m ia,b, m2c,6 (g = r,p ) are as defined specially and generally in §3.1, eq. 17

and 19. b The dipole length forms vanish due to internal self-cancellation [confer eq. 38 and recall (a* v bi) equals (bi| v|a ) for v real
(v = er ), but equals — (bi| via*) for v pure imaginary ( v = (A/*)v> in)- “ The dipole velocity forms vanish due to internal self-cancella-
tion [confer eq. 38 and recall (a*| v|bi) equals — (bi|v|a*) for v pure imaginary (v = ( h / i ) v ,  m), but equals (bi|v|a ) for v real
(v = er ).

quintuplet forms is the more faithful for transition 
nietal compounds, we have carried both in our algebra 
[eq. 19, 20, 24, 25, and 26 and Tables VI, VII, and VIII] 
and used the simplest (the coordinate representation) in 
our numerology [eq. 52, 53, and 54 and footnote 27],

V. Summary
The salient points of this division are the following.
(1) Digonal dihedral molecular orbitals may be un

equivocally fixed in a directed localized ligand-metal 
orbital basis.
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Table V III: The Spin-Paired d8 Digonal Dihedral (NonoetahedraLy Oriented) 
Rotational and Spectral Strengths for Zero Spin-Orbit Forces“

.------------------- Spectral strengths—
Transitions Rotational strengths Electric Magnetic

1A(#) =  >AW O', k  =  0, 1, 2, 3, 4, 5, 6) 0 0 0
>A<>> »Bi«» 2<7ooto to 2mo2

2gob^ob 2<7oi>2 2?«062
‘Bi«» 0 0 0

-  IB Ü ) (1> 2 ^ l ) b 2 m ( i ) b 2

-  ,B ( 1 ) (2)
0 0 0

-  1B(i)(3’ 0 0 0
38,0) _ *  3B,(2'3) 0 0 0
3Bi(l) — 3A (/ObWlob got2 mob2

3B,»> 3B(|)<» m (i) °
3Bl(i) 3B(|)W

9 ( l ) b m ( l ) b H \ ) b m ( \ ) b

W 1’ 3B /2)<3> 0 0 0

“ The quantities goa,b,o go, goa.h, gia.b, gia,t, moa.b.c, mo, moa.b, mu,t, mia.h (g — r, p) are as dehned specially and generally in §3.1, eq. 17 
and 19.

(2) The optical rotatory and spectral powers are 
directly (but not linearly) proportional to the covalent 
strength of the compound.

(3) The electron-hole formalism is not straightly ap
plicable to matrix manipulation of single-electron 
operator sums. In particular, it is not straightly ap
plicable to optical rotatory and intensiveness matrix 
calculations.

(4) There is a direct correspondence between the ro
tational and spectral powers of dn and d5+" (n = 0 , 1 , 
2, 3, 4, 5) spin-free systems, between d 1-4 6 ’9 spin-free 
systems, and various indirect relationships between 
these and other d" (n = 0, 1, 2, 3, 4, 5, 6 , 8 , 9) con
figurations.

(5) The sign and magnitude of the optical rotation, 
the ellipticity, and the dissymmetry, for a given con
formation, is directly dependent (but not linearly) upon 
the sign and magnitude of the covalency and hybridiza
tion parameters, the localized metal-metal, metal- 
ligand, and ligand-ligand transition moments, and the 
angles of bidental cant.

(6 ) Cubic magnetic and electric selection rules are 
nontrivially relaxed in zero order in digonal dihedral 
compounds.

(7) Strong natural electronic optical rotatory dis
persion and dichroism are possible in the infrared and 
microwave regions of the spectrum for spin-orbitally 
coupled and uncoupled dn electronic systems.

(8 ) Spin magnetic dipole transition moments alone, 
in conjunction with an allowed electric dipole transition 
moment, can induce large rotational strengths.

(9) To good approximation u- and o-,7r-bonded com
pounds are formally identical in their mathematical 
optical rotatativeness and intensiveness behavior.

(10) The optical rotatory and spectral powers of 
many electron digonal dihedral systems are expressed 
as multiples and simple sums of those of the primogeni- 
tal one-electron system, but no simple addition in
variance relationship exists for these expressions.

Division B

Transition Metal Compounds of Lower Symmetry

VI. Compounds of Unidigonal Dihedral Symmetry
Transition metal compounds of unidigonal dihedral 

(DO symmetry38 of the usual sort fall naturally into 
three kinds: the monobidentate [Fig. 36a, b, 37, and 
41 ], the dibidentate [Fig. 38a, b, 39, 40, and 41 ], and the 
polydentate [Fig. 42, 43, and 44 ] . 39 The mathematical 
treatment of the first two kinds follows directly from 
that of the digonal dihedral and trigonal dihedral cases 
developed earlier in Division A of this paper and in ref.
6 . This circumstance occurs due to our careful choice 
of functional orientation in these former two cases. 
Because of this careful choice with respect to the di
gonal twofold axis C2(.t) and the trigonal twofold axis 
Qi(y'), the wave functions, and hence the matrix ele
ments and rotational and spectral strengths, of unidi-

(38) The debased point group Di is identical with the primitative 
point group C2.
(39) Monodentate compounds of Di symmetry are not possible as 
their essential simplicity imposes higher symmetry.
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gonal dihedral chemicals can be written as simple sums 
of those of their correspondent digonal and trigonal 
forebears. To demonstrate, for the zero spin-orbit force 
problem the principle of descent in symmetry40 im
mediately shows that the digonal dihedral functions, 
matrix elements, and rotational and spectral strengths 
of Division A are identically also the unidigonal dihe
dral monobidentate functions, matrix elements, and ro-

2

Figure 30. The localized ligand orbital spatial dispositions 
for the factualized noncomplanately bonded acute-angled 
conformations of the bisethylenediamine cation. The 
adjacent (ligand) carbon quarters are as in Fig. 7.

tational and spectral strengths with the digonaRuni- 
digonal dihedral species correspondence a, b3, A, B3(D2) 

a, A(Di), bi, b2, Bi, B2(D2) b, B(Di), and that the 
trigonal dihedral functions ax(t2i, or aia), a2(tiM), e±(t2„ or 
e^), e±(ti„), Ai(T2(, or Ai„), A2(Ti„ or A2(!), E±(T2(, or E„), 
E±(Ti„), of ref. 6  are straightlv related to the unidi
gonal dihedral dibidentate functions by the functional 
correspondence

ai(t2„ or ai„) [Ds] = a(t2„ or aJ(,) [Dx],
a2(tiu) [D3] = b(ti„) [Di]

Figure 31. The localized ligand orbital spatial dispositions 
for the factualized noncomplanately bonded acute-angled 
conformation of the biscyclopentanediamine cation. The 
adjacent (ligand) carbon quarters are as in Fig. 8.

e±(t2c or eff)[D3] =
w  2(eA(t2„ or e„) ± ieB(t2l, or e„) [Di], 

e±(tiu) [D3] = W a (e n ( tia) ± feA(tia)) [Dx]

Ai(T2„ or A1?)[D3] = A(T2i, or Ai5)[D i],
A2(Tic or A2f) [D2] = B(Tic or A2„) [Di ]

E±(T2t or E„) [D3] =
or E^) ±  ¿EB(T2c or E(I))[Di], 

E±(Tl5)[D3] = v / V2(Eb(T1„) ±  iE ^ fT i ,) )^ ]  (55) 
or

a(t2ff or aic) [Dx] = ax(t2i, or aX!,) [D3], 
b(tlu)[Di] = a2(tiu)[D3]

(40) Read, for example, A. D. Liehr, J. Phys. Chem., 67, 389, 471 
(1963).
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eA(t2„ or e„)(Di] =
W if e - ( t i ,  or e„) +  e_(t2„ or e,)) [D3], 

eB(t2„ or e„) [Di] =
— t\/V i(e+ (t2s or e„) — e_(t2„ or e„))[D3]

eA(ti„) [Di] = - ¿ V '1/ 2(e+(tiu) -  e_(ti„))[Dj], 
es(tia)[Di] = \ / y 2(e+(ti u) +  e_(ti„)) [D3]

A(T2i or A1() [Di] = Ai(T2# or Ai„)[D3],
B(T1(, or A2c) [Di ] =  A2(T„ or A2„) [D,]

EA(T2„ or E.) [Da] =
W 2(E+(T25 or E„) +  E_(T2„ or E„))[D3], 

E b(T2„ or E„) [Di] =
i x / 1/ 2(E+(T2„ or E„) E _(T 2j)or E„))[D3]

Ea( T J  [Di] = - .V V .P M T * )  -  E_(Ti,))[D,], 
E b(Ti„) [Di ] = W tiE + W u )  +  E - (T,,)) [D3] (56)

where eA, eB and EA, EB are the unidigonal dibidentate 
(Di) a, b and A, B specie progeny of the trigonal (D3) E 
specie primogenitor, so that the unidigonal dihedral 
dibidentate matrix elements and rotational and spectral 
strengths are but additive sets of the trigonal dihedral 
ones, to a first approximation, as illustrated in eq. 57 
through 6 6  and in Tables IX and X.

Figure 32. The factualized noncomplanately bonded acute- 
angled A(X,A) and A(i,i) geometry of the bis(ethylene glycol)- 
p latinum (II) and the bis(cyclopentane glycol)platinum (II) 
cations, distributively. Their tetrahedral affiliation is as in 
Fig. 28 and 29, with appropriate label change. Their adjacent 
(ligand) carbon sites are as in Fig. 1 and 2.

Figure 33. The factualized noncomplanately bonded acute- 
angled A(X,A) and A(5,S) geometry of the bis(ethylene glyeolate)- 
p latinum (II) and the bis(cyclopentane glycolate)platinum (II) 
anions, distributively. Their tetrahedral affiliation is as in 
Fig. 28 and 29, with appropriate label change. Their adjacent 
(ligand) carbon sites are as in Fig. 1 and 2.

(i) Matrix Elements: One Electron 

2A[2T2f(t2„) ] *E(i)[2T2i(W] > =

a(t2j)

!A[2T2f(t2c)] m 2E (i)[% (e,)] > =

a(t2„)

e(i)(t2„)

e(i)(e„)

2E(i)[2T2c(t2s)] 2E(^)[2T 2s(t2i) ] y  =

e(i)(W  g j e(i)(t2f)

2E(i)[2T 2„(t2i)]

2E(i)[2T2i(W]

2E(5)[2T2s(W]^> =

e(i)(ti,) g j e(*)(t*„)

2E(i)[2Es(e„) ] > =

2E(^) [2T2ff(t2ff) ] m 2E(?)[2T2i(t2j ) ] y  =

m e(«)(eff)

e(i)(W gj e(»)(e,)
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( a )  ( b )

Figures 34a and 34b. The localized ligand orbital spatial disposition for the factualized noncomplanately bonded acute-angled 
conformations of the bis(ethylene glycol or glycolate) p latinum (II) cation or anion. Figure 34a manifests the spatial disposition 
under the premise of isosceles hybridization and Fig. 34b under the premise of digonal hybridization. Figure 30 suitably modified 
illustrates it under tetrahedral hybridization [read Division C, section V III for the precise sense of the word hybridization used 
here]. The actual disposition is presumably intermediate between these extreme types. The adjacent (ligand) carbon aspects 
are as in Fig. 7.
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i i

Figures 35a and 35b. The localized ligand orbital spatial disposition for the factualized noncomplanately bonded acute-angled 
conformations of the his(cyclopentane glycol or glycolate) platinum!II) cation or anion. Figure 35a manifests the spatial 
disposition under the premise of isosceles hybridization and Fig. 35b under the premise of digonal hybridization. Figure 31 
properly altered exhibits it under tetrahedral hybridization [read Division C, section VIII for the exact meaning of the word 
hybridization used here]. The actual disposition is presumably intermediate between these extreme types. The adjacent 
(ligand) carbon aspects are as in Fig. 8.

’E(i)[2E,(ee)] £1 2E(4 )[2E,(e,)] > =

e(i)(ef m e(S)(e„

2E (;|) [2E„(e0) ] 1̂ 1 2E(j)[2E c(eff) ]

< e(2)(ej e(S)(e„) )  (57)

(m) M a trix  Elem ents: Two Electrons

3B[3Tlc(V ) ]

3B[3Tlff(V )]

P
3E («)[3Tlc(W )]

(± ) ( e(^)(t2c) a(t;'2  g i

3A[3T2i(t2„eff)] ) =

e-(e„)

The Journal of Physical Chemistry
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Figures 36a and 36b. The idealized eomplanately bonded right-angled geometries of the mono(ethylenediam ine)platinum (II) [Fig. 
36a] and mono(cyclopentanediam ine)platinum (II) [Fig. 36b] cations in their A(S,o) and A(X,o) conformations. The associate 
localized ligand orbital spatial dispositions are indicated by the full (above the x -y  plane) and dashed (below the x -y  plane) lines. 
The carbon adjacent to the ligated nitrogen is up (above the x -y  plane) when the localized nitrogen orbital is up (full line) and 
down (below the x -y  plane) when the localized nitrogen orbital is down (dashed line) for mono(ethylenediam ine)platinum (II) [Fig. 
36a] and vice versa for mono(cyclopentanediam ine)platinum(II) (Fig. 36b]. Hence, as rotatory sign depends primarily upon the 
localized ligand disposition and not the ligand backbone, identical conformers of m ono(ethylenediam ine)platinum (II) and 
mono(cyclopentanediamine) p latinum (II) (or any metal), for metallochromphoric bands, rotate oppositely.

W T i , ( V ) ]

1

(rw e+(W m e-(e„) ) +

— i: y / i  \  (  e+(t2„) m e—(®r) (± ) (  e_(t2,)

(± )  (  e.-(t2„) ®+(®o)

3B[3Tif(t2„2)]

'B[3Ti (t2„2)] m

W T ^ t ^ ) ]  ) = 0

3E(«)[3Ti1,(t2(7ei,) ]

<^3B[3Tlff(V )]

3E(J)[3Tlc( V ) ]

3B[3A2,(ef2)] > =  0

m 3E(i)[3Tic(t2t2)] )  =

e(ä)(W> e(î)(ti„)
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z z

Figure 37. Exemplificative illustrations of the hexacoordinate optically active [A(o,«,o) conformation] monoethylenediamine 
and monocyclopentanediamine (adjacent carbon locales as in Fig. 36a,b) and the optically inactive [M(o,^,o) conformation] 
monooxalato and monoacetylacetonato metallate geometries.
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Figures 38a and 38b. Sample picturizations of some 
dibidentate optically active hexacoordinate metallate 
complexes in the idealized planar A(n,o,p) conformation 
(regard Fig. 23 for conformational conventions].

3E(j)[3T 1(,(V )] 3A[3T25(t25es)] ) =

( ̂  \  a (W

3E(S)[3Tic(V ) ] m 3E(ü)[3T 2(,(t2(,e„)] y —

( t ) ~ < \ / 2  (  e(i)(t2f) e(J)(e„) )  +  
☆

a (W  'jfjji eß(ec)

3E(î )[3t 15(W )] 3E(J)[3T2e(t2iei)) ] > =

(=f ) \  | a/ 2  <^e(i)(t2f) e(3fl)(e„) > +  

'P(± )  (  a(t2„) ¡m e^(e„)

3E(j)[3Tl5(V ) ]

V 2  \ a(t2l,) e(i)(e„)

*E(i)[*Ti,(V)] 3E(;)[3Ti„(t2ie„)] ) —

A i  a/ 2  (  e(i)(t2f)
\

e(i)(e„) ^  +

Ip(T ) (  a(t2„) e^(e„)

3E(«)[3Tls(V ) ] 3E(i)[3Tic(t2i,eff)] )  =

'A i  V 2  (  e(i)(t2c) e(î)(e,) 

a(t2„)

3E(»)[3T l5(V ) ] ! 3B[3A2„(ei,2) ] ) = 0

eB(e„) ̂ > | 

(58)

( i n )  M a t r i x  E le m e n ts :  T h re e  E le c tro n s

<B[4A2, (V ) ] 4A [4T2i,(t2i,2e5) ] )  =

V '2  (  e-(t'2f) e_(e„)
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Figure 39. Modelistic portrait of the hexacoordinate optically active bisethylenediamine and bisc.yclopentanediamine ]A(S,o,5) 
conformations] and the bisooxalato and bisacetylacetonato ]A(m,o,m) conformations] metallate geometries and localized ligand 
orbital spatial dispositions [attend Fig. 36a,b for draftsman conventions (note th a t the planes are now the 
x -z  and y-z  planes, separately)].
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z

F i g u r e  4 0 . A n  a x i a l  ( j / - a x i s )  c r o s s - c u t  o f  t h e  o p t i c a l l y  a c t i v e  
h e x a c o o r d i n a t e  b i s e t h y l e n e d i a m i n e  [ A '  5 , o , 5 )  c o n f o r m a t i o n ]  

m e t a l l a t e  g e o m e t r y  a n d  l o c a l i z e d  l i g a n d  o r b i t a l  s p a t i a l  
d i s p o s i t i o n  o f  F ig .  3 9 .  W i t n e s s  t h e  d u a l  o r b i t a l  m i s d i r e c t e d n e s s  
a s  m e a s u r e d  b y  t h e  t w o  a n g l e s  o f  c a n t a t i o n  a  [ i n - p l a n e  ( x - z  

o r  y - z  a s  t h e  c a s e  m a y  b e )  m i s d i r e c t e d n e s s ]  a n d  i [ o u t - o f - p l a n e  
( x - z  o r  y - z  a s  t h e  c a s e  m a y  b e )  m i s d i r e c t e d n e s s ] .

4B[4A2„(t2l,3)]

4B[<a 2, ( V ) ]

4B[4T l5(t2se„2)] ) = 0

4E(s) [4Ti£,(t2t,ei,2) ] \  = 0  (59)

(iv) Matrix Elements: Four Electrons

sE(â) [5E t,(t2e3ei7) ]

6E (* )[% (V e,)]:

6E(i)[6E p(t2(,3ee)] y  = 

e(i)(ec)

m 6E(J)[5E i(t2(,3e(,)] ;  = 

P

5E(i)[6E ,(t2,*e,)]

sE(i)[sE ff(t*,®e,)]

eci)(e,)

5A[3T2„(t2iV ) ]

•E(i)[»Ef(V e ,) ]

m

-  <^a(t2„)

,E(S)liTi ,(t!, V ) ]

e(i)(t2c)

e(i)(e5)

e(?)(e„)

e(i)(e„)

e(s)(eff)

sE(î)[5T 2((t2; e,!)] )  =

Ip- (  e(i)(t2f) 111 e(î)(e#)

4B[4A2(,(t2„3)]

( * )

4E(i)[4T a V e ()] > =

V 2 \ a (W  lini

V* e+(W e-(e„)

4B[4A2t ( V ) ]  £

4B[4A2, (V ) ]

m

(± )  <^e_(t2i) 

4B[«Tlf(t,f*ef) ] \  = 0 

4E(i)[4Tic(t2|,2ef)]

e+(e„)

V 2
a(t2„) e(s)(ei) > +

( > {
e+(ts„) e-(e5) /  +m

( ± ) (  e -(t2,) 5 I e+(e„) m "

6A [6T2ff(t2„2ei,2)] 6E(^)[5T2(,(t2(,2e(,2)] ) =

e(i)(t2,) &J a(t2i)

5E(i)[5T 2s(t2c2e„2)]

'E(i)[5T2,(t2cV ) ]

3E u )[6T 2,(W V )]  ̂  =

!p- (  e(i)(t2„) 111 e(i)(W

5E(5 )[5T 2i (t2eV ) ]  ) =

e(i)(t»,) |gj e(î)(t2») /  Ä

'B[3Ti„(t2/ ) ] 3E(j)[3Tlff( V ) ]  )  =

a(t2s) e(i)(W
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Figure 41. Schematic outline of the hexacoordinate optically active bis(ethylene glycol) [A(8 ,o,8 ) conformation] and mono(ethylene 
glycol) [A(0 ,8 ,0 ) conformation] metallate geometries and localized ligand orbital spatial dispositions [attend Fig. 36a,b for 
draftsm an conventions ( mark th a t the planes are now the x-y , x-z, and y-z  planes, singly)].

Figure 42. Artistic sketch of the optically distinct monodi- 
ethylenediamine metallate stereoisomers in their A(X*8 )A and 
M (8 *X) conformations [we make the convention th a t the 
over-all conformation of a fused ligand be indexed as a 
composite of its fragmented parts, with the act of 
composition indicated by an interspersed asterisk *. The 
over-all complexed conformation is signified, as in Fig. 7,
8 , and 23, in terms of its screw propeller properties about 
its principal (partial in the present case) twofold, threefold, 
fourfold, etc., axis (here it is a partial threefold axis,
<S.3(x = V /22 ), for the A(X*S)A structure and a partial fourfold 
axis, e 4(z), and its contained mirror plane, av\x =  y], for the 
M (8 *X) structure)]. The draftsman conventions are as given 
in Fig. 36a,b. The capital delta (A) and lambda (A) indicate 
th a t the over-all molecular conformation of the two tridentate 
halves with respect to the partial threefold axis, e 3(x = V/2 z) 
[or the two partial twofold axis, e«(x) and 
e 2( — x =  y  =  «)], are opposed.

’B[3Tl9(V ) ] 3E (i)[% (V e ,) ]  )  =

2
(± ) t  ^ 3  (  a(ts») e(J)(ef)

*B[T 1.(V )] *BpTlf( V e f)] > =  0

’B P - I W ) ]

Ws

,E (5 )[,T 1i(t.,*e, ) ] }  =

e(*)(e«)

e-(e„) )  +
2 V 6  \ \ e+(t2f)

(± )  (  e_(t*,) m e+(e„)

'B [ 'T i,(V ) ] *A[*Tji(tii*ei)] > =

' \ / 3 e-(t2i) (er)

T h e  J o u r n a l  o j  P h y s ic a l  C h e m is tr y
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Z Z

Figure 43. An idealized skeletal framework for the optically 
distinct monotriethylenediamine metallate stereoisomers in 
their A(6*\*S)A, M(5*X*5)A, and M(X*5*A)A conformations. 
The stereochemical conventions are as in Fig. 42. [Witness 
the twofold sym metry of the A(5*X*S)A and M(A*5*A)A 
isomers. Over-all classification with respect to this axis or the 
partial threefold of pseudo-fourfold axis yields identical 
results, as must be if no further detailed specification is offered 
by means of subscripts. Perhaps for tangled structures of this 
sort a system of superscripts for chelate position coordination 
and subscripts for over-all axis classification should be used for 
ligand fragment and over-all designations, respectively. In 
this event a standard denumerative procedure m ust be kept.]

*B['Ti,(V)] 3E (i>)[3T2c(V e ,)]  ̂  =

e (J )(e f) )  +( T ) (  a(t2ff)

- i j  2 V 6
j ( V ( t 2i) e-(e„) > -

W T W ) ]

( * )  <^e-(W

3A[3Ai„(t2(,3e (,)] \ =

V 2/ 3 \ e-(t2„)

e+(e„)

e-(e„)

^ 3B[3Tlp( V ) ]  HI 3E (i)[3E s(t2i3et)] ;  =111 I
- 1 \  1

\ /  6 G+ (t2p) e-(ef) 7 +

( t ) \  e_(t2ff) e+(e„)

Z

r**j rsj rKj r*j
A ( S  *  S * X * 8 * 8 )

Figure 44. A fanciful network for the undigonal dihedral 
m onoethylenediaminetetraacetate metallate structure in the 
A(X*5*X*S*S) conformation, where the i  (or X) tilde betokens 
an acetate fragmental absolute conformation [if the nitrogen- 
acetate fragment be planar the conformation be

Over-all classification is made with 
respect to the twofold axis.

<^B[3Ti(( V ) ]  g

<^3B[3T lc(V ) ]

< 3B[3T ls( V ) ] P|
m

■B [*A2i(t2i*ei) ] ̂  = 0  

*A[*T„(t*f*e,)]N)  =

e _ ( t2„) e-Ce,)

3E(2 )[3T25(V e ,)]  > =

( - < )  2 V 2  {
\

e-(e„) ) +

3B[3T i,(V )] P
m

e+(t2s)

(T ) < e_ (t2?) 

B[3T l5(t2f3e5) ] \  = 0

e+(e„)
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3E(J)[3T i„ (V ) ] 3A[3T25(t2,;3et)] > =

(± )  g (  a (W e(2 )(e,)

(± )  I V 2  <^e(2 )(W

3E(i)[3T 2ff: v ei)] ̂  = 

e(S)(es-

a(t2p) es(es)

«EcjjI'T x̂ V ) ]

i

»E(j)[»Tv ;V e,)] > =

(± )
2 V 2

P
in

a/ 2  <^e(^)(t2£.) m e(S)(e„) )  +

3E (5  ) [3Ti£7(t2£74) ]

(± )  <^a(t2ff) 

3B[3Ti(,(t2 j3e(,)]

— i/ a (W

e^e,)

e(i)(e,)

3E (5)[3T lff(t2/ ) ]  

1

m 3E(S)[3T i* :V e5)] > =

2 V 2 \ V * * \e{i)(U°) e(i)(et) 7  +  

P

3E(5)[3Tio(t2/ ) ]

2 - ^ 1 ^  ( e(â)(W

( t ) <^a(t2>) m 

3E(i)[3Ti„;t27e7]^> = 

e(2)(e

e^(es)

a(t2t) (60)

_(y) M a t r i x  E le m e n ts :  F iv e  E le c tro n s

2A[2T2ff(V )]

2A[2T2ff(t2ff6)]

2E(i)[2T 2l,(t27) ]

-  ( e(i)(t2o) a(t2e)

2B [2A2ff(t2/ e c) ]

2 7  ( e_(t2?) e-(e„)

!A[2T2f(t27)]

!A[2T 2f(t2/ )  ] 

1

2B[2Tle(t27ec)]

-  \ / 3  / e _ ( t 2„) e-(e„)

!A[2T2(,(t2/ )  ] 

2A[2T2i (t2i6)]

2 |<^e+(t2„) 2  ̂ e_(e„) ^  +

(=■=) <^e_(t„) | 2  e+(es)

2A[2T2i (t2/ e s)]^> = 0

2E «)[2T2s( V e s) ] \  =

1
V 3

M  —i  2 \ /6

a(t2„) ^  e(i)(e„) } +  

e+(t2„)

(± )  (  e_(t2„)

e_(t2„) )  +
/

e+(e„)

2A[2T2ff(t2s6) ] 2E ( i) [% (V e t)]P
in

t )  V S  | <\ e+(t2,7) m e“(e^  ^ +
P
in

2A[2T2o(t27) ]

2A[2T2ff(W )] 

- 1

( ± ) \^ _ ( W  

2A[2T2i(t2/e,)]^> = 0  

2E(^)[2T 25(t2/e 7 ]  )  =

e+(e„)

A V J/i  (  e+.(t2f) e-(e„) > +

(± )  \  e_(t2f) e+(e7

2A [2T2e(V ) ]

2A[2T2i (t2i6) ]

2B[2T lf(t2/e 7 ]

1
V 5  < e- ( t 2f) e-(e„)

( t ) (  a (t2„) e(5 )(e„) > +

1 \
% /  2  V 6

e+(W e-(e„) > +

( t ) 7 e_(t2f) e+(eff)
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2a [2t 2„(v )]

2A[2T2ff(V ) ] m

2A[2Aic(t2/e„)]

2E(i)[2E c(t2c4e„) ] )  =

V 3
a(t2„) e(ä)(e»)

2E («[2T29(V )]

2E(i)[2T29(V )]

2E(J)[2T 29( V ) ] ^

e(£)(W m| e( ^ W /Ä

( T ) ^ /g  (  a(t2(r)

M -\  i  )  2^ /3

2B[2A29(t2/ e ff)]

e(J)(e„)  ̂ +

(®i) /  +e+(t29)

(^f ) \  e_(t2„)

*E(i)PT2,(V)] m 2B[2T l9( V e 9)] > = 

(=f ) (  a(t2„)

e+(e„)

e(5 )(eff)

2E(*b)p t 29(v )] 2E (j)[2Tl9(t294e9)] ) =

( ± ) 2  V v *  -j V 2  < e(i)(t2() e(J)(e„)

a(t2„) eB(e9)

2E(i)[2T29(V )] m 2E(^)[2Ti„(t2s4es) ] ) —

( T ) 2 V 3A { V 2 e(l)(t2ff) e«)(e„) ) +

(± )  (  a(t2„) e^e,)

2E (i)[2T 29(V )]

1

2V 3

- l \  J -  
I /  V  6

2A[2T29(t294e9) ] ^  =

7} (  a(t29) ^  e(Ä)(e„)^ +

e+(W  S e-(e„) /  +

(± )  (  e_(t2„) e+(e„)

2E(i)[2T 2„(t2/ )  ] 

1

2E(i)[2T2ff(t2ff4e1,) ] )  =

2a/ 6 1 "v/2 ^ e(i)(W  g j e(A(ei) )  +

^ 2E(i)PT29(V )]

1

(T ) <^a(t2(7) 

2E(J)[2T 2i,(t2„4e9) \ )  =

eA(ee)

2y/Q

(± )

a/ 2  (  e(i)(t2ff) e ( 2)(e„) > +

a(t2„) es(ec) ) /  +

2\/%
e+(t2f) e+(e9) > -

e-(t2„) (ßg)

\^ 2E(^)[2T2(,(t2/) ]

2E (« [2T29(V )]

2E(i)[2E 9(t2/ e 9)] > = 

1
(± )  \  a(t2„)

*E(J)[*E,(V e,)] )  =

(=F)

1

V 6

i
2 ^ 3

a(t2„)

e+(W

eB(e„) )  +  

P
m e+(e„) > -

e-(t2i)

<^2E (Ä)[2T29(t2p)]

*̂E(4)pT2,(V)]

2A[2T29(t2c4e9)] ̂  =

e-(e„)

e(i)(e9)

2E (i5)pT 29( V e 9)] ) =

- 'A  V 'A   ̂V/2 <^e(i)(t2„) e(i)(e„) ) +

(=f ) ( a(t2„) eA(e„)

\^ 2E(i)[2T 29(t2/ )  ] 2E(f) [2T2o(t2£,4ei?) ] > =

A \ / 3A j V 2 (  e(i)(t29) e(J)(e9

a(t2„) es(eg)
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< JE «)P T 2,(V ) ]

( T ) 2V 3 < a (W

2B [2Tlf(V e»)]  ̂  =

®(J)(e,) )  +

1
- i)  - \ / 6

6 +(t2s) G (̂e„)

(± )  < e_(W  e+(e„)

6 e (î )[2T 2, (V ) ] 2E(J)[2Tis(t2l,4et)]

(T ) 2 v /ë (e ( i)(U 0)
P
m

<^a(t2i)

e(î)(e») )  -

efl(e„)

2E(Ä)[2Ti„(V ei)] > =

( ± ) 2 v ^ { ' v / 5 ( e« )(t2i)

(± )  <^a(t2„)

e(i)(e„) /  +

eA(ec)

<^E(i)[’T2,(V )] 2A[2Als(V e ,)]  > =

a(t2„)

\  i  / 2 V 3 e+(t2„)

e(i)(ef) > +  

P
m e-(e„) > +

(± )  (  e_(t2„)

/
^*E(i)[*T ^(V )]

/
\ *E(4)[*T2*(W)]

2E(i)[*E,(Ve»)] > =

1
e«)(t2i)V 3

2E(J)[*Ei(t2,4e,)]

e+(e„)

e(«)(e»)

1
V 3 e(i)(W e(J)(e„) ) (61)

(vi) Matrix Elements: Six Electrons

(  *A[5T2j (t2i4ei8)]

( jA [ 5T 2,(t2sV ) ]

5E ( i ) [6T2f(t2fV ) ]  )  =

a(t2„) m e(i)(t2e)

5E(^)[5E f(t2|,3ei,3)] ) =

-  <^a(t2e) e(£)(e„)

^ 6E(i)[‘T 2e( V e i2)]

(  5E(i)[5T2„(t2i4e /)]

‘E f i j l ^ i V e » 1)]

5E(2 )[5T2s(t2i4e /)]

5E(i)[5T2i (t2/ e c8)] > =

-  < e(i)(W e(i)(W

5E(J)[6T2f(t2/e„2)] )  =

e(S)(W e(5)(t»,)

SE(2 )[5E , , ( W ) ]  > =

-  < e(à)(W e(i)(e?)

5E(J)[5E„(t2|,3e!,3) ] > =

e(i)(W

( 3E(Ä)[6Ec(t2sV ) ]  IBI ■E(i)[*Ef(V e #') ] ')  =

e ( Ê ) ( e s ) m

e(i)(e#)

e(i)(e.)

^ ‘E(i)[‘E ,(tifV i j 5E(J)[5E„(t2(,3ef3) ] > =

'A f A ^ V ) ]

e(i)(e»)

‘B t’T i^ V e ,)]  )  =

e(î)(ef)

2  e_(t2t) U 1 e_(e„)

'A l'A U W )] P .
ml E ifjI 'T i^V e»)] > =

(=*=)*< a(W

r1)  V Ï  K e+(W

e(5)(e») y  +

e-(e„) )  +

^ •A ['A „ (V )]

^>A[‘A „ (V )]

(=»=) < e- (W

B 'A[>Tïf(V e ,) ]  > =  0

e+(e9)

■ E i i j t 'T * ,^ ) ]  > =

\^a(t2s)

' i \
K- i )  \ / 2

e(i)(e„) ) +

e+(t2i) ■ m

(± ) (  e_(t2„)

e-(e„)y +  

e+(eff) (62)
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(vii) M a tr ix  E lem ents: Seven Electrons

lB[4Tl9(t2/ e ff2)]

4B[<Tlff(V e /> ]

•B t^ C V e .* )] m

4A[4T2ff(t2/ e c3)]^> =

V 2  ( e _ ( W  [2  

4E(g) [4T2p(t2i,4e<fs) ]

a(t2„)

e-(e„)

V* ( e + W e-(e5) )  -

« [ « T W e ,* ) ]

4B[4Tie(t2»5e„a)]

(V)

(± )  <^e_(ts„) 

4B[4Ti„(t2(,4e1,3) ]̂ > = 0 

4E(5 )[4Ti»(t2,4eff8) ]

e+(e„)

A {  \  e+(W e-(e„) )  +

(± )  ( e_(t2„) e+(ei,)

'B ^ T ^ V e ,2)] 

4E( 2 ) [4T l£,(t2(75e(72) ]

4E(j)[4T ls(t2cV ) ]

4B[4A2c(t2/ e / ) ]  > = 0

4E(^)[4Tif(t2(,5ei,2)] > =

e(i)(W

4A[4T2,(t2„ V )]  )  =

( T ) ^ 2  (  a ^ a») m e(ü)(e„)

^ E ( » ) [ % #( V e 5!)] P
m 4E (i)[4T 2ff(t2„ V )]  )  =

O .) 2  |  \ / 2  (e(i)(U t) e(J)(eo) +

4E(J)[4Tis(t2l,V ) ]

(=F) 9   ̂a/ 2 ^e(i)(t*,)

a(t2„) ^

4E (J)[4T 2„(V e/)]^>  = 

e(i)(e„) )  +

eB(e„)

(± )  ( a(t2y) eA(es)

4E(ü)[4Ti(( V e t2)]

4E(J)[4T 1(,(t2/ e (l2) ]

m

m

4B [4Ti0(t2ff4ei7ä) ] > =

e(fl)(ec)

4E (;)[4T lf( V e / ) ]  > =

y /2

-V a  i  a/ 2  (  e(^)(t2„) e(l)(e„) > +

< 4E(3 )[4T,5(t25V ) ]

(=F) (  a(t29) -• ex(e„)

‘E f i l l W e , 1)]

- ‘A i  \ / 2  (  e(i)(t2„) e(J)(e„) > +

4E(5 )[4T 1|7(t2/ e i,2)]

!E (i) [% (t2(5e()l

3E(i)[2E ff( V e 5)]

2E(i)[2Ef(t2!,6e1,)]

a(t2„)

4B[4A2e(t2ff3e/)]^> = 0 

aE(j)[aE i( V e i)]V> =

eB(ef)

e(i)(e„) ;m e(J)(e„)

2B[2Tli(t2„sel,2) ] ) =

(± ) ¿ V 3A (  a(t2„) e(5)(e„)

2E(J)[2Ti„(t2ff5ec2) ] ) =

(± ) t V 3A (  e(i)(t2j) e(5 )(e„)

2E(i)[2E ,(V e ,)] 2E (i)[2Tls(t2sV ) ]  > =

(± ) i V 3A <^e(i)(t2i,) e(i)(e„)

2E(i)[2Et( V e #)] £  2A[2T29(t2/ e f2)] > =

/ )  1/2 { \ e+(t2o) | | e-(e„) )  +

(± ) (  e_(t2„) e+(e„)

2E(i)[2E ff(t2s6e„)] 2E(i)[2T 2s(t2ffV ) ]  > =

O )  *A < a(t2s) e^(e„)
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\  2E(i)[sE„(t2„6ei)] S | 2E(5 ) [2T2j(t2(,5es2) ] y  =

(T )

Vs (  a(tî„)

i
2 y /2

m

e+(t2t)

es(e»)^/ +  

e+(e„)

e-(t2„) e_(eff)

(  2E(i)[2E ,(V e t)]

(V
*B[*T1#( V e f*)] > =

PA K  e+(t2f) m e-(e„)

( ± ) (  e-(t2„) e+(eu)

2E u)[2E 0(t2/ e 5)]

(=*=) 2  x

‘E t S i I T ^ W ) ]  ;  =

eß(ee)

2 V 2

(  *E(i)[2E#(t2##ef)] \

^ E ( i ) [ % ( V e ,) ]

<^«E(i)[*E#(W e,)]

e+(t2c) e+(e0) )

e-(t2s) e-(e„)

2  (  a(t2„) & A  (ß p )

2A[2T2,(t2cV ) ]  )  =

a(t2c)

m

"  \ / 2

’E f id ^ t V e ,« ) ]  ) =

e(i) ( 0

-^ 2  \  e(«)(W e(i)(e,)

^ E (i) [% (V e ,) ]  |£J 2E(«)[2T 2,( t2/ e / ) ]  )  =

1

V 2
e(Ä)(t2i) eiî)(e») (63)

(viti) Matrix Elements: Eight Electrons 

3A[3T25( W V ) ] )  =/ m r “  V e f*)]|5

(  e- ( t2„) G—(Dp)

3B [3A2„(t2(,6e(,2) ]

(* )

1

3E(i)[3T2c( V e c3)] )  = 

P

V* I  (  e+(t2„)

^  y  e(«)(e„)

e_(e„) )  -

(± )  (  e_(t2„) G+ (ßo) /  /

3B[3A2„(t2iV ) ]

3B[3A2t (t2/ e / ) ]

3B[3Tlf(t2/ e f3)] > = 0

3E(5 )[3Ti„(t2/ e ff3)] )  =

V 2
a(t2„)

- ¿ )  ■/> K ' * (w  I

e(i)(e») > +

e -(e») /  +

(± ) (  e_(t2i) e+(e„)

3B[3A2((t2/ e #!)]

3B [*A2»(t2i*ei*) ] m

3B[3Tl5(t2/ e / ) ]  j  = 0 

3E(*)[3T 1J(t2/ e / ) ] N)  = 0 (64)

(■ix) Matrix Elements: Nine Electrons

2E(i)(E,)

2E(ä)(Ep)

2E(i)(E„)

2E(S)(E„)

2 2E («(E e)

-  ^e(i)(e ,)

3E(S)(Ef)^> =

<^e(i)(e„) 

5 |*A (T lf) \ =  - / a ( t 2i)

e(i)(e„)

e(5)(e„)

e(i)(e#)

2E(ä)(Ep)

2E (»(T 2o) > =

-  < e«)(t2c) e(i)(e„)

3E;»)(T2p) )  =

e(«)(W e(.?)(eff)
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2A(T2,)

2E(i)(T2,)

2E(^)(T2c)

2E(î )(t 2„) ;  =

(± )  (  e(^)(t2<f)

2E(i)(T2!7) ) =

a(t2,)

e«)(W e(â)(W

*E(i)(T2, ) ^  =

e(i)(W e(2)(W )  (65)
☆

(x) Matrix Elements: The Unidigonal-Trigonal Con
nections

a(t2,)

<A (t2,)

e(â)(ts„) )  =

, Ae(i)(e„) > =

e(i)(ts„)

e(i)(tSî)

e« )(t2i)

e(i)(W>

e(â)(e„)

e(i)(e„)

P
[ni

P
iïi

7 r° ] î 'im0 J

e(i)(e») )  = (± )  V 1/:

e(J)(e„) y  =

r-i
-ini2

e(i)(ts,) )  = (± )  W *  

e(®)(W

î' +  (± )

fo* or 0

r ■? v— im \  J

0

V 1/» fo* or 0 
0 î ' +  ( ± ) t

0 or p0i  
nia1 k'

e(i)(e„) )  = (± )  W i

e(î)(e,) > =

f 0 or 0
v 7 s o î' +  (T)» 0 or p0H f ,

=  t  ,K?«0 J
with the auxiliary sums

e- (ec) 7 +

e-(**»> I,A e+(e„) V 1/. r2
— m 2

where the subscript * on the angular brackets indicates 
a reversal of the sign of its i' vectorial component and 
where the symbols ga*, ffo1, and gn (.g = r,p,m) are as de
fined in section XII, Appendix §6.1.

Similarly, for the nonzero spin-orbit force problem, 
the unidigonal monodentate and dibidentate wave 
functions, matrix elements, and rotational and spectral 
strengths are again simple linear combinations of the 
digonal dihedral and the trigonal dihedral nonzero 
spin-orbit results. To exhibit, the principle of descent 
in symmetry40 swiftly evinces that the digonal and 
trigonal wave functions of division A of this article and 
of ref. 6 are linked to the unidigonal monodentate and 
bidentate wave functions by the functional conjunction

iri/S
yia1 or 8)D(t2? or e,) [D2] = (y3<7 °r 8)0(t2, or e,) +

74(7or8:,D(t2c or e,))[DA,
p -  " V 7 8

766(7or8,D(t2co re f)[D2] =  (73(7or8>D(t2ffore„) -

74(7or8)D(t2f ore,)) [DA

75„(8)'D(t2,o re ,) [D 2] =
e” /8
^ 7 = (74(8)'D(t2, ore,) +  73<8)'D(t2,o re ,) ) [D 1], 

-  it»78
7M(8)'D(t2,o re ,) [D 2] = (74(8,'D(t2,o r e ,)  -

73(8)'D(t2, or e,))[Di]

7 ea(7 or 8)T(t2, or e,) [D3] =  ( V 7 or 8)T(t2, or e,) +

74(7 or 8)T(t2, o re ,))  [DA,

7 6 6(7 or 8)T(t2, or e,) [D,] = (y3(7 °r 8)T(A, or e,) -

74(7 or8)T(t2, or e,))[DA

74(8)T(t2, or e,) [D3] = 73(8)'T(t2, or c,) [DA,
75(8)T(t2, or e,) [D3] = 74(8)'T(t2, or e,) [DA (67)

or

T h e  J o u r n a l  o f  P h y s ic a l  C h e m is tr y
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T3(7OT8)D(t2„ore„)[D 1] =
\ZV 2(e""/876a(7or8)D(t2fore,) +

eriV  or8)D(t2e or e„)) [D2],

74(7or8)D(t2io re i)[D1] =
V V 2 ( ^ ',/875a(7or8)D(t2co re s) -

ew/87»(7 °r8)D(t2, or e„)) [D2]

73<8) D(t2c or e0) [Di] =

V /V2(e_ ’r’/876a(8),D(t2l, or e„) —
e” /8766(8) D(t2„ or e„)) [Ds],

7 4 (8> D(t2!, or e„) [Di] =
ri/8yi,a(8) D(t2„ or e„) +

e«/876(8)'D(t2i or 6f))[Di]

7 a(7 or8)T(t2sor e,)[Di] =

ia"1 °T 8)T(t20 or e„) —

l7 6 6(7or8)T(t2f or e,))[D,],

7 4 (7or8)T(t2, or e„) [Dt] =
V /l/2(76a<7 °r 8)T(t2D or e5) +

or8)T(t2f or e,))[D,]

73C8)'T(t2c or ef)[D!] = 74<8)T(t2„ or e„) [D3],

74(8)'T(t2c or e„) [Di] =  7s(8)T(t2c or e,) [D,] (68)

where 7 3 °, 7 4 ° and y3T, 7 4T are the unidigonal mono- 
and dibidentate (Di) 7 3 , 7 4  specie offspring of the 
digonal (D2) and trigonal (D3) 75(;)D and 7 e(?)T, 74T, 
7 sT specie parents, separately,41 so that the unidigonal 
dihedral mono- and dibidentate individual matrix ele
ments and rotational and spectral strengths are once 
more a serial sum of the digonal dihedral and trigonal 
dihedral ones, singly.

7(1)
(7 or 8)D

7(1)
(7 or 8) D \  _

V2 j^ 7 5 „ (7or8)D

(± )e " /4 / W 7 or8)D

(± ) e - '</4(75>(7OT8)D

W 7or8)D> +

756(7 or 8)D +

P
m

755

75a 

(7 or 8)D

(7 or 8)d \  _|_
/

P (7 or 8)
m 766 ° )}

7(2)
(7 or 8)D

7 (f)
(7 or 8)D

Vt 7 5a

/

(7 or 8)D jP
m 75a(7or8>D > +

(T )e " /4 ( ^ (7 °r8)D (7 or 8) D \ 1766 7 +

(± )e -  tti/4 /  (7 or 8) D7öö

750

76a 

(7 or 8)D

(7 or 8)D

75 b(7 or 8)D

7(2)
(8)'D 7 a ) (8,'D N =

1/7 { 75a(8)'D P
m

( ^ ) e ' ’/4 (T 5a(8)'D Pm

75a(8)'D/;  +  

(8)'D x, _|_756

(=r)e-,/4< W » 'D 5 W * ,D ;  +

756(8)’D 756(8)'D

7(2)
(8)'D 7(t)(8)'D ^ =

i /2 { /  <8>'D75a 75a(8)'°  > +

(±)e

( * ) e -

, 7 4  /  76a(8)'D

Tt/4 /  „ (8)'D 766

756(8)'D ) +

(8)'D75a

(8)'D

7(2)
(8)'D

7(2)
(7 or 8)D

V 2^(x75a(8)'D 76a

766

(7 or 8)D

(8)'d\ \  756 f t

+

( ± ) e " /4 ^ 75a(8)'D P 
m

(=*=>«- ” /4 7 756(8)'D

(7 or 8)D \ ,756 î W

(7 or 8) D \  75a )

756
(8)'D P

m 756
(7 or 8)D

(41) The unidigonal (Di) species 73, 74 are as defined by E. Kick [Z . 
P h y s ik ,  147, 307 (1957)], e2 (x )7 (3 )D =  ( ± ) i7 ( 3 ) D, e 2( i/')7 (3 )T -  
(±)if(3)T and are Kramers’ pairs (that is, they are coupled by 
momentum reversal,6'13,41 307(1)° = T7(4)D, 3C7(|),D = ± 7(4),D. 
and3Cf(3)T = as6'13'41 3C7S(J)D = ±75(J)D and 3C76(J)T =
± ‘>'6(2)T' ^ T(t)T = =Fi7(s)T). This digonal 62(x) symmetry and
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y ( D
( 8 ) ' D ( 7  o r  8 ) D

y ( i )

V t { ( 75 .(8)' D W 7 o r 8 ) D  >  +

W/4 /  T6a(8)'D
( = * = ) «

( T ) e - W / 4  (  7 6i, ( 8 ) ' D

7 5 6

P  | ( 7  o r  8 )  D

m

7 6 6

( 7  o r  8 ) D  \ ,  _ |_

+

( 7  o r  8)

7 6 a

(8)'D
7 6 6 “>}

7 ( 1 )
( 7  o r  8 ) T . ( 7  o r  8 ) T

7 ( 1 )

1 /  J  /  ( 7  o r  8 ) T
7 2  7  (  7 « a

/ - V '  /  ( 7  o r  8 ) T76a

t , \ - /  ( 7  o r  8 ) T(±)i ( 766

7 6 „ ( 7 0 r 8 > T  >  +

7 6 6 ( 7  ° r 8 ) T >  +

76a(70r8> T )  +

7 ( 1 )
( 7  o r  8 ) T

7 6 6

( 7  o r  8 ) t \  _

( 7  o r  8 ) T
7 6 6

( 7  o r  8 ) T

7 ( J )

V* j ( W 7or8)T

( ± ) ^ W 7 o r 8 ) T

( ± ) i /  7 6 6 ( 7  ° r 8 ) T

P

m

P

m

P

in

7 6 6

7 6 a
( 7  o r  8 ) T

+

T 6  b r>
( 7  o r  8 ) T  x, _ |_

( 7  o r  8 ) T
7 6  a

( 7  o r  8 ) T  P

! m
7 6 6

( 7  o r  8 ) T

) }
7 ( 1 )

( 8 ) ' T

7 « )
( 8 ) ' T

7 ( 1 ) ( 8 > ' T  )  =  (  7 ( t ) ( 8 > T 7 ( f )
(8)T

7 ( 1 )
( 8 ) ' T

-  (  y c .r T| |  tc),,,t)
( 7  o r  8 ) T  \  _

7 ( 1 )

v Y .  ^

( T ) * ^ 7 ( i ) ( 8 > T

P i  ( 7  o r  8 ) T—* 'VlD.m(
P

ill 760
( 7  o r  8 ) T ^ 1

7 ( 1 )
( 8 ) ' T

l \  7 ( f ) ( 7 0 r 8 , T

,(8)T
V V s  | < ^ 7 ( f )

( ± ) i / 7 ( f ) (8)T

76a(7 °r8)T > +

P  i ( 7  o r  8 ) T

m 764 ( 6 9 )

7 ( 1 ) ( 8 > ' D ( W 7 d ) ( 7 ) D ( W >  )  =

( ± )
V 6

Hoc

(piOc +  2/Xs).

7 ( d ( 8 ) ' d ( W  £  7 ( f ) ( 7 ) D ( W

v Y . [

9?e(oa’
0

k  +  ( = f )
lot

y / 6  L —*(»wo6 +  2mb)_

7 ( l ) ( 8 )  D ( t 2 ü )  5  7 ( l ) ( 8 ) D ( t 25)  )  =

(± )
Hoc

a / s  L ( ^ oc — ß ß ) .

7 ( 1 )  8  U ( t 2 , )

- v Y 3

7 ( S ) ( 8 , D ( t 2 „ )  >  =

-m d 0a

0 k +  ( T ) V 5 L
¿00

^0b - « ) }

T C ) , , , D ( W

7 ( 1 ) ( 7 ) D ( W

m 7 d ) ( 8 , D ( t 2 ff)  >  =

(± ) 3 t/ 2
i(Joc +  29ie/oc)

(ßlOc +  2/iß)

m
V 2

7 ( f ) ( 8 ) D ( t 2 S)  )  =

3m?0a
. — (TMoa +  2 Mb) 

1

k  +

( ± )
(/o6 +  ‘¿‘¡Rdm) 

3 \ / 2  +  2 / 2 b ) _

7 ( l ) (8 rD ( t2i)

7 ( 1 ) ( 8 ) ' D ( W

7 ( l ) ( 8 ) ' ° ( e c )  >  =  ( ± )
V 2

7 ( f ) ( 8 ) ' ° ( e 5 )  >  =  ( ± )

r  >
_ - im  iaJ 

• )

| ~ ^ l a

. m i\ / 2  L 13

7 d ) « X )  I ? !  7 d ) ( 8 > D ( e i )  )  =  ( = F )

7 d ) (8)' D( W

i  r  ht>
\ / 2

1

5 , 1

7 d ) t / , u ( t 2 . )  £  7 d ) w  u ( e 5)  >  =  ( ± )

7 d ) ( 7 > D ( t 2 i )

ha
. — irrtu J

'I'ha

.m ia J

trigonal Qi(y') sym m etry establishes th a t all m atrix members of the 
type (v )33 or 44 and (v)s4 or 43 between unidigonal 7 3  and 7 4  type molecu
lar spin orbitals are parallel and perpendicular, respectively, to  the 
digonal i and the trigonal j '  axes, as the case may be, regardless of 
their cubic origin, 7 7 , 7 3 , t 2<7, or eg [cf. eq. 70 and 72].
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7 d ) (7)D( W

y q ){7)D(W

7 ( i ) (8)D(t2i,)

7 a ) (8)D(t2i-)

7 a ) (8)D(t2„)

7(R<8)D(t2„)

7ü)(8)'D (es)

7 (1 )(S) D(e c)

7(l)(8)D(ei)

7 d ) (8)'D(e„) 

7  a ) (8)D(e s) 

( 7 R ) (8)D(e,)

7(3)1 (eff) > = (T )

7(R {8>D(eJ) > =  -

In

— i m u _

llob
ik +

V ) V 3

7(!)<8)'D(e5) > =  (=*=)

i l n
.m ib_

2̂ a
a/ 6  L ~  im2a-

7 ( t ) (S) D(es) > =  ( ^

7 ( J ) (8)D(e?) > =  ( ± )

7(f)(8)D(e.) > =  -

\ / 6

i

\ / Q

I ' l l  a

m laJ  

In

- i m n  J

+
m06J

(=*0 V 6
7̂ 26 , 
m 2bJ

0
.MsJ

7 ( |,) (8)'D( e , ) />  =  ( ± )

r e ) , ! , 'D ( e , ) '>  -

n " ,
k +  (=F)

0
.M-B.

0 "
L V i -

7 ( ! ) (8)D(e ii> > =  0

p 7 d ) (8)D(e s) )  =
• Io

m / _ — imo_

P
7 « - .(8)D(ef) N> =  ( = 0

" O '

m

P
m 7(;)<*>D( e , ) )  -

^ 7 ( i ) <8>'D(W  

7 d ) (8)' D(t2ff) | |  

7 ( d <7)D( W

O'
.PB.

7d)(8)'D (t2,)) = 0 

7d)(8VD(t2ff)) =

kT ( î) <7>I)(t î ( ) ^ )  =

( ± ) V .

k +  (±)
0 “

L  PB.

3 ^ 0  a
_  —  (Wha — Pb) .

-  23m/oc 

,(2nioc +  p b ) .

u i f )D(U ,) 7(RC7,D(t25) ) =

- 1 / 23m?0a
■ (2 m 0a +  p b ) .

k  +  ( ± )

7(3)(8)D(t2„) 7 '( l) i8>D(t 2c) )  =

( ± ) V .

2 ÿ m k b

- (2mot, +  p b ) .

3 m  loc

(nit,c p b ) _

7 ( i ) (8)D(t2ff) m 7(!)(8}D(t2£,)

-V s
3 m /0a , N 2 i  

k  +  T  —
3 m  ¿os

1 1 ¥ o o 1 v 1 3

—
11<o■

(70)

'W [Y d )(8)'D(t2„) — >  7 Q ) (7)D(t2ff)]  =  lhgoc(m 0c +  2 pB) 

2C [7(|){8)'D(t21,) — >  7 ( i ) (7)D( W ]  =  Veffoc2 

3 k [7 Ü )(8)'D(t2i ) — >  7 d ) (7>D(t2i,)] =  l/i{m oc +  2 ms) 2 

W [7 Ü )(8)'D(t2iI) — >  7 ( t ) (7)D(t2„)] =  +  2 p b )

SC[7(ï)(8,'D( t* )  ~ *  7(S)(7)D( W ]  =

(2M a 2 o rO ) +  V eite2

£fk [ 7 ( ï ) <8) D( W  ----^  7 ( f ) (7)D(t2„)] =  Vf.(^06 +  2Ms)2

cW [7 (R (8)'D(t2i,) — >  7 Ü )(8)D(t2„)] =  -  Ms)

9C[7(D(8)'D(t2i7) — ■> 7 d ) {8)D(t2ff) ]  =  Vs?oc2 

3 k [ 7 ( 3 (8),D(t2f) — >• 7 (3 )(8)D(t2 ,)] =  Vs(woc -  Ms)2 

'W [ 7 ( |) (8)'D(t2i,) — >  7 ( i ) (8)D(t25)] =  'hQ m im m  ~  Pb ) 

£C[t (2)<8)'D( W  7 U )(8)D( W ]  =

O/Voa2 o r  0) +  7 site2

3 i ï [7 ( l )<8rD(t2c) ----■> 7 ( f ) (8)D( t2£,)] =  7s(w %  -  Ms)2

'W [ 7 d ) (7)D(t2ff) — >  7 ( î ) (8)D( t2i)] =

V steV tec  +  2ms) o r V is i te r ò «  +  2mb)

9C [7d)(7)D( W  — >  7 d ) (8>D(t2ff) ]  =  '/V oc2 o r 7  « 7 (7  

2fR [7(5)C7)D(t2i,) — 7 d ) (8>D(t 2»)] =  Vis(woc2 +  2 Ms)2 

'W [7(1 )(7)D( W  — >  7 ( | ) (8,D(t2S)]  =  76>te(»%  +  2Mb)

o r 2/  OpOa{fPoa +  2mb) +  1 h s p 0b(ß'<lb +  2mb)

9C [7(i)(7)D(t25) —  7 ( 3 (8)D( W ]  =

V 2f 062 o r  V d W  +  Viskos2

Sfk[7(R (7)D(t2ff) — >  7(S)<8)D( W ]  =

2/<j(moa +  2 Ms)2 +  V is k o s  +  2mb) 2

W [ 7 ( R (8)'D( W  — >  7 U )(8)'D(e„)] =
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9C[t (J )(8,' D( W  — ► 7 ( ! )<8,' D(ec)]  =  ‘/ W  

^ [ T ( J ) ( 8 ) ' D ( t 2 ? )  — ►  T ( l ) ( 8 > ' D ( e ? ) ]  =  V ,  m,a2 

■W[7  ( i ) C8)'D( W  — ► 7(S)(8)'D(ep)]  =  7 * 1  A  

9 C [ 7 a ) ( 8 ) ' D ( t 2 i ) - ^ 7 d ) ( 8 , ' D ( e ff) ]  =  V W  

3 T i [ 7 d ) ( 8 ) ' D ( W  — >  7 d ) ( 8 ) ' D ( e i ) ]  =  V s w i i « 2 

cW [ 7 ( J ) ( 8 ) , D ( t 2 (7)  — ^  7 ( ä ) < 8 ) D ( e ^ )  1 =  V s ^ W u ,  

9 C [ 7 d ) ( 8 ) ' D ( W  - >  7 U ) ( 8 , D ( e , ) ]  =  V W  

3 H [ 7 ( S ) ( 8 > ' D ( t i , )  — ►  7 ( J ) ( 8 ) D ( e „ ) ]  =  V 2m w 2 

W [ 7 ( | ) ( 8 ) ' D ( t 2ff)  — ►  7 ( | ) ( 8 ) D ( e s ) ]  =

9 C [ 7 d ) ( 8 ) ' D ( t 2ff)  — ►  7 ( ‘ ) ( 8 > D ( e , ) ]  =  y « » *  

3 T i [ 7 ( J ) ( 8 ) ' D ( t 2iI)  — >  7 ( ‘ ) ( 8 > D ( e ff) ]  =  y 2m 26 2 

‘W [ 7 Ü ) ( 7 ) D ( t 2i()  — ^  7 ( | ) < 8 r D ( e i, ) ]  =  y 3S W T C ü a  

9C[7(i)<7)D( W  — ► 7 (J ) (8)'D(e ,) ]  =  V s f e 2

3 T i [ 7 ( J ) < ? ) D ( W  - ^ 7 ( J ) ( 8 ) ' D ( e , ) ]  =  y ^ *

' w [ 7 ( ! ) t 7 ) D ( W  — * -  7 ( | ) ( 8 )  D ( e ff) ]  =  y 3gum u  

9 C [ 7 ( i  ) ( 7 ) D ( W  — ►  7 ( J ) ( 8 ) ' D ( e ff) ]  =  V a f f ! « 2 

3 H [ 7 ( i ) ( 7 ) D ( W  — ►  7 d ) ( 8 , ' D ( e ff) ]  =  y 3m l a 2 

' W [ 7 ( J ) ( 7 ) D ( W  — >  7 ( ^ ) ( 8 ) D ( e ff) ]  =  l/ s g u m u  

9 C [ 7 d ) ( 7 ) D ( W  - >  7 ( J ) ( 8 ) D ( e , ) ]  =  V s ^ 2 

3 T l [ 7 U ) ( 7 ) D ( t 2 c )  — ►  7 ( J ) ( 8 , D ( e ff) ]  =  ‘ W  

' W [ 7 (  = ) ( 7 > D ( t 2ff)  — >  7 ( t ) ( 8 > D ( e u )  1 =  l/ A  gob>n00 +  gr2 s m 2 s j  

9C[7Q )(7)D( t2i,) — >  7 (J ) (8)D(e„)] =  y 3{ ^ 2 +  t o 21 

2 ^ [ 7 ü ) ( 7 > D ( t 2 i )  — >  7 ( J ) ( 8 ) D ( e t, ) ]  =  V s j w ® 2 +  r a 2i)2 j 

^ [ 7 ( d ( 8 ) D ( W  — >  7 ( J ) (8 )  D ( e c )  ] =  l Ugtama  

9 C [ 7 ( l ) < 8 > D ( t 2 „ )  — >  7 ( I ) <8> D ( e i/)  ] =  y e f e 2 

9 0 l [ 7 ( ä ) ( 8 ) D ( t 2 £,) — ■> 7 d ) ( 8 )  D ( e ff) ]  =  y 6W 2 o 2 

‘W [ 7 ( ! ) ( 8 > D ( W — >  7 ( | ) (8 )  D ( e I?) ]  =  xU g\am\a 

9 C [ 7 ( l ) ( 8 > D ( t 2i, )  — ■> 7 ( f ) ( 8 )  D ( e „ )  ] =  1/ 6gla2 

3 T i [ 7 d ) ( 8 ) D ( t 2l7)  — ■> 7 ( f ) ( 8 > ' D ( e i, ) ]  =  l/ 6m la2 

' w [ 7 ( ! ) ( 8 ) D ( W  — >  7 ( ! ) ( 8 ) D ( e i ) ]  =  x/e,gibm u 

* [ 7 ( i  ) ( 8 ) D ( W  — ►  7 ( | ) ( 8 ) D ( e i )  ] =  ‘/ ^  

3 i i [ 7 ( ^ ) < 8 ) D ( W  — >  7 ( D < 8 ) D ( e i, ) ]  =  y 6m i 6 2 

tW [ 7 d ) ( 8 , D ( t 2ff)  — >  7 ( J ) ( 8 ) D ( e j ) ]  =  2/ 3got,mot, +  xU gihm n  

9 C [ 7  d ) ( 8 i D ( W  — ►  7 d ) ( 8 ) D ( e , ) ]  =  2/ t f » 2 +  V  , g ^  

2(R[7(31)<8)D( W  — *■ 7(‘)(8)D(e„)] = y 3m os2 +  y 6m 2i)2

V [ 7 ( ! ) ( 8 1 \ ) - > 7 ( J ) < 8 ) \ ) 1  =

9 C [ 7 ü ) { 8 , ' D ( e ff) ^ 7 ( l ) ( 8 ) ' D ( e p ) ]  =  0  

3 n [ 7 d ) ( 8 > ' D ( e ff) - ^ 7 d ) ( 8 ) ' D ( e ff) ]  =  m b 2 

tW [ 7 ( i ) ( 8 ) ' D ( c i ) - ^ 7 ( t ) ( 8 ) ' D ( e i ) ]  =

i£ [ 7 d ) (8)' D(ec) - ^ 7 ( f ) (8)' D(e ,) ]  =  0 

9 1 t [ 7 ( i ) ( 8 ) ' D ( e , )  — 7(!)(8>'D(ei)] =  2 M b 2 

W [ 7 d ) ( 8 ) ' D ( e , )  — *■ 7  ( l )m i \ e e)}  =

9 C [ 7 ( i ) ( 8 ) ' D ( e ff) ] - ^ 7 ( 3 ) ( 8 ) D ( e „ ) ]  =

3 Tl[7 ( 3 )(8 ) 'D(eff) - ^ 7 d ) (8 )D(e ,) ]  =  0

' W [ 7 ( J ) ( 8 r D ( e I, )  — >  7 Ü ) ( 8 ) D ( e 17) ]  =  gomo 

9 C [ 7 d ) ( 8 ) ' D ( e s ) - ^ 7 ( | ) C 8 ) D ( e c ) ]  =  W  

3 T i [ 7 ( 3 ) ( 8 ) ' D ( e J  — ►  7 ( t ) ( 8 ) D ( e i )  1 =  ™ o 2

cW [ 7 d ) (8 >D(e !,) — >  7 ( 3 )(8 )D(e„)] =

9C [7 (3)(8>DK ) ^ 7 ( 2 ) 8(D)(e ,) ]  =  0

3 n [ 7 d ) ( 8 , D ( e f ) ^ 7 ( 3 ) ( 8 , D ( e , ) l  =  M b 2

W [ 7 ( i ) ( 8 ) D ( e , ) - ^ 7 ( 5 ) ( 8 ) D ( e , ) ]  =

9C[7d)(8,D(eff) — ^ 7(S)(8)D(e ,)] =  0

31t[7d)(8)D(ef) —>  7(̂ )(8>D(ep) ] =  2 M b 2

w [ 7 d ) ( 8 ) ' D ( t 2 i )  — ^  7 a ) ( 8 ) ' D ( t 2(, ) ]  =

9C [7 (J )(8)'D( W  — ► 7 d ) (8)' D( W ]  =

3 T i [ 7 a ) ( 8 ) , D ( t 2 i )  —  7 d ) ( 8 ) ' D ( W ]  =  0  

' W [ 7 d ) ( 8 , ' D ( W  — ■> 7 ( | ) < 8 ) , D ( W ]  =  O o r ^ 0 a ( w 0a -  M s )  

9 C [ 7 ( | ) ( 8 ) , D ( t 2(, )  — * -  7 ( | ) ( 8 ) ' D ( W ]  =  0  o r  p 0a2 

9TC[7Ü){8),D( t2(,) — >  7 (J )(8>,D( t2i) ] =  (woa -  n bY

W [ 7 d ) ( 7 ) D ( W - ^ 7 d ) ( 7 ) D ( W ]  =

0  o r  2/ i p 0c(2 m 0c +  p B)

^ [ 7 d ) ( 7 > D ( W  — ^  7 d ) ( 7 > D ( t 2(;)  =  0  o r  y 9^ 0 c 2 

9 ^ [ 7 ( i ) ( 7 ) D ( W  7 d ) ( 7 ) D ( W ]  =  y 9 ( 2 m 0c  +  m b ) 2

w [ 7 d ) ( 7 ) D ( t g  — >  7 ( | ) ( 7 ) D ( W ]  =  0

o r  2/ 9 { ^ O o ( 2 w i o 0 +  M b )  +  +  M b )  }

9C[7(!)<7)D( W  - ^  7(i)(7,D(t2ö)] = 0 or y 9}^0a2 +  p062}

9Tl[7(!)(7)D(t25) - 7d)(7,D( W ]  =

y 9{ ('2Woa +  Ms)2 +  (2Wo& +  Mb)2J

w[7d)(8>D( W  - 7(])(8)D(t2i)) ] =

0 or 4/9poc(m0c —  mb)

9C[7d)(8)D( W  — -*■ 7(t)f8)D(t2ii)] =  0 or V’ĝ Oc2

T h e  J o u r n a l  o f  P h y s ic a l  C h e m is tr y



I n t e r a c t io n  o f  E l e c t r o m a g n e t ic  R a d ia t io n  w it h  M a t t e r 3 7 0 7

£nx[7(2)(8)D( W  — ä*■ 7 ( 2 ) (8 )n ( W l  =  4/ 9 (woc -  Mb ) 2

'W [7 (2 ) i8)D(tic )  — ^ 7 ( i ) (8)D( t 2„)] =

ShOO

l /op0a(m 0a —  Mb ) +  i /opOb(moi, —  Mb )

9C [7(2)(8)D( W  — >- 7 ( t ) (8)D( t 2, ) l  =

0  o r  1/o p o a2 +  4/9p062

SHT[7(2)(8)D( W  — i-  7 ( f ) C8)D( t 2c)] =

VsCmoc —  mb)2 +  V 9O 0& —  mb)2 (71)

< 7 ( i ) <8)T(W> | |  7 ( R (7)T( t2,) )  =

( ± ) V 2
—  ilo

V z(m0 +  2mb)_

7 ( l ) <8>T( t2i,) 7 ( i ) (7)T( W  > =

V ?
3

A ,

<s»
.

0- H
H

V / 1 / . \ j . —  ila
_(w0î +  2mb)_ k +  (±) V 2 _x/%(iha +  2 mb)_

| ^ j  7 ( 2 )
(8)'T

(± )

(tic)

3 / 4 i ( \ ' r2lo +  ( ± ) t  t  A/

V 6  1_ —  V 2 ( w 0 —  mb)

/
\ 7 U ) ( 8 > t ( W

\
7 ( 2 ) ( ' ) T ( t 2ff)

P
ml

f a ) (8)'T ( W

(± )

V A V V )  > =

g=FM3/4

V ö
( \ / 2 l o  +  ( ='=)l/o^) J
iy/2(mo —  mb) J

A )
g  ± 2 / 3 / 4

V ö
l(Zo +  ( ;p )î'\/2À )^)

— (ffio +  2 mb) _ ^

r o <i,T( w  II « r R w  >  =¡m|

( A
e =F ¿B/4

( ( 0  +  ( ± ) i V /2^o^)
î(wo +  2mb)

7 (2 )(8>'T(t2c) 7 ( 2 ) i 8 )  T ( e c )  >  =  0

ÿ f . r T ( U .)  |B

i ( i ) m T ( W  | !  y )  -

ill 
m  1

k '

e = F « 0 / 4 »Go +  ( ±  ) i \ / 2 l i

7 ( 2 ) ( 7 ) T ( t i c )

 ̂  ̂ \ / 6  L(wio +  ( ± ) » V 2 m 2)_

fcir’w ) =
- ± W 4 r  G o  +  ( = f ) 2 \ / 2 7 2)(±) V 6  L —1 ( ^ 0  +  ( =F ) î 'v / 2m 2.

t ( 2 ) (8)T( W  B 7 (2 ) (e c) )  =

( A  “
eTW 4 r  i ( V 2i0 +  (= F )» y

\ / 6  L iV ^ m o  +  (= F ) im 2).

7 ( 2 ) ( 8 ) T ( W 7 (ä )W T (ec ) y  =

e ±ii,/4  T (V 2 ^ o  +  ( ± ) i h )
( A \ / 6  L - i ( y /2 m o  +  ( ± ) z m 2)_ 

e
7 ( 2 ) ( 8 ) ' T ( t 2 i )  Q  7 ( 2 ) < 8 > T ( e c )  ;  =  ^ 2

=F iß/ 4  r  7
¿ 2

7 ( 2 ) ( 8 ) ' T ( W A V A )  )  =
6

* î ) m T ( W  I? 7 ( i )® T(e ,) > =  <±>

T t / 3 / 4

V 5

1

V e

- i m i

i n

_n ii_

Ha
m a

7 ü ) (7)T(w  B 7 ( ! )  ( A  >  =

w

7 (2 )(8 )T (t2c)

•f<:)l i r T <e,) ?

k '  +  ( A V %

7 (2 ) (8)T(e c )^ )  =  ( V  w  

7 (S )(8 )T (e 5) X>  =

w
i l l

j m \ .
k ' +  ( ± ) V V .

Zo

_ — m 0_

ilo
m o

U

_—imo_

7(2 )w  > , )  > =  0

« )< ■ > ’ <<>,) | ? |  7 ( S)<» 'T (e ,)  >  =

„±»0 / 2 ilo*
_{ma* +  mb).

k'

T<i),!)T(e ,) I? 7 (2 )C8’,T (e c) > =

7(2)<8>T(ec) |S I  7 (J )(8' T(ef) /  =

7 ( 2 ) ( 8 ) T ( e c) III 7 ( 2 ) ( 8 ) T ( e c) > =  0

e ^ / 4

V 2

±2/3/4

v i "

lo
—  V 2 MB.

tlo  J/ 

i’V 2 mb_

3

Î ' (  7 (2 )(8,TV ) p
in A V A )  )  =  -

ila
Ä *  —  Mb).

k '
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7 ( i ) (7)T( t2,)

f u ) <7)T( W

T a ) (7>T(t2ff) )  =

(±)V 3
0 or 2pf,

. — (2wo +  Mb)_ ]

f ( 5 , (7)T( W

Vs

1----

HHc3 
( 

1____

k' +  (±) -
0 or 2po

_(2w0± +  ms)_ v 3 _ —  2(w?o +  mb)_

7(3)(8)T( t2„)

Vs

7 a ) (8>,T(t2„)

7 (2 )(8)'T( W

E T (J |'',T(t„ ) > -

( ± ) V .
0 or po ' 

.(mo — mb).

7 ( i ;<8)T( W

ilo* , ,  2 i  
k '  +  (± )  -

0 or — po ”
_(mo* — mb)_ V ' 3 _ (m 0 -  mb)_

7 ( j )(8)'t (W ^ >  =  o 

-y(t)(8> T(t2„)X)  =

-e =fW  2 t'À,1

(wo1 — Mb).
k ' (72)

w  ['7 (l)<'8>T(t2i7) ^  7 Q )<7>T( W  ] — — ‘/effoOwo +  2ms)

9C[t(2)(8)TCW — > 7(D(7>T(t2c)] = V s f f o 2 

3 i i [ 7 ( 3) ( 8 , T ( W  — >  7 ( | ) ( 7) T ( t 2ff) ]  =  V i s ( w o  +  2mb)2 

W[7(3)(8)T(t2f) T(S)(7)T(W ] =

2/ogo*(m 0* +  2mb) — VftfoOMo +  2 mb) 

9C [7(i)(8)T(t2.) — ► 7 (D (7)T( t2i)]  =  2/,g o i2 +  Vtfo* 

3 I i [ 7 ( | ) ( 8) T ( t 2 f )  — ^  7(!)(7)T(W ] =

2A (rh<? +  2 Ms)2 +  Vis(wo +  2mb)2

'W[7(3)(8)T(t2„) ---> 7I2)<8),T(t2i)] = -Vs.9o(w0 -  Mb)

9C[7(3)(8)T(t2ff) — * T(D(8)'T( W ]  = Ve{2ff„2 +  gV2)

3^f7(J)(8)T(t2ff) --- >  7(i)<8) T(W ] =  Vs(»»o -  Mb)2

W[7a)(8)T(t2i,) ---■> -yiS)<8> T(t2ff) ] =  ~Vsffo(w0 -  Mb)

9C[7(|)(8)T(W  — > 7(t)(8)'T(t2„)] = V.{2ff„* +  goÌ2}

[7(2)<8>T(t2<7) --- >  7 ( |)(8) T(t2?)] =  Vs(wo -  Ms)2

‘W [f(J)(7>T(W  — > 7(l)<8) T(t2ff) ] =  -Ve!7o(wo +  2mb)

9C[t (2)<7)T( W  — ^  7 U )(8>'T ( W ]  =  Veiffo2 +  2g„Ì2}

3»i[7(3)(7)T(t2e) — > 7(3)<8)'T( W ]  = V.(«o +  2mb)2

W[7(3)(7>T( W  — > 7(3‘)(8)'T( W ]  =  -Vei7o(mo +  2mb) 

9 C [7 a)(7)T(t2,) — ► 7 (J )(8)'T ( W ]  =  Veiffo2 +  2g„Ì2} 

3 ^ [7 ( J ) (7)T( W  — ► 7 ( f ) (8,'T (t2i )]  =  V «(«o +  2 mb) 2 

^ [ 7 (3)<8)'T(t2,) — >  7 ( l ) (8)'T(e ,) ]  =

9C[7(J)(8)'T(t2„) — ►  7a)(8)'T (e,)] =
3TÌ.[7a)(8)'T(t2f) — >  7 U )(8)'T(e ,) ]  =  0

W [ 7 ( | ) (8>'T(t2f) — ■> 7 ( i ) <8, T(ec) ]  =  g m i  

9C [7(|)(8)'T(t2„) — ► 7 ( ‘ )(8)'T(e ,) ]  =  gr2 

3R [7 (J)<8)'T( t 2„) — ► 7 ( t ) <8>T-(e„) ] =  m a2 

w [7U)(7)T(t2c) —-> 7(J)<8),T(e„)] = '/«Uomo +  2g2m 2} 

9C[7(2)(7,T(t2f) — ► 7(3)(8)'T(e,)l =  Volffo2 V 2g22j 

3H [7U )C7)T(t2,) — >  7 a ) (?)T(e ,) ]  =  V elino2 +  2?n22} 

W [7 (3 )(7)T( t2ff) — >  7 ( i ) (8) T(e„) ] =  V «{ffowio +  2g2m 2} 

9C[T(J)<7)T( t2(,) — >  7(É)(8>,T(e t) ]  =  Ve{go2 +  2g22} 

3T l[7 ( |)(7,T(t2ff) — >  7 ( i ) (8> T (e„) ] =  V e i^ o 2 +  2 ra22} 

W [7 (S )® T ( t^ )  — >  7 Q )(8)'T(e f) ]  =  Ve{2g0mo +  g2m 2} 

9C[7(ì)(8)T(ta,) — 7(3)(8) 'T(e„)] =  V sjSgo2 +  g22} 

2f'X [7(J)<8)T(t2ii) — >• 7 a ) <8)T(e„)] =  V  e{ 2mo2 +  m 22} 

W [ 7 a ) (8)T(t2„) — ^  7 (J )(8) T(e„)] =  v 6{2goffro +  g2m 2} 

9C[7(2)(8>T( t2„) — ► 7 (‘ )(8)'T(ef)] =  Vs{2g„2 +  g22}

3 rc [7 a ) (8)T(t2„) — >  7(*)(8),T(ef) ]  =  V6{2mo2 +  w 22j

'W [7(j)<8)"r (t2|>) — >  7 ( ì) (8)T(e„)] =  Vsgs^s

9C[7(J)(8>,T( t2i,) — *■ 7 ( l ) (8)T(ef) ]  =  l Ug 22 

9Tì [7(3)(8)'t ( W  — ♦  7 Q )(8)T(e„)] =  V 2W2 2

['v (i)(8) T( W  — ^  ■y(t)(8)T(e i?) ] =  Vsgswìs

9C [7(|)(8)'T( t2i) — > 7 ( ‘ )(8,T(eff) ]  =  Vsgs2 

3TC[7(34)(8,' t ( W  — ► 7(5)(8)T(ec)]  =  l/ * W  

W [7 (3 )(7)T( W  — ► 7 ( i ) (8)T(e ,) ] =  Vegomo

9C[7-(J)(7)T( t2c) — >  7(34)(8,T(e i )]  =  Vego2 

9TC[7(3)(7,T( W  — ► 7 ( | ) (8)T(e ,) ]  =  V e W

W [ 7 ( |) (7)T(t2C) — >  7 ( i ) (8)T(e„)] =  Ve{gowr0 +  4g!ini} 

9C[7(3)(7,T( t2p) — >  7 ( f ) (8>T(eff)]  =  V ejgo2 +  4 g ,2} 

3W[7(3)(7)T( W  — *► 7 ( | ) (8)T(e„)] =  '/e lm o 2 +  4wii2} 

cW[7’(3)C8)T( t2ff) — >  7 ( |) (8)T(e„)] =  VsgoWo 

a :[7 (D (8)T(t2f) — >  7 ( j ) (8>T(e„)] =  Vsgo2 

9TC[7U)(8)T(t2,) — ^  7 (D (8)T(e ,) ]  =  Vsmo2
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W [ * .) « T(W  — > 7(R(8)T(e„)] = ‘AlffoWo +  g m x}

9 C [ 7 U ) ( 8 ) T ( t 2 i )  — *■ 7 ( S ) ( 8 ) T ( e 5 ) ]  =  V s f f f o 2 +  ÿ i 2 )

9 R [7 ü ) (8 )T( t2„) — >  7 ( î ) (8 )T(e,,)] =  V 3 jm 0 2 +  wti2}

W [ 7 ( ï ) ( 8 ) ' T ( e ff)  — >  7 ( i ) ( W ' T ( e , ) ]  =

9C [7(|)(8)'T(e ,) — >  7 (J )<8)'T(e ,) ]  =

3 H [ 7 ( i ) ( 8 ) ' T ( e i )  — ►  7 ( | ) ( 8 ) ' T ( e c ) ]  =  0  

■ W [ 7 « ) ( 8 ) ' T ( e » ) ]  ---- >  7 (J )(8) T (e s) ] =  g o H m /  +  Mb)

9C[7(î)(8)'T (e ,) — >  7 (J )(8)'T(e„)] =  got2

3 H [ 7 ( ï ) ( 8 ) " r ( e , )  — >  7 ( î ) ( 8 > ' T ( e # ) ]  =  (To o * 1 +  mb) 2 

■ W [ 7 ( ï ) ( 8 ) T ( e , )  — >  7 ( ï ) ( 8 ) ' T ( e „ ) ]  =  0  

9C [7ü)(8)T(e ff) — »► 7 (R <8)'T (e„)] =  ‘A ?o2 

î« I [7 (l)(8)T(ec) — ► 7 ( î ) ( 8 ) ' T ( e # ) ]  =  Mb 2 

' W [ 7 ( D ( 8 ) T ( e s )  — >  7 ( I ) ( 8 ) " r ( e » ) ]  =  0  

9C[7(D(8)T(es) - ^ T ( t ) (8)'T(e ,) ]  =  W  

3 H [ 7 ( i ) < 8 ) T ( e i )  7 ( R ( 8 )  T ( e „ ) ] =  M b 2

■ W [ 7 ü ) ( 8 , T ( e , )  — ► 7 ( J ) < 8 > T ( e „ ) ]  =

9 C [ 7 ( R ( 8 ) T ( e ff)  — ►  7 ( 2 ) <8>T( e s ) ] =

3 H [ 7 a ) ( 8 ) T ( e ff)  — >  7 ( * ) < 8 ) T ( e , ) ]  =  0  

cW [7a)(8)T(e9) -— *■ 7(S)(8>T(e„)] =  g0î (m 0î  -  mb) 

9C[7(!)(8)T(e„) — > 7(î)(8)T(e,)] = ?0Î2 

9TC[7(î)(8>T(ef) — ^  7 ( i ) (8,T(e#)]  =  (m»1 -  Mb) 2 

W [7 ü )(7)T( W  — >  7 ( î )(7)T( W 1  =

0 or — V gpo(2m 0 +  Mb) 

9C[7(ï )(7)T( W  — >  7 (R (7)T(W 3  =  0 or V.Ä.* 

3H[7(R(7)T( W  — *• 7 ( ï)(7)T(t*f)l =  7 .(2 « o  +  Mb)2

W [ 7 ( | ) ( 7 ) T ( W  — >  7 ( î ) t 7 ) T ( W ]  =

(0 o r  —  V spo(2m.0 +  m b ) )  +  2/gg0I (2m0i  +  m b )

æ [ 7 ü ) ( 7 ) T ( t 2 c )  — >  7 d ) ( 7 > T ( W ]  =  ( O o r  V o A 2)  +  Y * * , 1 2  

3H[7(î )(7)T( W  — ►  7 ( î )(7,T( W ]  =

V  9(2wo +  Mb) 2 +  7»(2w oä +  Mb) 2

W [ 7 ( R î 8 ) T ( W  — ►  7 ( R ( 8 ) T ( W ]  =

0 o r  — i/ÿpo(m o  — Mb)

9C[7Ü)(8)T(W> — ^  7 (3 )(8,T(t2i )]  =  0 o r  V W

9 I ï [ 7 a ) (8)T(t2i ) ---->  7 ( î )<8)T( W ]  =  ‘/»(«O  -  Mb) 2

• W [ 7 ( î ) ( 8 > T ( t 2 , )  — ^  7 ( î ) < W T ( W ]  =

(0 o r  — 4/9?o (*o  — Ms)) +  — Mb)

9 C [ 7 U ) ( 8 ) T ( t 2, )  — >  7 ( | ) ( 8 ) T ( t 2 C) ]  =

(0 or 4/'Ao2) +  V^o12 

3 1 X [ 7 ( R ( 8 ) T ( t 2 S)  — ►  7 ( t ) ( 8 ) T ( t 2 e ) ]  =

4A ( ^ o  — Mb) 2 +  1/»{fh0 Mb) 2

■ W [ 7 a ) ( 8 V T ( t 2 , )  — ►  7 ( J ) < 8 ) ' T ( W ]  =

9 C [ T ( i ) <8>' T ( t 2ff)  -— ^  7 ( J ) ( 8 ) ' T ( W ]  =

3H[7(2)<8) T( W  — ^  7(D (8)'T( W ]  =  0

'W [ 7 ( |) (8>'T( t2i) — ► 7 ( t ) (8>'T ( t2i) ]  =  -  Mb)

9C[7Q)(8)'T (t2i,) — >  7 (R (8)'T(t2 ,)] =  £oi2

2fn [ 7 ( |) (8)'T(t2ff) — ► 7 ( | ) (8)'T( t2, ) ]  =  (« o 1 -  Mb) 2 (73)

Equation 70 has been constructed from eq. 20 and 69, 
[Division A, §3.1], eq. 71 and 73 from eq. 21 and 22, 
[Division A, §3.2 , and eq. 72 from eq. A-22 [Appendix, 
§6.1]. The symbols W, 9C, 9TC, l, g, r, p, and mb are as 
in Division A, §3 and the Appendix, §6. The redistribu
tion of individual electric and magnetic dipole and 
spectral strength due to molecular spin-orbital func
tional reorientation in eq. 71 and 73 is a simple sample 
of what configurational interaction might be expected to 
accomplish. Indeed, this redistribution might be 
profitably thought as due to “orientational (symmetri- 
zational) configurational interaction.” Of course, as 
Kramers’ pairs are not split on descent from digonal 
(D2) and trigonal (D3) dihedrality to unidigonal (Dx) 
dihedrality (except in the presence of magnetic fields; 
it would be exciting to measure their individual natural 
rotatory and spectral strengths in magnetic fields at 
low temperatures and thus to examine their actual polar
izations and numerical valuations —the author sincerely 
hopes someone might attem pt this task.), the full 
molecular spin-orbital rotational strengths derivable 
from eq. 71 and 73, in the absence of configuration, are 
coincident with those of eq. 26 [Division A, §3.2] and 
A-25 [Appendix, §6.2].

From eq. 57 through 73 and Tables IX  and X, it is 
evident th a t numerous cross-relationships still exist in 
the unidigonal problem even though in many instances 
detailed assignations and polarizations have altered 
(these polarizations, although approximate in the off- 
axial directions due to neglect of true configuration in
teraction, are quite interesting and merit thorough and 
close experimental investigation and, hopefully, ap
proximate confirmation42). This retention of cross-rc-

(42) When true configuration interaction is small, as it may be for 
unidigonal dihedral aminated (and other) complexes in (cubic-ally) 
isolated (and cubic-ally degenerate) electronic states, such as the
1Ti i7 sta te  of eobalt(III) compounds, it may be actually possible to 
extract estimates of the magnitudes of the electric dipole strenghts go, 
0 i, and 0 2  ( 0  = r or p) as well as their directions from polarized in
tensity and rotatory measurements on split triads and diads.
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Table IX : The Spin-Free d n (n  = 1, 2, 3, 4, 5, 6, 7, 8, 9), Unidigonal D ihedral (Pseudo-Oct-ahedral:Trigonal Orientation) 
Rotational and Spectral Strengths for Zero Spin-Orbit Forces“

/----------------------------------S p e c t r a l  s t r e n g t h s -----------
n Transitions Rotational strengths Electric Magnetic

1 (• =  2) ‘ACT*) -  ■E( i ) (T J„) -Oofno So2 fho2
and -  -E(1)(E .) gomo go2 m i1

6 (s = 5) ”E (¿)(T 2„) "E(B)(T2i) §o*mo£ lA<7oîî +  goÎ 2 ino^!

-  *E( i ) (E f) '/ogmo ^hgi2 'A m22

g,mi +  4/ 2 g2m2 g i  +  4A?22 TOlS +  ' / m i

*E(i) (E .)  -  •E y jiE .) goAno* 4A^o2 +  ¿oÍ2 too'*’2

2 (s = 3) *B(T„) -  *E(J)(T 1o) gomo go2 m i1
and -  *A(TI(r) 2 gimi 2gi2 2wii2

7 (• = 4) 1Ugimi 'h g i2 72 m22

-  sB (T l0) 0 0 0

-  ' B(J)(T'») '/ogmo 'Ugi2 '/•¿mi2

-  *B(A2c) 0 0 0
*K(S)(T iff) -  •E( i ) (T „) go^ifio^ V2Í 0Í 2  +  ffOÎ2 jKÔ 2

-  'A (T2C) l/ogomo 'Affo2 '/¿mo2
-  ’E (X)(T20) '/¿go  +  go){mo +  m2) +  ‘/¡Jim, 'A(?o +  g2) 2 +  ‘Affi2 '/¿m o  +  wi2)2 +

-  *E(B)(T 2S) 1A(fl,0 +  g2)(mo +  mi) *A(?o +  S2 ) 2 4A(mo +  m i)2

-  *B(Tlf) 'A?»” ! 'A ? « 2 'A m i2
-> *E(J)(Ti») ‘Also -  g2 )(m0 -  m2) 7«(go -  S2 ) 2 '/¿.mo — m2)2

'/¿go  -  go){m,o — mi) +  ‘AffiTOi 7<(go ~  go) 2 +  'Agi2 '/¿m o — m i)2 +

— *B(A2„) 0 0 0

CO Co II ’B(A2„) -  *A(T2o) 2 fiflTOl 2 gi2 2 m i
and -  ’E (í )(T 2í) 4A(ffo +  gi){mo +  m2) V2(9 o +  g2 ) 2 '/¿m o  +  m i)“2

8 (s =  3) -  *B(Ti„) 0 0 0
-  •E( i ) (T l.) 4A(ffo -  gi){mo — mi) iA(9o ~  92) 2 '/¿mo  — m2)2

-  *B(T„) 0 0 0
0 0 0

4 (s =  5) 'E(A)(E¡,) *E(fl)(E„) goAno* V2 902 +  goÎ 2 mo1*"2

and -  SA(T2„) gom gi1 mo2
9 (s =  2) -  *E( i )(T „) '/ogimt 'Ago2 ' / m i 2

’E ( ^ T2») gim! -)- *Ag2m2 9i2 +  V2922 m i2 +  ' / m i 2

*A(T„) —*• 'E (á)(T 2í) gomo !7o2 •fho2

■E(Í)(T.,) -> 'E (J)(T 2p) go^mo^ ihgot ‘i +  9oÏ2 mo^2

5 •ACA,,) — 2'4B(Tit;) 0 0 0
-  - e (! )(T ií)

-  2-4A(t 2o)

-  2B(A2„)
-  aA(Au,)

-  lE ( i ) (E„)

“ The quantities (jo, goA 9o ,̂ go, go'*', 9 0 .1,2, mo, m0*, Wo mo ,  m o mo,1,2 (g = r,p) are as defined generally and specially in ref. 6, footnote 
49 and this paper, Appendix §6.1.
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Table X: The Spin Paired dn (n  = 1, 2, 3, 4, 5, 6, 7, 8, 9), Unidigonal Dihedral (Pseudo-Octahedral:Trigonal Orientation) 
Rotational and Spectral Strengths for Zero Spin-Orbit Forces“

-Spectral strengths—

3E/

Transitions Rotational strengths Electric Magnetic

A) -*  3E(J)(T 1„) — gofnQ go2 mo3
— 3E ( i) (E„) VsSoTOo 4A9o2 4 A m02
-  3B (Ti0) 0 0 0
-  3E (J)(T i0) V.2(2So +  92 X 2wio +  m2) 7i2(29o +  92)2 7 i2(2to0 +  m2)2
-  3A(T2o) '/»gimi 7 o9i2 73mI2

-  3E( i) (T3») '/n{2go — gi)(2m0 -  mi) 7 iz(29o -  9a)2 7is(2 mo -  m2)2
— 3A(A1b) 2/»gim1 2A9i2 2Ami2
-  3E(á )(E0) '/» g*mi 7a922 '/»mi3

— 3B(A2„) 0 0 0
-  3A(T2o) gm . 9i2 m¡2

-*  3E(¿)(T2») Viffsms 74922 '/»mi3

-  3B(Ti„) 0 0 0
'/»gimi 74922 '/»mi3

u>) — 3E(.4)(TlD) 7o9oi2 +  9’ol2 m d 2

— 3E(á)(E ») '/»gimi +  2/ 3 gimi 4A9l2 +  W 4 Ami2 + 2/»mi1

^ ( S ) (E »> 2 A gimi 2A922 2A m22
-  *B(T„) '/»¿go +  2g2)(OTo -\■ 2mi) 7 1 2 ( 9 0  +  2f/2 )2 7i2(m0 +  2m2)2
-  3E(«)(Ti„) '/ii(go ~  ?z)(mo -  rn2) 7 2 4 ( 9 0  — Ö2 ) 2 '/u{mo - ■ m i ) 2

— 3E(á)(Tlí) '/»gm , +  '/»»{go — 9 s)(m0 — m2) 3A9i2 +  1/7(9o --  9o)2 3/»»ii3 + '/u{mo -  m i)2

-  *A(T„) 7 u(9o — 2gi)(m0 — 2 m2) 7 1 2 ( 9 0  -  2 9 0)2 7is(m0 - - 2 m i)2

3E (á)(T^ ) 7 2 4 ( 9 0  +  gi)(m0 +  mi) +  l/iig,m , 7 2 4 ( 9 0  +  9o) 2 + 7l29l2 '/u (m 0 +  m i)2 +  1Asmf

-  3E(5)(T2í,) 7 2 4 ( 9 0  +  gzXmo +  mi) 7 24(90 7  0 2 ) 2 '/»¿mo +  m2)2

-  3E( á /E») 7 o9o»«o +  i/sgiml 7 o9o2 +  1/s9i* 7om02 + ' / » m i

-  3E(J)(Eo) 7«9owio 7 o9o2 7«mo2

-  3A(Al0) 7«(9o +  gi)(ma +  m2) 7 o(9o +  9i)2 '/¿m o +  m i)2
-  3B(A2o) '/¿go  -  9s)(m0 -  mi) 7 o(9o ~  gz)2 '/¿m o - m i)2
-  3A(T2o) '/»gom0 7 49o2 '/»m02

3E(è)(T 2») '/¿go +  9s) (mo +  mi) +  '/,g ,m , 7 s(9o +  9o)2 + ' /» g i 7s(m0 +  m2)2 +  74-mi2

-  ■E(2)<'r*> ' /¿go  +  92)(mo +  ms) 7s(9o +  9z)2 ' /¿ m o  +  m2)2
-  3B (T l0) '/tgorria 74902 '/»mo2

-  3E(J)(Tio) '/»{go -  g i)(m 0 -  ms) ' /¿go  -  giY ' /¿ m o  - m i )2

-  *E(i)(Ti.) 7s(ffo -  9s)(mo -  ms) +  7i9imi '/¿.go — g»)2 + 7  4 9 .2 7s(mo - ■ m i)2 +  ' / » m i

A) -  2E (â)(T2o) g»mo 9o2 mo2

— 2B(A2„) 3/»gimi 2A9i2 3/»m 12

— 2B (T l0) 39,TOi 39i2 “¿ m i

*E(;) (T 1(,) 3/»gimi 3A922 3 /  »mi2

— 2A(T25) 0 0 0
-  2E (á)(T 2„) 7 ii(2 9 o +  <ii)(2 rn„ 4 - m2) 7 i 2(29o +  92)2 7i2(2m0 +  m2)2

- •  2E(á)(E ») 7  »gim» 7 s922 ' /»m i1

-  2A(T2o) 0 0 0

-  2E(â)(T2») 3 / 492ms 3 /  »Qi3 3/»mi1

-  2B (Ti0) '/»gimi 739i2 ' / » m i

-  *E(J)(T le) 7 u(29o -  9z)(2m.0 -  m2) 7 is(29o -  9 2 ) 2 '/n(2m„ -  m2)2

-  2A(A,„) 0 0 0

V o lu m e  68 , N u m b e r  12  D ecem b er ,  196If
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Table X (C o n tin u ed )

-----------------------------------------—S p e c t r a l  s t r e n g t h s ----------------------------- --------------
T r a n s i t i o n s R o t a t i o n a l  s t r e n g t h s E l e c t r i c M a g n e t i c

2E ( i ) ( E " ) ‘ A d o r n o ' A f f o 2 ' A m 02

’ E ( i ) ( T s , )  -  2E ( f ) ( T 2o) ÿ o i m o î ' A f f o *2 +  ffo12 W o I 2

-  2B ( A 2„ ) ‘ / « ( f f o  +  f f a ) ( m o  +  mo) ' / X f f o  +  ff2)2 ' / e ( m 0 +  m 2)2

-  2B ( T i „ ) 3 A f f o m o " A f f o 2 3 A m o 2

-  2E ( ? ) ( T ‘ » ) 3/ s ( f f o  +  f f i X m o  +  mi) +  3 A f f i m i 3A ( f f 0 +  ff2)2 + 3A f f . i2 3A ( m 0 +  m 2)2 + 3 A m i 2

—  2]W r “ ' ) 3A ( f f o  +  ff2) ( m 0 +  m 2) 3A ( f f o  +  ff2)2 3A ( m 0 +  m 2)2

-  2A ( T 2o) l/ 12(90 +  2 g 2) ( ^ o  +  2 r a 2p ' / « ( f f o  +  2 ff2)2 ' / « ( m o  +  2 m 2)2

- *  2E ( - J ) ( T ^ ) ' A X f f o  -  ff2) ( m 0 —  m 2 ) ' / » ( f f o  — i?2 )2 ' / 2i ( m 0 — m 2)2

-  * E ( - ) ( T „ ) ' A X f f o  —  ff2) ( m o  —  m 2)  +  3 A f f i m i ' A X f f O  — ff2)2 + " A f f i 2 ' A X m o  -  m 2)2 + " A r n i 2

-  2E ( - 4 ) ( E 0 ) V e f f o m o ' A f f o 2 ' / o m 02

—  2E ( J ) ( E „ ) ' A f f a m o  +  ' A f f i m i ' A f f o 2 +  ' . A f f i 2 ' A m 02 +  ' A m i 2

-  2A ( T 2o) 3/ i f f o  m 0 " A f f o 2 3/ 4m 02

2E ( i ) ( T SlI) 3A ( f f o  -  f f » ) ( m o  -  m 2 ) 3/ s ( f f o  -  f fa)2 3A ( m 0 -  m 2)2

-  2E ( « ) ( T 2i, ) 3A ( f f o  -  gt)(mo -  m i)  +  3A f f i m i 3A ( f f o  -  f fa)2 + " A f f i 2 3/ s ( m 0 —  m 2)2 + 3 A m i 2

-  2B ( T i „ ) ' / « ( f f o  ~  2 ff2) ( m 0 -  2m 2) ' / « ( f f o  -  2 ff2)2 ' / « ( m o  —  2 m 2)2

—  2E ( 5 ) ( T “ ' )
' A X f f o  +  ff2) ( m o  +  m 2 ) +  ‘ / a f f i m i ' A / f f o  +  ff2)2 + ' / l 2f f l2 * A i ( m 0 +  m 2)2 + ' /n m i

-  2E ( , ) ( T i 0 ) 7 a ( f f i  +  ff2) ( m 0 +  m 2 ) 1/ 2 4 ( $ ,0 +  i /2)2 ' A X  m o  +  m 2)2

-  2A ( A i 0 ) ' A ( f f o  -  f f s X m o  —  m 2 ) ' / « ( f f o  -  f f i )2 ’ A ( m 0 —  m 2)2

2E ( X ) ( E „ ) ' A f f a m j ' A f f a 2 ' / e  m 22

^  2E ( ® ) ( E ») ' A f f i m i  +  ' A f f 2m 2 ' A f f i 2 +  ' A f f o 2 ' / 3m .2 +  ' A m 22

■ A ( A , 0 )  —  > B ( T 10) 4 f f i m i 4 f f i 2 4 m i 2

—  1E ( Î ) ( T >») (ffo +  ff2) ( m 0 +  m 2) (ffo +  ff2)2 ( m o  +  m 2)2

-  ‘ A I T , , ) 0 0 0

^  ' E ( î ) ( T 2b ) (ffo -  ff2 ) ( m o  -  m 2) (ffo -  f fa)2 ( m 0 — m 2)2

2E ( , ) ( E 0 )  —  2E ( B ) ( E p ) f f o ' m o * ' A f f o 2 +  ffcÌ2 m o ^2

-  2B ( T i „ ) 3A f f o m 0 " A f f o 2 3/ 2m o 2

2E(.f)(T ir) 3 A f f i m i  +  3A f f 2m 2 " A f f i 2 +  " A f f a 2 3/2m:2 +  3/ 4m22

— 2E ( i ) ( T l 0 ) 3A f f 2m 2 3Aff22 3/ 4m22

-  2A ( T 2o) ‘/ 2ff2m2 'Aff22 'A  m22
->  2E ( i ) ( T 2 i ) ' A f f o m 0 ' A f f o 2 ' / 4m02

-*  2E ( « ) ( T 2„ ) ' A f f o m o  +  ' A f f i m i ' A f f o 2 +  ' A f f i 2 ’ / 4m o 2 +  ' A m i 2

-  * B ( T „ ) ' /  2ff 2ÎH-2 'Affa2 'A  m.22

-  2E(J ) (T >‘) ' A f f o m o  +  ' A f f i m i ' A f f o 2 +  ' A f f i 2 ' / 4m02 +  'AmA

-  * E ( i ) ( T , . ) 'Zigomo ' A f f o 2 ' / 4m02

-  2A (T 2i) 'Zigomo ' A f f o 2 ' / 2m02

2E ( i ) ( T 23) 'Zigomo 'Affa2 ' / 4m22
-  * E ( J ) ( T „ ) ' A f f i m i  +  ' A f f i m » ‘ A f f i 2 +  ' A f f a 2 'A m ,2 +  ' / 4m22

a T he quan tities ffo, go+, go^, go, goA 
footnote 49 and this paper, Appendix,

.1,2 , mo, moX, JKflï, mo, m 0t , mo,1,2 (g 
>6.1.

=  r ,p )  are as defined generally and  specially in ref. 6,

lations is, of course, not coincidental, but a direct conse
quent of our employment of the concept of pseudo-octa- 
hedrality. Measured deviations from these relations

are sure indications of the import of intraconfigurational 
mixture.

The unidigonal dihedral polydentate wave functions,

T h e  J o u r n a l  o f  P h y s ic a l  C h e m is tr y
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Table X I: Specification of the Differential Angular M omentum Operations

d  XV dxx d  yz d3z! - r ! 8 Px Pv Px
lx ihdxz Xfldxy tÄ(\/3d8*t_r* +  dx2_v2) — My, — ih 0 0 ihp, ~ ihpv
A tfldyz —  ih( \ / 3 c l3 z 2 _ r 2  —  dx2_j/2) 'ih/dxy — ihdxz ihy/’idxt 0 —ihpz 0 ihpz
A ~ih2dX2_yi ifldyz ifidxz î ^ 2 d  xy 0 0 ihpy — ihpx 0

matrix elements, and rotational and spectral strengths 
follow by similar means. We shall not produce these 
here, but leave their development to the future43 [ex
amine, however, section VII].

VII. Compounds of No Symmetry
Transition metal compounds of no symmetry (Ci) 

divide into four types: monodentate [Fig. 45], mono- 
bidentate [Fig. 46], dibidentate [Fig. 42], and poly- 
dentate [Fig. 43], The unravelment of the transition 
metal monodentate problem [read Division C for the 
nontransition metal problem] is immediate—one need 
but take linear combinations of molecular orbitals of 
primary atom atomic-like Zed, (k  +  l)s, (k  +  l)p  and 
ligand atom atomic-like ns, np, n d  orbitals, without re
gard to symmetry, and compute the requisite electric 
and magnetic dipole matrix arrays. Unfortunately, this 
immediacy is counterbalanced by ineradicable computa
tional uncertainty. There is now no longer any simple 
way of fixing the signs and magnitudes of the covalency 
parameters thus introduced . 44 Hence, only long, pro
tracted, tedious, and (presently) questionable calcula
tion can solve the problem [view Division C],

The disentanglement of the asymmetrical monobi- 
dentate and dibidentate problems is easy. The wave 
functions, matrix elements, and rotational and spectral 
strengths of the unidigonal monobidentate and dibi
dentate problems of section VI apply directly. All tha t 
need be done is give all orbital electronic states the non- 
commital Ci label A in place of the specific Di labels A 
and B and all molecular spin-orbital electronic states 
the common dual space C it label41 72 (or 7 2A to indi
cate asymmetry) in place of the separate D it labels 73 

and 74 . Naturally, the authentic Ci and C it wave 
functions, matrix elements, and rotational and spectral 
strengths depend critically upon the extent of intercon- 
figurational interaction. However, those of the uni
digonal circumstance should provide a good starting 
point.

Asymmetric polydentate complexes pose a more dif
ficult proposition, primarily of a topological nature. As 
is visible from Fig. 42, 43, and 44, for such chemicals it 
is not clear without detailed X-ray evidence, which 
evidence is not yet extant, what their factual ligand 
internal geometrical conformations, and hence their

Figure 45. Some typical instances of possible optically active 
monodentate metallate architectures, the octahedrally 
hexacoordinate, the tetrahedrally tetracoordinate, and the 
hexahedrally octacoordinate. For a recount of their isomers, 
study ref. 46w.

localized lone-pair (or donor or acceptor) orbital con
formations, will be. W ithout this vital information 
molecular orbitals cannot be formed and calculations 
cannot be made. Nonetheless, despite this critical 
drawback, some comment can still be voiced. The 
comment concerns the classification of their absolute 
nuclear configurations. Simply spoken, the comment is 
the following: a classification of the absolute nuclear 
configuration and a declaration of the rotatory sign 
should be founded solely on the detailed disposition of 
the ligand nuclear casements and of the localized ligand 
lone pair (or doner or acceptor) orbitals, which dispo
sition can be (qualitatively) fixed by use of Dreiding or 
other directed orbital molecular models [witness Fig.

(43) A. D. Liehr, to be instituted.
(44) Overlap criteria cannot be used as those immixed functions 
which create electric dipole moments create no overlap. [This im
broglio is not new with the m onodentate issue, bu t is quite general: 
it occurred also in the trigonal, digonal, and unidigonal bidentate 
situations. However, there an artful dodge was possible (but not 
necessarily factual!), which is not intelligibly extensible here (recall 
footnote 22). ]

Volume 68, Number 12 December, 1964-
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Figure 46. A prototype monobidentate asymmetric compound, 
the monopropylenediamine metallate aggregate. Exhibited is 
the A(Sd,o) optical isomer and its full and partial antipodes,
A(Al,o) and A(\d,o), severally. [The adjective parenthesized 
d and l explicate the conformational condition of the bidentate 
propylenediamine addend.] D raftsman conventions are as in 
Fig. 36a,b. Slight differences in localized (nitrogen or other) 
lone-pair (or bond-pair) donor (or acceptor) orbital form due to 
methyl (or other) group inductive and steric effects prevent 
metallochromophoric rotational compensation in pseudo-racemic 
mixtures, A(Sd,o) -f- A(\d,o). M ark th a t these inductive and 
steric effects (so-called “vicinal effects” ) are additive to good 
approximation for electronic transitions which are either 
intrinsically electric dipole or magnetic dipole allowed [this 
declaration is quickly proved upon decomposition of the 
inductively and sterieally altered localized orbital fractional 
contents into symmetrical and corrective forms, aJS'X'j equals 
djjAj  +  (a/,'X /  — a.jt\?), and substitution into eq. 3 through 
12, 16, 17, 21, and 22. For electric or magnetic dipole- 
allowed transitions the corrective terms then appear linearly]. 
These theoretical anticipations and predictions are 
experimentally substantiated.4 ■5-46|! n’t

42, 43, and 44] in conjunction with the known (by 
X-ray crystallographic or other studies) internal and 
external ligand constellations, and should be made only 
with regard to a decomposition of this fixed ligand 
nuclear and lone-pair disposition into a set basis of ele
mentary forms. The absolute molecular over-all con
figuration is then named in accord with the least con
trived and contorted linear superposition of the basis 
forms which will precisely reproduce the given poly- 
dentate localized orbital structure. A suggested set of 
standard elementary orbital forms is pictured in Fig. 47, 
and sample decompositions and classifications with 
them are portrayed in Fig. 1 through 8, 14 through 17b, 
and 23 through 46.45 Other examples should readily 
suggest themselves. The proof of this scheme will lie in 
its usefulness.

A compend of experimental fact of transition metal 
activity is attached.46

A A

Figure 47. Standard orbital and structural dispositional 
basis forms and their advocated nomena.

(45) For a qualitative description of the interaction of electromag
netic radiation with elementary shapes of this sort consult (a) C. R. 
Noller, J. Chem. Educ., 24, 600 (1947), and references 4b, p, q, x, y, z 
and 5s, bb, and cc. In particular, note the close similarity and strong
analogy of the dissymmetric electron dispositions of the present work 
[cf. Fig. 1 through 8, 14 through 17b. and 23 through 46] with the 
skewed and spirated oscillator collocations (Drude, Oseen, Born, etc., 
Kuhn, and their followers4,5) and the torsed and crooked nuclear allo
cations (Fresnel, Pasteur, etc., Scheringa, and their successors4,5) of 
Fresnel, Pasteur, Drude, Oseen, Born, Kuhn, Scheringa, etc.4 5 Our 
twisted electron arrangements are merely the quantal transcription 
and unification of their classical contention and perscription [in fact, 
they are simply the modernization and mathematization of Stark’s 
qualitative valency electron theory4,5]. Note too that our notationai 
innovation is readily extensible and straightly applicable to embrace 
and treat monodentate diversely coordinate and structurally irregu- 
late allene- and spirane-like substitute situations also. All that be 
needed is the adoption of a sequence rule for chirality specification. 
If one adopts the presently popular atomic and mass number rule 
[read (b) R. S. Cahn, ibid., 41, 116 (1964)] and views the groupment 
down its pseudo-threefcld axis [i.e., so as to point the lowest numbered 
group (pseudo-tetrahedral case) or groups (pseudo-octahedral or 
hexahedral case) toward the observer. A lone or bond pair, donor or 
acceptor is here counted as having atomic and mass number zero], 
then the monodentate situation is counted A (over-all designation) 
[or 5 (sub-specification) ] or A (over-all designation) [or A (sub-speci
fication) ] according to whether a right-handed or left-handed screw 
advances toward the observer when turned from the group of highest 
number to that of next highest number [i.e., so that a right-hand 
counterclockwise rotation or a left-hand clockwise rotation advances 
the right or left thumb toward the lowest numbered group, and so, 
toward the observer. Cf. Fig. 45 and 50]. If cne stretches the now 
eminent atomic and mass number rule45b by the association of a vector

T h e  J o u r n a l  o f  P h y s ic a l  C h e m is tr y



I n t e r a c t io n  o f  E l e c t r o m a g n e t ic  R a d ia t io n  w it h  M a t t e r 3 7 1 5

(dipole) run from the next lightest or heaviest to the lightest or heavi
est groupment about a  dissymmetric site and sights along the  axis 
plumb to the groupment vector (dipole) pairs [for allene- and spirane- 
like aggregates this is the long prim ary atom (carbon, aluminum, co
balt, e tc.)-prim ary atom (carbon, aluminum, cobalt, etc.) molecular 
axis. A lone or bond pair, donor or acceptor, is again reckoned to 
have atomic and mass num ber zero (the rare instance of two separate 
and distinct lone or bond pairs in the same aggregate requires but 
slight amendment) ], then the allene- and spirane-like situations are 
reckoned A (over-all designation) [or 8 (sub-specification) ] or A (over
all designation) [or X (sub-designation) ] according as a right-handed 
or left-handed screw advances toward the observer when the hand is 
turned so th a t the palm side vector (dipole) is transplaced into ecliptic 
coincidence with the thum b side vector (dipole) [i.e., so th a t a  right- 
hand counterclockwise or left-hand clockwise rotation which ad
vances the thum b (which is placed perpendicular to the directions of 
the skewed vector “dipoles” ) toward the observer sends the palm side 
vector (dipole) into eclipse with the  thum b side vector (dipole). Cf. 
Fig. 49a, b, c. M ark th a t the vectorial prescription can also be ap
plied to  the varicoordinate m onodentate situation and th a t it there 
yields stereochemical distinguishments identical with those of before. 
In tru th , the vector (dipole) prescription actually yields them easier!]. 
These prescriptions are quickly transferred to more intricate chemical 
architectures. They lead to  coincident stereochemical assignment 
with past usage where overlap exists [e.g., our A, A (a catholicization 
of Piper’s5"' A and A) coincides with Cahn, Ingold, and Prelog’s4<5b R 
and S, without the la tte r’s alphabetical disadvantage (remember th a t 
rotational and spectral strengths and th a t nuclear coordinate dis
placements and vectors are also customarily called R and S) ], but are 
more ecumenical, not being fettered by the ty ranny  and m agistery of 
the doctrine of the asymmetric carbon atom  [read ref. 45a for an in
cisive and trenchant critique of the asymmetric carbon doctrine]. 
The author most sincerely hopes they will find favor.

(46) (a) F. M. Jaeger, “Spatial Arrangements of Atomic Systems and 
Optical A ctivity,” The George Fisher Baker Non-Resident Lecture
ship in Chemistry, Cornell University, McGraw-Hill Book Co., Inc., 
New York, N. Y., 1930, pp. 23-234; (b) P. Pfeiffer, “ Komplex- 
verbindungen,” Stereochemie, Buch 3, K. Freudenberg, Ed., F. 
Deuticke, Leipzig and Vienna, 1933, pp. 1200-1377; (c) M. Ko- 
bayashi, J . Chem. Soc. J a p a n , 64, 648 (1943); (d) B. C. Kar, J . In d ia n  
Chem. Soc., 24, 117 (1947); (e) L. N. Essen and A. D. Gel’man, Zh. 
Neorgan. K h im ., 1, 2475 (1956); L. N. Essen, F. A. Zakharova, and
A. D. Gel’man, ib id ., 3, 2654 (1958) [monodentate hexacoordinate 
platinum(IV) compounds]; (f) F. P. Dwyer, N. S. Gill, E. C. Gyarfas, 
and F. Lions, J .  A m . Chem. Soc., 79, 1269 (1957) [sexadentate 
ligands]; F. Lions and K. V. M artin, ibid., 79, 1273 (1957) [possible 
optically active “tetrahedral” four-coordinate copper(II)]; F . P. 
Dwyer and F. L. Garvan, ibid., 80, 4480 (1958) [penta- and /o r sexa
dentate ligands]; A. M. Sargeson, “ M etal Chelates and Chelating 
Agents,” D. P. Mellor and F. P. Dwyer, Ed., Academic Press, New 
York and London, 1964, Chapter 4; T. E. M cDerm ott and A. M. 
Sargeson, ref. 29; (g) Y. Shimura, B ull. Chem. Soc. Japan , 31, 315 
(1958); J. Hidaka, S. Yamada, and R. Tsuchida, ibid., 31, 921 
(1958); J. H idaka, Y. Shimura, and R. Tsuchida, ibid., 33, 847 
(I960); 35, 567 (1962), Y. Shimura, B unko  K enkyu , 9, 127 (1961) 
[review of optical rotatory dispersion phenomena of metal complexes]; 
Kagaku, 16, 529 (1961) [review of optical ro tatory  dispersion phe
nomena of d6 complexes]; (h) F . Woldbye, “ Optical R otatory Dis
persion of Transition M etal Complexes,” Final Technical Research 
Report, European Research Office, U. S. D epartm ent of the Army, 
Frankfurt am Main, June 30, 1959, C ontract No. DA-91-508-EUC- 
246; “Technique of Inorganic Chem istry,” H. B. Jonassen, Ed., In 
terscience Publishers, Inc., New York and London, to be published; 
Record Chem. Progr., 24, 197 (1963); O. Kling and F. Woldbye, Acta  
Chem. Scand., 15, 704 (1961) [optical activity  in the chrom ium (III) 
(spin-forbidden) “ R bands.” For theory read ref. 6 and C. J. Ball- 
hausen, M ol. P hys., 6, 461 (1963)]; (i) M. Billardon, Compt. rend., 
251, 2320 (1960); (j) E. Bunnenberg and C. Djerassi, J . A m . Chem. 
Sqc., 82, 5953 (1960) [osmate esters]; B. Sjobergand R. Backstrom, 
Acta Chem. Scand., 16, 786 (1962) [nickel xanthates]; (k) R. D. 
Archer and J. C. Bailar, Jr., J . A m . Chem. Soc., 83, 812 (1961); 
E. J. Corey and J. C. Bailar, Jr., ref. 28; (1) D. H. Busch, D. W. 
Cooke, K. Swaminathan, and Y. Ae Im, “ Advances in the Chemistry 
of the  Coordination Compounds,” S. Kirschner, Ed., Macmillan, 
New York, N. Y., 1961, pp. 139-153; (m) S. F. Mason, Proc. Chem. 
Soc., 137 (1962); R. E. Ballard, A. J. McCaffery, and S. F. Mason, 
ibid., 331 (1962); A. J. McCaffery and S. F. Mason, ibid., 388
(1962); Trans. Faraday Soc., 59, 1 (1963); M ol. Phys.-, 6, 359 (1963);

Proc. Chem. Soc., 211 (1963); A. J. McCaffery, S. F. M ason, and
B. J. Norman, ibid., 259 (1964); A. J. McCaffery, S. F. Mason, and 
R. E. Ballard, in press; S. F. Mason, ref. 5bb; (n) J. G. Brushmiller, 
E. L. Amma, and B. E-. Douglas, J . A m . Chem. Soc., 84, 111, 3227
(1962) , and to be published; B. E. Douglas, R. A. Haines, and J. G. 
Brushmiller, Inorg. Chem., 2, 1194 (1963); J. H idaka and B. E. 
Douglas, ibid., 3, 1180, 1724 (1964); C. T. Liu and B. E. Douglas, 
ibid., 3, 1356, 1796 (1964); R. A. Maines and B. E. Douglas, ibid., 
subm itted; (o) Th. Btirer, Helv. Chim. Acta, 46, 242, 2388 (1963); 
R. D. Gillard, Nature, 198, 580 (1963); 201, 989 (1964); J . Inorg. 
Nucl. Chem., 26, 657, 1455 (1964); Spectrochim. Acta, 20, 1431 
(1964); R. D. Gillard and G. Wilkinson, J . Chem. Soc., 1368 (1964); 
J. H. Dunlop and R. D. Gillard, M ol. P hys., 7, 493 (1964); J . Chem. 
Soc., 2822 (1964); J. H. Dunlop, R. D. Gillard, and G. Wilkinson, 
ibid., 3160 (1964); and especially the classic works of K uhn and 
M athieu: (p) W. Kuhn and A. Szabo, Z . physik . Chem., 15B, 59
(1932) ; W. Kuhn and K. Bein, Z . anorg. allgem. Chem., 216, 321
(1934), and ref. 4; (q) J. P. M athieu, Compt. rend., 193, 1079 (1931); 
194, 1727 (1932); 195, 1017 (1932); 196, 1222 (1933); 197, 56
(1933) ; 198, 251 (1934); Bull. soc. chim . France, 1, 1713 (1934); 
A n n . P hys., [11] 3, 371 (1935) [metallo ta rtra tes]; (r) J. P. M athieu, 
Compt. rend., 198, 1598 (1934); 199, 278 (1934); 201, 1183 (1935); 
J . chim. phys., 33, 78 (1936); Bull. soc. chim. France, 3, 463, 476
(1963) ; 4, 687 (1937); 6, 1258 (1939); “ Contribution a l ’E tude 
de la Structure Moleculaire,” Volume Commemoratif Victor Henri, 
Desoer, Liege, 1947-1948, pp. 111-117; E. Drouard and J. P. 
M athieu, Compt. rend., 236, 2395 (1953) [metallo amines and 
oxalates]; (s) J. P. M athieu, Bull. soc. chim. France, 5, 105 (1938) 
[binuclear m etallates]; J. P. M athieu, ibid., 6, 873 (1939); A n n . 
P hys., 19, 335 (1944) [metallochromophoric anomalous ro tatory dis
persion due to  intrinsic free ligand dissymmetry. Confer also 
Shim ura,46g Djerassi,48 Ranek,67, Liu and Douglas,46" and Dunlop and 
G illard460]; (u) J. P. M athieu, Compt. rend., 215, 325 (1942) 
[critique of optical ro tatory valence criteria]; (v) J. P. M athieu, 
Bull. soc. chim. France, 5, 725 (1938) [a marvelous review of inorganic 
optical activity  and stereochemistry] and of A. Werner, F. M. 
Jaeger, and P. Pfeiffer [a literature search of their works is well 
worth the effort. Partial registers may be found in all of the refer
ences of this footnote, footnote 46]. The enum eration of optical 
isomers is reviewed in (w) B. A. Kennedy, D. A. McQuarrie, and
C. H. Brubaker, Jr., Inorg. Chem., 3, 265 (1963). Some structures 
of biological interest [cobalamines and hemoproteins] are treated 
in (x) L. Velluz, M. Legrand, and R. Viennet, Compt. rend., 255, 15 
(1962); M. Legrand and R. Viennet, Bull. soc. chim. France, 1435 
(1962); G. L. Eichhorn and A. J. Osbahr, “ Advances in the Chemis
try  of the Coordination Compounds,” S. Kirschner, Ed., Macmillan, 
New York, N. Y.t 1961, pp. 216-223; G. L. Eichhorn, ref. 4h, p. 
208, among other places. Witness th a t our theory applies with equal 
force to systems such as these also [cf. Fig. 1 through 8, 14 through 
17, 23 through 50].

N ote Added in  P roof. —In  the course of their continued extremely 
im portant and fascinating studies on the effect of electrolytes and 
ion association on optical rotatory power [M. J. Albinak, D. C. 
Bhatnagar, S. Kirschner, and A. J. Sonnessa, “ Advances in the 
Chemistry of the Coordination Compounds,” S. Kirschner, Ed., The 
Macmillan Co., New York, N. Y., 1961, pp. 154-172; Can. J .  Chem., 
39, 2360 (1961), et seq., see also the related work of H. L. 
Sm ith and B. E. Douglas, J . A m . Chem. Soc., 86 , 3885 (1964)], 
Kirschner and his co-workers have recently discovered [S. Kirschner 
and D. C. Bhatnagar, Proceedings of the Symposium on the  Struc
ture and Properties of Coordination Compounds, Bratislava, Czecho
slovakia, Sept. 2-4, 1964; Proceedings of the Symposium on Co
ordination Chemistry, Tihany, Lake Balaton, Hungary, Sept. 14-17, 
1964] th a t  a  monodentively coordinated asym metric ligand may 
induce a  sizable optical rotivity  in an over-all hexacoordinate transi
tion metal compound [their example is Co(NH 3)5(d-tartrate)+], 
This finding apparently upsets the tenta tive  suggestions of some 
[read, e.g., E. Larsen and I. Olsen, Acta Chem. Scand., 18, 1025
(1964) ] th a t chelation is necessary for such an (measurable) occur
rence However, i t  is difficult to envision how a  freely (or but slightly 
hindered) rotating asymmetric ligand can induce metallochromo
phoric activity  Hence, perhaps, some secondary chelation [hydro
gen-bond formation (°)], or other physicochemical steric hindrance 
[“ pseudo” chelation (?)] takes place. Only time and further experi
m entation will tell W hat is sure, though, is that, by some means, 
local metallochromophoric electronic dissymmetry m ust be estab
lished by a (average a t  least) fixation of the local m etal-ligand 
charge density in a dissymmetric fashion, along the lines sketched in 
the text above. Reasonable van der Waals dissymmetric inductions
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Division C
Nontransition Metal Compounds

VIII. Organic Compounds
W ithout doubt the richest lode of naturally optically 

active compounds is the organic cornucopia. However, 
also without doubt, it (and its inorganic obverse—see 
section IX) is the most difficult to treat theoretically. 
This difficulty obtains because of our current lack of a 
theory suitable for the fabrication of the needful wave 
functions, energy values, matrix elements, and for the 
prediction of the wanted rotational and spectral 
strengths. All latter day theories, be they Hiickel or 
extended Hiickel theories of unsaturated* 47 or saturated48 
organic compounds, or sophisticated molecular orbital

Y  >  X  >  0

A
(a)

A
(b)

Figures 48a and 48b. Two intrigues by which the carbonyl 
chromophore may a tta in  electronic dissymmetry, by nuclear 
(and consequently electronic) dissymmetry [Fig. 48a] and by 
electronic dissymmetry alone [Fig. 48b]. In Fig. 48b the 
nuclei OCXY are complánate but the local electron densities 
are not. The figure shows the plane of barycentric (local) 
bond densities of the OXY triad to be skewed with respect to 
th a t of the kernel (X ,Y) and bond (OC) densities of the OCXY 
tetrad. [For conformational conventions, read footnote 45.]

theories of intricate organic and inorganic (nontransi
tion metal) systems,47b'°'d'e’49 are woefully deficient so 
far as furnishing intimate a priori molecular information 
such as is needed for optical rotatory or intensiveness 
computations. All theories have furnished, in the whole, 
only a posteriori electronic rationalization. This situa
tion is in stark contrast to tha t of the transition metals 
where prediction has been the rule rather than the ex
ception; hence, the present line of the development.

I t  is most unlikely th a t the source of electronic optical 
rotatory power should differ dependent upon which 
nucleus the electron should find itself upon. This no
tion has guided the author’s thoughts during his long 
years of rumination on the origin of optical rotivity. 
Therefore, to test the correctness of his beliefs he first 
tried their merit on systems for which a priori forecasts 
could be issued—‘he k d n transition metal aggregates. 
Their merit there confirmed [read ref. 6 and Division A], 
he should like now to extend their range and apply them  
to other electron-nucleus unions, in a qualitative way, 
lending quantitative support when feasible.

In accord with our postulate of ref. 6 and Division A, 
we again attribute the existence of natural optical ro ta
tory power to the presence of local chromophoric dis
symmetry. This attribution is no more than a straight
forward transcription of Pasteur’s concepts4d to modern 
terms. We once more view this dissymmetry as arising 
from local orbital mismatch [Fig. 48], from molecular

would not give effects of the magnitude observed.
In other new work [C. Dijkgraaf, Spectrochim. Acta, 20, 1227 

(1964)] the (potential) power of combined single crystal polarized 
spectra and optical ro tatory spectra has again been underscored, this 
time in connection with the metallochromophoric optical activity 
of bisbidentate a-amino acid copper(II) compounds. Also F. Wold- 
bye [Proceedings of the E ighth International Conference on Co
ordination Chemistry, Vienna, Austria, Sept. 7-11, 1964, V. Gut- 
mann, Ed., Springer-Verlag, Vienna and New York, 1964, pp. 103- 
107] has most elegantly demonstrated the potence of the ro tatory 
technique to fix absolute configurations. [In this la tter regard it is 
of great interest and consequence to note the potential of such con
formational determinations in biology, once standards have been set 
by X-ray (and theoretical) analysis. View, as an instance, A. Zalkin, 
J. D. Forrester, and D. H. Templeton, Science, 146, 261 (1964), and 
ref. 6. ]
(47) Read, for example (a) E. Hückel, “ Grundzüge der Theorie 
ungesättigter und aromatischer Verbindungen,” Verlag Chemie, 
Berlin, 1938; (b) R. 0 .  Parr, “The Quantum Theory of Molecular 
Electronic Structure,” W. A. Benjamin, Inc., New York, N. Y., 
1963; (c) W. T. Simpson, “Theories of Electrons in Molecules,” 
Prentice-Hall, Englewood Cliffs, N. J., 1962; (d) J. C. Slater, “ Quan
tum  Theory of Molecules and Solids,” Vol. 1, “ Electronic S tructure of 
Molecules,” McGraw-Hill Book Co., Inc., New York, N. Y., 1963; (e)
M. Kotani, K. Ohno, and K. Kayama, “ Handbuch der Physik,” S. 
Flügge, Ed., Band X X X V II/2 , Moleküle II, Springer-Verlag, Berlin, 
1961, pp. 1-172; (f) J. R. P latt, ibid., pp. 173-281; (g) O. Sovers and 
W. Kauzmann, J . Chem,. P hys., 38, 813 (1963) [errata, ibid., 40, 1165 
(1964)].
(48) Study as current instances (a) H. Yoshizumi, Trans. Faraday  
Soc., 53, 125 (1957); R. Hoffmann, J . Chem. P hys., 39, 1397 (1963); 
40, 2474, 2480, 2745 (1964); (c) J. A. Pople and D. P. Santry, Mol. 
P hys., 7, 269 (1963).
(49) H. Conroy, J . Chem. Phys., 40, 603 (1964) [errata, 40, 3121 
(1964)]; 41, 1327, 1331, 1336, 1341 (1964); and to  be published.
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Figures 49a, b, c, and d. Four paradigms of over-all organic tectonic dissymmetry, the aliénés [Fig. 49a], the spiranes [Fig. 49b], 
the hindered biphenyls [Fig. 49c], and the peroxides [Fig. 49d]. For conformational conventions, read footnote 45. [Note th a t 
the simplest dissymmetric peroxide is hydrogen peroxide itself, I t  =  R ' =  H.]

dissymmetry [Fig. 49], or from complete molecular 
asymmetry [Fig. 50], Anew, the latter two situations 
can only be treated by full scale electronic computa
tions.6r'8'u,v’z'50 The former can be handled as before 
in ref. 6 and Division A. To manifest, consider the 
carbonyl dissymmetry. Figure 48 displays two modes 
by which the ordinarily planar conformation of the 
carbonyl chromophore may obtain optical rotatory 
power: (1) by aplanar geometrical distortion, and (2) 
by aplanar electronic distortion. The first mode needs 
little comment—it is the standard means by which opti
cal rotativity is commonly attained. All that need be 
said is tha t the carbonyl tetrad is spectroscopically 
known51 to have aplanar architectural tendencies and/or

states, and, hence, th a t possible stereochemical capital
izations on these propensities are not completely un
thinkable. The second requires more amplification.

In many structures, both simple and complex (e.g., 
monocyclic ketone and steriodal forms), the electronic 
angular patterns required for maximum bond directive
ness conflict greatly with those demanded by minimum

(50) The recent progress toward the erection of an internally self
constituent semiempirical electronic theory of saturated  hydrocarbons 
by Yoshizumi,48a Hoffmann,48b and Pople and Santry48c lends hope 
th a t even such intractable systems may soon be rendered computa
tionally accessible.
(51) For instruction, consult (a) S. E. Hodges, J. R. Henderson, and 
J. B. Coon, J . M ol. Spectry., 2, 99 (1958); (b) L. E. Giddings, Jr., 
and K. K. Innes, ibid., 6, 528 (1961).
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A
(a)

A
(b)

Figures 50a and 50b. Two paragons of to tal organic and 
inorganic edificial irregularity, asymmetrically substituted 
methane [Fig. 50a] and stibine [Fig. 50b]. For conformational 
conventions, read footnote 45.

Coulomb repulsiveness. Hence, electron-nuclear loca
tional compromise must be reached. The easiest way 
this necessary compromise can be accomplished is by an 
electron-nuclear dispositional adjustm ent in which 
lines of maximum electron density do not quite match 
those of maximum nuclear density [cf. Fig. 48b], This 
directional mismatch of the barycenters of negative and 
positive charge gives substance to sufficient electronic 
dissymmetry to engender observable optical rotativity. 
Before it be thought th a t this explanation is different

from th a t of the past,6m'n'r'z hear assurance to the 
contrary.

We know from function theory th a t any well-behaved 
(i.e., physical) mathematical function such as the one 
electron amplitude, T, or its square, T 2, the density, is 
expansible in an orthogonal series of spherical harmonics.

*(? ,* ,*> ) = E  ^ m(r)T ;m( ^ )  =
l,m

\po°(j)Y0°(d, <p) +  E  ¿ im(r) F r ( d ,  v )  +
m = — 1

E  ^ m(r)F 2ffl(0, „) + . . . .  (74)
m — — 2

Further, we know from this same theory th a t any func
tion of radial distance such as r) may be parsed so 
tha t it is printable as a sum of subfunctions, \pn,™(r), 
each characterized by the property th a t they possess 
n — 1 radial nodes. From analogy with hydrogenic 
theory we may call these subfunctions Is, 2s, 2p, 3d
.........., when (n = 1, l = 0), (n =  2, l =  0), (n  — 2, l =  1),
(n =  3, l =  2 ) , .........., and name their sum ^ (r , #, <p) in
eq. 74 a “valence hybrid” or a “hybrid orbital” and 
speak of the summation as “hybridization.” I t  is 
common knowlcdge6m'n'r'z th a t the presence of a finite 
sub- (or atomic-like) function \p3,2 m(r) F 2m(d, p) in the 
sum, eq. 74, in addition to the sub- (or atomic-like) 
function, i/'2,im(r)F i”!(d, <p), will suffice to give measur
able optical rotivity to an organic chromophore whose 
electrons are so governed (for inorganic chromophores 
the nodal index, n, may differ). Until now the relative 
<A3,2m(r) Y 2m(d,<p), K .m( r ) F r ( !?, <p) content of eq. 74, 
mostly for carbon-like orbitals, has been estimated on 
an atomic perturbation method, the perturbation being 
the van der Waals (mutual) polarization forces of 
vicinal electron distributions.4b'5m'n’r'z To obtain rela
tive contents of magnitude sufficient to yield rotational 
and spectral strengths in reasonable agreement with ex
periment, in spite of the smallness of the perturbant 
forces, quite unrealistic, or at least disconcerting, values 
of the Slater effective nuclear charges Z,.a were re
quired. This fact has caused the present author to 
espouse and propose the alternate means of getting the 
requisite sized ^ " ( r ) F 2m(d, p), ^2.im(r)F im(d, p) rela
tive content mentioned earlier—th a t of assuming mis
aligned (i.e., not aligned along the internuclear axis) 
molecular bond directivities [Fig. 48b], I t  is actually 
not a new explanation, but rather a new interpretation, 
based on a rigorous mathematical formulation, eq. 74 
and accompaniments, of an old observation.62 It 
allows a more sensible view to be given to the m athe
matical exigencies.63
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z or z'

-  âxo ' + a y0î  + â

ax0 = a cos 45°, 

ax' = aaq Î

+  %r + a z'0

ây0 = â sin 45°, aZo = 0

a yó = ° .  â z'0 = o

k'

Figure 51. Trace of the local cartesian coordinate bases used 
in integral reductions and their translation kinships.

IX. Inorganic Compounds
Although inorganic chemistry is every bit as fertile a 

field as organic, with regard to optical rotatory phe
nomena, it has not been as thoroughly worked, this 
despite the fact th a t it was in the inorganic domain th a t 
optical rotatory power was first discovered.4d This 
situation should be rectified. Theoretically, the trea t
ment follows th a t of section V III quite closely as is 
evident from Fig. 45, 48, 49, 50, and 51 in which it is 
immaterial whether a carbon nucleus be present or not. 
However, it should be noted th a t the greater the ease of 
even-odd harmonic mixture in eq. 74, the greater the 
optical rotivity and intensity. Hence, joint experi
m ental-theoretical studies of serially substituted inor
ganics in inorganic or organic molecules should bear 
much fruit.64 The author most sincerely hopes tha t 
such research will be done.

Division D
X. Conclusion

The main outcomes of this pandect are compended 
below.

(1) The sign and magnitude of the optical rotation, 
the circular dichroism, and the dissymmetry of an arbi
trary electronic system, inorganic or organic, for a set 
nuclear conformation, are directly determined by the 
sign and magnitude of the covalency and hybridization 
parameters, the localized metal-ligand electric and 
magnetic transition moments, the nuclear geometry, 
and, when extant, the angles of electronic cant.

(2) In  general, stereochemically induced (through 
local chromophoric electronic dissymmetry) optical ro
tivity  is predominant; polarization induced (through

van der Waals vicinal interactions) is subservient.
(3) Dissymmetric descent destroys symmetric mag

netic and electric selection principles.
(4) The optical lotatory and spectral powers of many 

electron systems are phrased as multiples and simple

(52) As this theory is but a new interpretation of an old observation, 
it naturally keeps whole all formal m athematical consequents of the 
older development [this fact is most readily recognized when i t  is 
realized th a t substituent and framework perturbations can induce, to 
first order, only those local geometric and electronic (bond) distor
tions of proportions consistent with initial symmetrical forms (c f. eq 
74) ]. To sample, the Kauzm ann-Eyring O ctant Rule,5m which has of 
late a t long last been experimentally confirmed with great elegance by 
Moffitt, Woodward, Moscowitz, Klyne, and Djerassi,5r is retained 
inviolate.
(53) To sample the experimental literature and its current interpreta
tion in this area look over the selection (a) B. Sjoberg, Acta Chem. 
Scand., 14, 273 (1960) [dissymmetric carboxylic acids]; (b) C. 
Djerassi, A. Fredga, and B. Sjoberg, ibid., 15, 417 (1961) [dissym
metric organic disulfides and diselenides] ; (c) K. Mislow, A n n . N . Y. 
Acad. Sci., 93, 457 (1962) ; K. Mislow, M. A. W. Glass, R. E. O’Brien, 
P. Rutkin, D. H. Steinberg, J. Weiss, and C. Djerassi, J . A m . Chem. 
Soc., 84, 1455 (1962); K. Mislow and J. G. Berger, ibid., 84, 1956
(1962) ; K. Mislow and H. B. Hopps, ibid., 84, 3018 (1962): Chem. 
Eng. News, 41, 44 (July 8, 1963) ; C. Djerassi and J. E. Gurst, J . A m . 
Chem. Soc., 86, 1755 (1964) [inherently dissymmetric organic molecu
lar chromophores, hindered biphenyls and others]; (d) C. Djerassi,
K. Mislow, and M. Shamma, E xperien tia , 18, 53 (1962) [dissym
metric alkaloids]; (e) L. Velluz and M. Legrand, Angew. Chem., 73, 
603 (1961); M. Legrand, A. Lacam, and R. Viennet, B ull. soc. chim. 
France, 792 (1961); H. Brockmann, Jr., and M. Legrand, Tetrahedron,
19, 395 (1963); D. Bertin and M. Legrand, Compì, rend., 256, 960
(1963) ; D. B ertin  and L. Nedelec, B ull. soc. chim . France, 406 (1963) ; 
M. Legrand and R. V iennet, ibid., 713 (1964) [steroids and other 
complex organic molecules]; (f) H. P. Gervais and A. Rassat, ibid., 
743 (1961) [inherently dissymmetric carbonyls]; (g) S. F. Mason, 
M ol. P hys., 5, 343 (1962); J . Chem. Soc., 3285 (1962); Proc. Chem. 
Soc., 362 (1962) ; R. E. Ballard, S. F. Mason, and G. W Vane, Trans. 
Faraday Soc., 59, 775 (1963) [see also A. J. Moscowitz, Proc. Chem. 
Soc., 60 (1964); S. F. Mason, ibid., 61 (1964)]; R. E. Ballard and 
S. F. Mason, J . Chem. Soc., 1624 (1963); R. E. Ballard, S. F. Mason, 
and G. W. Vane, D iscussions Faraday Soc., 35, 43 (1963) [in
herently dissymmetric organic molecular chromophores, carbonyl and 
others]; (h) G. Snatzke, H. Pieper, and R. Tschesche, Tetrahedron,
20, 107 (1964); R. C. Cambie, L. N. Mander, A. K. Bose, and M. S. 
Manhas, ibid., 20, 409 (1964); G. Snatzke and D. Becher, ibid., 20, 
1921 (1964); Y. Tsuzuki, K. Tanaka, K. Tanabe, M. Akagi, and 
S. Tejima, Bull. Chem. Soc. Japan , 37, 730 (1964); I. P. Dirkx and 
F. L. Sixma, Ree. trav. chim., 83, 522 (1964); I. P. Dirkx and Th. J. 
de Boer, ibid., 83, 535 (1964); N. Pace, C. Tanford, and E. A. D avid
son, J . A m . Chem. Soc., 86, 3160 (1964); W. Gaffield, Chem. In d . 
(London), 1460 (1964); as well as ref. 4, 5, and 46x. Be sure, how
ever, not to  miss the  classical works of K uhn4 and M athieu (i) J. P. 
M athieu, Compt. rend., 194, 268 (1932); J. P. M athieu and J. Perri- 
chet, ib id ., 200, 1583 (1935); J . P hys. R adium , 7, 138 (1936); J. P. 
M athieu and M. Ronayette, Compt. rend., 208, 1567 (1939); Rev. 
Opt., 19, 1 (1940) [inherently dissymmetric carbonyl optical ro tatory 
dispersion, absorption and circular dichroism (compare also ref. 
40)]; (g) A. Horeau, J. Jacques, J. P. M athieu, and A. Petit, B ull, 
soc. chim. France, 1304 (1955); J. P. M athieu and A. P e tit, “ Con- 
stantes Selectionnes Pouvoir Rotatoire Naturel, Tome I, Steroides, 
Masson, Paris, 1956 [steroids].
(54) To illustrate, a study of the dependence of ro tatory deportm ent 
as a function of substituent or framework metallicism (as, for example, 
a study of rotatory power as a function of atomic num ber in the 
series N, P, As, Sb, Bi and O, S, Se, Te, Po, where ro tativ ity  should 
increase in direct proportion to the  im port of second-order har
monics (the so-called “d” orbitals—recall eq. 74) in their (chromo
phoric) chemical bonds, th a t is, in direct connection with their atomic 
number), should be most gainful. Some steps have already been 
taken along this avenue [confer sources4*5 C K for reference].

N ote Added in  P roof.— A most recent and significant example 
of the harvests to be expected in this area may be found in W. R. 
Hertler, J . A m . Chem. Soc., 86, 2949 (1964).
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sums of those derived from the correspondent one- 
electron transition densities.

(5) Optical rotatory and spectral intensity addition 
relations exist only for near cubic systems.

(6) In  consequence of a general correspondence of 
spin-free transition metal electronic configurations and 
their spin-free half-shell supplements [n and n  +  5 
(scandanides, yttranides, and lutetanides) and n  and 
n  +  7 (lanthanides and actinides)] and of a special 
correspondence between these and other spin-free and 
spin-paired configurations for .one-electron operators, 
there is a direct connection of their rotational and spec
tral powers.

(7) For nontransition metal systems only minute 
calculation, either nonempirical or semiemprical, can 
serve to foretell optical rotatory and spectral power.

(8) Rotational declination and absolute conformation 
is uniquely determined by the addend orbital (lone- 
pair, bond-pair, acceptor, or donor) disposition about 
the active center or chromophore.

(9) A singular classification of complex absolute 
nuclear and localized ligand orbital conformations as a 
sum of basic sub-conformations can be drafted.

(10) Similar nuclear conformations rotate oppositely 
when their local addend orbital (lone-pair, bond-pair, 
acceptor, or donor) efformations are apposed.

It is evident th a t a host of other kinships could be 
established and entered by amplifications and augmen
tations of the theory erected aloft. But, without sub
stantiate particulate mensural experience such establish
ments appear a bit precipitate, a t least a t this instant. 
I t is hoped tha t a t a near moment circumstances will 
be such as to permit a greater unfoldment of the theory. 
Thoughts have been contemplated for its commence
ment.
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Division F

XII. Appendix

§5. Evaluation of the Integrals
5.1 Algebraic Reduction. The algebraic reduction of 

the needed molecular and localized integrals to ele
mentary forms is p rom pt: the simple application of the 
C2(z), Q^iy), Q2(x ) operations serves to show th a t all 
transitions are aligned singly along the twofold axes. 
For example

and so forth.
5.2 A ngular M om entum  Integrals. The angular 

momentum integrals divide themselves into three dis
tinct types—m etal-metal, metal-ligand, and ligand- 
ligand. The m etal-m etal and metal-ligand types are 
immediately evaluated by means of the differential 
operations of Table X I and matrix Hermiticity. To 
sample

S  dxzIzdyZd r  z f i f  dxzdxzdr — tli

f d z A A J + l d r  = {/AJ+>4d,zdr}* =
— i h f  A_( +)d„zd r (A-2)

The ligand-ligand types are somewhat less quickly 
evaluated by means of this same table (and matrix 
Hermiticity). The key to their disentanglement is the 
observation tha t [an identical vectorial relationship 
holds in the metal and ligand x, y, z coordinate basis 
of Fig. 1, 13, 16, and 51 also]

?' = r ' X t V' = (ay +  r / )  X p v /  =
i  i

(a i  X T V i') +  ? / ,  4  =  W i ' d z '  ~  l y ' ) ,
l

4  =  W M x '  +  4 0 , U =  4- (A-3)

as r ' equals Kj +  f /  and v ' equals v / ,  where r ', and 
V' are the orbital angular momentum, coordinate, and 
gradient operators centered at the metal as origin in the 
x ',  y ',  z ’ coordinate basis; l / ,  r / ,  and v /  are the orbital 
angular momentum, coordinate, and gradient operators

T h e  J o u r n a l  o f  P h y s ic a l  C h e m is tr y
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centered at ligand j  as origin in the x', y ' , z' coordinate 
basis; and a} is the metal to ligand directed bond length 
vector [view Fig. 51. The gradient operation is inde
pendent of origin since a derivative operation is transla- 
tionally invariant, d/cte' equals 5 /d(a.x>} +  x / )  equals 
b /b x / ,  where ax>} is the (constant) numerical value of 
the x ' component of the metal to ligand j  directed bond 
length vector, a ¡]. Hence, we have, as an instance [the 
other integrals, such as /  2_(-)C4 n _ (+)S, vanish on the 
grounds of inversion (i) symmetry. See Table IVj.

/A_<->4A_(+)dr =  / 2 _ (- )c4 2 - (+)cdr +

/ s _ (~ )c4n _<+)cdT + / n _ (_)c42_(+)cdr +  

/ n _ (- )c4 n _(+)cdr +  / n _ (_)s4n _(+)adr (A-4)

with

/ 2_(_)c42_(+)cdr =  8a_<r_a_ff+/<io‘W d r

/ 2 _ (_)c4 n _ (+)cdr =  4a_a~a_?r+ X

{ /  <ro%7rocdT — /  Oifl-tir-idr}

/ n _ (_)c42_(+)cdT =  - 4 o _ w-a_ '+ {/«n )eW d T  -
/  (Jq i zir{'dT\

/ n _ (- )c4n _ (+)cdT =

/ n _ (_)84 n _ c+)sdr =  9 a J ~ a J ^ S n % * i d r  (A-5)

The nonappearance of integrals such as /o -/4o-/d r, 
/<r0c4 <r2cd r , /  o*i 4,<rt dr, etc., is by virtue of the sym
metry operations Qz(x'), e 2(y1), e 3(x), e 2(t/), 62(2' or z), t, 
<jt [x' — z'], e 4(z' or z), etc., and of matrix Hermiticity: 
®i(.x ' ) f  aal2<T<jCdr =  — S  <?f)Ctz<?QCdT or / 'a0ci zcrocdr =  0; 
62(2' ) / (X a t^ d r  =  f  a3(z<7idT =  — e2(2/)/o'ic4o’3Cdr, 
e 4( z ' ) f  aaX afdr  =  /  <j\izu3dr, or $  oolza<i dr — 
/  <j3 lza\dT =  —/  a \ l z<j3dT =  —f  vo l za\ dr] and so on. 
Whence, we can now invoke eq. A-3 and Tables V and 
X I to reduce eq. A-5 to a linear combination of the 
basic integrals65

M0r  =  / ( 2s )*  ~  (2s)*dr, M 01p^  =  o x /
.  £>

/ ( 2px')A„ ^ 7  (2p!/')A1dr

M 0i p” =  / ( 2s )*  5^7 (2jy )* d r , M01p's =
OZi

/ ( 2 P x' ) a 0 ^ 7  (2s) A .drOXi

M lr °  =  / ( 2s )*  ^ 7  (2p .0A.dr, M oqSPt =
OX 0

/ ( 2s) a. 7^7 (SPaOAodrby0

Mo*ap* = / (2s)* -^7 '(2py0.4,dr, M03P<rP,r =  
o y  3

/  (2px0.io ;r~, (2p„0 A ,dr 
oyz

M mp,rPr = / ( 2 p r ) * ^ i  (2p.0A.dr, =

/ (2Pj0 ao 7^7 (2p.0A.dr
OXi

M00sp- =  / ( 2s )*  -^7 (2p,0*dr, Af03spi  =
02o

/ (2 s )  A. 7~7 (2p,0A,dr
023

Mozp°p* =  / (2P.0 a. ^ 7  (2p.0A.dr, MoiV7rVi =
0̂ 3

/ (2py0Ao 7  / (2p.0A.dr
02i

M01sp;f = / ( 2 s ) * - ^  (2p.0A.dr, MoiP<rPi =
OZi

/ ( 2 P x0 a. 777 (2p.0A.drOZi

M oiPir =  / (2s )*  - —7 (2p.0A.dr, M01p»p- =
OXl

/ ( 2 P x0a. (2PxOA.dr (A-6)

and of the local ligand-ligand overlap integrals listed in 
§5.4. All other integrals can be expressed in terms of 
these.66

The matrix elements of the magnetic transition 
moments, m, are obtained from those of the angular 
momenta, ( ,  by multiplication by e /2mc, which con
verts the Planck constant, h, of eq. A-2 through 5 and 
Table X I into the Bohr magneton, ¡iB.

(55) Notice th a t the  integrals of eq. A-6 convert to other forms of 
recognizable physical content (potential energies, overlaps, and 
angular averages) after differentiation. To demonstrate

/ ( 2 s)ao ( 2 s W r  =  V I73/ ( 2 s)^„ (2px')AidrOx1 (r 1 ao)

y(2p*')A0 ~  , (2p„'Uidr =  -  J  / ( 2 p I ')A0 —- (2pxOA.iT, etc., ox 1 ao r.
where ao is the Bohr radius and c is Z Zs or ip/2.
(56) An illustration of this affirmation is to be found in the integral

M w V(r equals f  (2s)a, (pPxbAzdr, which in light of the t r a n s i t  
Oxo

tional invariance and anti-H erm iticity of the derivative operator 
d /dx i', equals — M<np,,s. More on this point will be given in §5.5, 
footnote 58.
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5.3 Local Electronic T ransition  M om ent Integrals. 
The localized electronic transition moment integrals 
are gauged in the self-same manner as those for the 
angular momentum. They again occur in three types, 
m etal-m etal (which vanish), metal-ligand, and ligand- 
ligand. Quadrate symmetry elements once more 
simplify the algebraic processes. The metal-ligand 
integrals are expressible as linear combinations of those 
of ref. 6, eq. A-4, 5, and 9, after transformation of the 
electric dipole moment components and the d-like 
orbitals from the x, y, z  coordinate base to the x ' , y ' , z ' 
base of Fig. 13 and 51.

x  =  ■\/Yf.i{x ' -  y1); y = v^AOA +  y ')', * =  *' (A-7)

Nonetheless, there is one interesting integral relation
ship not mentioned in ref. 6

V 3 K iAl +  K 7A3 = - V 2 [ K 2A3 -  K 3A3] (A-8)

which arises because d x'z>x'(2pz>)Ao — d v'z>y'(2pz')Aa 
equals 2 d x'2 - y>iz'(2 p z,)Aa and two integral equations

\ / 6
f  (2Pz)AoZdX2 -y<lT = ----- ~ { v /3AAA3 +  K 7As}

“v/ ô (
f  (2p2) AoZd3l2- r-dr = ---- -  y / Z K 7A^  (A-9)

4

which arise because of new computations. [These 
latter two integral equations, eq. A-9, are derived by 
direct application of the trigonal dihedral e 3(z') opera
tion to K iAl and K 7Al of ref. 6 and the later identification 
of K AAl and K 7Al with K iA , and K 7A„ each (recall §5.3 
and 5.5, eq. A-5 and A-9 of ref. 6).]

The ligand-ligand types are new and are cataloged 
below.

Toiss = f ( 2 s ) Aox 1f(2s)Ald r , I/oip<rP<r =
f  (2px)  A ^ l  (2py)  A]dT

= f ( 2 s ) Aùx 1'(2 p y,)Ald T ,L 01p°s =
f  (2px) Ajci'(2s) Ald r

L 108P* = f ( 2 s ) Alx 1'(2 p x.)ABdr, L 0oSPt =
S  (2s) A(iXq (2pxi) a /1t

U r *  = S ( 2 s ) Aoy 3\ 2 p y/) Aidr, L o3PcPw =

f  V px ')a m * (2py)  a j1t 

L oip^  = f ( 2 p v') A ^ ' ( 2 p x,)Aid T ,L 01p*p* =

f(2Pz')Ao% l'(2Pz')AldT

L msp* = f ( 2 s ) A^ 0/ (2 p y )Aod r , L03sp* =
f  (2s) A<?3'(2 p Z’) AldT

L mp°p* =  f  (2px) A^ ' ( 2 p z.)A%dT ,'L a p^p* =

S ( 2 p V')A ,z i(2 p :i) A3dr

AoisPi = f  (2s)A£ i ( 2 p z) Ald r , L 01p°p~* =

f  (2px')At,zi'(2pz / )dT

L o iPir =  f ( 2 s ) Aox i ( 2 p x,)Aldr, L 01p°p* =

S  (2px') a ,x T  (2pxi) Aid T (A-10)

All other integrals can be built from these basic ones.57
5.4 Local Overlap Integrals. The localized overlap 

integrals separate into two classes, m etal-ligand and 
ligand-ligand. Those of the first class were censused 
in ref. 6, §5.4, eq. A-6. Those of the second class

sjk = f  (2s)Ai(2s)AldT, Bjkd = f  (2pa) Aj(2 p T) AkdT

s /  =  f  (2s) Af 2 p  w)Akdr, S j /  =  /(2sA,.(2p<rAA

hkd =  / ( 2 p J ^ ( 2P - ) aA .  T*  =  f ( 2 p « ) Aj(2 P ')AkdT

(A -ll)

are of the basic kinds inscribed below [the superscript d  
has been appended to distinguish the different atomic 
denumeration (the atom  trans to 0 is now 3 rather than
5) of the equivalent, except for f0id which equals — Jo/, 
digonal and trigonal localized ligand-ligand overlaps. 
The trigonal overlap will henceforth be scored with a 
superscript i],

s0id =  f ( 2 s ) Aa(2s)Aldr, s03d = f ( 2 s ) Ao(2s)A3dT 

Soid =  f ( 2 s ) Aa(2pxi AidT

Soid =  f ( 2 s ) M(2pv) AldT, s03d =  f ( 2 s ) Ao(2pX')A3d r  

foid =  J ’(2pz')Aa(2 p ,')Aldr, f02d =  f(2 p y )A o (2 p X')A!dT 

fosd =  f ( 2 p z')Ao(2 p ^ )AldT

Toid =  f ( 2 p x')Ao(2pv')AldT, Tosd =  f ( 2 p X')Ao(2px')A3d r

Boid =  S (2 p x) M(2pX')AldT (A-12)

The correspondent integrals in the ligand x, y , z coordi
nate are easily extracted from those of eq. A -ll  and 
A-12 with the workaday coordinate transformation, 
eq. A-7.

5.5 Algebraic E valuation  o f the B asic  Integrals. The 
basic integrals are reduced as in ref. 6, §5.5, after first 
being put into standard form [that is, the form in which 
all ligand p„ and p T orbitals are apportioned so as to be 
sequestered into fractions aligned parallel and perpen
dicular to the metal-ligand (for m etal-ligand integrals) 
or ligand-ligand (for ligand-ligand integrals) internu- 
clear axis. View Fig. 52], The outcome is as docketed 
alow.

(57) As samples, f  (2s)A„yo’(2p„,)A a d r  equals y ’(2s)-4o*o'(2px , ) A<,d.T  
[LwSPir] and f  {2px,)A3yi'{2px,)AidT equals f ( 2 p x,)Aoxi'(2py,)AldT
[Z/oi2VPff] .
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Xo X,

■ G |3  i p 0 ©

(2py')Ao = V I [ (2px)Ao + (2py)Ao] ,  (2px')A) = V I  [<2 P*>A, + ^Py)A)]

Figure 52. Two representative decompositions of the localized ligand orbital 
cartesian base into its inter- and.ortho-nuclearly eollineated parts.

M oiss =  7 -i bc)i  { 5 [A 2 (bc) +  A o(bc)]
1 8 0 \/2 b

(b c ) [5 A 3 (bc) -  A i(b c )]}

(be ) 6
M 01w '  =  -  — {2Ai ( bc )  -  A 3(bc)}

ChA6 _

M oi‘P° =  "  Ï 2 C h 7 I b {A 2(bc) +  3A o(bc)î

MoiPCS =  1 2 ^ 7 f b  {10tA3(bc) - 2Al(bc)] -

(b c ) [5 A 4(bc) -  1 2 A 2(bc) +  3A o(bc)]}

Moosp* = — %  = M mspi, Mos’P* =2\/3 do

M  03SPr =
(de)6

120 V 3 d
{1 0 [3 A 3 (dc) -  A i(d c ) ]  -

(dc) [5A 4 (dc) — 4 A 2 (dc) — A 0 (dc)]}

M o F * '  =  -  ~ ~  {5 [3A 2(dc) -  A o(dc) ] -

M m Vl,Vlr =
(be)6

6 0 \/2 b

3 (d c )[A a(d c ) — A i(d c )]}  

{ 5 [3 A 2 (bc) — A o(bc)] —

(b c )[ 3 A 3 (bc) — A i(b c )]}

M oiP5fPÎ'

M  oiPrP* =  —

(be)
30 V  2b

(be)5
6 0 \/2 b

{A3(bc) — Ai(bc)}

{ 5 [3 A 2(bc) — A o(bc)] —

3 (b c )[A s(b c ) — A i(b c )]}

M oispif =
(be ) 6

120 V 3 b
{ lO [3 A 3 (bc) — A i(b c ) ]  — 

(b c ) [5 A 4 (bc) — 4 A 2 (bc) — A o(bc)]}

M oiSPt =  M 10sp° =  — M 0ip°s

- —
(be ) 6

6 0 \/2 b
{ 5 [3 A 2(bc) — A o(bc)]

Loi8S ~  2 V ï  ***’ U lSV° ~

(b c )[3 A i(b c )  — A s(b c ) ]} 

b (b c ) 6

6 0  V 3
A s(bc)

LoiP'P'’ =  2 4 o ^ 7 f  { 5 A 4(bc) — 1 2 A 2(bc) +  3A o(bc)} 

L 01PaS =  24 Q ^7 g  i 5A ö(bc) — 12 A 3 (be) +  3 A i(b c )}

6 a 0
Loospr =  =  L w sv i, U i spir =

2 v / 3<

I/03SPi, Lo3P<rP,r =  L WVaPi
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L 03spw =  2 4 0 ^ / 3  l^ A sW c) — 6 A s(dc) +  A i(d c )}  

Lwp°Pr = -----{5A4(dc) — 6A2(dc) +  Ao(dc)}

¿ 01P>rP7r =  {Ao(bc) — 5 A 4(bc)}

L 0ipipif =  ^ 7 s W d

L 0iPwpf

2 4 0 \/2

_ b  

2 \ / 2

_  b(bc)° 
240

{5A4(bc) — 6A2(bc) +  Ao(bc)}

L 0isp* =  {5 A 5 (bc) — 6 A 3 (bc) +  A i(bc)}

L 0iVari* =  L 01p*p*, L a sPir =  Lioiiff =  L 01p°s +  asoid

LoiVaVir =

sMd =  ^  {15A4(bc) -  10A2(bc) +  3Ao(bc)}

5.6 Group Electronic T ransition  M om ent Integrals. 
The group electronic transition moment integrals are 
straightforwardly set up as linear combinations of the 
localized integrals gathered in eq. A-13.

(!) Group M agnetic T ra n sitio n  M om ent Integrals

M l A J - '1; d„8] =  — in BS [ A J - ) ; d xz]

M [d xz] A_(+)] =  - i i x BS { A J +); dj,2]

M[A_<->; A_(+)] =  M [S_(' )f; S_(+)c] +

M [ s _ (- >c; n _ (+)c] +  M [n „ (“ )c; s A +)c] +

M [ t t J - )c; n _ (+)c] +  M l t l J ~ )s; n _ (+)s] 

M l dI2; A+<+>] =  iMB{\/3<S[A+ (+); d3z,_ ri] -
£[A+(+>; dX2_„2]}

Af[A_(- ’ ; d xi_ yi\ =  - i u B S [ A J - ) ; d xz]

M [A J->; A+(+)] =  M [S J ~ )C; n + (+)s] +
M [n _ (- )c; n + (+)s] +  M l n _ (- )s; s + (+)c] +

M l n J - )s; n + (+)c]

s03d =  ^  {15A4(dc) -  10A2(dc) +  3Ao(dc)l
O O U

(LX 5 _ _
SoS =  {5A3(bc) -  Ai(bc)} =  S0id

( J X 5 _
«03d =  60 {5A3(cc) -  Ai(dc)}

(C X 5

W* =  ~  {5A4(bc) -  6A2(bc) +  Ao(bc)}

W* =  ™  {3A2(bc) -  Ao(bc)} =  - f o i d

( J X 5

fo3d =  ^  {5A4(dc) -  6A2(dc) +  Ao(dc)}

_ (Xs) 5 _

f03d =  {5A4(dc.) — 18A2(dc) +  5Ao(dc)}

fbc')6
Boid =  ^  {5A4(bc) -  12A2(bc) +  3A0(bc)} (A-13)

In  eq. A-13, a0 is the Bohr radius, a is the metal-ligand 
bond distance, b is \ / 2 a ,  d is 2a, a, b, and d are a /a 0, 
b /a0, and d /a0, c is Z is or 2j) /2, and A n(u) are the integrals 
(mathematically known as incomplete gamma func
tions)

defined in ref. 6, §5.5, eq. A-10, with arguments v of 
be and dc as indicated above.68

Af[A_(_>; d32i_ r2] =  i \ / 3gBS lA J - '> ; d xz]

M ld xz; A+(_)] =  Mb»S[A+<-) ; d xy\

M l A J - '1] d xy] =  i a s S l A J - ^ ] dI2]

M [A_(- ) ; A+<->] =  M [2_(- )c; n +(_)s] +

M [n _ (~)c; n + (- )s] +  M l u J - )3] S+(' )c] +

M [fL (- )s; n + (_)c]

M ld yz] A+(+)] =  — V /3'S[A+(+); d322_r2] +

S [ A+(+ ); < W ] }

M[A_(+); d x^ yi] =  - i u BSlAJ+'>] d„2]

MlAJ+'>] A+(+)] =  M [2_{+)c; n + (+)s] +

M [ n _ (+)c; n + (+)s] +  M l n _ (+)s; S+(+)c] +

M  [n_(+)s; n + (+)c]

M[A_(+); d32!_ r!] =  — f v /3Ms'S[A_(+>; d^]

M [d„2; A+(_)] =  — i7is<S[A+(-); dxv\

M[A_<+); dIV] =  - i i x BS l A J +'>; d yz]

(58) The equality of the integrals M ioSP(T and — M oip<tS of eq. A-6 in eq. 
A-12 follows from the integral anti-Her miticity cf the translation ally 
invariant derivative operator, b /d z '. D irect com putation yields 
Miosp<r equals (bc)V (120\/3b) {10[3A3(bc) -  Ai(bc)] -  (bc)[5A4(bc) 
— 3A2(bc) +  2Ao(bc) ]} which, although ostensibly different from the 
negative of Moip<rS of eq. A-12, is nonetheless identical with it, as the 
iteran t usage of the recurrence form nA n_i(u) equals u(An(u) — 
Ao(n)) shows. The equality of Liosp<T and LoisP(r +  «soid follows from 
the integral H erm iticity of the nontranslationally invariant operator 
x i' equals xo' +  a, where a is the m etal-ligand bond length. The 
other equalities come from symmetry considerations or calculational 
happenstance.
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A+<“>] = M[2 _(+)c; n+(~)s] +
M [ u J +)c-, n+(-)s] +  M [n J +)s; 2 +(~)c] +

Af[n_t+)s; n+(~)c]

M [A+ (+); à xv] =  —i2g.BS [A + <-+) ; d xi _ yi]

M [ d x, _ y ,-, A +(_ ) ] =  - i 2 n BS [ A +( - ) ; d x„]

M [A+<+>; A+<-»] = M[n+(+)c; 2+(~)c] +
M[2+(+)c; n +(̂ )c]

Af [d32Î_ r5; A+W] =  0 (A-14)

(ii) G roup E lectric T ra n sitio n  M om ent Intégrais

L [A_<->; dï2] = L[2 _(-)c; dw] +  L[n_(-)c; d,2]

i[d * 2; A_<+)] =  L[dxz) 2 J +)C] +  i [ d „ ;  H_(+)c] 

L[A J->; A_(+)] =  L[2__(~ )c; f i J +)s] +

L[n_(~)c; n_(+)s] +  L[fl_(-)s; 2 _(+)c] +
i/[n_(_)s; n_(+)c]

L [ d x z - A+(+)] = L [ d x z ; n+(+)s]

L [ A _ ( _ ) ; d i 2 _ ÿ2] =  L [ 2 _  )c; dj-2_ +

L [ n J ~)c; dIt_*,]

L[A_(_); A+<+>] =  L [2 _ (- )f; 2 +(+)c] +

L[2_(_)c; n+(+)c] +  L[n_(_)c; 2 +(+)c] +
L[uJ~)c- n+(+)c] +  L[nJ-)s; n+(+)s]

L [A J-); d3,2_r2] =  L [ 2 _ (- )f; d3,2_^] +

L [ n J ' )c; ds..-,.]

¿[dI2; A+<->] = L [ d xz] n+(_)s]
L iA J - ï - ,  d „ ] =  L[2_(~)f; d „] +  L [ n J - )e-, d IV] 

L[A_<->; A+<-)] =  L [2 _ (_)c; 2+(“ )c] +

L[2 _(“)c; n+(“)c] +  L[n_(~)c; 2 +(~)c] +
L[n_(-)c; n+(")c] +  L[n_(-)s; n+(-)s]

L [ d ï2 ; A+(+>] =  L [ d ï2 ; Û + (+ )s ] =

L [ d „ ; n+(+)s] = L [d„; A+<+>]

L [A_ (+ ).; ■̂a;2 — ?/2] =  L[2-(+)i; d X2_,2] +

L[n_(+)c; •̂rc2 — 2/21

L [ A _ (+)•) A+(+) ] =  L[2_(+)c; 2 + (+ )c ] +

L [  2 (+ )c .
— J n+(+)c] +  L[n_(+)c; 2+(+)c] +

L[n_(+)c; n+(+)c] +  L[n_(+)s;n+(+)s]

L[A_ (+ ) .
^ 3 z 2 — r 2 ] =  L[2_(+)c; d322_r2] +

L[n_(+)c; ^■ 3  z2 — r21

fàyz > •̂ ■4- = L[dÿ2; n+(_)8]

L[A_(+); d „ ] =  L [ 2 J +)i; dw] +  L [I I - (+)8; d„]

L[A_(+); A+c-ï] =  L [ 2 J +)C; 2 + (~)c] +

L[2_(+)e; n+(~)c] +  L [ u J +)c; 2+(_)c] +
L[n_(+)c; n+{"-)c] +  L[n__(+ ),. n + c - ) 5]

L [  A + ( + ) ; d 2y.1 = L[n+(+)s; dxy\

[d;j;2 — y l  j A +‘- =  0

L [A + (+ ) ; A+ <-° ]  == i[s+(+,c; n+(_)s] +

L[n+(+)s; 2 +(-)c]

L̂ -Sz2 —r2:; a + (-> ] =  A  [d.3̂2 _ r= J n+(~)s] (A-15)

( ii i)  Subgroup M agnetic T ra n sitio n  M om ent Integrals

M [ 2 _ (“ )c; 2 _ (+ )c] =  8 a M ~ a M + j V i W d r  =  

- i n & a M - a J ’+ {a[k,*M ttr  -  

k pks cos a  cos I (M „A S -  M 01sp°) -  

k v2 cos2 a cos 2 1 M o A ^] +  k v cos a  cos i [/rss0id —

k p cos a  cos t Soid]|

M[2 _(“)c; n_(+)c] = 4aM“aM+{ J V m 27rocdT -
/<rocm2x3cdr} =  — in Bi a J '~ a J r~ k p cos i sin a  X 

{a[fcs(Moosp,r +  A703SP!r) — k v cos t cos a X 

(a ~ lk v cos t sin a +  Mo3PcPr) \  — 

kp cos i sin a  [fcsSo3d — k v cos i cos a  f03d]| 

M [ n _ (~ )c; 2 _ (+ )c] =

-{aM~aJ+/aJ~aJ+)M[2_(_)c; EL(+)c]

M[n_(_)c; n„(+)c] = SaM-aM+JVnWdr =
inB8 a J T~ a J r+k p2 cos2 t sin2 a  {aAf0ip,rPT — Soid}

M[rï_(-)s; n_(+)s] = 8a_’f_a_’f+/7rosraz7risdT =
i,xB8 a J ~ a J +akp2 sin2 1 M 0iPfPf

Af [2_(-)c; ft+(+)s] = 2V2aM-a+*+{f<rocmu'*0sdT +
2/crocm a'iriSd r +  f  aacm y'TT3SdT} =

ig.B 2 \ Z 2 a J ^ a+i+ k v sin t {a[fcs(MoosPx — Af03SPx) — 

k v cos i cos a. (a“ 1 — M mPaPw)] — fcs(2s0id — io3d) +
kp cos i cos a  (20Oid — T 03rf) }

Af[n_(”)c; rï+(+)i] = 2\/2a_’r_a+x+ +
2,/Vocn v irisd r +  /Trocm x-7r3Sdr} =

— i/xs2 \/2 a M ~ a +*+/Cj,2 cos t sin t sin a X

{a(a_1 +  2A7oip,rPx) — (2Soid — fo3d)}
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M[n_(-)s; 2+(+)c] = -
2 /o -0cm I ^ i sd r  — / o / n v x / d T }  =

—i/iB2'\/2a_,r a+’^k p  sin i {a[ks(MoosPw +  2 M o ip* +  

M map*) -  k P cos i cos a  ( a -1 +  2 M mp*p* +  -

ks(2s01d +  s03d) +  kp cos l cos a  (2fo/ +  f03d)}

n+(+)c] = - 2V 2a J ~ a +r + { f i r 0cm x-xo*dr -
2 j ’xocm y' f i sd r  — /V o cm*'iri*dT} =

i» B2 > / 2 a J - a +' +kp2 X

cos 1 sin 1 sin a  (1 — 2 f0/  — fo/)

Af[2_c-)e; n + (_)s] =  - 2 \ / 2 a J - a + * -  X
{ fv o ' in y 'v o d r  — 2f  <T0cm v'T i d r  +  fa o m y 'T ra d r }  =  

—iix B 2 ^ /2 a J ~ a +w~kp  sin 1 X 

{a[/cs(ilioosp,r — M m 7'*) — kp cos l cos a  (a -1 — 

Mo3P<r?v)] +  k s(2soid +  so/) — kP cos i X
COS a  (20a/ +  f 03d)}

M [ n J - )c; n+(_)s] =  2 y /2 a M ~ a +i ~ X
{ f t r a m Z'TCadT — 2 f i r ^ m x':ir-idT +  J V o 'n v jr s ’d r}  =  

—iliB2 \ f 2 a J '~ a +r ~kp'1 cos 1 X 

sin l sin a  {a(a-1 — 2 M 0 PwP9) +  (2S0/  — fo3rf)} 

M [n _ (_)s; 2+(_)c] =  2 V 2 a J r~ a + ~  X
{ f o ljCm v’Tro'ldT +  2f (Tccm*'iri’d r  — /<Tocm„'Xssdr} = 

ifiB2 \ / 2 a - ’r~aL-'’ ~ k p sin 1 X 

{a[fcs(Moosp’r — 2 M 0isp* +  M a3p*) — kp cos 1 X 
cos a  (a-1 — 2 M n p *P i +  M 03p° p *)]  +  7cs(2soid — 

so/) — kp cos t cos a  (2foxd — T03d)} 

M [fl_(_)s; n+(_)c] =  - 2 V 2 a J ~ a +ir~ X

{ f  Trocm X’ir0sdT +  2 f  ir0cm y'Tri d r  — / x 0cnv7r3sdT} = 

ifiB‘̂ \ ^ 2 ,a J T~a+r~ k v2 cos i X

sin t sin a  {l +  2 j 0/  — f0/}

M[2_(+)c;n+(+)s] = ~ { a J ’+ n+(+,s] 
M[nJ+)c; n+(+)s] = (a M +/ a ^ - ) M [ n J ~ )c-, n+(+)i] 

M [ri_(+)s; 2+(+)c] =  - ( a J +/ a J - ) M [ n J ~ )s-, 2 +(+)c] 

M[n_{+)s; n+(+)c] =  ( a J +/ a J - ) M [ f l J - )s; n+(+)c] 

M[2_(-)c; n+(_)s] =
- ( a _ '+ /a _ " -)M [2 _ (- )c; ri+(~)s] 

M [n_(+)c; n+(_)s] =  ( a ^ +/ a M ~ ) M [ u J ~ )c; n+(“)s] 
Af[n_(+)s; 2 +(~)c] =

- i a J +/ a J - ) M [ n J - )s; 2 +(_)c]

M[ri_(+)s; n+(-)c] = ( a J +/ a J - ) M [ n J - )s; n+(“)c]

M[n+(+)c; 2+(-)c] = -4a+'+a+ {̂/<rocm zxocdr +
2f<Tocm z-widT +  f a n m ^ i d r ]  =  inBda+’r+a+'r~ k p X 

cos 1 sin a  {a[ks(M msPT +  2 M 0iPi’s +  M map*) — 

kp cos 1 cos a  (a-1 — 2 M 0ip,rP’r +  M 03!VV)] +

k ,( 2 s 0id — so/) — kp cos i cos a (2f0/  — J0/ ) }  

M [ 2 +(+)c; n + (_)c] =  4a+' +a+"-}/<70cmzxocdr -  

2/a-ocm2xi<:d r +  f  o-acm zir{dr} =  ~ +a+*~k p X 

cos 1 sin a {a[fcs(M0o5p,r — 2M0ip<rS +  M 03SPr) — 
kp cos 1 cos a (a-1 +  2M0ip,rP,r +  M 03P|rP,r)] — 

k ,(2 s n  +  so3d) 4" kp cos t cos a (2f oid +  f 03d) }
(A-16)

(iv) Subgroup Electric T ra n sitio n  M  oment In tegrals

Z /[2-(~)c; dj,2] =  4a_°’~ f a (ie zd vzdT =

— e2 V 6 a_ ,' _ {fcsKox3 +  kv cos 1 cos a  K iA,} 

L[n_(_)c; d„2] =  4o_’r_/x o 0e2d„2dr =

e2 V 6  a J -  'k v cos 1 sin a  K 3A,

L [dX2; 2 / +)c] =  : a ^ + /a _ ^ ) L [ 2 _ (- )c; d ,2]

L[dX2; n _ (+)c] =  - ( a _ T+/a _ '- ) L [ n _ (- )c; d ,2]

L[dX2; n + (+)s] =  4a+"+ f d xzeyiroad r  =

e 2 \ / 3 a +r+ k p sin 1 { K  2.4 s K 3A,}

L [2_(-)c; dxl_ y2] =  ia M ~  f a 0ceyd x^ yd T  =

e 2 \ / 6  a M ~ { k sK 0Al +  k p cos 1 cos a  K iA,} 

L [ u J ~ )c; dX2_y2] =  d a M ~  fTroce y d xl- yd T  =

— e 2 \ /6 a J r~ k p cos 1 sin a  K iAt

L [ 2 _ (_><:; d 322_rS] =  4a_‘, _ /o-0cei/d3Xi_ r2dT =

e 2 - \ /3 a - 'r~ { k sK u Ac — k p cos t cos a K i Ao}

L [n _ (-)e; d3x,_ r2] =  4 a _ ~  / x 0cej/d3x2_ r2dT =

e 2 \ /3  a M ~ k p cos t sin a K iAl

L [dX2; n +(_)i] =  4a+"_ / x 0sexdX2dr =

e 2 \ /3 a+r~kp sin 1 2̂ 5 +  k 3Az}

L [2_(_)c; dx„] =  4 a - 'r~ /cr0cea;dX!,dr =

— e6a_'T_ffcsA'i4J4„ — k v cos t cos a 

L [n_(_)c; dX!,] =  4a_ '~  f i r 0cexdxvd r  =

e2 V 3  a-'-fcp  cos 1 sin a  K tAi

L [d vl] n+(+)s] =  i [ d X2; n+ (+)!]

L [2_c+)C; dx2_ !/!] =  - L [ 2 _ (- )c; dx!_ i/2]
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L [n - (+)c; dl2_ ÿ2] =  L [n _ (- )c; d*._*]

m - (+)c; c W -r!] =  L[S_(- )C; da,.-,.]

L [ n j + )c; d ^ _ r2] =  - L [ n J - )c; d3z!_ r2]

L [d vz] n + (_)s] =  L [d xz; n +(- )s]

m - (+)c; dxv] =  L [S_(- )C; d j

L [n _ (+)c; dxv] =  - L [ n _ (- )c; dxv)

R[n+(+)s; d*„] =  4a+*+ f w 0sezdxvdT =

- e V ß a+"+k p sin i { y / Z K iM +  K 1A]

L [d ^zi - ri', n +( ■**] =  f f ü Q z d ^ ^ r d T  =

— z y /Q a + ~ k v sin 1 { K 4a, -  \ / 3 K 1Ai}

L[S_(- )C; n _ (+)s] =  4a_"_a_*+ {f<r0cezir0sd r  -  

f  atfezTTsdr} =  e4a J ’ ~ a J T+k P sin t X 

{k s(LoosPT — LozsPlT) +  K  cos i cos a  L03p<rP,r}

L [n _ (- )c; n _ (+)8] =  8 a_"-a_*+J V e 2 xi8<fr =

— e%aJr~ a J r+k vi cos i sin 1 sin a  L0ip,rP5'

L [n _ (- )s; 2 _(+)c] =

(a_f _ aM +/a _ ‘r~a_i+ )L [2 _(_)i'; n _ (+)s]

L [ n J ~ )s; n _ (+)c] =

- ( f l_ i “ fl_’ + /a _ ’ - a _ i+ )I ,[n _ (- )c; n _ (+)s]

L [ X J ~ )C; 2 + (+ )c ] =  2 ■ \ / 2 a J ’ “ a + 8 + {f a 0ce x '  <r0cd r  +  

2 jV e * V d r}  =  e2 V 2 a_ <r_a+‘r+{/i:s2(a +  2L0im) -  

2fcsfcj, cos t cos a  (L msp* — Loisp" +  L 01p-S) +

7c„2 cos2 1 cos2 a  (a — 2ZVVP<r)}

L [2 _(- )c; n + (+)c] =  2 s / 2 a -" ~ a +T+{f<T0ce y '-wJd r  +

2f<T0ce y 'T id T  +  f<7ace.y'irzdr} =  

e2 V2ct~<' ~a+r+ k p cos t sin a  X

{fcs(£oosp- +  2osoid -  2Loisp'  -  Lo3SP')  +

f c p  C O S  t  C O S  a  ( a S o i d  +  L „ 1P A  +  i o 3P ,T P ,r ) }

L [n _ (- )c; 2+(+)c] =  2s / 2 a - ,r ~ a+ 8+ {f<r0ce y ' ir0cd r -  

2 f arüce x 'TTidT — f  a0ce y ' TTzdr} =  

e 2 v /2«-’r_a+"+fcp cos I sin a  X 

{fcs(Loosp- +  2L 01P Ŝ +  2asoid +  L03sp-) -

cos i cos a (2Loip,,p<r +  Lo3p,rPr)}

L [ n J - )c; n + (+)c] =

4 a - T-a + * + { f  T0cex'irocdT +  2 /7 r0cex,7r ¿dr}  =

e4o_’r_a+,r+fcp2 cos2 1 sin2 a  {a  — 2L qPi,Vit\

L[n_(-)s; n+(+,s] =
2 \ / 2 a - 1 a+’r+ { f t o se x 'to adT +  2f  jrose x ' t i  d r} =

e 2 > /2 a_, _ a+ì+ V  sin2 i {a -  2 L ^ V i}

L[2_(" )c; 2+(_)c] =
2 v /2 a -<r_a+" '  { / < r o * e * V d r  -  2/<r0cea:V1cdr} = 

e 2 \/2 a _ ‘,~a+'r - {i;s2(a — 2 L 01SS) — 2k sk v cos 1 cos a  X 

(L msp* +  L 01sp- -  L 01p°s) +  fcp2 cos2 i cos2 a  X

(a +  2 L 01p°p°)}

L [ 2 _ (- )c; n + (- )c] =

—2 v /2®-'T a+,r {f  <Tocey'irocdT — 2 f  <rocey 'iri d r  +  
f  <racey'ir% d r)  =  — e 2 \ / 2 a J r~a+w~ k v cos tsin  a  X 

{ U L oosp- -  2as01d +  2L01SP- -  L03sp')  -

fcp cos i cos a  (2asoid +  2L0ip,r!V — L03p<rP,r) }

L[n_(-)c; 2+(_)j] =
— 2 \ /2 a _ ,r_a+"~{/croce7/,7rocdT +  2 f  <rnce x ' tti d r  — 

/<r0cei/,7rscdT} =  —e 2 \/2 a _ ’r_o+<r_fcp cos i sin a  X 

{fcs(Loosp* -  2 L o A s -  2 a i0id +  Lo38p") +

k P cos i cos a  (2L(¡lP•rP,’ — L 03 PaPir)}

L [ n J - )c; n +(“ )c] =
2 \ / 2 a . d  ~ ^o 'ex ' iTfi'dr — 2 /  Tifex'-iridr} =

e 2 \ /2 « - ’r~®+,r_^p2 cos2 i sin2 a (a +  2L0ip,rP’r)

L[n_(_)s; n+(_:'s] =
2 \ / 2 a - ' _ a + î i_ { / ü o sea:, 7i-osdT — 2 f  Tro ex ' t idr}  =

e 2 \/2 a _ i'_a+’r~fep2 sin2 1 (a +  2L0iPiPif) 

L [2 - (+)c; 2+(+;,c] = (o. '+/<l , - )L [2_(-)î; 2+(+)c] 
L[2 _(+)c; l V +)c] = — (a_<r+/a_or_)Lt2_(~)c; n+(+)c] 

L[n_(+)c; 2 +(+;c] =
— (a_’r+/a_,r_)L[n_(_)c; 2+(+)c] 

L[n_(+)c; n+(+,c] =  ( a ^ +/ a ^ - ) L [ n J - )c; n+(+)c] 

L(n-(+)s: n+(+’8] = (aJ+/aJ-)L[nJ-)a; n+(+)s] 
L [2_(+)o; 2+(- )c] =  (aM+/a M -)L [2 _ (- )c; 2 + (- )c]

L[2_(+)c; n+(“,c] = -(a_'+/a-'_)L[2 _(_)e; n+(")c] 
L[n_(+)c; 2 +(-)c] = -(a_"+/aM-)L[n_(-)c; 2 +(“)c] 

L[n_(+)c; n+(_)c] = (a_’r+/a_’r_)L[n_(_)c; n+{~)c] 

L[n-(+)s; n+J(_)s] = (aM-/a+"-)L[n_(-)s; n+(-)s]
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L[Z+(+)c; n+ (~)s] =  4 a / V * -  { J V e z V d r  -  
2 f a 0cezTridT +  f  aocez7r3sd r}  = e4a+a+a+ir~ k P sin t X 

{U L o»sp* +  2L 01sp* +  L 0r * )  -

kv co s\ cos a  (2L0iw  +  L ozp°p*)} 

L[n+(+)s; 2+(~)c] = 4a+î+a/- {fafarSdr +
2 f  a0cezT isd r  +  /<70cezTT3Sdr} = e4a+*+a + ~ k P sin i X 

{k s(L msp* -  2 +  L ^ )  +  

kp cos t cos a  (2LoiPxPî — L ÜZPcVir) } (A-17)

In  eq. A-14 through 17, the symbols M  [xijxs] and 
L [xi',X î\ are stand-ins for f x * m wX?.dT and fx*Vu>Xi.dT, 
where w  equals x, y, or z as digonal symmetry dictates 
[cf. § 3, eq. 17 and § 5.1, eq. A-l], The sundry integral 
interrelationships noted aloft arise from pseudo-quad
rate ligand molecular orbital regularity [see Table 
IV]. The functions As/Si), 2S2(s*)c, ns/Sa;,c, ni2(,l)«, 
(s2, sx =  ± ) ,  are defined in § 1.1, eq. 9 and 10. In 
tegrals not appearing in eq. A-14 through 17 are zero 
for reasons of digonal or pseudo-quadrate symmetry.

5.7 Group Overlap Integrals. The group overlap 
integrals are readily determined as linear combinations 
of the localized overlap integrals collected earlier. As 
priorly, they are of two types, m etal-ligand and ligand- 
ligand.

(i) Group M eta l-L ig a n d  Overlap Integrals

S [ A_<->; dzz] Ä [n_( )s; dzg]

S [A _(+ > ; dyz] S [ i i - ( + )s ; d  yz\ ~

( a J + f a J

- W + ) ; d 32.2_r2.] — iS[2+(+)c; d 3z2 _ r2]

S[A+<+>; d x2 — y2 ] =  S [ n + (+ )c ; d x^ y l]

dzy] = Ä [ 2 +f - )c; dzy]

- v/3(a^-/a+a+)Ä[A+(+); d3*2_r2] (A-18) 

(it) Group L ig a n d -L ig a n d  Overlap Integrals

S[A+ (+); A+(+>] =  *S’[2+(+)c ; s + (+)c] +
Ä[n+(+)c; n+(+)c] +  Ä[n+(+)s; n+(+)s]

S[A+ V ■>] =  S [2+(-)C. ; ) 2 +{- )c] +

S[ n+(-)c; n+';- )c] +  S [  n+(-)s; n+(~)s]
5[A_ A_<-->] =  S [2_ (-)c.;; 2 - (" )c] +

2Ä[2_(“)c; n_(_)c]+  Ä[n_(_)c; n_(_)c]+
<S[n_( )s; ri_( )s]

£[A_<+>; A_<+>] =  *S[2-(+)c; 2_ (+)c] +
2£[2_(+)c; rr_(+)c] +  £ [ IL (+)c; n_(+)c] +

Ä[n-(+)s; n_(+)s] (A-19)

(Hi) Subgroup M eta l-L ig a n d  Overlap Integrals

S[n_(-)s; d .z] = 4a. f  trosdxzdr =
2 \ / d a J k p sin i 7̂ 264,

S [ i i J +)s; d j  = (a..*+/a-*")Ä[n-(_)s; d22] =
( a M + J a J - )S[A_ dZ2]

S [  2+(+)c; ¿322-^] = 4a+ d3Z2_ r2dr =
— \/60+°+ {A;siT2u ( - 2 &p cos; t cos « 1^32̂ 1}

Ä[n+(+)c; d*!-j,j] = 4a+,r+/ =
4 \/3 u + ,r+fcî cos t sin a  7̂ 26̂ ,

S[2+(~)c; d2ÿ] = 4a+°r / o-ocdZÿdr =
V 3 ( a + er- / a +ff+)-S[S+(+)c; d32î.-r2] (A-20)

(•iv) Subgroup L ig a n d -L ig a n d  Overlap Integrals  

S [ 2 +(+)c; 2 +(+)c] =  4a+‘r+a+"+ {/<r0Vocd r +

2  f a o W d r  +  f a 0ca3dr} =  4 a+ '+a+"+ X

{fcs2(l +  2soid +  s03d) +  2k„kp cos i cos a  (2s0id +  

soid) +  k P2 cos2 i cos2 a  (1 — 2f0id — f03d)} 

Ä[n+(+)c; n+t+)c] = 4a+T+a+r+{/7r0VocdT +
2 /  7ToC7ncd r  +  / x 0cX3Cd r}  =

4a+r+ a+ir+kp2 cos2 t sin2 a  { 1  — 2 [0id — [03}

£[ri+(+)s; n+(+)s] = 4a+i+a/+{/x„sx„8dr +
2 f  TTQ TT\ d r  +  /  X0S7r3Sdr} =

da+r+a+ir+k p2 sin2 1 {1 — 2f0id +  fo3d} 

S [ 2 + (“ )c; 2 + (- JC] =  4 a + " - a + ff-{ /< 7 0c<r0cd r  -

2 j ’<T(jC(ricdT T  f  co <7idr\ =  4 a a+a X 
{&s2(l — 2s01d +  So3d) -  2k sk v cos 1 cos a ( 2 s 01d — 

sozd) +  kp2 cos2 i cos2 a. (1 +  2 [0id — fo3d)} 

Ä[n+(-)c; n+(~)c] = 4a+x‘ a+" - { / x 0cT0Cdr -  

2 f  to’'tti d r  +  JVoVs'dr} =
4a+7r~ a+n~ k p2 cos2 1 sin2 a  {l +  2 f0id — [03d}

S[n+(“)s; n+(_)s] = 4a+*~a+i_{/iroVdr -
2 / x 0i7Tisd r +  / x 0sX3Sdr} =

4a+T a+’r k P2 sin2 i {l +  2foid -f- [03d}

(S[2-(_)c; 2_ (- )c] =  4 a _ ^ a _ " - { /a 0c(rocd r -  

f a o W d r }  =  4 a J T~ a J ’~ { k 2( \  -  s03d) -  
2k sk p cos l cos a  503d +  k p2 cos2 t cos2 a  (1 +  [03d)}

S[2 _(")c; n_(-)c] = -SaM-aM-f ao'iridr =
8 a J ’~ a J v~ k p cos 1 cos a  {/csSoid — k p cos 1 cos a  Boid}
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S [ n J ~ )c] u J ~ )c] =  4 a - r - a - T- { f n W d T  -

/ W d r }  =  4■aJt~ a J ’~ k p1 cos2 i sin2 a  {l +  W*} 

S [ r i_ (- )s; r L (“ )s] =  4 a M - a M - { /T o V o M r  -

f i r o W d r }  =  i a J - a J - k / s in2 t {l -  f03rf}

iS[S_(+)f; 2 - c+k] =

(a M +a ^ +/ a ^ ~ a ^ - ) S [ s J ~ )c-, 2 _ (_ k ]

^ [2 _ c+k; I I - (+)c] =

— (a_‘r+a_’r+/a_°'- a-_’r“ )iS[2 _(_)''; n J ~ )r] 

S [n _ (+)c; n _ (+)c] =

{a ^ir+a J r+/ a J r~ a ^ ~ ) S \ Y l J ~ )c', n J “ )c]

S[n_(+)s; ri_(+)s] =
(a_i+ a_?+/a _ ;f“ a_i _ ) S [ n - f“ )s; r i_ (“ )s] (A-21)

As in ref. 6, the symbol /S[xiJX2] substitutes for 
fx i*X 2dr.

5.8 A u x ilia ry  Integrals. A few auxiliary integrals 
occurrent in the theory are of wide interest. We slate 
these beneath.

1 ('he')5 -  ^
/(2 s) a„ — (2py) Ald T =  {A2(bc) +  Ao(bc)}

/ ( 2 p . ) * -  (2 p x) Aid r  =  {A3 (be) -  Ai (be)} =
iT ■>{)

f ( 2 p z ) At, -1 (2p„) A,dr 
ri

f ( 2 p , ) A. -  (2 p x)Aldr = -  “ “  {A 3(bc) -  Ai (be)} ri zu

/ ( 2 p , U ~  (2 py) Aid r  =  ̂  {Aä(bc) -  5Ai(bc)}ri bU

/ ( 2s ) Jo -  (2p r) Ald r  =  ! ö A 4(bc) -
IT 120 V  3

4A2(bc) -  Ao(bc)}

/(2s) a,, -  C2py) Ald r  =  ! 5 A 4 (be) -
i'i i z u v  o

2A 2(bc) +  5 A o (b c )}

1 (hr)5
/ ( 2 p .U  -  (2 p,).4,dr =  ̂  {A 3(be) -  Ai(bc)}

ri izb

1 (hr)5
/ ( 2 p,)u„ “  (2 p , M r  =  ̂  {A3(be) -  3Ai(be)}

IT izb

1 ('he')5
/ (  2s ).4o -  (2 s) Aldr =  ŷ L  {3  A 3 (be) -  A i  (be)}

ri 3bb

/ (  2s) Ao -  (2s)aA  =
c

1’0 2

/ ( 2s ) a „ -  (2 p y)Aß r =  W i
r 0

/ (  2 p ,0 A,» -  (2s)A,dr 
r 3 -  -  1 2 V 5 d  ¡ 3 A *<±> — A o (d c )}

/ (  2p*')
Vz /0 - 

A , ~  {2Py')A 
Î-3

A t =  -  ^  { A 3(dc) -  A i ( d c ) }

f (2 p y)A1, 1 (2s )Aldr
r i -  -  | 3 A l ( w

— A o ( be)}

/ ( 2 s )  Ao Z i(2 p  r)Aldr =

6A 3(bc) +  A i( b c ) }

/ (  2S),1„;y i(2 p „)A 1d r  =
2 4 0 ^ {5 A 5 (b c )  +

2A s (b c ) +  A i  (be)}

/ (2 P r) ,l,M (2 P î,)A ^ r -  ' „  {5 A ( i(b c )  6 A 2(b c) +  
240

A o (b c )}  =  -  f{2pv) AM 2Pz)Aldr

/ ( 2 p y) AJJi(2Py) .udr ■■
b (b c )5 j p

-  240 1 o A .( b c )

18A2(bc) +  5A0(bc)} (A-22)

M ark the error in Kotani, Amemiya, Ishiguro, and 
Iviinura59 with regard to the first integral printed in 
eq. A-22.

§6. Trigonal Dihedral Spin-Orbital Generalized 
Matrix Elements and Rotational and Spectral Strengths

6.1 M a trix  E lem ents. As an aid in the practical 
employment of the results of eq. 49, 54, and 55 of ref. 6, 
we here transcribe them  to the simpler and more 
ecumenical notation of ref. 6, footnote 49.

W 8)(t2i,) t V 7)( W

7 e V (W

n V 2  I  0 or Ay Po1
O

(2ßB +  in o5 )
ó

— i f  a
1/z(‘2 Ms +  in o_

(59) M. Kotani, A. Amemiya, E. Ishiguro, and T. Kim ura, “Tables 
of Molecular Integrals,” Maruzen Co., L td., Tokyo, 1955, p. 82. 
Page 87 of this book contains another m isprint as (X ±  i l 7);»^ should 
equal — (A7 =L O ’) ± 2a by Fig. 9, p. 30 of the book.
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W 8)( t 2i)

76«® (t2i)

76a(7)( t 2e)

74^2 ,) /  =

~  r _  V V s C V ^ o  +  i n 1) 
■ \ / 2  L  i \ / ' 2 / i ( ß B  —  r i i o)

k _ '

7 s ( t2£,) /  —

o-n3/4 \ / V " 3(V 2 fo  — ifoV
•a/ 2  L — i \ / 2 / s ( ß B  — Wo) .

k _ '

7 4 (t2<1)

V V sC fo  — ¿ V 2 V )
a/ 2  L 1V / i/3 (2mb +  Mo)

7ö(^2ß) }  =

-iß /4

k - '

<  7 » m ( W

76a® (t2ff) 

765® ( t 2,)

74(e„)

7  ó(6f)

76 a(.£g)

p
in Te l($g) ̂ =  V  Vs

— i n
_ — TOi_

P
in =  V v .

— i n
?n0_

P
in y  6i y =  V 'V a

— i n
_ — TOi_

ko'

k + '

ko '

=  0

V 2
Va(fo +  i  V  2r0+)

— +  wo)
k _ '

74^2») 

7 5 ( t 2c) 

76a® ( W

74 (e„) )  =  0

7  60 (A ) 

76 a(ßt)

C y&a(ßg)

74(e„) )  =

74 Vff)

J - 1/5/2 

e “ '® '4

V 2

e ~ lV?/4

V 2

0  o r  p 0 + 

.(mb +  TOo+)

i h  o r  0

— Ì^/2jXB _

—  r 0 o r  0  

\ / 2 h b

ko' 

k _ '  

k + '

76a
0  o r  —  p 0 + 

_(mb — Mo1).
k o '

765 (Op) /  0

74(6f)

74(e„) > =

IT i

TO 1 ko' ( j 6 a ® ( W

76a® ( A )

76a® ( W ^ )  =  V:

V 2

0  o r  2 / j q 1  

(aib +  2woi )
k 0'

765® ( A )  > =
0  o r  2 pa 

_ —  (mb +  2w o)_
e-W4 "-V V sV o  +  i y / 2 n ) ~ P \ 0 or ¿>0̂

V 2 -^ V V sOmo +  f v /2to2) _ k- '  <^76a(8)(t25) m 76a(8)(t2i)^> =  Vs _ —(mb — Wo1).

765® ( t 2„)

76a® ( t2„)

74 (fit) ̂

e ~ 'ß/i ¿V'VsO’o +  i \ / 2 n )  

V 2  L -V V aO ^o +  i y /2 n h ) .

74 (e c)^ >  =

e~W4 ” V ^ z i V ^ n  -  in )  
■y/2 L - i W z i V ^ m o  — im 2)_

76a® ( t*,) 7 » ® ( t i , )  )  =

k + '
2 a/ 2 0  o r  —  £ 0 

— (mb — wo).

k + '

ko '

k + '

k _ '

74 (t2„)

75(t2„)

7 4  ( t2i,'^ ) =  0

74 (tow /  =

765® ( t2s)

| \ ¿ ß /2 0  or — po*
P
in 7 4 (0^)^) =

e

to 1 0 * H
d

-¡73/4

74^2,) 

75^2,) 

76a® ( t 2,)

V 2

Vm( % ) \  =

W 1/ z ( V ^ n  — i n )  ' 

V V 3( V 2 too — ìto2),

t/3/4

k + ' =
The new emblems Wo*, fifoV Wo1, g0, Too, ^0+, and 
mo* (g =  r, p) of eq. A-23 are labels for

76o (Dp) /

V 2
„W4

— r2 
_im2.

r2
/  V 2  ¿to2_

7“ (e,)^  =  'v /V* _^°oJ

k_ '

k _ '

k + '

e i( t2f)

e±(W

e±(e,)

e±(t2!/)

e :F ( e i, ) X)
/

=  =F

=  =F

W  
m  0*

'<70* ‘ 
wo*

k±'

ko'

igo
Too

k±'

T h e  J o u r n a l  o f  P h y s ic a l  C h e m is tr y
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and ' w [ t « ( ; ) ( 8 ) ( W  — >  T 4 o r  5( ^ 5)  ]  =  1A { 2 g 0w o  +  gm-i]

9 C [ T 6 ( f ) (8>( W  — >  V 4  o r  5 ( 0  ]  =  V « ^ 2 +  f f2 2 }

When p equals er, and hence g equals r, the quantities 
fo* and >V vanish identically ; when p equals (ft / t)v, and 
hence <7 equals p, the quantities A* and p0 vanish 
identically; and when m equals ¡xBC( +  2 s), the quan
tities m 0+ and m 0 vanish identically .60 The zero in the 
third and fifth entries from the bottom  of eq. A-23 arise 
from additive cancellation and not because f0 is zero. 
The cancellation is a consequence of the nonexactness of 
our wave functions (see section IV). To transfer the 
coordinate electric dipole representatives, f 0, r0, n ,  and 
r2 to the gradient electric dipole representative, p 0) po, Pi, 
and jh  in eq. A-23 just replace if«, ir0, mt, and ir 2  

everywhere by p 0, p 0, p i, and p2, individually .61

6.2 R otational and  Spectral Strengths. The rota
tional and spectral strengths dictated by the electric 
and magnetic dipole matrix contents of eq. A-23 are 
blocked [W equals 0t or CP, 9C equals S or 0, and g equals 
ro r  p, severally],

■ W [ 7 6( i ) (8) ( t 2» )  — >  7 6 ( ; } (7) ( t 2i , ) ]  =  0  or t/ 9poi (2 liB +  mo1) 

9C[7eU)(8)(t2,) — ► ^ 1% ) ]  =  0  or V«À»3E* 

STCfo««)»^,) — ► 7 6 « ) (7>( t 2 5 ) ]  = 2/ ,( 2 Mb +  m j-y  

■ W [ 7 « ( ; ) <8) ( t s , )  — >  76 ( ‘ ) (7) ( t 2i ) ]  =  +  m o )

9C [ 76 ( » (8) ( t 25 )  — >  7 o ( i ) (7, ( t 2, ) ]  =  go2 

9 T C [ 7 6 ( ; ) (8) ( t 2!;)  — >  7 6 ( i ) (7) ( t 2 i ) ]  =  V » ( 2 Pb  +  ™ o ) 2

W[7«(;)(8>(W  --- >  74or5(t2,)] =  X/|0 O(mb -  mo)

9C[7e(;)<8)(t2i) — >  74orS(t2i)] =  V.{2ffo* +  ffoi2}

91i[76(;)(8)(t2i) — > 74or5(t2»)] =  VsC/Ufl -  rha) 2

(60) These statem ents are swiftly proved by use of integral Hermi- 
ticity  and rotational symmetry. For trigonal dihedral complex con
jugate wave functions e±(t29) or e±(e„), separately, we have, (v =  
p, m)

(e±|v |e±) =  (e±|v|e±>* =  (eT|v * |e T) and

(e ±|v |e± ) =  e 2( y ' )  <e±|v|e±) =  (eT| -  v * 'i ' +  v / j ' -  v v £ '|e T)

so th a t if v equals er, 'v* ') and ( v / )  m ust be naught and if v equals 
(ft/i)v or in, ( v / )  m ust be naught. B ut as(e± |v*'|e±) =  6 3 (2 ') (e±|v*'|e±) 
=  cos 27r/3(e± |v i '|e ±) — sin 2 ir/3(e± |v» '|e±>, we m ust also have 
(v„') be naught if v equals er and (v*') be naught if v equals m . 
Hence, (e* |er|e±) is null and (e±|(A/t)v* or m |e±} is coincident with i '  
equals ko' and real [The diagonal m atrix elements of a  Herm itian 
operator are always real. The proof follows upon division of e± into 
its real and imaginary parts]. Similarly, because (e±|v |e T) = 
(e^jv |e±)* =  (e±|v *|eqp), we have th a t(v  ) is null if v equals (h /i)V  or 
m; and because [recall ref. 6, footnote 25](e±|v |e^}=  C3(2')(e±|v+'k'_ 
+  v_'k+ ' +  Vd'ko'le*) =  «’^(e.tlwv+'kL' +  4>~1v_ 'k+' vo'ko'|eT), 
we have th a t (e±|er|e:f) is coincident with k ±'. The factors and 
T  or ±  in the definitions of the m atrix substitutes of the text occur 
since by this footnotes development (e+ |v2'|e +) = (e+|v2'ie+)* = 
(e_|vz'* |e_) demands th a t (e+ |vz'|e+) be real and equal to  — (e_|v*'|e_) 
for v equals (fi/i)v and m; and (e+ |v|e_ ) =  C2( l/ ') (e + |v |e_) = 
<e_| —v , ' l '  + _ v „ 'j ' -  v2'k '|e+ ) =  (e+ | - v 2'i ' +  v „ 'j' -  v .'k '|e_ )*  
for v equals er, demands th a t (v*')* =  — (v*'), {v„')* =  (v„')> and 
(v z‘)*  = -  (v2'} [remember vo' equals v2', thus <v2')  equals zero by 
our previous 6 3 (2 ') argument], and so the m atrix element (e+|v_ '|e_) 
which equals (e_|v+'[e+)*, where v ± ' =  v V i b " ’ ±  ivy') by ref. 6, 
footnote 25, m ust be pure imaginary, as (e+ |v_ '|e_) =  (v*'} — 
2( V )  = -  (v*')* -  i ( v y ')*  =  -  (<v*') -  i{ v y ') )*  = -  (e+|v_'|e_>*, 
and hence, (e+|v |e_) equals — (e_|v |e+) for v  equals er [the opposed 
phase of the m atrix component pairs (e±|v |e±) and (e±|v |e f ) here 
discussed can also be derived from consideration of the fact th a t  
( r ( f ) ( t 2<, or e„)|v I')'(J )(t20 or e0)) m ust (algebraically) vanish iden
tically, or, from a division of e± into its real and imaginary parts, the 
invocation of operator Hermiteness, the  recognition of operator 
reality or nonreality, and the imposition of sym m etry operations]. 
Analogous logistics yield similar connections for the reduced m atrix 
members of ref. 6, footnote 49 [read A. D. Liehr, Progr. Transition  
M etal Chem., in press, for example].

Under the special assumptions of ref. 6, the non-null quantities rot, 
mo*, ro, and mot take on the  magnitudes

rot =  e^y/Gkp sin a (R3Ju +  Kuu)Nei(>2, r = 0

< W [ 7 6 ( ? ) (7) ( t 2 t )  -------*■ 7 4  o r  5( ^ 20)  ]  =  —  V 6 < 7 o ( 2 m b  +  W o )

£C[76U)(7)(t2ff) --->  74ors(t2,)] =  Vi{»0* +  2g^}

3 1 X [ 7 6 a ) (7, ( t 2 i )  ------->  7 4  o r  5( ^ 2̂ )  ]  =  V . ( 2 Pb +  W o ) 2

cW [ 7 ( i ) ( t 2 5 )  — >  7 ( i ) ( W ]  =  9 C [ 7 ( i ) ( W  — >  7 ( i ) ( W l  

=  9 n r c [ 7 ( i ) ( W  — >■ 7 ( i ) ( W ]  =  0 

■ w [ 7 ( i ) ( W  — >  7 ( i ) ( e » ) ]  =  g m i  

9 C [ 7 ( i ) ( W  — >  7 ( i ) ( e , ) ]  =  gi2 

3 n ; [ 7 ( i ) ( t 2 , )  — >  7 ( i ) ( e „ ) ]  =  m i 2 

W [ 7 6 ( ; ) <7)( t 2 i )  — >  7 4 o r s ( e i, ) ]  =  1/«{gomo  +  2 girth}

9C[76(S)(7)(t2„) --- >  74or5(eff)] =  +  2<722}

3E[76(n(7)(t2i) — >  74or5(ei,)] =  Vei^o2 +  2m22}

mo^ =  MB-Veto2, mo+ =  0

The zero values of ro and mo+ are only valid so long as pseudo-octa^ 
hedrality is maintained [the cubic e„ species character then  banishes 
all electric and magnetic molecular orbital dipole contributions as the 
direct product e„ X et does no t contain the  ti„  (electric dipole) or ti„ 
(magnetic dipole) species]. When pseudo-octahedrality is dropped 
and odd <r- and ir-ligand and even v-ligand contributions are added, 
ro and mot a tta in  substance.
(61) This replacement procedure ensues because being an
imaginary operator like m, generates m atrix fragm ents of 'h e  same 
structure as in. The proof of this fact emerges upon slight alteration 
of the development of the previous footnote, footnote 60. The 6 3 (2 ') 
argument again demonstrates the directions of the  m atrix vectors, ko' 
and k ±', of er, (h /i) v  , and in for the coupled pairs of molecular orbitals 
ai(t2f), e±(ts(), and e±(et) are tangent. The 6 3 (2 '), G iiy '), and com
plex conjugation arguments show th a t (ai(t2„) |v [e+(t2S or ea)} 
and (e+(t20) |v  |e±(e0))  equal — (ai(t25) |v  |e_(ts, or e j)) and 
— (e_(t:0) |v |e f (e0) for v equals er, (h / i) v  > or in and th a t the}' are pure 
imaginary for v equals er and real for v equals (ft/i)v or m [as then 
<v„'>* =  (v,'>, ( v / )*  = -  ( V ) ,  and (v ,')*  = <v,') for v  equals 
(ft/i)v or in, in the condensed shorthand of footnote 60].

Volume 68, Number 12 December, 1964



3732 A n d r e w  D . L i e h r

3>i[76(t)(8)( W  — >  7 4 o r s ( e s) ]  =  v « { 2 m „ 2 +  m 2 2} 

’W[T4or5(t2i) — > 7a(;)(ec)] =  ViffiOTi 

9C[74 or s ( W  — >  7 6 (f)(e„ )] =  lA ? i2

3 T l[7 4 o r5 (t2 !?) ---- >  76 (f)(e„)] =  l / i m i

W [7 6 (f ) (7)(t2a) — >  7 6 (;)(e„ )] =  Vsfifimi 

9C [7 6 (f )®  ( W  — >  7a(?)(e i ) ]  =  V s? !2 

917 [76(f)®  ( W  — >  7 e (;)(e ff) ] =  2A » » i2 

W  [7 6 (f)®  ( W — ^ 7 6 ( S ) ( e i ) ]  =  V  3?om0 

9C[7e(f)(7) ( t 2e?) — >- 76(*)(e„)] =  Vs?o2 

317 [7 6 (f ) 1® ( t 2ff) — >  76(‘ )(e„ )]  =  V sm o2 

W  [7 5 (f )®  ( W  — >  7 6 (;)(e„ )] =  V sffim i

9C [ 76 ( s ) ® ( t 2f )  — >  7 « ( ! ) ( e „ ) ]  =  V s ? ! 2

2 n x [ 7 6 ( s ) <8, ( t 2£, )  — >  7 « ( S ) ( e , ) ]  =  V 3W . 12

'W[7e(;)(8)(t2i) — >  76(S)(e„) ] =  2/3?om0

9C[7e(f)(8)( t 2<?) — >  7s(S )(eff) ]  =  2A ?o2

317 [7 6 ( f)®  ( t 2„) -— >  7 6 (f)(e„ )] =  2/ 3m 02

“W [ 7 ( ^ ( 0  — >  7 ( t)(eff) 1 =  9C[7(i)(e,) — *■ 7(i)(e,)] =

9 ^ [ 7 ( t ) ( e „ )  — >  7 ( J ) ( e s?)] —  0  

‘W [ 7 ( i ) ( e i )  •— >  7 ( f ) ( e „ ) ]  =  0  o r  p 0 Y m b  +  m o V  

9 C [ 7 ( I ) ( e f )  — >  7 ( i ) ( e „ ) ]  =  0  o r  p 0 i 2  

3 1 i [ 7 ( j ) ( e ff)  — >  7 ( f ) ( e » )]  =  ( m b  +  m V ) 2 

W  [ 7 6 ( ; ) ( e , )  — >  74  o r  s ( e „ )  ]  =  0  

9C[76(f)(e„) — >  7 4  o r  5(e,)] =  V 2A 2 o r  0  

3 1 7 [76(f)(C ff) ^  7 4 o r 5 (0 j? ) ]  =  Mb 2

<W t 7 6 ( ; ) ( e i )  — >  7 « ( ; ) ( e , ) ]  =  0  o r  - p 0*(m b  -  m » 1)  

9C[76(?)(eff) — >  76(;;.(ei)] =  0  o r  f 0t2 

9 T C [7 6 (;)(e i )  ‘— 7 6 ( J ) ( e c ) ]  =  ( m b  —  » l o V  

W [7 6 (? )(e f)  — 7 « a ) ( e „ ) ]  =

37 [76t.f)(®ff) ^  76(f)(Cff)] =

3 K [ 7 e ( i ) ( e i )  — >  7 6 ( ‘ ) ( e , ) ]  =  0  

A V [ 7 6 ( ? ) <7>( t 2i, )  — ■> 7 6 ( f ) ® ( t * , ) ]  =  0  o r

2/ 9 ^ oJ (mb +  2  tho*)

9C[7e(s)<7)( t 2£?) — >  76(f)<7)( t 2fi,) ] =  0  o r  4/9 £ o l2 

317[76(f)(7)( t 2ff) ■— >  76(f)®  ( W ]  =  V®(mb +  2 m 0i ) 2 

■W [7 6 (f )® (t2,)  -— >  76(f)®  ( t ^ ) ]  =  0  o r

—  4/ 9P o( m b  +  2 m 0)

9C [76(f)® (W  — >  76(f)® ( t2p) ] =  0 or 8/ 9̂ 02 

317[76 (f)® (t2i) — >  76 (f)® (t2i) ]  =  */#(mb +  2m 0) 2 

W [76(f)® (W  — >  76(f)(8)( t2f) ]  = 0 or

— 1/^O i (MB -  Wo1)

9C [7 6 (f)®  ( t2„) — ■> 7 6 ( : )® (W ]  =  0 or V ^ o 1*

317[76 (f)® (t2„) — >  7 6 (f )® (W 1  =  7 s(mb -  mo1) 2 

cW [76(f)® (t2„) — ■> 76(f)®  (t2i)] =  0 or 8AA>(mb -  mo)

9C [76(f)®  ( W  — ■> 76(f)®  ( t2e) ]  =  0 or s/ 9po2 

317[7 6 (f )® (tiff) — >  7a(S)®(t2ff)] =  8/ s(mb -  m0)2

'W [7(f)(t2ff) — >  7 ( f ) ( t2ff) ] =

9C [7(i)(t2ff) 7 ( f ) ( t2ff)] =

317[7(f)(t2ff) — > 7(f)(t2ff)] =  0 

'W[7(I)(t2ff) —>  7 (|)(t2ff) ] =  0 or - p o H n s  ~  mo1) 

9C[7Q)(t2ff) — >  7(i)(t2ff)] =  0 or p 0i2 

317[7 ( | )(t2ff) — >  7(J)(t2ff)] =  (mb — mo1)2 (A-24)

These portionate rotational and spectral strengths sum 
to the to tal rotational and spectral strengths lodged 
downward.

*W[76®(t2ff) — ^  7 6 ® (t2ff)] =

(0 or */9po^(2nB +  moV) — V3?o(2mb +  mo) 

9C [76® (t2ff) — ► 76® (t2i?)] =  (0 or 2/ 9̂ „i2) +  go2 

317[76® (tiff) — >  76® (W ] =  2/ 9(2mb +  m ,i)2 +

V»(2mb +  mo)2

V? [76® (tiff) -------*■ 74 o r  5 ( t2ff) ]  =  V s ? o ( m b  -  mo)

9C [76® (tiff) ---- >  74or6(tiff)] =  V6{2?02 +  ?0t2}

317[76®(tiff) ---->  74 o r6(t2ff)] =  XA(Mb -  m 0) 2

■W [76® (tiff) ---- >  74 or 5(tiff) ] =  - X/6 ?o(2mb +  ^ o )

9C [76® (tiff) — ► 74 or 5(tiff) ] =  Ve{?02 +  2got2)

317 [76® (tiff) — ■ > 74or6(t2ff)] =  Ve(2Mb +  m0) 2

■w[7(i)(ti,) — ► r:i)(t2,)] =
9C[7(f)(tiff) — >  7 (f)(tiff )] =

3 1 7 [7 a ) (W  — >  7 (f)(tiff)] =  0 

"W [7(1) (tiff) — *■ 7(f)(eff)] =  ?imi 

3 C [7 (|)(t2ff) — >  7 ( f ) (eff)] =  ? i2 

317[7(^)(t2ff) — > 7 . - ) ^ ) ]  =  mi2 

W  [76® (tiff) — >■ 74ors(eff)] =  7e{?om 0 +  2 g im }

9C[76®(t2ff) — >  74ora(Cff)] =  Ye}?«)2 +  2g-p]
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—> Ti or s(ĉ ) ] = Vef^o2 +  2 m 2}

'W['yeC8)( t2<?) -— >  TiorsCe,,)] =  l/^ {2 g 0m<i +  g m 2 }

ÎC[T6(8)(t2(,) --- >  T io rS ^)] =  V6{2fir02 +  gf22}

311 [7 »® (W  — *■ TiorsCe,,)] =  1/ 6{ 2 r n 2 +  m22}

‘W f o o r i f t a , )  ------->  7 6 ( e , ) ]  =  0 2m 2

[ 7 4  o r  ö f e p )  ^  7 ô ( c ^ )  ]  =  g%2 

h i t  [ 7 4  o r  ô C t ü ç )  ^  7 6 ( o ^ ) ]  ~  W -22

' W [ 7 6 ( 7 ) ( W  — >  7 e ( e , ) ]  =  V ä l f f o W o  +  2gim x]

9C[76(7)( t2i) — >  7 « (e ,)] =  7 ^  06* +  2ffl2}

9 T l [ 7 6 <7)( t 2 ii)  — >  7 e ( e , )  ]  =  V a f m o 2 +  2 m i 2 }

' W [ 7 6 ( 8 ) ( t 2 i )  — >  7 e ( e e ) ]  =  1 / z {2 g 0m  +  0 i » * i }

9C[76(8)(t2„) — >  7e(eff) ]  =  7»{20o2 +  0 i2}

9 T C [ 7 6 ( 8 ) ( t s e )  — >  7 6 ( e „ )  ]  =  7 * { 2 » n o 2 +  m i 2 }

■ W [ 7 ( i ) ( e , )  — ►  7 ( i ) ( e , ) ]  =

* [ 7 ( i ) ( e #)  — ►  7 « ) ( e , ) ]  =

3 R [ 7 ( f ) ( e <7)  — >  7 ( i ) ( e , ) ]  =  0  

‘W [ 7 ( i ) ( e , )  — >  7 ( i ) ( e „ ) ]  =  0  o r  p 0t (pB +  m o * )  

9 C [ 7 ( î ) ( e „ )  — >  7 ( | ) ( e f f ) ]  =  0  o r  p 0 * 2 

3 T C [ 7 ( | ) ( e ? )  -— >  7 ( J ) ( e , ) ]  =  (mb +  m o * ) 2 

W  [ 7 s ( e e )  — > •  7 4  o r  s ( e e )  ]  =  0 

2C [ 76 ( e „ )  — >  74 o r  ö ( C p )  ]  =  1 / 2r 0 2 o r  0  

3K[7*(e,) — *■ TiorôCej,)] =  mb2 

■ W [ 7 e ( e ( )  — >  76 ( e „ ) ]  =  0  o r  —p f ( p B ~  w o * )

9 C [ 7 6 ( e „ )  — >  76 ( e s )  ]  =  0  o r  p 0 * 2

aulTeie,) — >  7«(e»)] =  (PB —  w 0*)2 

cW[7 6 (7)(t25) — >  76(7)(t2ÿ)] =  0 or

2/ A h H p B  +  2m 0*) -  2 p ü{nB +  2 m ) }  

9C[76(7,(t2i) — > 76(7,( W ]  =  0 or V 9{^oÎ2 +  2£o2} 

9H[76(7)(t2ff) >  76(7)(W )] =  1/s { (p B  +  2Wo^)2 +

2 (mb +  2w0)2}

■W[7(8)(W  — >  76(8)(t2j ]  =  0 or

— 1/ s{Poî (pb — m *) — &Po(pb — Wo)}

9C[76(8)(t2„) --- *■ 76(8)(t2„)] =  0 or V 9{poÎ2 +  8£o2}

3 T l [ 7 6 ( 8 ) ( t 2 i )  — >  7 6 ( 8 ) ( t 2 5) ]  =

V  9{ (mb —  Wo1)2 +  8(mb —  Wo)2} 

■ W [ 7 ( i ) ( t 2, )  — ■ >  7 ( i ) ( t 2 e ) ]  =

9 C [ 7 ( t ) ( W  — >  7 ( i ) ( W ]  =

3TC[7(i)(W — >  7 (f)(W ] =  0 

"W h aK W  •—>  7 (i)(W ] =  0 or - p o I (pB -  m 1) 

9C[7U)(t2j) — >  7 (i) (W l =  0 or ^ 0Ï2 

3TC[7(i)(t2i) — >  7(f)(t2£,)] =  (mb — wo1)2 (A-25)

Witness th a t spin magnetic moments alone produce 
sizable contributions to both the rotational and 
(magnetic) spectral strengths. The internal (Kramers’) 
degenerate transitions stenciled above contribute noth
ing to  the optical rotatory power as they cancel against 
their own inverses [in the gradient representation of the 
electric dipole operator this cancellation occurs because 
of the energy reversal in the pirouettory power multi
plicative factor (E„ — E a) -1 and in the coordinate repre
sentation of the electric dipole operator it occurs be
cause of the functional reversal in the ro tatory  power 
functional arguments].

Volume 68, Number 12 December, 1964



3734 C h r i s t o p h e r  E a r l a n d  a n d  D a v i d  J .  R a v e n

The Sorption o f Halogens from  Aqueous Solution by Collagen1

by Christopher Earland and David J. Raven

Department o f Textile Industries, Institu te o f Technology, Bradford, England  (Received December 16, 1963)

I t  is shown that the sorption of chlorine, bromine, and iodine from aqueous solution by 
collagen, which is always endothermic, obeys the Freundlich isotherm and in some cases 
this reduces to the distribution law. Maximum values are too great to be ascribed solely 
to the formation of either a monomolecular adsorption layer or chemisorption, although it 
is shown th a t the latter occurs to some extent in the case of chlorine. Iodine is sorbed only 
as the triiodide anion. The most probable mechanism for the sorption of Br3_ is an ion- 
exchange process, which is supported by its zero heat of sorption.

Introduction
The main reaction between halogens in aqueous solu

tion and keratin is the oxidation of cystine residues to 
sulfonic acid groups in the case of chlorine and bromine2 
and substitution in the 3,5 positions of the tyrosine 
residues with iodine, although with the latter halogen 
sorption also occurs.3 Silk fibroin, which is devoid 
of cystine residues, undergoes chiefly substitution with 
all three halogens. No comparable studies have, how
ever, been made of the uptake of halogens from aqueous 
solution by the fibrous protein collagen. Since collagen, 
which is practically devoid of both cystine and tyrosine 
residues, has a comparable water uptake and surface 
area, as measured by nitrogen or water vapor adsorp
tion, to keratin and fibroin,4 it should lend itself particu
larly well to a study of the physical processes which 
occur when halogens are taken up from aqueous solu
tion by fibrous proteins, bu t which may be masked by 
subsequent chemical reaction.

Experimental
M ateria ls. The collagen used was “Standard Hide 

Powder,” an official hide powder of the Society of 
Leather Trades Chemists. I t  was prepared by Baird 
and Tatlock, London, and had the following specifica
tion: moisture, 13.5%; ash, 0.25%; pH  5.25. Prior 
to weighing, the powder was dried overnight under 
vacuum over silica gel, and then a t atmospheric pres
sure over P 20 6 for 2 days.

All reagents, including bromine and iodine, were of 
Analar quality, except chlorine which was obtained as 
laboratory reagent sodium hypochlorite solution.

D eterm ination o f Sorption . Unless stated otherwise 
all determinations were carried out a t 20.0 ±  0.1°.

A solution of the halogen, adjusted to the requisite 
pH, was prepared and the concentration of halogen was 
determined iodometrically. Then 100 ml. of this solu
tion was allowed to stand with a known weight (about 
0.5 g.) of hide powder in a closed flask immersed in a 
therm ostat tank, with occasional agitation, until 
equilibrium was attained. After allowing the collagen 
to settle, 10.0 ml. of the supernatant liquid was titra ted  
with potassium iodide and 0.100 N  Na2S20s solution to 
determine the equilibrium concentration of halogen in 
solution. Potassium iodide was then added to  the re
mainder of the reaction mixture and the whole was ti
trated  iodometrically. The time taken for this titra 
tion could be reduced by titrating the liquid separately 
and then the solid in the presence of 50 ml. of 
methanol. I t  was established th a t equilibrium was 
usually attained within 30 min. and, unless stated to  the 
contrary, this reaction time was adhered to throughout 
the investigation. I t  was confirmed th a t well-defined 
equilibria were established under the experimental 
conditions used.5

(1) This work was supported by a grant from the Wool Textile 
Research Council, Bradford, England.
(2) (a) R. Consden, A. H. Gorden, and A. J. P. M artin, Biochim . J . ,  
40, 580 (1946); (b) G. J. Weston, B iochim . B iophys. Acta, 17, 462 
(1955).
(3) S. Blackburn and H. Phillips, J .  Soc. D yers Colourists, 61, 100 
(1945).
(4) J. W. Rowen and R. L. Blaine, In d . Eng. Chem., 39, 1659 (1947); 
A. C. Zettlemoyer, A. Chand, and E. Gamble, J .  A m . Chem. Soc.,
72, 2752 (1950); J. R. Kanagy, J . A m . Leather Chemists' Assoc., 42, 
98 (1947); H. B. Bull, J . A m . Chem. Soc., 66, 1499 (1944).
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Calculation o f Sorption . Depending on the pH, halo
gens may be present in aqueous solutions as molecules, 
hypohalous acid, or hypohalite ions, i.e., as X 2, HOX, or 
OX- , where X  =  halogen, and in the presence of halide 
ions, as X 3- .

To avoid confusion, all concentrations in this work 
are given in terms of “available” or “positive” halogen, 
calculated from the relationship: 1 1. of 1 TV N a2S20 3 
solution =  0.5 mole of halogen. Using this method for 
expressing halogen concentration, X 2 =  HOX =  OX~ 
=  X 3- . The actual form of the halogen may be calcu
lated from the appropriate equilibrium constant. 
Thus, chlorine in aqueous solution is nearly exclusively 
Cl2 a t pH  1, HOC1 a t pH  4, and OC1-  a t pH 9.

The usual method for determining sorption from solu
tion is to measure the change in concentration of the 
solution after equilibrium with the solid. This method 
was unsuitable for this investigation, however, because 
a small quantity  of halogen is lost by oxidizing the 
collagen, and in the case of chlorine its low solubility in 
water precluded high values for the absorption from 
being obtained. The latter were determined by pass
ing chlorine gas through the solution as sorption pro
ceeded. The halogen sorbed was, therefore, calculated 
solely from data obtained from the reaction a t equilib
rium, although the concentration of the solution was 
determined prior to the introduction of the collagen, 
as it provided a useful check on the accuracy of the run 
and enabled the quantity  of halogen th a t had reacted 
to be calculated. The details of the calculations fol
low.

If 10.0 ml. of halogen solution before the introduction 
of collagen requires x  ml. of 0.100 N  N a2S20 3 solution and
10.0 ml. of the solution (100 ml.) in equilibrium with w 
g. of collagen requires y  ml. of 0.100 N  N a2S20 3 solution, 
and the remainder of the reaction mixture (90 ml. of 
solution -f- w  g. of collagen) requires z  ml. of 0.100 N  
N a2S20 3 solution, then: the equilibrium concentration 
of halogen in solution (c) =  5y  mmoles/1.; the halogen 
sorbed (a) =  5 (2 — 9 y ) /w  mmoles/100 g .; and the 
halogen reacted =  5 (10a: — y  — z ) /w  mrnoles/lOO g.

D eterm ination o f Protons Liberated during  Sorption . 
Positive halogen formation can be distinguished from 
simple sorption by the fact th a t in the former case 
each molecule of halogen taken up liberates one proton

PN H 2 +  X 2 ^  P N H X  +  X "  +  H +

where P  =  protein, although iodometrically the two 
are identical.

The protons liberated were determined by measuring 
the fall in pH of the solution using a glass electrode 
against a standard calomel cell, the actual concentra
tions being obtained from plots of pH  vs. acid concen

tration of solutions containing known amounts of 
HC1 or HBr. To this value was added 80 mequiv./ 
100 g. of collagen to allow for the uptake of protons by 
the collagen.

PN H 2 +  H + X - —>  PN H s+X -

Each molecule of halogen th a t oxidizes collagen, on the 
other hand, liberates two protons.

P +  X 2 +  H 20  PO +  2H+ +  2X -

I t  was essential, therefore, to  know the quantity  th a t 
had reacted in addition to th a t sorbed. After reaction 
with chlorine or bromine, followed by removal of 
positive halogen, collagen contains negligible combined 
halogen and therefore the substitution reaction

PH  +  X 2 — >  PX  +  H + +  X -  

may be disregarded.
In  order to produce an appreciable fall in pH with 

increase in acidity, these experiments were carried 
out a t pH  2 instead of pH  1, and in the case of chlorine, 
the solution was made 1.0 M  with respect to  KC1 to 
suppress the formation of HOC1 which could exert a 
buffering effect.

HOC1 +  H+ +  Cl-  —■> Cl2 +  H20

Results
Isotherm s— Sorption  o f H alogens at p H  0.7. The 

isotherms for the sorption of chlorine and bromine 
which exist in the free state a t pH  0.7 and iodine are 
shown in Fig. 1. The pH was adjusted to the required 
value with H 2S 0 4, and the solutions of iodine were 
prepared by diluting the requisite quantity  of a solu- 5

Figure 1. Sorpticn of halogens on collagen a t pH  0.7 and 20°.

(5) H. Freundlich, “ Colloid and Capillary Chemistry,” Methuen 
and Co., London, 1926, p. 174.
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tion containing 5 g. of I2 and 10 g. of KI in 100 g. of 
water. I t  is seen from Fig. 1 that only bromine obeys 
the distribution law and this is limited to the initial 
sorption; but log-log plots of the amount sorbed (a) 
against the equilibrium concentration in solution (c) 
(Fig. 2) showed that in all cases the sorption obeyed 
approximately the Freundlich adsorption isotherm, 
a  = k c l/n , where k  and n  are constants. The distinct 
break in the curve, however, for the sorption of bro
mine at a solution concentration of 45 mmoles/1. 
(Fig. 1) emphasizes that for this halogen the data can 
be represented only approximately by the Freundlich 
isotherm. No sorption of iodine occurred from solu
tion in 7:3 alcohol-water mixtures.

I s o th e r m s — S o r p t io n  o f  C h lo r in e  a n d  B r o m in e  a t  p H  
0 .7  i n  P re se n c e  o f  A n io n s .  Since chlorine and bromine 
were sorbed on collagen as Cl2 or Br2, whereas iodine 
was sorbed only as I3- , the sorption isotherms for the 
two former halogens were redetermined in the presence 
of 1.0 M  KC1 or 1.0 M  IvBr, respectively. The sorp
tion was determined also in the presence of 1.0 M  K N 03 
to confirm that any change in sorption was due to the 
formation of the trihalide anion and not to a general 
anion effect. The sorption isotherm for chlorine at 
pH 0.7 was unchanged by the presence of KC1 or K N 03. 
The effect of 1.0 M  KBr on the sorption of bromine 
was, however, most marked and in the presence of 
this salt a maximum value of 75 mmoles/100 g. only 
could be sorbed (see Fig. 3), whereas in the absence of 
bromide ions, values in excess of 250 mmoles/100 g. 
were obtained. K N 03 had no effect on the sorption.

S o r p t io n  o f  C h lo r in e  a t  p H  4  a n d  7. The determina
tion of the sorption isotherm for chlorine in solution 
of pH 0.7 presented no difficulty since well-defined 
equilibria were attained after 30 min., and the amount

L o g  c.

Figure 2. Graphs of log a vs. log c for the sorption of 
halogens on collagen a t pH  0.7 and 20°.

Figure 3. Effect of K Br and K N O 3 on the sorption of 
bromine a t pH  0.7: C, bromine a t 20°; 3 , bromine 
+  1.0 M  KNOs a t 20c; O, bromine +  1.0 M  KBr 
a t 10°; □, bromine +  1.0 M  K B r a t 20°.

(Minutes) 1 /2.

Figure 4. R ate of sorption of chlorine a t pH  4 and 20°.

of chlorine that reacted was only 10 to 20% of that 
sorbed. At pH 4, however, the hypochlorous acid 
reacted with the collagen to the extent of 50% of that 
sorbed and continued reaction masked the equilibrium 
point of sorption. However, because a stirring rate of 
200 r.p.m. was fast enough to make the rate of uptake 
controlled by diffusion within the solid,6 plots of the 
amounts of chlorine sorbed and reacted vs. (time) 1/2 

gave straight lines (see Fig. 4) from which it was pos
sible to determine the equilibrium values for the chlorine 
sorbed and in solution. Thus, it is seen from Fig. 4, 
which refers to a solution containing 31 mmoles of 
chlorine/1. before the introduction of the collagen, 
that equilibrium was attained after 60 min. when 271 
mmoles/100 g. of collagen was sorbed, the solution 
in equilibrium containing 12.7 mmoles of chlorine/1. 
The amount sorbed was only half that at pH 0.7.

At pH 7, from a chlorine solution of initial concen
tration of 31 mmoles/1., after 10 min. 145 mmoles/ 
100 g. was sorbed and 143 mmoles/100 g. reacted. 
After 90 min., the corresponding values were 176 and 
357 which indicated that the absorbent was being 
oxidized to such an extent that the values for the 
sorption have little significance.

(6 ) A. V. Hill, Proc. Roy. Soc. (London), B104, 39 (1929).
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Sorption of Bromine and Iodine at Different pH Values. 
When the isotherm for the sorption of bromine at pH 
4 is compared with that a t pH 0.7 (Fig. 5), it is seen 
that the maximum amount sorbed is approximately- 
doubled at the higher pH value. Equilibrium was at
tained in 30 min. and the amount reacted was approxi
mately equal to that sorbed. Sorption at pH 7 was 
considerably slower and equilibrium was not achieved 
after 105 min.

The sorption of iodine over the pH range 0.7 to 7, 
obtained by diluting a solution in KI with appropriate 
buffer solutions, varied but little and gave typical 
isotherms (see Fig. 6). At pH 9.2, however, the sorp
tion halved and obeyed the distribution law. This 
pH was obtained by the use of 0.05 M  borax solution, 
but in other cases sodium phosphate was used. In 
none of these experiments did more than 50 mmoles/ 
100 g. react.

Liberation of Protons during Sorption. I t  is seen 
from Fig. 7 that the sorption of chlorine is accom
panied by the liberation of protons in excess of those 
produced by reaction, and approximately one-half of 
the sorbed chlorine liberates protons. In the case of 
bromine, however, the correlation between the protons 
liberated and halogen reacted is complete and, there
fore, the sorption process does not involve the libera
tion of protons.

Figure 5. Sorption of bromine a t pH  4 and 20°.

Iodine in solution, mmoles/1.

Figure 6. Sorption of iodine from solutions of different 
pH  a t 20°: A, pH  0.7; B, pH  4.0; C, pH  7.0;
D, p H  9.2.

Figure 7. Liberation of protons during sorption of chlorine a t 
pH  2 and 20°: A, sorption of chlorine a t  pH  2; B, actual 
liberation of protons; C, theoretical curve of protons 
liberated from chlorine reacted.

Figure 8. Sorption of halogens on collagen a t pH  0.7 and 30°.

Effect of Temperature on Sorption. From Fig. 3 it is 
seen that the sorption of Br3~ is the same at 10° as 
a t 20°, whereas in the case of chlorine, bromine, and 
iodine there is a considerable temperature effect, the 
isotherms at 30° being shown in Fig. 8. I t  was not 
possible to determine the sorption of Br3~ at 30° since 
the potassium bromide induced hydrothermal shrink
age of the collagen.

Discussion
I t  is shown that collagen can sorb large quantities of 

halogens from aqueous solution. Isotherms indicate 
that approximate maximum values (mmoles/100 g.) 
are 1200 for chlorine (from solution of pH 0.7), i.e., 
nearly its own weight, and 350 for bromine or iodine 
(from solution of pH 4). In all cases the sorption 
obeys approximately the Freundlich adsorption iso
therm and with bromine and iodine under certain

V o lu m e  68 , N u m b e r  I S  D e ce m b e r , 1964
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conditions this reduces to the distribution law. Sorp
tion occurs over a wide range of pH values of the 
halogen solution, but with chlorine and bromine above 
pH  4 considerable reaction occurs in addition to sorp
tion. Thus sorption, as opposed to reaction, is favored 
when these halogens are in the elemental form and not 
as oxy acids. Iodine, however, sorbs only in the pres
ence of iodide ions, showing that the sorbing species 
is the triiodide anion. This effect is known for other 
absorbents.7

With bromine, on the other hand, the presence of 
sufficient bromide ions to convert all the free bromine 
to tribromide ions reduces the sorption to a maximum 
value of 75 mmoles/100 g. The latter is very close to 
the acid-combining value of collagen and suggests 
that the mechanism of the sorption is the ion-exchange 
process

- N H 3+X- +  Br3-  ^  - N H 3+Br3-  +  X~

I t  has been proposed by Blackburn and Phillips3 that 
iodine sorbs on wool by a similar mechanism. Al
though iodine is sorbed by collagen greatly in excess of 
80 mmoles/100 g., this is not surprising since iodine is 
sorbed from potassium iodide solution by many sub
stances8 where an ion-exchange mechanism cannot 
operate.

The fact that the sorption of bromine from solu
tion at pH 2 is unaccompanied by the liberation of 
protons shows that positive halogen formation does not 
occur. The inability of free bromine to form >N -B r 
compounds with simple amides and amines in acid solu
tion supports this view. In the case of chlorine, how
ever, about 250 mequiv./lOO g. of collagen of protons 
are evolved in excess of those liberated by oxidation 
and this corresponds to positive halogen formation

on free amine, amide, and guanidine groups.9 The 
ease with which free chlorine reacts with such groups 
in simple compounds makes it virtually certain that 
similar reactions will occur with collagen.

The total surface area of hide powder available 
for adsorption is about 300 m.2/g .,4 when the material 
is swollen in water. This value would allow 170 
mmoles of Cl2/100 g. of collagen to be adsorbed as a 
monomolecular layer (assuming each molecule of 
chlorine occupies 30 A.2), the corresponding figure 
for bromine being 140. I t  is clear, therefore, that the 
sorption of these large quantities of halogens by collagen 
cannot be accounted for solely either as a monomolecu
lar layer or by chemisorption involving proton libera
tion.

The isotherms shown in Fig. 1 and 8 indicate that 
the sorption is endothermic, which although not un
known from solution, is unusual. I t  was unsatis
factory to calculate the heats of sorption from these 
data, however, because the value derived is an over-all 
figure involving both the removal of halogen from 
solution and its subsequent sorption by the collagen. 
Furthermore, at very low surface coverage, the con
centration of halogen in solution is so small that 
hydrolysis to hypochlorous acid cannot be neglected. 
The zero over-all heat of sorption of Br3~ is, however, 
in accordance with the ion-exchange mechanism pro
posed, since the heat of reaction of simple anions with 
proteins is very small or zero10 and therefore no ap
preciable heat transfer would be involved in the re
placement of one anion by another of similar size.

( 7 )  F .  M y l i u s ,  Ber., 20, 6 8 9  ( 1 8 8 7 ) .

( 8 )  F .  W .  K ü s t e r ,  A n n .,  283, 3 6 0  ( 1 8 9 4 ) .

( 9 )  J. H . B o w e s  a n d  R .  H . K e n t e n ,  Biochem. J .,  43, 3 5 8  ( 1 9 4 8 ) .

( 1 0 )  T .  V i c k e r s t a f f ,  “ T h e  P h y s i c a l  C h e m i s t r y  o f  D y e i n g , ”  O l i v e r  
a n d  B o y d ,  L o n d o n ,  1 9 5 4 ,  p .  3 7 5 .
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Mechanisms o f  Photoreactions in Solution. X X .1 2 3 Q uenching o f  

Excited States o f Benzophenone by Metal Chelates

by George S. Hammond and Robert P. Foss

C ontribution  N o . 8064. fro m  the Gates a n d  Crellin  L aboratories o f  C h em istry,
C a lifo rn ia  In stitu te  o f  Technology, P a sa d en a , C aliforn ia  {Received F ebruary 14 , 1964)

Metal chelate compounds containing ligands derived from /3-diketones show variable reac
tivity as quenchers in the photoreduction of benzophenone by benzhydrol. Reactivity 
varies both as a function of the nature of the central metal atom and of the ligand. There 
is no correlation between quenching activity and the magnetic properties of the ground 
states of the chelates. Two possible mechanisms for quenching are discussed but no 
selection between them is attempted.

Introduction
In recent years there have been a number of reports 

that compounds of transition metals have marked ac
tivity as quenchers for the triplet states of organic 
molecules in solution.2-7 A possible mechanism for 
quenching was discussed in detail by Porter and 
Wright.4 5 6 They were struck by the fact that in aqueous 
and alcoholic solutions only paramagnetic metallic ions 
were effective as quenchers. Consequently, they sug
gested that the quenching process was essentially the 
same as that suggested by McConnell8 for catalysis of 
cis-trans isomerization, via triplet transition states, by 
nitric oxide. In this process the paramagnetic 
quencher serves as a catalyst for nonradiative decay of 
triplets. The catalytic effect arises from the fact that 
complexes between triplet and quencher can undergo 
spin-allowed transitions producing complexes between 
the singlet ground state and the quencher in its original 
spin state. Factors influencing the efficiencies of vari
ous quenchers would be (1) the statistics of spin combi
nation in complex formation,9 (2) the extent of spin- 
spin coupling between triplet and quencher in the com
plex, and (3) the lifetime of the complex relative to its 
nonradiative decay time. Porter and Wright attrib
uted the relatively weak quenching activity of rare 
earth cations to the weakness of coupling between the 
spin of the triplet and'the spins of the metallic ions be
cause of large shielding of the unpaired f-electrons from 
the external environment.

Linschitz and co-workers3,6’7 have recently shown

that other factors are involved. Using copper(II) 
chloride in pyridine solution, they have demonstrated 
the existence of large ligand effects on quencher ac
tivity. A saturated ligand, ethylenediamine, de
creased reactivity, and an unsaturated ligand, o-phe- 
nanthroline, increased reactivity in quenching of an
thracene triplets. They concluded that the properties 
of the ligand as “electron conductors” were important in 
establishing contact between the spin of the triplet and 
that of the metal. They have also introduced the no
tion that charge-transfer interaction may be an impor
tant factor in prolonging the lifetime of the complex and 
increasing the rate of decay directly from the excited 
complex to its ground state.

We have followed the same line of thought in inter
preting our own early studies of the quenching of benzo-

( 1 )  P a r t  X I X  i s  J .  B r a d s h a w  a n d  G .  S .  H a m m o n d ,  J .  Am. Chem 
Soc., 8 5 ,  3 9 5 3  ( 1 9 6 3 ) .

( 2 )  G .  P o r t e r  a n d  M .  P .  W r i g h t ,  J. chim. phys., 5 5 ,  7 0 5  ( 1 9 5 8 ) .

( 3 )  H .  L i n s c h i t z  a n d  K .  S a r k a n e n ,  J .  Am. Chem. Soc., 80, 4 8 2 6
( 1 9 5 8 )  .

( 4 )  G .  P o r t e r  a n d  M .  P .  W r i g h t ,  Discussions Faraday Soc., 2 7 ,  1 8
( 1 9 5 9 )  .

( 5 )  H .  L i n s c h i t z  a n d  L .  P e k k a r i e n e u ,  J .  Am. Chem. Soc., 8 2 ,  2 4 1 1
( 1 9 6 0 )  .

( 6 )  W .  M .  M o o r e ,  G .  S .  H a m m o n d ,  a n d  R. P .  F o s s ,  J .  Chem. Phys., 
32, 1 5 9 4  ( 1 9 6 0 ) ;  J .  Am. Chem. Soc., 83, 2 7 8 9  ( 1 9 6 1 ) .

( 7 )  J .  A .  B e l l  a n d  H .  L i n s c h i t z ,  ibid., 8 5 ,  5 2 8  ( 1 9 6 3 ) .

( 8 )  H .  M c C o n n e l l ,  J .  Chem. Phys., 20, 1 0 4 3  ( 1 9 5 2 ) .

( 9 )  T h e  t r i p l e t  h a s  5 = 1  a n d  t h e  q u e n c h e r  h a s  S  =  x w i t h  x >  0 .  
O n l y  t h o s e  c o m p l e x e s  h a v i n g  S — x c a n  d e c a y  w i t h  s p i n  c o n s e r v a t i o n  
t o  g i v e  t h e  q u e n c h e d  p r o d u c t .
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phenone triplets6 by metallic compounds. However, 
one rather sticky point was ignored. The reactivity of 
tris(dipivaloylmethanato) iron (III), Fe(DPM )3, as a 
quencher was found to be similar to that of oxygen. 
This relationship is in strong contrast to the results of 
Porter and Wright,4 who found that solvated ferric ion 
was two orders of magnitude less active than oxygen or 
nitric oxide. The high reactivity of Fe(DPM )3 could 
be attributed to a ligand effect of the type discussed by 
Linschitz, or it could indicate that a different mecha
nism of quenching is involved. The work reported in 
this paper was undertaken in an attempt to elucidate 
the problem further.

Results
The method of study was observation of the effects of 

quenchers on the reduction of benzophenone by benz- 
hydrol.

sumptions concerning the efficiency of intersystem 
crossing, reaction 3. Equation 10 has previously been 
used for analysis of experimental data.

-  =  -  4------ —----  (10)
$  a afcr[BH2]

where $  is the quantum yield for disappearance of 
either B or BH2, a is the quantum yield of triplets, and 
fcis/fcis +  fcds +  &sq [Q].

A different equation can be developed as follows by 
making the steady-state approximation for the concen
tration of B triplets.

d[BH2] _  fcr[BH2 ]q/abs 
dt ~  kd +  fcr [BH2]

a h a  =  [b h 2]0 -  [BH2]f +  ^ i n - S i l r  (IDkr [BH2]f

(C6H6)2CO 4- (C6H6)CHOH 
B BH2

2(C6H6)2C(OH)C(OH)(C6H6)2 (1) 
HB-BH

The reactions were monitored by spectrophotometric 
analysis for residual benzophenone. Light from a high- 
pressure mercury lamp was filtered to exclude virtually 
all emission other than the 3600-A. band. The mech
anism6 of the reduction is believed to be given by eq. 
2-9.

B BSl (2)

BS1 — Btl (3)

Bsi Bso 4- E (4)

BS1 4- Q B<0 4- Q* (5)

Bt, -  BH2 2BH (6)

Bt; — *■ Bso +  E (7)

Btl +  Q Ba, 4- Q* (8)

2BH HB-BH (9)

Quenching of singlets, reaction 5, is included although 
evidence for the process is discussed in the accompany
ing paper.10 Reaction 7 represents all first-order decay 
processes of triplets. Reaction 8 is formulated as an 
energy transfer although it may include catalytic 
quenching mechanism such as that discussed in the 
Introduction.

Actinometry. Actinometric procedures have been re
vised so as to minimize dependence of the results on pre

where / aba is the light absorbed in einsteins l.-1 sec.-1, 
t is the irradiation time, [BH2]o is the initial concentra
tion of BH2, and [BH2]f is the final concentration of 
BH2.

Data from pairs of runs can be used to determine both
a./aba, the effective light intensity, and the ratio kd/k T. 
Solutions were obtained by making the substitutions

b =  2.303 log (13)[j3Xi2 Jf

c = [BH2]0 -  [BH2]t (14)

Equation 11 may be rewritten

c b
ahbs -  - = z - (15)V V

Table I gives data for a group of four samples which 
were irradiated simultaneously. Figure 1 shows a plot 
of c/1 against b/1. The line drawn through the figure is 
the best straight line calculated by the method of least 
squares. The calculated best value of kd/k T is 0.0326 
mole l._1 and the calculated value of ahbs is 3.19 X 
10-6 einstein l._1 sec.-1.11 Although the effective light 
intensity may be used directly for calculation of the 
numbers of interest in the experiment with quenchers, 
it is of interest to see how the results compare with meas
urements of the intensity determined by the use of the 
uranyl oxalate actinometer.12 The intensity of the

( 1 0 )  R .  P .  F o s s ,  D .  O .  C o w a n ,  a n d  G .  S .  H a m m o n d ,  J .  P hys. Chem., 
6 8 ,  3 7 4 7  ( 1 9 6 4 ) .

( 1 1 )  S in c e  4 - m l .  s a m p le s  w e r e  i r r a d i a t e d ,  t h e  a c t u a l  i n t e n s i t y  o f  t h e
b e a m  w a s  c o n s i d e r a b l y  s m a l l e r  t h a n  t h i s  v a l u e .
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Figure 1. Plot of eq. 15.

Thermopile Reading (millivolts)

Figure 2. Correlation of actinometric measurements 
with thermopile readings: O, benzophenone- 
benzhydrol; 3 , uranyl oxalate.

lamps decreased with time, and data comparable to 
those shown in Table I were collected at various times 
and compared with the values of the absolute intensity 
calculated from results obtained with the uranyl oxalate 
actinometer. The comparison involves some uncer-

tainty for two reasons: (1) the light transmitted by the 
filter system covers a range of values of quantum yields 
as determined by Leighton and Forbes and (2) if the 
concentrations recommended for uranyl oxalate acti- 
nometry are used, only about 10% of the incident light 
is absorbed, necessitating imprecise corrections for losses 
due to reflection from the cell faces and other distor
tions. In Fig. 2 the values of a h iJS determined with 
the benzophenone-benzhydrol system are plotted 
against thermopile readings; the values of absolute in
tensity calculated from measurements with uranyl 
oxalate are plotted in the same figure using a value of 
0.53 for the quantum yield of uranyl oxalate decomposi
tion. The fact that the two values seem to lie on the 
same line indicates that the value of a  is indistinguish
able from unity. Apparently nearly all excited singlets 
of benzophenone undergo intersystem crossing to 
triplets.

Table I: D ata from Actinometric M easurements

Sample t, [B H - ]o , ( 3 H 2][ ,
n o . sec. mole 1. -1 mole 1. -1

1 7200 0.1500 0.1314
2 7200 0.0600 0.0453
3 SOOO 0.0300 0.0192
4 9000 0.0900 0.0696

Q u e n c h in g  E x p e r im e n ts .  Quenchers are substances 
which decrease the quantum yield of the photoreduc
tion of benzophenone by benzhydrol. Inclusion of re
action 8, quenching of benzophenone triplets, leads to 
the modification of eq. 10 to 16.

!_ =  1 , fcd +  fcq[Q] , .

$ “  a  +  akT [BH2] 1 V

The “true” quantum yields are replaced by effec tive  
q u a n tu m  y ie ld s , defined in eq. 17.

$
$ ' = -  (17)

a

Substitution in eq. 16 gives eq. 18.

1 _  i i fcd fcg [Q]
/cr[BH2]av L[BH2]„

(18)

The effec tive  q u a n tu m  y ie ld s  are calculated using the 
values of ahbs determined from blank experiments run 
in parallel with the experiments with quenchers. In 
fitting data, the value of [BH2] was considered to be

( 1 2 )  P .  A. L e i g h t o n  a n d  G. S. F o r b e s ,  J .  A m . Chem. Soc., 52, 3 1 3 9  
( 1 9 3 0 ) .
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Table II : Experimental Data Concerning the Quenching of Triplet Benzophenone by Transition Metal Chelates“’6

No. Quencher0

Quencher 
concn., 

[Q] X 10*

1 1 0 .0 3 3  

* '  [ B H 2]av

[Q] X  10» 

[ B E M
[$2CHOH]av,

mole/I.

i Fe(DPM)3 1.107 1.594 1.120 15.91 0.080
2 Fe(DPM)3 1.165 1.890 1.236 23.07 0.060
3 Fe(DPM)3 1.132 1.500 1.147 12.11 0.100
4 Fe(DPM)3 1.132 1.634 1.174 15.80 0.080

5 Cr(DPM)s 1.329 1.579 1.104 19.12 0.080
6 Cr(DPM)3 1.329 1.769 1.104 26.66 0.060
7 Cr(DPM), 1.124 1.560 1.096 15.80 0.080
8 Cr(DPM)3 1.130 1.420 1.019 13.73 0.090

9 Fe(AA)3 1.020 2.225 1.770 14.06 0.080
10 Fe(AA)3 1.700 2.298 1.951 17.84 0.100
11 Fe(AA)3 1.700 3.253 2.662 30.47 0.060
12 Fe(AA)3 1.000 1.950 1.505 10.44 0.100
13 Cr(AA)s 1.529 2.302 1.849 21.01 0.080
14 Cr(AA)3 1.529 2.601 1.980 28.79 0.060
15 Cr(AA)3 1.349 1.904 1.553 14.35 0.100
16 Cr(AA)3 1.349 2.558 1.956 24.62 0.060

17 Co(DPM)3 1.00 1.243 1.008 7.110 0.150
18 Co(DPM)3 0.987 1.530 0.936 17.78 0.060
19 Co(DPM)3 1.033 1.440 0.983 14.84 0.080
20 Co(DPM)3 2.066 1.420 0.958 28.90 0.080
21 Co(AA)3 1.222 1.500 1.035 17.21 0.080
22 Co(AA)3 2.444 1.640 1.188 33.50 0.080
23 Co(AA)3 1.222 1.418 1.066 13.18 0.100
24 A1(DPM)3 1.014 1.441 0.970 14.45 0.080
25 A1(DPM)3 2.028 1.533 1.070 28.50 0.080
26 Al(DPM)a 1.014 1.350 0.998 13.18 0.090
27 Al(AA), 1.454 1.698 0.984 24.16 0.080
28 A1(AA)3 1.454 3.395 0.990 47.35 0.040
29 A1(AA)3 1.454 1.354 1.002 13.20 0.120
30 Fe(MAA)3 1.190 2.385 1.933 16.29 0.08
31 Fe(MAA)3 1.190 2.805 2.189 22.20 0.06
32 Fe(MAA)3 1.448 2.398 2.054 15.08 0.10
33 Fe(MAA)3 1.122 1.979 1.520 15.60 0.08
34 Fe(AC)s 1.057 2.960 2.516 14.20 0.08
35 Fe(AC)3 1.057 3.590 2.990 19.21 0.06
36 Fe(AC)3 0.547 1.653 1.310 5.68 0.100
37 Fe(AC)3 1.093 2.140 1.801 11.25 0.100
38 Fe(AC)3 1.640 2.520 2.181 16.80 0.100
39 Gd(DPM)3 1.028 1.440 1.039 12.49 0.09
40 La(DPM)3 1.087 2.326 1.026 42.83 0.04
41 La(DPM)3 1.00 2.500 1.206 39.20 0.03
42 La(DPM)3 2.00 1.462 1.116 21.00 0.10
43 La(DPM)s 2.00 1.772 1.040 44.34 0.05
44 La(DPM)3 0.913 1.500 1.114 10.67 0.10
45 Er(DPM)3 1.085 1.433 1.032 13.18 0.09
46 Er(DPM)3 1.00 1.430 1.027 12.20 0.09
47 Er(DPM)3 1.00 2.430 1.136 39.20 0.03
48 Mn(DPM)3 1.00 1.690 1.071 18.75 0.06
49 Mn(DPM), 1.00 1.418 1.015 12.20 0.09
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Table II (Continued)

Q u e n c h e r
c o n c n . , 1 1 C .0 3 3 [Q ] X  10< [4>2C H O H ] a v ,

N o . Q u e n c h e r 6 [Q ]  X  10« * '  [E  H s ] av [ B H 2] m o le /1 .

50 Co(DPM)2 1.00 1.720 1.333 11.72 0.09
51 Co(DPM)2 1.07 2.190 1.6C6 18.94 0.06
52 Co(DPM)2 1.00 1.718 1.322 12.00 0.09
53 Ni(DPM)2 1.00 2.063 1.458 18.35 0.06
54 Ni(DPM)2 2.00 1.995 1.598 24.06 0.09
55 Ni(DPM)2 2.00 2.374 1.765 36.90 0.06
56 Ni(DPM)2 1.00 1.700 1.309 11.85 0.09
57 Ni(DPM)2 1.00 1.637 1.288 10.57 0.100
58 Ni(DPM)2 1.00 2.286 1.560 22.00 0.05
59 Cu(DPM)2 1.116 1.610 1.225 13.01 0.09
60 Cu(DPM)2 1.163 1.445 1.098 12.25 0.10

61 FeCh 1.231 1.694 0.972 13.97 0 . 10*
62 FeCfi 1.231 2.327 0.890 28.73 0.050*
63 Feda 1.231 1.956 1.027 18.55 0.075*
64 Fe(DPM)a 1.041 1.937 1.250 11.62 0 . 10*
65 Fe(DPM)a 1.041 2.400 1.493 15.32 0.075*
66 Fe(DPM)3 1.041 2.869 1.476 23.55 0.050*
67 HDPM 1.876 1.587 1.125 26.24 0.080
68 HDPM 4.690 1.606 1.145 65.50 0.080
69 HAA 2.080 1.524 1.060 29.23 0.080
70 HAA 4.160 1.650 1.185 57.94 0.080
71 HDPM 1.295 2.326 1.881 17.45 0.080
72 HDPM 2.590 3.457 3.030 33.46 0.080
73 HAC 1.601 2.091 1.643 21.77 0.080
74 HAC 3.203 2.846 2.407 42.56 0.080
75 HMAA 1.754 1.895 1.3.50 23.70 0.080
76 HMAA 3.509 2.028 1.578 87.84 0.080

B The initial benzophenone concentration in all of the experiments was 0.10 M . b The solvent used for all experiments listed here 
was benzene unless indicated otherwise. c DPM is dipivaloylmethanate; AA is acetylacetonate; MAA is 3-methylacetylacetonate; 
AC is 2-acetylcyclohexanonate. * The solvent was ¿-butyl alcohol.

equal to the average concentration of benzhydrol 
([BH2]o +  [BH2]f)/2. This approximation is reason
ably accurate if the reaction is not carried to high con
version. Since the value of k,\/kT is known, the 
quantity (1/$ ') — (0.033/ [BH2]av) was plotted against
[Q]/[BH2]av. Treatment of data in this manner per
mits direct correlation of results obtained from runs in 
which both [BH2] and [Q] are varied. Good fits to the 
expected linear relationship were obtained except for 
experiments with dibenzoylmethanato chelates. The 
slopes of the straight lines are equal to the relative 
quenching constants, kq/k T. Figure 3 shows the plot 
of data obtained in a typical series of experiments with 
tris(acetylacetanato)iron(III) and tris(dipivaloyl- 
methanato)iron(III). Table II contains data for all 
quenching experiments and Table I II  contains a sum
mary of the values of kq/k r derived from the data.

No real significance can be attached to values of kq/k T 
less than 30. All of the good quenchers underwent 
photodecomposition at rates which, however, varied 
considerably from case to case. Values derived from 
runs in which decomposition was extensive are indicated 
in Table III  as approximate (~ )  or lower limits (>).

Discussion
Triplet Quenching by Chelates. The results shown in 

Table III show two important facts: first, the quench
ing efficiency of chelates does not show any significant 
correlation with their magnetic properties; second, the 
nature of both the central metal atoms and the ligands 
is of importance in determination of the activity. The 
first point is illustrated by the fact that Ni(DPM )2, 
which is known to be diamagnetic,13 is an excellent 
quencher. In contrast, Cr(DPM )3, which probably has a
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Table III : Relative Quenching Constants 
for /3-Diketone Chelates

k q f  k f ,

Q u e n c h e r “  m o le s  1. -1

Fe(AA)3 540
Fe(DPM)3 100
Fe(MAA)3 ~550
Fe(AC)3 ~860
Cr(AA)3 380
Cr(DPM)3 45
Co(AA)3 47
Co(DPM)3 0
Co(DPM)2 296
Mn(DPM), >32
La(DPM)3 —28
Er(DPM)3 30
Gd(DPM)3 31
Ni(DPM)2 246
Co(DPM)2 >130
HDBM 577
HAC 320
HMAA 128
HDPM 27
HAA 27
FeCl3 (in Î-C4H9OH) 0

a AA = acetylacetonate; DPM = dipivaloylmethanate; 
MAA = 3-methylacetylacetonate; AC = 2-acetylcyclohexa- 
nonate; DBM = dibenzoylmethanate.

spin of 3/ 2, is not highly reactive. Actually, all of our 
results contrast with those reported by Porter and 
Wright,2 who found that paramagnetic metal ions of the 
first transition series were two orders of magnitude less 
reactive than oxygen and nitrous oxide as quenchers for 
anthracene triplets. A spread of reactivity of this 
order of magnitude would be undetectable by our 
techniques.13 14 Further evidence is provided by the 
fact that a solution of ferric chloride in ¿-butyl alcohol 
has no detectable activity. Obviously the presence of 
an unsaturated ligand is required for efficient quenching 
activity.

There are two reasonable models to account for the 
ligand effects on quenching activity. First, one can 
merely say that triplet benzophenone forms a complex 
with the quencher and that internal conversion occurs 
within the lifetime of the complex so that it dissociates 
to give back ground-state benzophenone. In such a 
model it is implied that the excitation has been con
verted to thermal energy during the lifetime of the com
plex. The second model describes the excitation as be
coming localized in the quencher as electronic excitation 
before thermalization, i.e., quenching involves transfer 
of electronic energy. The two mechanisms are not 
easily distinguished experimentally and may actually

Figure 3. Quenching by tris(acetylacetonat<biron(III), », 
and tris(dipivaloylmethanato)iron(III), O.

represent extremes in a mechanistic continuum. Since 
many of the chelates undergo decomposition during the 
experiments, it is certain that large amounts of energy 
must be concentrated in them at times. However, the 
quantum yields for the decomposition reactions are 
very small in all cases so decomposition may not be 
relevant to the principal quenching processes.

The largest values of kq/k T found for chelates are of 
the same order of magnitude (700-800) as have been 
observed with organic compounds believed to quench 
benzophenone by energy transfer.15 In the latter 
cases, quenching is believed to be diffusion con
trolled.16-17 Consequently, we conclude that quenching 
must occur on nearly every collision with many of the 
chelate compounds. However, the precision of the 
measurements is sufficient to guarantee that quenching 
efficiencies are not really constant. The data suggest 
that two factors related to the structures of the ligands 
may be important. First, the iron(III) chelates of 2- 
acetylcyclohexanone and 3-methylacetylacetone ap
pear to be very reactive although results with these 
compounds are somewhat imprecise because of photo
decomposition. Since both the parent enols are good 
quenchers, we would anticipate that these chelates 
should be very reactive; they obviously should be 
capable of functioning by the energy-transfer mecha

(13) F. A. C otton and J. P. Fackler, J . A m . Chem. Soc., 83, 2818
(1961).
(14) I t  is not feasible to use high concentrations of quenchers be
cause the results would be complicated by internal filtering effects.
(15) G. S. Hammond and P. A. Leermakers, •/. P hys. Chem., 66, 
1148 (1962).
(16) G. Porter and F. Wilkinson, Proc. Roy. Soc. (London), A264, 
1 (1961).
(17) K. Sandros and H. L. J. Bâckstrom, Acta Chem. Scand., 16, 
958 (1962).
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nism. Since acetylacetone and dipivaloylmethane are 
not themselves very efficient quenchers, the energy- 
transfer mechanism is not necessarily applicable to their 
chelates. However, it is possible that interaction with 
the metal would lower the energy of transitions essen
tially localized in the ligands sufficiently to allow trans
fer to occur. Furthermore, it is always conceivable 
that transfer may cause excitation of ligand field transi
tions in the metal. The difference between the reac
tivity of dipivaloylmethanates and acetylacetonates 
may be due to steric shielding of the unsaturated lig
ands by the /-butyl groups of the former. If so, this is 
the first observation of such an effect to our knowledge.

Comparison of compounds containing the same lig
ands, but different metal atoms, are also interesting, but 
we will refrain from interpretation at this time since 
further studies of the problem will hopefully produce 
a sounder basis for speculation. We will only note that 
consideration of spin statistical factors does not alone 
provide entirely satisfactory answers. Pertinent ex
amples are Co(DPM)3 and Ni(DPM)2, which have 
singlet ground states but are less efficient as quenchers 
than analogous high-spin compounds.

Experimental

Benzophenone. Benzophenone (Matheson Coleman 
and Bell, reagent grade) was recrystallized from a 
mixture of hot benzene and ligroin. The plates melted 
sharply at 50°.

Benzhydrol. Benzhydrol (Matheson Coleman and 
Bell, reagent grade) was recrystallized twice from a 
mixture of hot benzene and ligroin. Slow cooling 
yielded colorless, fine, light needles, m.p. 68°.

Benzene. Benzene (Mallinckrodt, analytic reagent 
grade) was used without further purification after it was 
found that there was no effect upon experimental re
sults after the benzene had been subjected to further 
purification. The purification consisted of washing the 
benzene with concentrated sulfuric acid, then distilling 
it over sodium. No darkening was observed upon 
addition of sulfuric acid.

t-Butyl Alcohol. ¿-Butyl alcohol (Matheson Cole
man and Bell, reagent grade) was redistilled; the frac
tion boiling from 82 to 83° was collected for use.

3-M ethyl-2,lf-pentanedione. 3-MethyI-2,4-pentanedi- 
one was prepared by the method of Hauser and 
Adams.18 Acetic anhydride was treated with 2-buta- 
none using boron trifluoride as a catalyst. The prod
uct was distilled at 30 mm., and the fraction boiling in 
the range between 73 and 77° was collected for further 
use.

2-Acetylcyclohexanone. 2-Acetylcyclohexanone (East
man Kodak, White Label) was used directly without 
further purification.

Dibenzoylmethane. Dibenzoylmethane was obtained 
from Dr. Karl Kopecky. The compound melted at 79° 
and was used without further purification.

Chelates. Ferric dipivaloylmethide, chromium di- 
pivaloylmethide, cobalt(III) dipivaloylmethide, alumi
num dipivaloylmethide, ferric acetylacetonate, chro
mium acetylacetonate, cobalt acetylacetonate, alumi
num acetylacetonate, cobalt(II) dipivaloylmethide, 
copper dipivaloylmethide, nickel(II) dipivaloylmethide, 
manganese dipivaloylmethide, lanthanum dipivaloyl
methide, erbium dipivaloylmethide, and gadolinium di
pivaloylmethide were obtained pure from Dr. Chin-Hua 
Wu. The details of the synthesis of these chelates are 
given elsewhere.19 The chelates were freshly sublimed 
before use in quenching experiments.

Tris(acetylacetonato)iron(III), tris(acetylacetonato) 
chromium(III), tris(2-acetylcyclohexanato)iron(III), 
and tris(2-acetylcyclohexanato)ehromium(III) were 
prepared using the following general procedure. 
This method was also used for preparation of the pre
viously described chelates and found equally effective 
for all. Higher yields of the chromium chelates were 
generally obtained than are normally obtained by 
other procedures.

Metal chloride hexahydrate was dissolved in N,N-di- 
methylformamide. A slight excess of ligand was dis
solved in additional N,N-dimethylformamide, and the 
two solutions were mixed. Excess sodium bicarbonate 
was added, and the flask was swirled until the mixture 
became homogeneous. The mixture was placed on a 
steam bath for a few minutes, removed, and allowed to 
stand until cool. Benzene was added and the resulting 
solution was extracted with water. A small amount of 
ethyl ether had to be added in some instances to assist 
in the separation of the aqueous and organic layers. 
The organic layer containing the chelate was dried over 
anhydrous calcium chloride and evaporated to dry
ness. The crystalline residue was recrystallized twice 
from a benzene-ligroin mixture and sublimed if the 
melting point was sufficiently low. The new com
pounds are listed below.

Fe(AC)3, m.p. 150°. Anal. Calcd. for C36H33C>6Fe: 
C, 61.03; H, 6.99. Found: C, 61.32; H, 6.99.

Fe(MAA)3, m.p. 145-148°. Anal. Calcd. for C18- 
H270 6Fe: C, 54.70; H, 6.84. Found: C, 54.40; H, 
6.75.

(18) C. Hauser and J. Adams, J . A m . Chem. Soc., 66, 347 (1944).
(19) G. S. Hammcnd, D. C. Nonhebel, and C.-H. S. Wu, Inorg. 
Chem., 2, 73 (1963).
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Cr(AC)3, m.p. 187°. Anal. Calcd. for C36H330 6Cr: 
C, 55.1; H, 6.89. Found: C, 61.00; H, 7.38.

Cr(MAA)3, m.p. 156° Anal. Calcd. for Ci8H2706Cr: 
C, 55.26; H, 6.90. Found: C, 55.47; H, 6.80.

Apparatus. The apparatus used for these experi
ments has been described previously.6 Two types of 
cells were used in this investigation. Early experi
ments were carried out in quartz cells of Type I which 
have been described in detail.6 They were mounted in 
the apparatus by means of a cell holder set in a V-block 
and fitted with 25.52-cm.2 diaphragm to ensure a con
stant, incident light beam cross section. The second 
type of cell was formed by sealing a 14/38 ground glass 
joint to the top of a 15-mm. diameter Pyrex test tube. 
The test tubes were matched for diameter and light 
transmission before use.

The filter system that was used in this work consisted 
of a combination of Corning glass filters 0-52 and 7-60. 
This filter combination transmitted a narrow spectral 
band with a maximum transmission at 3700 A. and ao t
half-height width of 300 A. This completely eliminated 
the 3130-A. mercury line and passed less than 2% of the 
3450- and 4050-A. lines. The transmission at the 
maximum was 42%.

Procedure. All quenching experiments were con
ducted by the same general procedure. Stock solu
tions of benzophenone, benzhydrol, and quencher were 
prepared. Samples consisting of the proper amount of 
each stock solution were placed in a flask and diluted 
with solvent. The cells were filled and degassed three 
times to 1 m using a freeze-thaw cycle. After the final 
degassing cycle, the cells were sealed by torch. The 
large quartz cells (Type I) held 75 ml. of solution. The 
small quartz cells (Type II) and the Pyrex tubes (Type

III) each held 4 ml. of solution. The smaller cells were 
filled with an automatic syringe set for the required 
volume. Precision in filling cells by this technique was 
found to be better than one part per thousand.

One large cell or four small cells could be placed in the 
light beam for each irradiation period. In every case 
in which small cells were used, one of the four contained 
only benzophenone and benzhydrol and was used for 
monitoring the light intensity. In all instances the 
initial benzophenone and benzhydrol concentrations in 
each of the four cells irradiated simultaneously were the 
same. In most cases, at regular intervals of 500 to 
600 sec. during a run, the cells were mixed and rotated 
in their positions so that each cell spent an identical 
period of time in each cell location in the light beam. 
This ensured an over-all constant light intensity on 
each cell and sufficient mixing of the sample during the 
irradiation. I t  was found, however that the cross-sec
tion intensity of the light beam was very constant.

The amount of benzophenone reacted was measured 
spectrophotometrically by dilution and measurement of 
absorption at five wave lengths from 3450 to 3650 A. 
The quantity of chelate destroyed during irradiation 
was determined by measuring the optical density of un
diluted samples of irradiated and nonirradiated solu
tions, if possible, in regions where the chelate had a 
visible absorption not interfered with by benzophenone 
absorption. A Beckman DU and Cary Model 11 and 
Model 14 spectrophotometers were used for the meas
urements.
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Mechanisms of Photoreactions in Solution. XXI. 1 Quenching of 

Excited Singlet States of Benzophenone

by Robert P. Foss, Dwaine O. Cowan, and George S. Hammond

Contribution No. 3080 from the Gates and Crellin Laboratories of Chemistry,
California Institute of Technology, Pasadena, California {Received February 14, 1964)

Tris(dibenzoylmethanato)iron(III) and tris(dibenzoylmethanato)chromium(III) show ex
ceptionally high reactivity as quenchers in the photoreduction of benzophenone by benz- 
hydrol. The dependence of the effect on the concentrations of the quenchers suggests 
that, in addition to benzophenone triplets, excited s:nglet states of the ketone are deacti
vated by the chelates. Study of the effects of the two chelates on the benzophenone- 
sensitized isomerization confirms the singlet quenching. Singlet quenching occurs at 
lower concentrations than would have been predicted by approximate theories.

Introduction

Transfer of singlet electronic excitation in solution 
has been detected by observation of induced fluores
cence.2 Dexter3 and Forster4 have formulated a theory 
to account for the variation of transfer efficiency with 
concentration of acceptors. The theory has been 
criticized by Robinson and Frosch,5 who have developed 
a theory that is more exact in principle but not readily 
amenable to quantitative calculations of an ab initio 
nature.

The work reported in this paper originated as part of 
a program to evaluate the relative reactivities of metal 
chelates as acceptors of triplet excitation.1 The re
activity of tris(dibenzoylmethanato)iron(III) and tris- 
(dibenzoylmethanato) chromium (III) appeared to be 
anomalously high; more detailed study indicated that 
the chelates are capable of intercepting excited singlets 
of benzophenone before they undergo intersystem cross
ing.

Results
The mechanism for the photoreduction reaction was 

presented in the accompanying paper.1 The same rate 
constants are used in this report. Measurements made 
in the presence of the iron(III) and chromium(III) 
chelates of dibenzoylmethane, 1 and 2, respectively, 
showed that these compounds are remarkably efficient 
quenchers of the photoreduction reaction. The data 
are summarized in Table I.

1 2
Tris(dibenzoylmethanato)- Tris(dibenzoylmethanato)- 

iron(III) chrom ium (III)

Attempts to fit the data to eq. 18 of the previous 
paper gave widely scattered results as is shown by Fig.
1. The straight lines drawn arbitrarily in the vicinity 
of the various experimental points have slopes several 
times larger than any encountered in other studies of 
quenchers for excited states of benzophenone. The 
values of k J k T calculated on the basis of the best 
slopes are 3400 for Fe(DBM )3 and 1520 for Cr(DBM)3. 
A large number of organic quenchers6 have values fall
ing between 580 and 650. This level of activity has

(1) Part XX is G. S. Hammond and R. P. Foss, J. Phys. Chem., 68, 
3739 (1964).
(2) See ref. 4 for leading references on this subject.
(3) D. L. Dexter, J. Chem. Phys., 21, 836 (1953).
(4) Th. Forster, Discussions Faraday Soc., 27, 7 (1959).
(5) G. W. Robinson and R. P. Frosch, J. Chem. Phys., 38, 1187 
(1963).
(6) More than 70 compounds having quenching constants falling 
between these limits have been studied.7 Only azulene has a higher 
value, -1000. Note that re-evaluation of data for the quantum 
yields in the absence of quenchers leads to slightly lower values than 
were previously reported.8
(7) T. D. Walsh, unpublished results.
(8) G. S. Hammond and P. A. Leermakers, J. Phys. Chem., 66, 1144
(1962).
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Figure 1. Quenching of the photoreduction of benzophenone 
by benzhydrol in benzene solution: O, Fe(D B M )3, ;
» , Cr(D BM )3.

been associated with diffusion-controlled quenching. 
The implication is strong that the two chelates in 
question either quench benzophenone triplets from 
positions more remote than nearest neighbor sites in 
solution or that some other deactivation mechanism is 
operative. Although the former possibility would be 
interesting, we favor the latter alternative.

T a b l e  I :  Quenching of the Photoreaction of Benzophenone
with Benzhydrol by Dibenzoylmethanates of 
Iro n (III) and C h ro m iunh lll)“

Run __ 1 h
no. Quencher [<?] X 10" l/i> [BHilav

77 Fe(D BM ), 1.81 2.24 13.8
78 Fe(D B M )3 2.72 2.75 13.4
79 Fe(DBM)„ 1.81 2.29 19.2
80 Fe(D B M )3 2.72 2.94 18.6
81 Fe(D B M )3 5.54 3.53 10.4
82 Fe(D B M )3 5.54 4 .04 21.5
83 Fe(D B M ), 1.81 2.08 10.5
84 C r(D BM )3 4.52 2.55 13.6
85 C r(D BM )a 4.52 2.46 19.0
86 Cr(D BM ), 2.26 1.70 10.4
87 Cr(D B M )3 2.26 1.83 14.0
88 Cr(D B M )s 5.15 2.21 10.6
89 C r(D B M )3 5.15 2.83 22.2
90 C r(D B M )3 4.52 2.31 10.5

° In itial concentration of benzophenone 
was the solvent. b BH2 is benzhydrol.

was 0.10 M ; benzene

Closer scrutiny of the data suggests that the chelates 
function by two mechanisms, one that is directly com
petitive with attack on benzohydrol and one that is not. 
As is shown by Fig. 2 and 3, plots of l / $  against 1/

Figure 2. Quenching by Fe(D BM )3: • ,  5.54 X 10 5 M ; 
0 ,  2.72 X IO“® M ; 3 ; 1.81 x  10“* M.

Figure 3. Quenching by Cr(D B M )3: • ,  5.15 X 10 5 M ; 
0 ,  4.52 X 10 M ; » , 2.26 X 10 M .

[BH2] indicate that the maximum number of benzo
phenone triplets available for reaction with benzhydrol 
is an inverse function of the chelate concentrations. 
This suggests that the chelates are quenching excited 
singlets as well as triplets. The appropriate equation 
for description of this mechanism is

1 _  /  f c d a  +  f c s q [ Q ] N /  fe d  +  f c q [ Q ] \

<t> \  fcis A  fcr[BH2] )  { j

Plots of l / $  against [BH2] should yield straight lines, 
for any given value of [Q], with intercepts equal to 
0.95 +  fcsq[Q]/fciS.9'10 The slopes of the lines should in
crease with increasing [Q] so no crossing, such as ap
pears in Fig. 3, should occur. The data are obviously 
insufficient to establish thoroughly the law of eq. 1 but,

(9) The intersystem crossing efficiency in the absence of quenchers 
is 0.95.10
(10) A. A. Lamola and D. O. Cowan, unpublished results.
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with the single exception noted, semiquantitative agree
ment is observed. Because the chelates absorb the 
exciting light rather strongly, it is not possible to carry 
out experiments using higher concentrations of the 
chelates.11 Consequently, confirmation of the singlet 
quenching mechanism was sought in another type of ex
periment.

I t has been shown that benzophenone ad s  as a sensi
tizer for the cis-trans photoisomerization of the stil- 
benes.12’13 Benzophenone is among the group of com
pounds that are classified as “high-energy” sensitizers.14 
With such a sensitizer the mechanism of isomerization 
can be simplified to the following scheme in which T 
represents the triplet group that decays to ground- 
state molecules.13

(C6H6)2CO*<3> +  cis-CuHn A -  (C6H6)2CO +  T

(CeH6)2CO*<3> +  trans-CuKn (C6H6)2CO +  T 

T — >  cw-CmHb

ki
X ^ tran9-Cu Hn

The ratio of the isomers present at the photostation- 
ary state is given by eq. 2

[cfsls =  h  ^
[trans]a fc2

Solutions initially containing bans-st ilbene, benzo
phenone, and various iron(III) chelates were irradiated 
until stationary states were established. As is shown by 
the data in Table II, none of the chelates has any influ
ence on the composition of the systems in the stationary 
states. The result clearly demonstrates that the chel
ates do not influence the decay of stilbene triplets; i.e., 
T is not quenched by the chelates.

Table II: Stationary States of Photosensitized 
Isomerization of irans-Stilbene“

turn yields. The results, which are entered in Table 
III, show that the quantum yields are lowered by Fe- 
(DBM)3 and Cr(DBM)j although tris(acetylaceto- 
nato)iron(III) and tris(dipivaloylmethanato)iron(III) 
have no significant effect on the rates of conversion.

Table III: Rates of trans-cis Reaction“

%  c o n v e r s i o n ------- — n

Q u e n c h e r 4 0 0  m in . 9 0 0  m in .

None 1 .70 3.30
t’e(I)PM)» 1.70 3.29
Fe(AA)3 1.66 3.26
Fe(DBM )3 1 . 5 8 2.99
Cr(D BM ), 1.59 3.02

“ Benzene solution; [irans-stilbene]o =  0.05 M ; [benzo
phenone] =  0.1 M .

Similar measurements were made with ws-stilbene as 
the substrate with varying amounts of Cr(DBM)3 and 
Fe(DBM)». The results are summarized in Table IV 
in terms of per cent frans-stilbene produced during a 
fixed period of irradiation chosen to produce a sufficient 
amount of the trans isomer to be compatible with ac
curate analysis but still maintain the low conversion 
approximation. Since the photostationary states con
tain 40% bans-st ilbene, conversions in the 6-7% range 
represent ~ 15%  of the final conversion so correction 
for back-reaction can be neglected in a first approxima
tion. The initial rates of conversion can be conven
iently expressed in the form of eq. 3 if it is assumed that 
triplets are deactivated only by energy transfer to cis- 
stilbene. The assumption is reasonable in view of the 
high concentration of the substrate.13 The data are 
plotted in Fig. 4.

1 îa T  &ds ^  ŝq [Q ]
Rc— kisOc

Quencher6

None
Fe(D PM )3c
Fe(D B M )3
FefAAh“

[ctt]s/[Iran*]s
1.51 
1.50
1.52
1.52

° Benzene solution; [irans-stilbenejo = 0.05 V ; [benzophenone] 
=  0.1 M . 6 [Quencher] =  2.2 X 10~5 M . c D PM  =  dipivaloyl- 
methanate. d AA =  acetylacetonate.

The relative rates of the trans —► cis process were then 
measured in the presence of several chelates. Rates 
measured at low conversion are proportional to (plan-

(11) Throughout the study we have maintained concentrations of 
quenchers low enough to keep internal filtering effects very small. 
Unless pure monochromatic light is used for excitation, precise cor
rection for competitive absorption cannot be made. Careful meas
urement of the absorption spectra of solutions of the chelates and 
benzophenone showed no departure from additivity of absorption. 
With concentrations of the order of those used in the experiments, 
only the long wave length tail of the benzophenone absorption could 
be studied, but the visible absorption bands of the chelates showed 
no perturbation at all from the rather high concentration of the 
chelates.
(12) G. S. Hammond and J. Saltiel, J. Am. Chem. Soc., 85, 2515
(1963).
(13) G. S. Hammond, et al., ibid., 86, 3197 (1964).
(14) A high-energy sensitizer has a triplet excitation energy sub
stantially above that required to excite either of the isomeric stil- 
benes to triplet states by Franck-0ondon processes.
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7 abŝ 2OL — ---------
ki +  &2

where 7abs is the intensity of light absorbed in einsteins
l.-1 sec.-1.

[a] x io'6 m
Figure 4. Plot of eq. 3.

Table IV: Rates of Sensitized Conversion of ci's-Stilbene 
to irans-Stilbene in the Presence of Chelates

% 1/R, mole-1
[Chelate] trans- 1. sec.

Chelate X 10 M stilbene X 10-«
None 6.67 3.00
Fe(DBM)3 2 .0 6.36 3.14
Fe(DBM)3 4 .0 6.20 3.22
Fe(DBM)a 8 .0 5.99 3.34
Cr(DBM)3 2 .0 6.41 3.12
Cr(DBM)3 4 .0 6.22 3.22
Cr(DBM)3 8 .0 6.00 3.34

Whether or not eq. 3 is really an appropriate form is a 
moot question. The data available are too few to serve 
as an appropriate test of the functional form of the de
pendence of the quenching effect on the concentrations 
of the chelates. I t  is clear that data could not be 
fitted any better by the equations of Forster4 which re
quire a second-order dependence of the rate of transfer 
on the concentrations of acceptor a t low concentrations 
of the latter.

The results can only be reasonably accounted for by 
the hypothesis that Fe(DBM)3 and Cr(DBM)3 prevent 
formation of benzophenone triplets. There is very 
strong evidence that excitation transfer from benzo
phenone triplets to ¿rans-stilbene is diffusion con
trolled.13 Since the concentration of frans-stilbene is
2.3 X 103 times as large as the concentration of the 
chelates, the results would require that quenching rate 
constants be at least 100 times greater than the diffu
sion-controlled rate. This conclusion is rejected as

clearly untenable. The alternative hypothesis that 
quenching of excited benzophenone singlets occurs is 
again much more attractive.

Comparison of the two studies provides information 
that could have been supplied by neither alone. In 
the photoreduction reaction, competition for triplets 
involves quenching and a relatively slow process, hy
drogen abstraction from benzhydrol; in the isomeriza
tion reaction, triplet quenching is pitted against the 
diffusion-controlled process of energy transfer. Semi- 
quantitative comparison shows that the inhibitory 
effect of 2 X 10-6 M  Fe(DBM)3 on the two reactions is 
very similar. The result is clearly incompatible with 
any mechanism which attributes quenching exclusively 
to reaction with triplets. If it were, a concentration 
sufficient to give a measurable effect on the rate of stil- 
bene isomerization would, of necessity, essentially 
eliminate photoreduction completely. The implication 
that the quencher must intercept a precursor of the 
triplets easily accounts for the observations. The only 
likely candidate for a mechanism seems to be quenching 
of singlets.

Examples of very efficient singlet quenching have 
been observed before in studies of solutions of fluores
cent dyes, and the results have usually been treated by 
eq. 4 ,9flt Forster equation.

where k0 is the pseudo-first-order rate constant for 
decay of excited singlet donors by energy transfer; r s 
is the actual mean lifetime of the excited donor, taking 
into account all modes of deactivation; R0 is the 
“critical” distance separating donor and acceptor, at 
which the rate of transfer becomes equal to the rates of 
unimolecular decay of the donor; in the present case, 
the principal competing process must be intersystem 
crossing; and R is the average distance between donor 
and acceptor in the system under observation. Al
though our data do not fit eq. 4, and probably should 
not (vide infra), we can make a comparison of the ef
ficiency of the quenching process that we have ob
served with that studied by induced fluorescence. 
Equation 4 may be rewritten as eq. 5 for the case in 
which the principal unimolecular process is intersystem 
crossing.

KAQ] =  +  fcsq[Q]) ( | ° ) 6 (5)

The value of 720 is easily estimated from a knowledge 
of the concentration of acceptor sufficient to deactivate
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half the excited donor singlets by energy transfer. At 
this point fcia =  kB, [Q], and eq. 5 becomes

Examination of the intercepts in Fig. 2 indicates that 
a concentration of Fe(DBM)3 of ~ 3  X 10-5 M  is suf
ficient to reduce the yield of benzophenone triplets by 
half. Assuming a random distribution of quencher 
molecules throughout the solution, this gives a value of
5.6 X 107 A.3 as the average volume of the chelate 
molecules and makes the average distance from a 
benzophenone molecule to the nearest quencher mole
cule about 190 A. Substitution of this value for R  in 
eq. 6 gives a value of R0 of 171 A. Since the values of 
i?o estimated from studies of induced fluorescence are of 
the order of 50-100 A. as a maximum, the phenomena 
which we are observing are obviously of relatively high 
efficiency. Another tentative measure of efficiency 
may be obtained from the slope of the straight line 
drawn tentatively in Fig. 4. The indicated value of 
hsq/fcis is 1.26 X 104 1. mole-1. The rate constant for 
intersystem crossing is not known, but it must be 109 
sec.-1 or greater since most of the excited singlets of 
benzophenone become triplets, despite the fact that 
they are too short-lived to give detectable fluorescence. 
This leads to an estimated value of >10n 1. mole-1 
sec.-1 for kSq, a value far in excess of diffusion-controlled 
bimolecular reactions.

Experimental
Tris(dibenzoylmethanato)iron(III), Fe(DBM)3, and 

tris(dibenzoylmethanato)chromium(III), Cr(DBM)3, 
were prepared by the same procedure. The metallic 
chloride hexahydrate was dissolved in varying (not 
critical) volumes of 50:50 ethanol-water containing ex
cess sodium acetate. A solution of dibenzoylmethane 
in the minimum volume of absolute ethanol was then 
added, and the chelates were precipitated. After a 
short period of warming on the steam bath, benzene was 
added and the layers were separated. The organic 
layer was dried, first with anhydrous calcium chloride 
and then with anhydrous magnesium sulfate, and the 
residual mixtures were then evaporated to dryness. 
The chelates could be recrystallized from petroleum 
ether. Fe(DBM)3, dark red, m.p. 275°. Anal. Calcd. 
fo rC ^IT A F e: C, 74.47; H, 4.59. Found: C, 73.85; 
H, 4.50. Cr(DBM)3, yellowish green, m.p. 316°. 
Anal. Calcd. for C45H330 6Cr: C, 74.77; H, 4.60. 
Found: C, 74.20; H, 4.49.

Quenching of Reaction of Benzophenone with Benzhy- 
drol. The apparatus has been described previously.15 
The procedure was the same as is described in the ac-

Figure 5. Comparison of absorption by Fe(D B M )3 and 
benzophenone w ith light transm itted by 
the filter system.

companying paper. The lines in the 3650-A. region of 
the emission from the high-pressure mercury arc were 
isolated by a combination of Corning glass filters 0-52 
and 7-60. The extinction coefficient of Fe(DBM)3 at 
3650 A. is 4.04 X 103 times as large as that of benzo
phenone. Consequently, only 4% of the 3650-A. radia
tion is absorbed by the chelate in a solution containing 
0.1 M  benzophenone and 10-5 M  chelate. The ratio 
of the extinction coefficients of Cr(DBM)3 and benzo
phenone is 3.97 X 103 at the same wave length. Al
though the internal filtering effect due to competitive 
absorption by the chelates is significant, it is insufficient 
to account for more than 20% of the measured quenching 
effects. Since the source is not monochromatic, it was 
necessary to investigate the possibility that competitive 
absorption by the chelates a t the edges of the filter win
dow could account for the measured effects. Figure 5 
shows a comparison of the absorption by benzophenone 
and Fe(DBM)3 with the profile of the exciting beam. A 
prism spectrograph was placed at the focus of the 
parabolic mirror which terminates the optical bench.

(15) W. M. Moore, G. S. Hammond, and R. P. Foss, J. Am. Chem. 
Soc., 83, 2789 (1961).
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The curve shown is a densitometer trace of the photo
graphic plate. The response of the film is hot per
fectly linear, but the relative intensities indicated by 
the trace should be sufficiently accurate to guarantee

that competitive absorption cannot account for the 
effect of the chelate on the photoreactions. 

Acknowledgment. This work was supported by the
U. S. Atomic Energy Commission.

Kinetic Order Determ ination in the Therm al Decom position o f Dim ethylmercury

by K. B. Yerrick and M. E. Russell

Department of Chemistry, Michigan State University, East Lansing, Michigan (Received February Z8, 1964)

A kinetic order determination was made of the thermal decomposition of dimethylmercury 
in the temperature range from 275 to 330°. The rate expression used to fit the experi
mental data is —d(DM M )/df =  fca(DMM) +  fcb(DMM)1 2. The temperature dependence 
of the rate constants is /ca — 2.6 X 109 10 exp(—39,000/RT) sec.-1 and h, = 9.5 X 1026 exp 
(—71,000/R T )  cc. mole-1 sec.“ 1.

Introduction
The kinetics of the thermal decomposition of di

methylmercury has been examined by a number of 
workers.1-14 However, the kinetic order of this de
composition in the vicinity of 300° has not been 
studied in much detail, and the few determinations 
which have been done conflict with one another. 
Laurie and Long4 reported first-order kinetics in the 
temperature range 294 to 333° whereas Yeddanapalli, 
et oZ.,3 6 7 in the temperature range 305 to 342°, found 
their data were best correlated by using a three-halves- 
order expression for the decomposition. The work of 
Russell and Bernstein8 yielded first-order kinetics for 
the cyclopentane-inhibited reaction (290 to 375°), 
but they did not perform an order determination for 
the uninhibited reaction. Since the mechanisms pro- 
posed3-5’8'11 12 13’14’15 for the reaction depend Upon the order, 
it seemed necessary to re-examine the kinetics over a 
wider concentration range than had been used pre
viously. Accordingly, the initial concentration was 
varied about 10-fold at each of five temperatures in the 
range 275 to 330°. The results of this study are con
sistent with neither first- nor three-halves-order kinetics 
but can be well correlated using a two-term rate ex
pression.

Experimental
A conventional high-vacuum system was used. The 

decompositions (static) took place in a Vycor vessel 
whose volume was 870 cc. and whose surface-to-volume 
ratio was 0.73 cm.-1. In certain runs the surface-

(1) J. P. Cunningham and H. S. Taylor, J. Chem. Phys., 6, 359 
(1938).
(2) B. G. Gowenlock, J. C. Polanyi, and E. Warhurst, Proc. Roy. Soc. 
(London), A218, 269 (1953).
(3) L. M. Yeddanapalli, R. Srinivasan, and V. J. Paul, J. Soi. Ind. 
Res. (India), 13B, 232 (1954).
(4) C. M. Laurie and L. H. Long, Trans. Faraday Soc., 51, 665 
(1955).
(5) L. H. Long, ibid., 51, 673 (1955).
(6) S. J. W. Price and A. F. Trotman-Dickinson, ibid., 53, 939 
(1957).
(7) R. Srinivasan, J. Chem. Phys., 28, 895 (1958).
(8) M. E. Russell and R. B. Bernstein, ibid., 30, 607, 613 (1959).
(9) J. Cattanaeh and L. H. Long, Trans. Faraday Soc., 56, 1286 
(1960).
(10) R. Ganesan, J. Sci. Ind. Res. (India), 20B, 228 (1961).
(11) R. Ganesan, Z. physik. Chem. (Frankfurt), 31, 328 (1962).
(12) R. E. Weston, Jr., and S. Seltzer, J. Phys. Chem., 66, 2192 
(1962).
(13) M. Krech and S. J. Price, Can. J. Chem., 41, 224 (1963).
(14) A. S. Kallend and J. H. Purnell, Trans. Faraday Soc., 60, 93, 
103 (1964).
(15) L. H. Long, J. Chem. Soc., 3410 (1956).
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to-volume ratio of the vessel was increased to 10.1 
c m c 1 by packing it. with short lengths of Vycor tubing. 
The reactor was conditioned to a reproducible state7 
by performing a large number of preliminary decom
positions prior to making the kinetic measurements. 
The temperature in the vessel was measured using eight 
thermocouples placed next to the vessel at various 
points; the mean of these eight readings was desig
nated as the temperature of the run. The average 
ceviation from the mean of these readings was typically 
±0.1°. The drift of any thermocouple with time 
was less than 0.4° for the longest reaction times used. 
The average deviation of a single run temperature 
about the mean of all runs at that temperature was 
less than ±0.2°.

Samples of dimethylmercury (DMM) were kindly 
furnished by C. H. Brubaker, Jr., and R. B. Bernstein; 
each sample was prepared by the method of Gilman 
and Brown.16 The Brubaker sample was fractionated 
in an efficient column, mixed with the Bernstein sample, 
and this mixture was fractionated in the same column. 
The fraction boiling between 91.5 and 92.0° (740 
mm.) was collected, passed over P20 5, distilled in vacuo, 
and stored in the dark at —78°. The infrared spec
trum of this material agreed with the literature.17

A weighed amount of DMM was introduced into the 
reaction vessel, and the reaction was allowed to proceed 
until approximately 15% of the reactant had decom
posed. The reactor contents were passed through two 
traps at —194°, and the product volatile at this 
temperature (pure CH4) was discarded. The remain
ing substances were warmed to —97°, and the prod
ucts volatile at this temperature (hydrocarbons con
taining two to four carbon atoms) were also discarded. 
The residual material was warmed up, distilled into a 
weighing bulb, and weighed as DMM. The infrared 
spectrum of this residual material was identical with the 
spectrum of DMM. In separate experiments, per
formed at 230°, it was shown that less than 0.3% of the 
DMM was lost using the above technique. In certain 
experiments the total pressure was increased by the 
addition of C 02 (Matheson Chemical Co., Bone Dry 
grade, stated purity >99.9%) shortly after the DMM 
had been introduced into the reaction vessel.

Results and Discussion
Table I gives typical experimental data obtained at 

the two extreme temperatures used in this study. 
(All of the points are included for 275.5°, and half of 
the points are included for 330.2°. At 330.2° the se
lection was done by choosing every other point in the 
order of increasing concentration.) The calculated 
rate constants assuming first order (fci*) and three-

Table I  : E f f e c t  o f  C o n c e n t r a t i o n  o n  t h e  T h e r m a l

D e c o m p o s i t i o n  o f  D i m e t h y l m e r c u r y

( D M M ) o
X  10«,

r e a c t i o n  
t i m e  X  1 0 "

/
a, f r a c t i o n k p  X  10«,

k*-- / ,  X  10»,
( c c . / m o l e ) 1/ ;

m o l e s / c c . a s e c . d e c o m p o s e d s e c .  -1 s e c .  _1

0.526 313.7
Temp. 275.5° 

0.170 0.60 0.86
1.636 217.6 0.122 0.60 0.48
3.848 220.7 0.163 0.81 0.43
5.454 187.2 0.149 0.86 0.38
6.786 185.8 0.160 0.94 0.38

0.220 11.16
Temp. 330.2° 

0.149 15 32
0.270 8.44 0.122 16 31
0.434 7.44 0.163 24 38
0.845 5.82 0.153 29 32
1.792 4.20 0.162 42 33
2.821 2.94 0.165 62 38
3.401 2.22 0.146 71 40
3.917 2.04 0.147 78 41
4.942 1.74 0.149 93 43
5.907 1.44 0.150 113 48
6.436 1.44 0.162 123 51

( D M M ) o  =  i n i t i a l  c o n c e n t r a t i o n  o f  t h e  d i m e t h y l m e r c u r y .

halves order (%,*) are given for each of the experi
mental points. The systematic drift in the calcu
lated first- and three-halves-order constants shows 
that neither order is very satisfactory. Other one- 
term rate expressions, such as second-order, yield rate 
constants which are also functions of the concentration.

The rate expression which was used to correlate the 
experimental data in this study is

— d(DMM) = /{.a(DMM) +  fcb(DMM)2 
di

Equation 1 can be approximated, at small values of /  
(fraction decomposed), by

-A(DMM) _ (DMM)o -  (DMM) _
At t

i,(DM M ) +  /ct(DMM ) 2 (2)

where (DMM) = [(DMM)„ +  (DMM)]/2. By sub
stituting in eq. 2 the relation

(DMM) = (1 -  /)(DM M )0

and noting th a t / / ( l  — f/2 )  is approximately equal to 
/(1 + f/2 ), we obtain

(16) H. Gilman and R. E. Brown, J . A m . Chem. Soc., 52, 3314 
(1.930).
(17) H. S. Gutowsky, J . Chem. P hys., 17, 128 (1949).
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/(I  +  //2 ) = [fca +  fcb(l -  f /2 ) (DMM)oj! (3) 

The first-order rate expression

fci*t =  - I n  (1 -  /)  (4)

can be approximated, for small/, by

ki*t = /(I  +  f/2) (5)

Combining (3) and (5) gives

fci* =  K  +  fcb(l -  f/2) (DMM)o (6 )

Thus, if /  is small and constant, a plot of a pseudo- 
first-order rate constant, (i.e., one calculated using eq. 
4) vs. the initial concentration of dimethylmercury will 
yield a straight line. Figures 1 and 2 are plots of the 
data18 at each of the five temperatures studied. The 
linear nature of these plots is evident.

(DMM) [fc. +  /vb(DMM)0] =
(DMM)0 [/t, +  fcb(DMM)] ® K)

Letting a  = (DMM)0/(DMM ) and expanding the 
exponential gives

K  +  fcb(DMM)o =
aka +  fcb(DMM) 0

Equation 9 can be rearranged in the form

(DMM)o =

k t[  1 -  kat/2T+  (fc.0V 3!- “  akJkh  (10)

Figure 1. Pseudo-first-order rate constants as a 
function of initial D M M  concentration at 
275.5, 289.2, 319.2, and 330.2°.

The method used to evaluate the rate constants fca 
and fcb was to rearrange the integrated form of eq. 1 
into an equation which yielded fca and fcb by an iterative 
procedure. Integration of (1) gives

(DMM)pfe +  fcb(DMM) ] \  =
(DMM) [K +  /cb(DMM)o] j °a U

Since (1 — k jt /2! +  (/csi)2/ 3! — ...) is approximately 
ecjual to 1, eq. 10 was used to evaluate ka and ki, by an 
iterative procedure. These values were then used to 
correct the experimental data to constant a , and the 
iteration was repeated. The values of fca and kb ob
tained by this procedure (unpacked vessel) are plotted

Figure 2. A comparison of pseudo-first-order rate 
constants as a function of initial DM M  concentration 
for the packed and unpacked (open circles) vessel 
a t 303.7°.

(18) The data plotted are uncorrected for variations in f . However, 
the maximum variation in /  was from 0.122 to 0.185. The variation 
of 1 — f / 2  is then from 0.91 to 0.94, which will not affect the slopes 
significantly.
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in Fig. 3. A least-squares treatment of these points 
gives the Arrhenius equations

ka = 2.6 X 109 expC-SthOOO/flr) sec.“ 1 (11) 

kh = 9.5 X 1026 exp(-71,000/flr)

cc. mole"1 sec.” 1 (12)

The effect of surface on the reaction was examined 
by making runs in a packed vessel at 304° and com
paring them with runs made in the unpacked vessel 
at the same temperature. The results are plotted in 
Fig. 2. Calculation of ka and kb from these data shows 
that each increased 40% over its value for the unpacked 
vessel whereas the surface-to-volume ratio increased 
by a factor of 14. From this we can conclude that the 
heterogeneous component in the unpacked reactor is 
less than 5% of the total.

Figure 3. Arrhenius plots for ka (open circles) 
and k\, (full circles).

A possibility exists that the increase in ki* as con
centration increases might be attributed to the falling- 
off region of unimolecular reactions. However, this 
can be refuted by examining the two points a t 330° 
in Fig. 1 in which the pressure was increased approxi
mately 100-fold by the addition of C 02. The increase 
in k\* is small and within the scatter of the data. More
over, the large number of atoms in DMM would seem 
to preclude such a large effect at this temperature and 
pressure,19 and the shape of the curve is not what one 
would expect for a unimolecular fall-off.

The data used by Laurie and Long4 for their order 
determination are compared with our data in Fig. 2. 
Extrapolation of their points (mean temperature 
305.5°) to 303.7° gives agreement with our data within 
the experimental error of both sets of data. The 
determination of order by Yeddanapalli, et al.,3 was 
conducted at a temperature higher (342°) than that 
used in the present study, but using fca and kb (calcu
lated at 342° from eq. 11 and 12) in eq. 7 yields cal
culated values of (DMM)0/(D M M ) which deviate 
by less than 2% from the experimental values of ref. 3.

It is of some interest to note the observations of 
previous investigators with respect to the effect of 
temperature on the kinetic order of the reaction. 
Yeddanapalli, et al.,3 reported that at 305 and 323° 
there was little to choose between first- and three- 
halves-order kinetics. On the other hand, at 342° the 
three-halves-order constants were decidedly more 
consistent than first-order constants. Laurie and 
Long4 observed that the reaction appeared to be first 
order in the range 294-332°, but at 343° the order 
appeared to increase to nearly three-halves. These 
observations are qualitatively consistent with eq. 1. 
At low temperatures the first term in this expression 
would predominate because ka has a much lower 
activation energy than kb. Thus, the data would 
appear to correlate better with a first-order expression 
rather than a higher order. At higher temperatures, 
however, the contribution of the second term in eq. 1 
increases, and, thereby, the apparent order of the re
action increases. These effects can be seen also from 
the calculated first- and three-halves-order rate con
stants in Table I.

Since the submission of this study for publication, 
a comprehensive study of the decomposition in the 
vicinity of 400° has been published by Kallend and 
Purnell.14 Their proposed mechanism gives the rate 
equation

— d(D M M) = ^  [DMM] +  /¡[DM M ]'7, (13)
at

where hi is the rate constant for the elementary re
action

(CH,),Hg —^  CIL +  CIIaHg

and B is a combination of several rate constants in 
their postulated mechanism. Their data arc found to 
fit this expression rather well.

The results of the present study differ from those of 
Kallend and Purnell in several respects. They ob

(19) A. F. Trotman-Dickinson, “ Gas Kinetics,” B utterworths 
Scientific Publications, London, 1955, p. 69.
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tained good material balances on carbon and hydrogen 
whereas data near 300°, even at low extents of reaction, 
show poor material balances (e.g., in a run20 for which 
/  was 0.066, the amount of carbon and hydrogen in the 
recovered products was approximately 60% of the 
total in the decomposed dimethylmercury). Our 
rate expression also differs from eq. 13. A plot of ki* 
vs. (D!\IM)o'/! does not yield a straight line as it should 
if their expression is valid at 300°. Furthermore, 
fca should equal 2/q if the results of ref. 14 were applicable 
in the temperature range of this study. The difference 
between fca and 2kx is quite large {e.g., at 305°, 2fci is 
equal to 3 X 10-7 sec.-1 and fca = 4.4 X 10-6 sec.-1). 
We feel the differences cited above are probably due to 
the two different temperature ranges examined in these 
two studies.

The nature of the hydrogen and carbon “ lost” has 
been the subject of some speculation. Several 
workers1'3-4 have assumed that a hydrocarbon polymer 
deposits on the walls of the reaction vessel. Some 
experiments by one of us21 indicate another possibility. 
A calculation of the empirical formula of the “lost” 
carbon and hydrogen was made from the results of two 
runs carried out at low /  (0.066 and 0.074). The values 
obtained were CH2.47 and CH2 .54. In another series 
of experiments a material balance on the mercury 
was made, and it was found that about half of the 
mercury from the decomposed dimethylmercury was 
not recovered. This indicates that the “polymer”

contains mercury. A substance which has been pro
posed as a possible product,2'14 in the pyrolysis is 
(CH3HgCH2)2. This substance has a carbon-hydrogen 
empirical formula of CH2.5 and also contains mercury. 
If this compound were relatively nonvolatile the loss of 
carbon, hydrogen, and mercury could be explained. 
However, attempts by us to isolate (CH3HgCH2)2 
have not been successful. The “polymer” may well 
be a complex mixture which gave the empirical formula 
of CH-2.5 by coincidence for the two runs mentioned.

We are unable to postulate a mechanism which is 
consistent with our data. The very large pre-exponen
tial factor of kb suggests that it is at least the product 
of two elementary rate constants. I t  also should be 
noted that the Arrhenius plots of fca and k\, show con
siderable scatter. This may indicate that /ca and kb 
are each a collection of elementary rate constants and 
their Arrhenius plots might well be curved. A situa
tion like this was found by Palmer and Donnish22 
in their examination of the kinetics of ethylene de
composition.

Acknowledgment. We wish to thank Professors 
R. B. Bernstein and C. H. Brubaker, ,Tr., for furnishing 
the dimethylmercury used in this study.

(20) M. E. Russell, Ph.D. Thesis, University of Michigan, 1958.
(21) M. E. Russell, unpublished work, University of Michigan.
(22) H. P. Palmer and F. L. Dormish, J . Phys. Chem., 68, 1553 
(1964).
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Electrode Potentials in Fused Systems. VIII. Oxidation 

Kinetics o f Silver in Sodium Chloride

by Kurt H. Stern and Walter E. Reid, Jr.

Electrochemistry Section, National Bureau of Standards, W ashington, D. C. (Received A p ril 17, 1964)

The oxidation rate of metallic silver in molten sodium chloride has been studied as a func
tion of oxygen partial pressure and temperature (800-900°). The rate of appearance of 
silver ions was followed by an e.m.f. method. These ions are formed by: (A) the reaction 
of 0 2 with silver and (B) the reaction Ag +  N a+ = Ag+ +  Na. The rate of (A) is a linear 
function of po, in the range 0 <  po, < 1 atm. For p0, =  1 a t 870°, rA = 11.9 X 1015, 
)'b = 0.35 X 1015atoms cm.-2 sec. A With increasing time d[Ag+]/di decreases because 
of the reverse of reaction A—the formation of metallic silver from Ag+and 0 ~ 1 2 ions—for 
which ta^ 1 = (rA +  ?’b)/ K aPo, , where K A, the equilibrium constant for (A), is 8.3 X 
10_7 on the mole fraction scale. The general differential equation for this system is derived 
and numerically integrated. It is concluded that the rate-determining step for (A) is the 
chemisorption of 0 2, which is hindered by an adsorbed layer of chloride ions, and that for 
(B) charge transfer is rate-determining.

Introduction
As the result of previous studies1’2 the general fea

tures of the oxidation of metallic silver in molten sodium 
chloride in the presence of oxygen are fairly well es
tablished. The appearance of silver and oxide ions is 
accounted for by the following two reactions occurring 
on the metal surface

2Ag(s) +  V2O2 =  (2Ag+ +  O“2) (in NaCl) (A) 
Ag(s) +  Na+(1) = Ag+ +  Na (in Ag) (B)

Most or all of the sodium metal formed in reaction B 
diffuses into the silver.lb Reaction A was found to be 
reversible, however, so that when [Ag+]2[0~2] becomes 
large, the formation of metallic silver occurs throughout 
the melt from the reaction

2Ag+ +  0 ~ 2 = 2Ag(s) +  V2O2 (C)

Since (B), in general, does not come to equilibrium (the 
solubility of sodium in silver is usually not exceeded), it 
follows that when [Ag+]2[0-2] = ATpo,'7’ the oxide ion 
concentration decreases as [Ag + ] increases by reaction
B. For a high metal surface-salt ratio this has been 
observed.lb The relative rates of (A) and (B) depend 
on the partial pressure of oxygen. When po, is high, 
(A) predominates, when it is low, (B) does.

Previous rate measurementslb have shown that oxy
gen partial pressure has considerable effect on the rate 
although the thermodynamic equilibrium concentration 
of silver ion depends only on po,'7‘.

An additional complication discovered during this 
work (see Experimental part) is that the passage of 0 2 
gas through NaCl displaces the equilibrium (Kcq =
4.5 X 10 5)

2NaCI(l) +  VAMg) = Na20(l) +  Cl2(g) (D)

to the right. The chlorine thus produced may react 
with the silver according to

Ag +  y 2Cl2 = Ag+ +  C l- (E)

However, since the partial pressure of Cl2 in the effluent 
gas was found to be approximately 1 part in 105 of 0 2) 
its effect on the rate of formation of Ag+ compared to 
that of O2, its effect on the rate of formation of Ag+ 
compared to that of 0 2 is negligible. Reaction E has 
therefore been neglected in the kinetic analysis.

The purpose of the present work was to study cer
tain kinetic aspects of this system, in particular the

(1) (a) K. H. Stern, J . Phys. Chem., 62, 385 (1958): (b) ibid., 66, 
1311 (1962).
(2) J. K ruger and K. H. Stern, J . Electrochem. S o c 109, 889 (1962)
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dependence of the rate of appearance of Ag+ on the oxy
gen partial pressure in reaction A, the rates of reactions 
B and C, and the over-all kinei ic behavior of the system, 
and also to determine the mechanism of reactions A and
B. In order to gain more insight into the mechanism of 
(A) and (B), it proved useful to study the initial stages 
of the reaction where (C) does not occur.

P r in c ip le  o f  the E x p e r im e n ta l  M e th o d . The general 
experimental procedure consisted of placing a silver rod 
into molten NaCl at various fixed temperatures and 
measuring the rate of appearance of Ag+ ions for 
various environmental conditions.

Since previous studies with radioactive silver1“ had 
shown that silver ions appear in the melt almost im
mediately after immersion of the Ag specimen it was 
necessary to use a simple method to follow the very low 
silver ion concentrations accurately and continuously 
without disturbing the system, as it would be by sam
pling.

Assuming only that silver is reversible to its ions at 
very low concentrations in AgCl-NaCl melts, some form 
of concentration cell appeared to be ideally suited to 
this method. After preliminary experiments3 with 
simple concentration cells had established such reversi
bility and the feasibility of carrying out kinetic studies 
by this method, it was found that membrane reference 
electrodes4 permitted a considerable simplification of 
the experimental arrangement. In this method the 
unknown concentration (strictly, the activity) is di
rectly calculable from a cell e.m.f.

For the system under study we used the cell

Ag|AgCl(XR), NaCl(l -  XR)|Vycor|AgCl(X),

NaCl(l -  X )  | Ag (F)

where the left compartment represents the reference 
electrode. The e.m.f. of this cell is4

E  = ( R T /F ) t* t+  In i -  x Ry
1 -  X  ) _

(la)

¿Na+, the sodium ion transport number in the glass, is 
0.95, independent of temperature in the range of this 
study (800-900°). To determine the unknown silver 
concentration X ,  eq. la  is more conveniently written

bg  X  - log ( X j )  -

2.303 ih tf(R T /F )'“g ( X , )  (lb)
where the approximat e equality sign holds for low con
centrations, and the last term on the right is a constant 
for a fixed reference composition. Since e.m.f. meas

urements can easily be made to ±0.1 mv., concen
trations can be calculated to three significant figures 
even near X  = 10 5. It should also be noted that be
cause of the form of eq. 1 a given change in e.m.f. cor
responds to a relatively larger concentration change 
when X  is small, so that the method is particularly sensi
tive in very dilute solutions.

R e fe re n c e  E le c tro d e  P r e p a r a tio n . A batch of a suit
able AgCl-NaCl mixture ( X r  = 0.0720) was prepared 
by melting together the appropriate quantities of AgCl 
and NaCl. The cold melt was ground, analyzed several 
times by electrodeposition, and stored in a dark bottle 
in a desiccator. In each run 2-3 g. of this material was 
placed in fresh 9-mm. o.d., 20-cm. long Vycor tube. 
These tubes had previously been cleaned by soaking 
both their inside and outside surfaces in concentrated 
nitric or chromic acid and distilled water; they were 
dried at 130°.

To test the applicability of eq. 1 to cell F these ref
erence electrodes were placed in synthetic AgCl-NaCl 
mixtures. In the concentration range of this study 
(1(K6 < X  < 10~3), calculated X  values were within 
1.5% of prepared ones.

C ell C o n s tru c tio n  a n d  P ro ce d u re . A heavy-walled
3.4-cm. i.d., 20-cm. long alumina crucible, placed into 
the outer alumina crucible, constituted the cell con
tainer. The hot junction of the measuring chromel- 
alumel thermocouple was placed in a Vycor protection 
tube inside the container. The reference electrode and 
75 g. of dried NaCl were placed in the cell. A tight- 
fitting Vycor tube with a standard taper, ground female 
joint a t its upper end was slipped over the crucible. In 
this position the top of the crucible was even with the 
top of the furnace, and the joint protruded above it. 
The upper part of the cell, consisting of the male joint 
and a length of tubing terminating in four narrow tubes 
accommodating the two silver electrodes, gas flow tube, 
and thermocouple, was placed into the lower joint. 
The Ag specimen, a mint silver cylinder, 3 cm. long and 
1 cm. in diameter (area = 10.99 cm.2), attached to a 
heavy silver wire sheathed in a ceramic tube, was posi
tioned by a clamp above the furnace inside the glass 
envelope. A thinner silver wire, also sheathed in 
ceramic for mechanical rigidity, was lowered into the 
reference electrode. Heating was started. When the 
NaCl had melted, a ceramic two-hole gas flow tube (hole 
diameter 1 mm.) was lowered into the melt. The de

(3) K. II. Stem  and E. A. Richardson, presented a t the 142nd 
National Meeting of the American Chemical Society, A tlantic City,
N. J., September, 1962. Part of this work was done a t the Uni
versity of Arkansas, supported by the U. S Air Force Research and 
Development Command under Contract AF 49(638)-653.
(4) K. H. Stem, J . Phys. Chem., 67, 893 (1963).
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sired gas (H e-02 mixtures were obtained in tanks) was 
passed through a calibrated flow meter, CaSCh and 
Ascarite, and through the tube into the melt. After 
the gas had bubbled through the melt for 5-10 min., 
the Ag specimen was lowered into the melt and posi
tioned with the bottom of the cylinder 1-2 cm. from the 
crucible bottom.

For approximately the first 5 min. the e.m.f. was 
usually steady or increased slightly, after which a regu
lar decrease began. The time at which the decrease 
began was taken to be U. Each run was continued for 
1-3 hr. Potentials were read on either a Leeds and 
Northrup Type K-3 potentiometer or on a Sargent re
cording potentiometer. In some cases data at more 
than one temperature and/or flow rate were obtained 
from the same run. The silver specimens could be used 
a number of times since their dimensions remained vir
tually unchanged during any experiment. They were 
cleaned before each run by washing in NH 4OH, con
centrated HNO3, and distilled water. Although this 
etching procedure revealed an increase in grain size 
with time, the reaction rate was independent of grain 
size, as expected.2

The Reaction of NaCl with 0 2 and NaCl Thermal De
composition. Separate experiments were carried out to 
assess the importance of reaction D and of direct 
thermal decomposition, NaCl = Na° +  l/ 2Cl2. The 
equilibrium constant of the latter is very small (K  = 
8 X 10“ 13 at 850°), but it is conceivable that, when a 
carrier gas is bubbled through the melt, the equilibrium 
is significantly displaced to the right. To study these 
reactions, a test tube filled with NaCl was heated to 
870° in the Vycor apparatus described previously.113 
The desired gas mixture was bubbled through the melt 
and the effluent gas was passed through a gas wash 
bottle containing 200 ml. of o-toluidine solution to absorb 
Cl2 and was collected over water for ameasurement of 
gas volume. Thus, the amount of Cl2 produced by the 
NaCl per liter of gas could be determined. This ex
perimental method is sensitive to 0.1 p.p.m. Cl2 in 
solution.

When helium, passed over hot copper to remove 
residual oxygen, was passed through the melt, no Cl2 
was detected. Hence, direct thermal decomposition is 
insignificant. When various 0 2-H e mixtures were used, 
however, Cl2 was evolved, pci2 increasing with oxygen 
content. For 0.007 < p <  1 atm., the ratio pc\Jpo, 
remained constant at ~ 1 0 “5.

If we assume that every molecule of 0 2 and Cl2 ad
sorbed on silver reacts, the correction to reaction A due 
to (D) is 1 part in 105 and, therefore, negligible.

Results
In all the experiments no silver ion concentration 

<10-5 mole fraction (m.f.) was ever observed. This is 
apparently the concentration which is established 
initially near the silver surface. Since this same nu
merical result was also obtained when deoxygenated 
helium was used, it is attributable to reaction B.

The rate of this reaction was determined separately 
by outgassing the melt for more than an hour with 
helium (initial 0 2 content 5 X 10“5 atm.) which had 
been passed through a long tube filled with copper wool 
at 500° to remove residual oxygen. Four separate 
runs were carried out, each consisting of rate measure
ments at three temperatures in random sequence. 
Since the silver surface area and melt volume are con
stant during the experiment and since, in the very dilute 
melts, the sodium ion concentration remains virtually 
constant, zero-order behavior would be expected and 
was found; i.e.

(d[Ag+]/di)B = h  (2)

At 870° fc2 = 3.0 X 10“7 nr.f. m in.“1, and the Arrhenius 
activation energy E2 = 45.4 ±  11.4 kcal. (1 cal. = 
4.1840 joules).

In studying reaction A with H e-02 mixtures, it was 
found that, particularly at high po, values, d[Ag+]/d/. 
was quite dependent on the gas flow rate. Conse
quently a number of runs were carried out to determine

F i g u r e  1 .  D e p e n d e n c e  o f  A " i ' o n  f l o w  r a t e :  u p p e r  c u r v e ,  

¡ 0 0 2  =  1 . 0 0 ;  l o w e r  c u r v e ,  po, =  0 . 0 2 2 8  a t m .  a t  8 7 0 ° .
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this rate dependence for p<>, values of 1.00 and 0.0228. 
The results are shown in Fig. 1 where d[Ag + ]/d£ has 
been plotted as a function of flow rate F. Since reaction 
B occurs simultaneously and independently of (A) the 
rate shown is the sum of the two reactions. The depend
ence on F is clearly due to (A) alone since the rate of 
(B) is very small and independent of F. At both pres
sures there is a flow rate Fuinx above which d[Ag + ]/d£ 
depends only on po„ he., is independent of flow rate, 
but Fmax increases with decreasing po,. Consequently 
the pressure dependence of the rate was studied at flow 
rates >F ma x *

In all the experiments the silver ion concentration was 
a linear function of time, he., reactions A and B are 
zero order at constant por We therefore write for these 
reactions

d[Ag+]/d< = ki'(p0i) + h  = ¥  (3)

fci'(po,) represents the pressure-dependent rate of reac
tion A and was determined from eq. 3 in two ways: (a) 
fc2 was determined in a separate experiment in the ab
sence of 0 2 (see above) and subtracted from the experi
mental rate k '  measured in the presence of 0 2; (b) k '  

was measured at a number of p0, values (c/. Table I) 
and extrapolated to po, = 0. The extrapolated value 
is kt. Both methods give the same result for fci'(po„). 
Moreover, the value of k 2 obtained from method b is the 
same as that determined separately in the absence of 0 2, 
showing that reactions A and B occur independently. 
This implies either that the diffusion of sodium into 
silver is rapid compared to the rate of arrival of 0 2 
molecules at the surface or that the two reactions occur 
at fairly widely separated sites on the surface.

The dependence of fci'(po,) and k' on po, is shown in 
Fig. 2 on a logarithmic plot. The dashed lines for n 
values of 0.5, 1, and 2 represent possible dependences of 
these rate constants on po, in the equation

fc/fpo,) and IF = (const.) (po/1) (4)

The determination of n is of course a useful tool for de
termining the mechanism of reaction A. It is clear 
from the plot that the data for /ci'(po,) (filled circles) are 
best fitted to the n = 1 line and Au'(po,) is therefore a 
linear function of po, as written in eq. 3.

In Table I are listed the values obtained. These 
rate constants represent the actual change per minute 
in the ion fraction of silver in the particular melt used. 
To convert these to the more significant units of g.- 
atoms of Ag cm.“2 min.-1, these values must be multi
plied by 75.0/(58.5) (10.99) = 0.117.

Some idea of the reaction velocity on the atomic level 
can be gained by a simple calculation. The highest rate 
measured, at po, = 1, is 67.2 X 1016 atoms cm.-2 min.-1.

Since there are 1.2 X 1015 atoms/cm.2, the number of 
atomic layers disappearing is 67.2 X 1016/1.2 X 1016 = 
562, or one layer disappearing every 0.11 sec. This 
corresponds to a change in thickness of 0.1 mm. in 10.3 
hr.

The rate constant for reaction C cannot conveniently 
be obtained experimentally because (a) it is very large, 
and (b) the deposition of silver occurs in the form of fine 
crystals1'2 so that the surface area changes greatly. It 
was therefore assumed that, when the solubility product 
[Ag + ]2[0-2] = K a P o ,  ''2 is reached, the driving force is 
represented by fc3[Ag + ]2[0-2]. This assumption is 
valid, independent of the mechanism of formation of 
metallic silver by reaction C. k3 can then be calculated 
from the rate equations for reactions A, B, and C, viz.

d[Ag+]/di =  k i(p 0t) +  k2 -  kz[Ag+]2[0 -2] (5) 

and the steady-state condition d[Ag + ]/d/ = 0. Then 

ki'ipo,) +  *2fcs —
K Ap o J

(6)

At 870° K \  = 8.3 X 10-7.lb 
k3 values calculated from eq. 6 are given in Table I.

Table I : Rate Constants for Reactions A-C at 870°

P O ,

k' X  10», 
m .f .  m in .  ~ia

kl’ X  1 0 1 (po,), 
m .f .  m i n .  - i a kz

1.00 98.5 95.5 11.9
0.65 45.0 42.0 6 . 8

0.21 (Air) 31.8 28.0 8.4
0.10 15.2 1 2 . 2 5.8
0.0547 8.74 5.74 4.5
0.0228 5.70 2.70 4.9
0.007 3.60 0.60 5.2

<0.00005 3.00

° To convert these values to atoms cm.-2 sec.-1 multiply by 
1.172 X 1021.

For a change in p0, over more than two orders of magni
tude k3 is virtually constant, as expected, since the rate 
of reaction C should be independent of po,. The last 
line in Table I represents d[Ag+]/d( in the absence of
0 2, i.e., it is the rate of reaction B (fc2 = 3.00 X 10-7
m.f. min.-1 a t 870°).

k' values were also determined for four p0, values at 
830°. From these and from the data in Table I, the 
Arrhenius activation energy for-reaction A could be 
calculated. The results of two methods of calculation 
are shown in Fig. 3. In the first method (closed cir
cles) ki(po.) values are calculated from eq. 3 at both 870 
and 830°, and E\ is determined in the usual way. In
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Figure 2. Test for the pressure dependence of the rate 
constants a t 870°: • ,  fci'(poi); O, k ' = &i'(po2) +  fe. 
Dashed lines represent theoretical slopes for log k — 
constant + n log po2-

Figure 3. Activation energy as a function of oxygen pressure . 
A, E ’; •  and O, Ei. For method of calculation see text.

the second method (open circles) E x is calculated from 
E' (which is obtained from k' values at 870 and 830°) 
using the relation5

EJcl'(poi) , E2k2 ^
E  = k' +  k' (?)

Both methods of calculation give essentially the same 
results for Ex. The Ex value at the lowest pressure

(po2 = 0.023 atm.) is subject to the greatest uncer
tainty since a small error in k2 could greatly affect 
k i ( p  o,).

The increase in Ex at low pressure is similar to the 
behavior of heats of chemisorption and is associated 
with a variety of surface sites. This will be discussed in 
the next section.

Discussion
In the previous section the expression for the rate of 

appearance of Ag+ was deduced (eq. 5). From this, 
reactions A, B, C, and the experimental results it also 
follows that

d [ 0 '2]/dt = fci>02) -  fe3[Ag+]2[ 0 '2] (8)

d[Na°]/di = k2 (9)

By combining eq. 8 and 9 with (5), the over-all cor
rosion rate of the silver can be expressed in terms of 
[Ag+] alone. In this form [Ag + ] can be predicted for 
large t from our own measurements on relatively short 
time intervals at the beginning of the reaction. If the 
concentrations are given in terms of equivalents

d[Ag+]/di — d [ 0 '2]/d£ = k2 (10)

from which

[O '2] = [Ag+] -  kit (11)

Substitution of (11) into (5) gives

d[Ag+]/d< = h ’ipoi) +  k2 -

fc3[Ag+]3 +  k3k2 [Ag+]2i (12)

Equation 12 is the general differential equation which 
applies to the over-all rate of formation of silver ion in 
solution.

Equation 12 is in general agreement with experimen
tal observations: (a) the initial kinetics (small [Ag+], 
t) are zero order; (b) for larger t d [Ag+]/di decreases as 
the negative term becomes more important, but does 
not become zero, as long as reaction B continues—the 
rate does, however, go through a minimum; (c) eq. 11 
implies that [O '2] goes through a maximum. Al
though eq. 12 cannot yet be integrated explicitly, the 
results of a numerical integration for the rate constants 
in Table I carried out on an IBM 7094 computer are 
shown in Fig. 4 for 105 min.; in Fig. 5 the first 104 min. 
have been shown on an expanded scale. One-half of 
the average value of /c3 in Table I (3.4) was used since 
[O '2] is expressed in equivalents. Figure o is in good 
agreement with the general results previously obtained 
for much higher metal surface area-salt ratios.lb A

(5) Cf. A. A. Frost and R. G. Pearson, “ Kinetics and Mechanism,” 
2nd Ed., John Wiley and Sons, Inc., New York, N. Y., 1902, p. 375.
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Figure 4. [Ag+] and [O-2] concentrations for p0, =
1.0 and 0.007 calculated from eq. 4 and 5 and the 
rate constants in Table I.

Figure 5. [Ag+] and [0 ~ 2] concentrations for po, =
1.0 and 0.007 calculated from eq. 4 and 5 and 
the rate constants in Table I.

previous interpretation for rates at po2 = 1, in terms of 
a diffusion-controlled process,112 is, thus, in error. The 
decrease in the rate at higher [Ag+] is merely the result 
of reaction C. Although the initial rate of silver ion 
formation is very strongly dependent on oxygen pres
sure, the silver ion concentrations for large t become 
nearly equal at all pressures (c/. Fig. 4). This is because, 
at large t, [O-2] is nearly zero at both high and low ¡Do,, 
and the rate of reaction is primarily due to (B). Thus, at 
high po, reaction A comes to equilibrium at long times, 
and the subsequent rate is due to (B) alone; at low 
P02  the rate of (A) is small and (C) is negligible, and the 
over-all rate is again primarily due to (B). At higher 
pressures the [O-2] maximum occurs sooner, and, of 
course, at much higher values.

We consider next reactions A and B from a more 
mechanistic viewpoint.

Reaction A. The general course of this reaction, as of 
any heterogeneous reaction, can be discussed in terms 
of a number of consecutive steps, viz.

A, transport of 0 2 molecules to the surface 
A2 0 2 adsorption
A3 0 2 -*■ 20 possible rearrangements on the surface 
A4 O +  2Ag—>- 2Ag+ +  O-2 (surface)
A5 desorption of products
A6 transport of products into the bulk liquid

Since the rate constant fc, '(po,) is a linear function of 
po„ i.e., h '( POi) = apo„ it follows from simple con
siderations, based on the Langmuir adsorption theory,6'7 
that A2, adsorption of molecular oxygen, is the rate
determining step in the sequence. Moreover, even at 
the highest pressure studied, 1 atm., the metal surface 
is only sparsely covered with 0 2. The flow rate ex
periments indicate that, at F max values or above, the 0 2 
in the melt and on the surface are in a steady-state 
condition since one would expect the fraction of the 
surface covered by 0 2, 8, to be proportional to the 
pressure. Under these conditions the rate of 0 2 trans
port to the surface (A,) equals the rate of the slowest 
step subsequent to A2. At lower flow rates, Ai de
creases relative to these steps so that the steady-state 
concentration is no longer maintained on the surface. 
The increase of Fmax with decreasing partial pressure is 
consistent with this mechanism. Rates of A3-A6 are 
independent of partial pressure and flow rate whereas 
Ai and A2 depend on both. Therefore, at the lower 
pressures an increased flow rate is the only mechanism 
whereby A, can be sufficient to maintain a steady-state 
concentration of the surface. The effect is rather small 
(a change in p0, by a factor of 50 changes Emax by a 
factor of 3) because the steady-state coverage 8 is much 
less at lower pressures, and, thus, d[Ag + ]/d£ is limited 
primarily by low 6 rather than low F. It is quite possi
ble that the melt may be supersaturated with 0 2 (en
trapment), but in any case, since the solubility (or 
supersolubility) is proportional to ¡do,, it follows that at 
any particular partial pressure when F < Fmax the melt 
does not hold the maximum possible concentration of 
0 2, and 6 < 0„,ax.

Since the magnitude of the activation energy of reac
tion A exceeds 5 kcal. (cf. Fig. 3) and increases with de
creasing pressure, it is clear that the adsorption of 0 2 is 
chemical rather than physical. This conclusion is also 
supported by a number of studies8-11 of oxygen adsorp- 6 7 8 9 10

(6) I. Langmuir, J . A m . Chem. Soc., 38, 2221 (1916).
(7) S. Glasstone, “ Textbook of Physical Chem istry,” 2nd Ed., D. 
Van Nostrand Co., Inc., New York, N. Y., 1946, p. 1200.
(8) F. H. Büttner, E. R. Funk, and V. Hilldin, J . P hys. Chem., 56, 
657 (1952).
(9) A. F. Benton and L. C. Drake, J . A m . Chem. Soc., 56, 255 
(1934).
(10) W. W. Smeltzer, E. L. Tollefson, and A. Cambron, Can. J . 
Chem., 34, 1046 (1956).
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tion on silver. Although only one of these8 lies in the 
temperature range of this work, all of the cited results 
above 200° are consistent with chemisorption; also, the 
properties of the adsorbed film are different from those 
of bulk Ag20. Near 200° two consecutive rates of ad
sorption, rapid and slow, have been found10 and inter
preted in terms of two kinds of adsorption sites, but no 
relevant data exist at high temperatures. Surface 
tension measurements of silver8 12 in helium-oxygen mix
tures at 930° in the range 10"4 <  po2 <  0.2 give a sur
face concentration of 1.98 X 1015 atoms of oxygen/cm.2. 
Since the number of silver atoms is approximately (r\g 
= 1.44 A.) 1.2 X 1015, this gives 1.65 atoms of O/atom of 
Ag.

As seen in Fig. 2, the rate of reaction is still increasing 
at poj = 1. Hence, d must be considerably less than 
unity, even at this pressure and for all po2 <  1 since the 
surface coverage of 0 2 on the metal surface is controlled 
by the solubility of 0 2 in the molten salt (and by the 
possible preferential adsorption of chloride ions) and is 
proportional to the pressure through Henry’s law.

This conclusion is also consistent with steps A2, A3, 
and A4 of the proposed mechanism. Each adsorbed 0 2 
molecule is adsorbed on two surface Ag sites. After its 
dissociation each resulting oxygen atom must exchange 
electrons with two adjacent Ag atoms. This requires 
that the surface be only sparsely covered with oxygen.

To gain some insight into possible reasons for the 
slowness of this reaction we write, from absolute reac
tion-rate theory

i k T  a S * / r ~ & h * / r t  / - . q -nKr — — cAsCo,e e (13)
h

If the rate-determining step is the chemisorption of 0 2 
on silver, AS* in eq. 13 should then correspond to the 
entropy of chemisorption. The maximum value of 
AS* would be obtained for complete coverage, fie., Co, 
= 1016 molecules cm ."2, kn is the rate constant at 
870° in atoms cm."2 sec."1, and cak = 1.2 X 1015 atoms 
cm."2. Changes of an order of magnitude in these con
centrations hardly affect AS*. The results of the cal
culation of AS* are shown in Table II, where the Ar
rhenius activation E x (cf. Fig. 3) energy has been identi
fied with AH * since AH* ~ Ex for reaction A.

It is immediately apparent that these entropies are 
impossibly large. The total molar entropy of ()2 at 
870° is 53 e.u. The translational part of this is 43 e.u., 
and, normally, the loss of translational entropy is less, 
typically 30-35 e.u., because, even in immobile layers, 
the molecules possess configurational entropy.12 The 
above model, together with the values of Table II, im
plies that reasonable entropy values can only be ob
tained if the concentration terms are drastically re-

Table II : Activation Entropies for Reaction A a t 870°

ki  X  1 0 - “ ,
P 0 2 , atoms cm. ~2 A S *
atm. s e c .  -1 ( e . u . ) “

0.65 4.92 -1 3 4
0.21 3.37 1 oo -a

0.10 1.43 -1 5 8
0.0228 0.316 -2 2 2

° 1 e.u. = 4.1840 joules/°K ./m ole.

duced. Even if we assume that the entire translational 
entropy is lost on chemisorption, we obtain from eq. 13 
the product Ca8co2 = 1021, or, assuming equal concen
trations, 3 X 1010 sites/cm.2, covered with po, = 0.65, 
fie., 6 = 2.5 X 10"6. Such an extremely small coverage 
suggests that the chloride ions in the system un
doubtedly are strongly adsorbed and thus interfere with 
the adsorption of oxygen.

Reaction B. By analogy with reaction A we write 
reaction B as a sequence of steps, viz.

Bi transport of N a+to surface
B2 adsorption
B3 electron exchange
B4 desorption of Ag+
B5 removal of Na atoms from the surface, e.g., by 

diffusion into silver

The magnitude of 7?2 ~  AH* = 45.4 kcal. rules out 
adsorption of sodium metal or diffusion of sodium into 
silver as rate-determining steps. For the latter process 
activation energies would be expected to be 2-5 kcal.13 
Assuming that a lattice of NaCl is laid down on the 
silver, AS* can be estimated from eq. 13. We obtain 
cn3+ = 7.6 X IQ14 ions/cm.2. Again taking cab = 
1016 atoms/cm.2 gives, for AH* = 45.4 kcal., AS* = 
— 92 e.u., a very large negative value.

The large values of AH* seem to rule out any step ex
cept B3 as rate-determining. The work function of 
clean silver is 4.3 e.u. = 99 kcal., but. this value decreases 
on adsorption of foreign species on the metal surface.14’15 
The large negative AS* indicates that the same process

(11) R. G. Meisenheimer, A. W. Ritchie, D. O. Schissler, D. B. 
Stevenson, H. H. Voge, and J. N. Wilson, “ Second International 
Congress of Surface Activity,” Vol. II, Academic Press, New York, 
N. Y., 1957, pp. 299-308.
(12) Cf. B. M. W. Trapnell in “Chemisorption,” W. E. Garner, Ed., 
B utterw orth Scientific Publications, London, 1955, pp. 209-213.
(13) D. Lazarus in “ Metallic Solid Solutions,” J. Friedel and A. Guin- 
ier, Ed., W. A. Benjamin, New York, N. Y., 1963; pp. xxxiv-7.
(14) M. Boudart, J . A m . Chem. Soc., 74, 3556 (1952).
(15) J. H. de Boer in “ Chemisorption,” W. E. Garner, Ed., Butter-
worth Scientific Publications, London, 1955, pp. 209-213.
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which accounts for the slowness of reaction A also 
affects (B) in a similar manner. Thus, if a layer of 
chloride ions is preferentially adsorbed on the metal, 
the concentration product cAECNa* will be considerably 
less than for complete coverage.

From this viewpoint both reactions A and B must 
be characterized as slow; i.e., they would go much faster 
if the reactants could come into contact. In this model 
we then have a charged double layer on the surface, 
with sodium ions largely excluded from the metal side. 
This view is also consistent with the observation that 
when silver is briefly immersed in XaCl and withdrawn, 
the adherent salt is high in AgCl.

We next examine the reaction in more detail, particu
larly with respect to events occurring in the double 
layer. Initially the electrochemical potential of the 
silver (Si) is greater than that of the sodium chloride 
(S2). When the two are placed in contact , the differ
ence Si — S2 decreases. This decrease occurs most 
easily through the formation of a charged double 
layer at the surface of the silver which is positive on the 
metal and negative on the sodium chloride side. As 
electrons are transferred from the silver to the sodium 
ions to establish equal electrochemical potentials for 
the two phases, the silver surface becomes positively 
charged, and sodium ions are reduced to metallic so
dium. If the system remained in this condition, re
action B would cease after the initial formation of the 
double layer. A driving force for the experimentally 
observed continuation of the reaction is provided for 
by the formation of AgCl ion pairs, i.e., the reaction, 
Ag+ +  Cl-  <=* AgCl, continues until this equilibrium is 
reached. The equilibrium constant for this reaction 
in NaCl has not been measured, but values are avail
able in K N 03 solvent.15 At 402°, K = [AgCl]/ 
[Ag + ][CD] = 396; K  values for AgBr and Agl in this 
solvent are 932 and 5420, respectively. The addition 
of the ion-pair formation reaction to reactions A-C 
would require a modification of eq. 5. The net effect 
is to decrease d[Ag + ]/d/ at large [Ag+], Previous 
studies111 of reaction B over long periods of time showed 
that the concentration of Na in the silver is, at most, 
only a small fraction of that possible under equilibrium 
conditions.16 17 This indicates that alloy formation is, 
thus, otdy a secondary effect and that the ion-pair 
equilibrium is the factor which determines the eventual 
equilibrium state of this system.

The kinetic model used here predicts that [Ag + ]

increases indefinitely after reactions A and C have come 
to equilibrium due to the continuation of reaction B. 
It is known, however, that silver electrodes are quite 
stable in AgCl-NaCl melts containing more than 7-8% 
AgCl.1,1 The rate of appearance of [Ag+], after re
actions A and C have reached equilibrium and [O“2] 
has reached an approximately constant low value, 
would be of the form

d[Ag+]/df = k / [AgCl] =
fc/X-[Ag+][Cl-] = k ’/K[  Ag+] (14)

where k is the rate constant for reaction B and K  is 
the ion-pair formation constant for AgCl. Equation 
14 indicates a gradual decrease of d[Ag + ]/di through 
(B) as [Ag + ] increases. In the absence of oxygen the 
initial rate is approximately 10 “7 m.f. min.“ 1 (Table 
I) for [Ag + ] ~  10“5. This gives for k2/ K  ~  10~12. 
Thus, when [Ag+] is increased to 10 2, d[Ag + ]/di 
is decreased by a factor of 10s, e.g., a change in [Ag + ] 
which initially takes 1 min. will then require 16 hr. 
This undoubtedly accounts for the stability of Ag- 
AgCl reference electrodes.

Unfortunately, it is not yet possible to determine K  
separately since it cannot be assumed that its value is 
the same in a pure chloride as in a nitrate environment. 
In any case, however, the k2 values given earlier in the 
paper should be regarded as rates (d[Ag+]/di) in the 
absence of oxygen which include an ion-pair equilibrium 
constant.

Ion-pair formation provides a plausible mechanism 
for the removal of positively charged silver formed on 
the silver side of the double layer. I t  implies that initial 
rates of both reactions A and B should increase with 
increasing covalent character of the silver-anion pair,
i.e., with increasing ion-pair formation constants. For 
example, rates should be greater in bromide and iodide 
melts and less in sulfates. Experimental tests of this 
conclusion arc in progress.
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(16) A. Alvarez-Fîmes, J. Braunstein, and M. Blander, J . A m . 
Chem. Soc., 84, 1539 (1962).
(17) E. Quercigh, Z. anorg. Chem., 68, 301 (1910).
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Transient Ionic Species Resulting from Gas-Solid  

Interactions: Oxygen Adsorption on Nickel M onoxide1»

by H. Saitsburg, D. P. Snowden, and M. C. Garrison

General A tom ic Division o f General D ynam ics Corporation, John J a y  H opkins Laboratory for Pure and A pplied  
Science, San Diego, California (Received A p ril SO, 1964)

The effect of the pulsed adsorption of oxygen on the conductivity of powdered NiO has been 
investigated over a frequency range from 103 to 1010 c.p.s. From a study of the magnitude 
of the relative conductivity change as a function of frequency it is possible to identify the 
frequency range over which surface effects dominate the conductivity. At all frequencies, 
however, after a sharp conductivity increase caused by oxygen adsorption, the conductivity 
decays very slowly and nonexponentially back toward its initial value. This decay is 
shown to be due neither to desorption of adsorbed oxygen nor to lattice incorporation. 
Since at 400° the fraction of the adsorbed species ionized is found to be 5 X 10“5 and since 
the conductivity decay is nonexponential, it is suggested that the decay is caused by multiple 
electronic transitions of the adsorbed oxygen between an ionized and an un-ionized excited 
state before final de-excitation to a neutral adsorbed species. Such transitions provide 
for conductivity reversal with an effective lifetime of the ionized species many times greater 
than the relevant transition times between states without requiring extensive ionization. 
Qualitatively similar transient conductivity decays generated by pulsed gas adsorption have 
been observed in ZnO, a-Fe20 3, and Cr20 3.

Introduction

Studies of chemisorptive charge-1 ransfer reactions 
utilizing electrical techniques have been extremely 
useful in the elucidation of reaction mechanisms.lb 
Development of these techniques to yield quantitative 
information, however, has been limited by the avail
ability of good single crystals upon which careful 
adsorption studies may be carried out simultaneously 
with conductivity measurements.

Since polycrystalline adsorbents are readily avail
able, it is worthwhile to examine electrical techniques 
which could lead to quantitative or semiquantitative 
interpretation. In the work reported here, frequency- 
dependent conductivity measurements have been com
bined with pulsed gas adsorption (so as to emphasize 
primary surface reaction processes) in a study of 0 2 
adsorption by NiO. In the course of this study, evi
dence has been obtained for the existence of transient 
but long-lived adsorbed ionic species resulting from 
this pulsed interaction.

Similar observations involving transient “slow states”

in chemisorption have recently been reported by 
Glemza and Kokes2 and by Belenkii and Alkhazov,3 
and in an earlier sulfide oxidation study Anderson4 
reported a related observation, although all of these 
experiments involved measurements of d.c. conductivity 
and static gas adsorption.

Experimental
Difficulties in the interpretation of d.c. conductivity 

measurements on powdered or sintered specimens are 
due to the inability of a d.c. measurement to see any 
but the limiting resistance path, which, in the worst 
case in a powder, could be some “contact resistance.”

(1) (a) This work was supported by the U. S. Army Research and 
Development Laboratories under Contract DA-44-009-ENG-4832, 
I t  was presented in pa rt a t the 142nd National Meeting of the Ameri
can Chemical Society, Atlantic City, N. J., September, 1962; (b) 
F. S. Stone, in “ Chemisorption,” W. E. Garner, Ed., Academic 
Press, Inc., New York, N. Y., 1957, p. 181 ff.
(2) R. Glemza and R. J. Kokes, J .  P hys. Chem., 66, 566 (1962).
(3) M. S. Belenkii and T. G. Alkhazov, K in e tika  i  K ataliz, 2, 368 
(1961).
(4) J. S. Anderson, D iscussions Faraday Soc., 4, 163 (1948).
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Since the primary interest is in the study of all regions 
which are directly affected by the gas during adsorp
tion (primarily the surface) one could be misled by d.c. 
measurements not only quantitatively but, in some 
cases, qualitatively as well. For example, the contact 
between particles could be an inversion region. Since 
resistive inhomogeneities are not distinguishable in a 
d.c. measurement, a.c. techniques have been employed, 
the theory of which has been discussed in detail else
where.5 I t is sufficient to say that, in principle, one 
should obtain regional discrimination (between con
tacts, surface, bulk) by varying the frequency, and 
thus one should be able to locate the surface region (in 
terms of frequency) and confine the study to that part 
of the frequency spectrum where surface effects pre
dominate.

Many techniques for making a.c. conductivity 
measurements have been described.6 For the present 
study a Q-meter was employed at frequencies below 
10s c.p.s., and transmission line measurements using 
a slotted line were used at higher frequencies. The 
details of the experimental procedures have been pre
sented previously.5 For transient studies, provision 
was made to 'sweep the Q-meter through resonance 
continually and similarly to sweep the slotted line 
through the voltage minimum. The outputs of these 
devices were then displayed on a chart recorder, 
from which record the circuit Q or voltage minimum 
could be obtained as a function of time, and from which, 
in turn, the time-dependent sample conductivity wras 
determined.

In the adsorption measurements, in order to mini
mize secondary effects not directly involving the pri
mary gas-solid interaction (as for example diffusion 
into the solid during adsorption), the adsorption studies 
reported here were carried out in a flow system in 
which the powdered specimen was placed in a conduc
tivity cell in the carrier gas stream of a gas chroma
tograph, the conductivity cell being located between the 
gas sample injection valve and the columns. In this 
manner, pulses of reactive gas can be transported in 
plug flow to the solid and the adsorption or reaction 
studied by the usual techniques of gas chromatography.7 8 
The contact times therefore can be limited and, in 
addition, both qualitative and quantitative analyses 
relating to the gas adsorption or reaction are obtained. 
The carrier gas atmosphere in which the solid resides 
is helium (purified by sequential passage through traps 
containing Linde Molecular Sieve 5A and charcoal at 
77°K.). The contact time for the gas-solid reaction 
is of the order of a few seconds (depending on the gas 
sample volume injected).

The Ni() powders are prepared by decomposition of

the carbonate at 900 to 1100° in alumina or silica vessels. 
They are then quenched in air, sieved to remove ex
cessive fines, loaded into the coaxial conductivity cell,3 
outgassed in flowing helium at 700 to 750° for a few 
hours, and cooled to the desired temperature.

ZnO is prepared by decomposition of ZnC20 4 at 
700° in a silica vessel and quenched in air. u-Fe20 3  

is a commercially available oxide (IRN-130, C. K. 
Williams and Co.). Cr20 3 is made by decomposition
of ammonium chromate. Sieving and outgassing are 
as described for NiO, except that ZnO is heated to only 
450°.

Gases which are to be reacted with the solid are 
prepared at various partial pressures as mixtures 
with helium. Injection into the gas chromatograph 
carrier gas stream then occurs with minimal flow dis
ruption.

The experiment consists of the injection of a known 
volume of reactive gas at some known partial pressure 
into the carrier stream while the a.c. conductivity of 
the powder at a given frequency is simultaneously 
monitored. In this way a continuous record is ob
tained of the sample conductivity before, during, and 
after the reactive gas plug has made contact with the 
solid. The quantity of reactive gas which can con
veniently react with the solid can be readily controlled 
so that the solid can be kept well below any saturation 
limit. On the other hand, complete adsorption or 
reaction of the injected pulse must be avoided, or non- 
uniform exposure along the cylindrical adsorbent col
umn will result.

The extent of adsorption or reaction during the pulse 
contact is measured by the usual techniques of gas 
chromatography applied to the unadsorbed gas and/or 
to the gaseous reaction products which emerge from the 
conductivity cell.

1. Pulsed Gas Adsorption and Conductivity: NiO. 
The injection of 0 2 (3.7 cc. (NTP), 0 2 partial pressure:
7.6 to 76 mm.) into NiO at 300 to 700° results in the 
expected large increase in conductivity which occurs 
within a few seconds. Following this, however, 
the conductivity begins to decrease toward the initial 
value, and, further, this decay in conductivity is 
strikingly slow by comparison with the initial change. 
Figure 1 shows a typical rise and decay of the circuit

(5) D. P. Snowden, II. Saltsburg, and J. H. Pereue, Jr., J . P hys. Chem. 
Solids , 25, 1099 (1964).
(6) See for example “ Dielectric M aterials and Applications,’’ 
A. von Hippie, Ed., Technology Press of M assachusetts In stitu te  of 
Technology and John Wiley and Sons, Inc., New York, N. Y., 1954, 
Chapter II.
(7) R. J. Kckes, J . Phys. Chem . Solids , 14, 51 (1960).
(8) D. P. Snowden and H. Saltsburg, Rev. Sci. Instr., 34, 1263 
(1963).
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Figure 1. Tracing of circuit Q as a function of time for pulse 
injection of 0 2 and H 2 to NiO; /  = 3.5 X 104 c.p.s.; 400°.

Q for NiO at 400° at a frequency of 3.5 X 104 c.p.s. 
Qualitatively similar behavior (a sharp increase 
followed by a slow decay) is observed at all frequencies 
(103 to 1010 c.p.s.), but the magnitude of the initial 
change is less at, higher frequencies. The measured 
conductivity, a, is a volume average value, uncorrected 
for density, and is computed from the circuit Q by the 
relation

where K i and Qn are constants at any given frequency, 
and thus an increase in Q indicates a decrease in a. 
The scale for Q in Fig. 1 is nonlinear.

The major portion of the decay occurs after the un
adsorbed 0 2 in the pulse has passed the sample and 
thus occurs in the absence of a substantial 0 2 pressure 
(other than background, which was less than 1 p.p.m.) 
in the helium stream.

It has been found that both H2 and CO will quench 
this 0 2-induced transient decay quite sharply at all 
frequencies of measurement. A qualitative sequence 
of 0 2 adsorption and H2 quenching (and cycling) is 
also shown in Fig. 1.

Using pulsed H2 reaction, one is able to restore the 
initial (i.e., prior to 0 2 adsorption) conductivity. 
This conductivity is a stable end point, and thus a 
cyclic process of oxidation and reduction can be carried 
out with both the conductivity and the gas adsorption 
(or reaction) being reproducible from cycle to cycle. 
In this manner, transient studies at various frequencies 
may be compared. In the following discussion the 
stable surface produced by pulsed H2 reaction is called 
“reduced.”9 The frequency-dependent conductivity 
of NiO is shown in Fig. 2, where the observed con
ductivity of the sample after initial outgassing is com
pared with that of the reduced surface obtained 
in the course of 0 2-H 2 reactions on the NiO at various

Figure 2. Frequency dependence of NiO conductivity 
and effects of 0 2-H 2 cycling: O, initially 
outgassed; X, reduced surface; 400°.

frequencies. The reproducibility is very good. Pulsed 
Ii2 reaction was more convenient than high-tempera
ture outgassing and was used throughout this work to 
produce a fiducial surface.10 Once the stable fiducial 
surface has been formed, further H2 pulses resulted in 
a small conductivity overshoot and decay, but no 
examination of this decay has been carried out.

A second pulse of 0 2 during the t ransient decay causes 
another increase and decay (of comparable magnitude), 
but much less 0 2 is adsorbed. The quantity of 0 2 
adsorbed in a second pulse, however, is independent 
of when during the decay the adsorpt ion occurs. Simi
larly, the extent of H2 and CO reaction during the 
0 2-induced decay is independent of the degree to which 
the decay has progressed. The reaction between H2 
and adsorbed 0 2 appears to be stoichiometric, H2 
removing 0 2 as water. Further 0 2 removal beyond 
that initially adsorbed is more difficult, the quantity 
of 0 2 removed per H2 pulse decreasing sharply once 
this initial amount has been removed.

The rate of the decay is temperature dependent, 
increasing with increasing temperature, but the con
ductivity decay is not a simple function of time such 
as an exponential. Typical data are shown in Fig. 
3a,b,c for NiO at 400 and 600°, at frequencies of 10s, 
107, and 3 X 109 c.p.s. (The data shown are for the 
same NiO sample.) The uncorrected Elovitch repre
sentation of the data has been chosen for convenience 
and is not meant to imply any mechanism for the

(9) The presence of metallic Ni is not implied. No evidence was 
found th a t metal formation had occurred.
(10) H. B. Charman, R. M. Dell, and S. S. Teale, Trans. Faraday 
Soc., 59, 453 (1963).
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Figure 3a. Conductivity decay following pulsed 0 2 
adsorption on “reduced” surface; 106 c.p.s.
(Note conductivity scale shift with temperature.)

process.11 The decay observed at these various 
frequencies is the same process following the same 
kinetic pattern. One can further compare the slopes 
do-/d(ln t) in the mid-range of the decay and calculate 
an energy parameter. One finds 12.3 keal. (105 
c.p.s.), 12.2 keal. (107 c.p.s.), and 10.5 keal. (3 X 109 
c.p.s.), which indicates a similar tem perature coef
ficient and again implies tha t the processes observed 
are the same. It should also be noted tha t first and 
second 0 2 pulses and variations in O2 pulse pressure 
seem not to affect the decay (except as changes in initial 
conditions affect the quantitative aspects of the decay).

The magnitude of the initial conductivity change is 
pressure dependent and increases with increasing 
pressure. I t  has been found, however, tha t if the total 
number of moles reacted is kept constant in a given 
series of pulsed adsorptions (where contact time is 
varied), the decay is essentially unaltered. Figure 4 
illustrates the decays produced by 1.1 cc. (NTP) 
of O2 (partial pressure = 76 mm.) and 10.4 cc. (NTP) 
of 0 2 (partial pressure =  7.6 mm.) on NiO at 400°; 
the slight difference is probably due to the inequality 
in total oxygen content of the pulses. The change 
may be described by (Acr)initial =  const. [(02)(4) ]'/,s 
where 0 2 is the oxygen partial pressure and te is the 
contact time (4 = gas sample volume/flow rate).

2. Pulsed Gas Adsorption and Conductivity: a-
Fe20 3, Cr20 3, and ZnO. Preliminary measurements

Figure 3b. Conductivity decay following pulsed 0 2 
adsorption on “reduced” surface; 107 c.p.s.
(Note conductivity scale shift with temperature.)

were made of pulsed 0 2 and H2 adsorption on a- 
Fe,0 3 , Cr20 3, and ZnO. In each case the same large 
initial fast change was followed by a long, slow decay. 
H2 and 0 2 acted to cause opposite conductivity changes, 
and the 11-type conductors a - Fed)3 and ZnO behaved 
in accord with this assignment of majority carrier sign, 
II2 causing conductivity to increase. Cr20 3  behaved 
as NiO, in accord with its p-type character. A typical 
response of a-Fe20 3 is illustrated in Fig. 5.

In all cases, the magnitude of the effect is more 
pronounced, and the decay is more rapid as the tem 
perature of the solid is increased.

3. Pulsed Gas Adsorption and Carrier Mobility:  
N iO .  In  order to determine the number of charge 
carriers generated by the pulse-adsorption reaction, 
the mobility of the charge carriers in the solid must be 
determined. Reasons akin to those limiting the utility 
of a.c. conductivity measurements limit the d.c. 
measurement of carrier mobilities in powders and a.c. 
techniques (microwave Faraday rotation) m ust be 
employed.12

Assuming th a t the mobility of a semiconductor such 
as NiO may be obtained from a microwave Faraday 
rotation measurement in the same manner as the 1110-

( 1 1 )  N o  a t t e m p t  t o  l i n e a r i z e  t h e  d a t a  via  a  “ to" h a s  b e e n  m a d e .  
T h e  u s e  o f  t h e  s i m p l e  t e m p e r a t u r e  d e p e n d e n c e  o f  t h e  s lo p e  a s 
s u m e s  “ ¿0 ”  t o  b e  i n d e p e n d e n t  o f  t e m p e r a t u r e .

( 1 2 )  D .  P .  S n o w d e n ,  IR E  Trans. Instr., 1 1 ,  1 5 6  ( 1 9 6 2 ) .
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bility of a band-type semiconductor (where Hall 
and drift mobilities are similar in magnitude), the Hall 
mobility for NiO in principle can be determined. 
Measurements at 400° on the powdered samples de
scribed above yield only a limiting value, ju <  1 cm.2/v . 
sec. A similar sensitivity limit has been found for 
carriers injected by pulsed oxygen adsorption.

Discussion
1. Relative Change in  Conductivity with  O2 A dsorp

tion. Although the a.c. conductivity of NiO is not 
describable by any simple model which permits one to 
identify separate regions of conductivity, probably 
because of inherent frequency-dependent losses in 
NiO,5 one might expect to see some regional discrimi
nation result from an examination of the relative change 
in conductivity since the region of prim ary, gas-solid 
reaction is the exterior of the solid. This relative 
change is shown in Fig. 6 as a function of frequency 
for two different NiO samples at 400°. Three fre
quency regions are observed, 3 X 103 to 106, 106 to 108, 
and above 108 c.p.s., which suggest the presence of differ
ent physical regions in the system (contact, surface, 
and bulk).

The exterior regions would be expected to be em
phasized by pulsed gas adsorption since, owing to 
space charge limitations, extensive free motion of one 
sign of carrier toward the interior is not expected.

Figure 3c. Conductivity decay following pulsed O2

adsorption on “reduced” surface; 3 X 10’ c.p.s. 
(Note conductivity scale shift with temperature.)

NiO 12-8-61,400°C
----1.1 CC 02 (76 mm)

-
----10.4 CC 02 (7.6mm)

: V

-

02 INJECTION 1i 5 MIN______l- -----1______1___
TIME-----

Figure 4. Circuit Q as a function of time for 
pulsed 0 2 adsorption on NiO when total moles 
are constant and contact time is varied.

TIME--- -
Figure 5. Circuit Q as a function of time following pulsed 
adsorption of O2 and H2 on a-FejO«; /  = 106 c.p.s.; 400°.

Therefore, both the contacts between particles and the 
surface region should show relatively large conductivity 
changes compared to those generated in the bulk. 
As frequency is increased, the relative change should 
therefore decrease since a greater portion of the volume 
of the solid is being examined electrically.5 I t has 
been found th a t mechanical vibration of the con
ductivity cell causes a small, transient conductivity 
change,13 the decay of which is weakly temperature 
dependent. However, this change can only be ob
served below 106 c.p.s. if the sample packing is stable. 
This vibration sensitivity may be interpreted as an

( 1 3 )  T h i s  c h a n g e  i s  a n  o r d e r  o f  m a g n i t u d e  s m a l l e r  t h a n  t h a t  p r o 
d u c e d  b y  O 2 .
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Figure 6. Relative changes in conductivity on “reduced”
NiO surfaces following pulsed O2 adsorption.

indication of participation by particle-to-particle con
tacts in the observed conductivity. Vibration breaks 
these contacts and the transient conductivity change 
is due to a resintering of the contacts. I t  appears, 
therefore, tha t only when conductivity is measured at 
frequencies of >10® c.p.s., is the surface contribution 
(uninfluenced by interparticle contacts) prominent, 
with changes in other external regions not predominant. 
Beyond 108 c.p.s. it can be inferred th a t the region of 
bulk conductivity is being observed, since the relative 
change drops again. At frequencies below 106 c.p.s., 
the contacts or grain boundaries, which are quite 
sensitive to 0 2, may be observed. The dispersion in 
C r3+-doped NiO, which, unlike undoped NiO, exhibits 
a frequency-independent region,5 is consistent with 
these interpretations of the location of the relevant 
surface region in the frequency domain. The relative 
conductivity change following pulsed 0 2 adsorption is 
shown for C r3+-doped NiO (Fig. 6) and the agreement 
with undoped NiO is quite satisfactory.

Although the relevant region of frequency can be 
located for examination of predominantly surface 
effects, it is im portant to note th a t the observation 
of the long transient conductivity decay following 
pulsed adsorption is seen over a wide frequency range, 
so that only for quantitative use of the decay phenom
ena is this specific location relevant to the discussion 
to follow in the next section.

Before proceeding to a discussion of the nature of 
the transient decay, the results of the conductivity

measurements must be examined in the light of recent 
determinations of the spatial distribution of excess 
oxygen ions intrinsically bound in NiO powders. 
Gossel14 has performed iodometric titration measure
ments which have been interpreted to show th a t most 
of these oxygen ions appear to be on the outside of the 
particle. For such a situation the skin would be highly 
conductive, and little frequency dependence would 
result since the outside would provide a low-rcsistance 
path  at all frequencies, in contrast to the observed 
conductivity which is strongly frequency dependent. 
I t  is possible however th a t as a result of the titration 
charge carriers are pumped from the interior to the 
surface so tha t the total excess oxygen is measured 
without being on the surface. Further, as will be shown 
below, most of the oxygen adsorbed in a pulsed adsorp
tion experiment is bound on the surface and not 
ionized, and therefore may not be detectable by the 
titration technique. Thus, the distribution of oxygen 
is by no means well defined even though the total 
excess quantity of oxygen can be determined.

2. N a ture  o f  Transient Decay. At the outset, 
the fact th a t a conductivity reversal occurs implies 
th a t the 0 2 which is adsorbed is not subsequently 
taken up by the bulk lattice as 0 ~ 2; this would require 
either no reversal or a slow increase in conduc
tivity. Note, too, that since the same qualitative 
changes (increase and reversal in conductivity) are 
seen a t all frequencies, it cannot be assumed tha t the 
ions formed “outside” leave and drift into the “ in
terior.” In  that case, the low-frequency reversal 
would be accompanied by a high-frequency drift in 
the opposite direction; this is not observed.

Since lattice incorporation cannot be the cause of 
the conductivity reversal, extensive oxygen desorp
tion must be considered. The evidence against the 
desorption mechanism is summarized below.

a. The observed decay is completely independent 
of helium carrier gas flow, including complete isolation 
of the cell from the stream during the decay.

b. No drift is observed in the gas chromatograph 
bridge output, indicating no slow desorption following 
the main pulse, and trapping of the cell effluent during 
the decay, using glass wool at 4.2°Iv., yields 0 2 only 
in amounts attributable to the normal background in 
the helium carrier (<1 p.p.m. at STP).

c. Injection of a mixture of argon and 0 2 shows no 
indication of any separation between these gases on 
NiO. Therefore, no reversible adsorption-desorption 
step is so slow as to hold back the 0 2 relative to the 
argon.15

( 1 4 )  H .  G o s s e l ,  Z . Elektrochem., 65, 9 8  ( 1 9 6 1 ) .
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d. Extensive desorption (or chemical transitions 
of adsorbed species) might be expected to lead to time- 
dependent chemical effects. In adsorption or reaction 
of H2, 0 2, and CO, no difference in the amount ad
sorbed or reacted can be detected as a function of time 
following pulsed 0 2 adsorption, and thus no gross chem
ical changes occur during the decay. The fact that 
H2 reacts primarily with the quantity  of 0 2 adsorbed 
shows that newly adsorbed 0 2 is considerably less 
tightly bound than lattice oxygen.

Local tem perature changes resulting from 0 2 ad
sorption do not create the time-dependent decay, since 
reaction during the decay with H2 or CO causes the con
ductivity to change abruptly in the opposite direction 
(with respect to 0 2). The sign of the initial change 
clearly is in agreement with the usual conception of 
NiO as having p-type charge carriers15 16 with 0 2 acting 
as an acceptor and H2 and CO as donors. Preliminary 
examination of 11-type oxides (a-Fe20 317 and ZnO18) 
described above reveals a similar electronic pattern. 
One would expect, however, to see unidirectional 
thermal effects since all these reactions are exothermal.18

Gaseous diffusional effects due to the presence of a 
helium atmosphere and the powdered nature of the 
specimen must be considered, but the data  show no 
indication of such effects. Measurement of the extent 
of irreversible adsorption from the pulse on the reduced 
surface indicates a surface coverage of the order of 
magnitude observed in equilibrium studies10 and thus 
indicates complete physical accessibility of the surface 
to the 0 2.

Consequently, the transient decay, which implies 
the loss of the carriers generated by 0 2 adsorption, 
is not due to extensive desorption of the adsorbed 0 2, 
nor to local heating, nor to gaseous diffusion effects.

Next it is relevant to inquire into the number of 
charge carriers generated on the freshly reduced sur
face. In a typical pulse (0 2 on NiO at 400°) on a 
reduced surface, the largest change in conductivity is 
observed at 8500 Mc.p.s. where A a is approximately 
jlO~5 (ohm cm .)M 20 Assuming the upper limit for 
'the mobility, 1 cm.2/v . sec., the increase in the number 
of carriers is 10I4/cm .8. The NiO sample (0.25 cm.8) 
adsorbed (irreversibly) 5 X 1017 molecules and had a
B.E.T. area of ~ 1  m .2. The surface coverage is thus 
~ 5  X 1013/cm .2; the ratio of ions remaining (which 
participate in the conductivity dec,a;y) to molecules 
adsorbed is < 5  X 10~5. It should be noted tha t even 
if the Hall mobility is as small as the lowest value de
duced for NiO at 400° by M orin16 (y «  ICR2 cm.2/  
v. sec.) from conductivity and Seebeck coefficient data, 
the ion-to-molecule ratio will be much smaller than 
unity!21 Such low ion-molecule ratios have also been

reported for ZnO22 and Cu20 .23 Because of the un
certainties in interpretation, however, extensive quan
titative measurements of carrier concentration in NiO 
seem premature, and only the order of magnitude of 
the ratio can be considered meaningful.

That this ratio is so sm all in NiO is consistent with 
other recent studies. Maxim and B raun24 have pro
posed tha t most of the 0 2 th a t is chemisorbed on NiO 
is present as a neutral species, so tha t when 0 2 pre
adsorbed on NiO is irradiated with neutrons, the 0 2 
neutral can act as an acceptor and trap an electron, 
thus altering the ratio of ionized to neutral oxygens 
without altering the gross concentration of adsorbed 
oxygen. This suggestion is based on discrepancies 
between gravimetric and iodometric titration measure
ments of excess oxygen, the former always showing 
much larger quantities of oxygen to be present and the 
latter showing increasing quantities after irradiation. 
Haber and Stone25 have observed photodesorption 
of 0 2 from NiO despile the fact that NiO is not a photo
conductor26'27; again a stable neutral chemisorbed 
species is implied. Possible photodesorptive contri
butions from N i3+ are ignored by assuming tha t N i3 + 
is not concentrated on the surface; however, the meas
urements described above imply tha t the total number 
of N i3+ ions is too small to be relevant.

The use of powdered specimens might imply that 
some kind of special sites peculiar to powders are in
volved in the decay, but experiments have been carried 
out on single crystals of NiO (where d.c. measurements 
suffice), and the slow, flow-independent, decays similar 
to those obtained with powders are still observed.28

( 1 5 )  P. E .  E b e r l y ,  J r . ,  J . Phys. Chem., 6 5 ,  6 8  ( 1 9 6 1 ) .

( 1 6 )  F .  J .  M o r i n ,  Phys. Rev., 9 3 ,  1 1 9 9  ( 1 9 5 4 ) .

( 1 7 )  F .  J .  M o r i n ,  ibid., 9 3 ,  1 1 9 5  ( 1 9 5 4 ) .

( 1 8 )  A .  R .  H u t s o n ,  ibid., 1 0 8 ,  2 2 2  ( 1 9 5 7 ) .

( 1 9 )  R .  M .  D e l l  a n d  F .  S .  S t o n e ,  Trans. Faraday Soc., 5 0 ,  5 0 1  
( 1 9 5 4 ) .

( 2 0 )  T h i s  c h a n g e  m a y  n o t  e v e n  r e p r e s e n t  a  d . c .  c o n d u c t i v i t y ;  i t  m a y  
b e  m e r e l y  a n  u p p e r  l i m i t  o n  t h e  m a g n i t u d e .  I t  i s  n o t  c o r r e c t e d  f o r  
d e n s i t y .

( 2 1 )  T h e  c o n d u c t i v i t y  u s e d  is  a n  a v e r a g e  v a l u e  a n d  w o u l d  b e  e x p e c t e d  
t o  b e  l o w e r  t h a n  a c t u a l  m a t e r i a l  c o n d u c t i v i t y ,  b u t  t h i s  f a c t o r  w o u l d  
n o t  b e  s u f f i c i e n t  t o  a l t e r  t h e  q u a l i t a t i v e  c o n c l u s i o n .

( 2 2 )  G .  f l e i l a n d ,  E .  M o l l w o ,  a n d  F .  S t o c k m a n n  i n  “ S o l i d  S t a t e  
P h y s i c s , ”  V o l .  8 ,  F .  S e i t z  a n d  D .  T u r n b u l l ,  E d . ,  A c a d e m i c  P r e s s ,  
N e w  Y o r k ,  N .  Y . ,  1 9 5 9 ,  p .  2 7 7 .

( 2 3 )  T. J .  G r a y  a n d  S .  D .  S a v a g e ,  D iscussions Faraday Soc., 2 8 ,  1 5 9  
( 1 9 5 9 ) .

( 2 4 )  I .  M a x i m  a n d  T .  B r a u n ,  J .  Phys. Chem. Solids, 2 4 ,  5 3 7  ( 1 9 6 3 ) .

( 2 5 )  J .  H a b e r  a n d  F .  S .  S t o n e ,  Trans. Faraday Soc., 5 9 ,  1 9 2  ( 1 9 6 3 ) .

( 2 6 )  J. H .  D e  B o e r  a n d  E. W. J. V e r w e y ,  Proc. P hys. Soc. Suppl. 
( L o n d o n ) ,  4 9 ,  5 9  ( 1 9 3 7 ) .

( 2 7 )  R e c e n t  m e a s u r e m e n t s  i n  t h i s  l a b o r a t o r y  o n  b o t h  p o w d e r s  a n d
s i n g l e  c r y s t a l s  h a v e  c o n f i r m e d  t h a t  N i O  i s  n o t  a  p h o t o c o n d u c t o r .
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All of the available evidence then points to the origin 
of the conductivity reversal following 0 2 adsorption 
on NiO as being the removal of the gross reactive gas 
phase (0,), and this in turn implies, with no desorp
tion, no lattice incorporation, and other artifacts 
ruled out, that the apparently limited numbers of ions 
initially formed revert slowly to some neutral but 
stable adsorbed species. Since the decay is not a 
simple function of time, it cannot be described in terms 
of a simple reverse reaction sequence. A more compli
cated model involving multiple trapping of the charge 
carrier must be invoked to describe these decays. 
In this model ions are formed to a limited extent, with 
the major portion of the adsorbed species being formed 
in some neutral but excited state. Multiple transi
tions between excited neutral oxygen and the ion, 
which involve only the motion of a charge carrier, 
occur many times prior to a transition of the excited 
neutral to an unexcited neutral. The excited neutrals 
are thus slowly removed from the electrical system. 
In this type of mechanism a limited number of the ad
sorbed species are ionized at any given time, but all are 
capable of becoming ionized. Such processes are well 
known in photoactive semiconductors,28 29 but have re
ceived scant, attention in chemical reaction studies. 
Calculations based on this model have been per
formed to describe the form of the decay observed on 
single crystals.28 It is found that, the analytic ex
pression for the decay thus obtained also describes the 
results on powders presented here. Maxim and Braun, 
as noted above, have independently invoked the con
sequences of such a mechanism to explain a shift in 
equilibrium adsorption of 02 on NiO following neutron 
irradiation.

The connection between these transient decay ex
periments and those of Glemza and Ivokes2 and Belenkii 
and Alkhazov3 seems clear: all these workers ob
served conductivity reversals when the 0 2 pressure 
in the static system became very small or vanished. 
Anderson4 observed a related effect, and in all three 
studies the necessity of avoiding large quantities of 
reactive gas in order to observe the effect clearly was 
noted.

Belenkii and Alkhazov assume that the d.c. con
ductivity which they measure in Fe20 3 is character
istic of the powder surface, and hence the reversals 
observed must be due to the motion of oxygen ions 
to and from the surface. Measurements on a-Fe20 3 
powder using a.c. techniques do not show any differ
ence in the sign of (he conductivity change as a func
tion of the frequency. Consequently, since it seems 
unlikely that ions could move in and out. of the bulk 
without causing one regional conductivity to change

in one direction while another undergoes the opposite 
change, this mechanism seems unlikely. Similar 
results were found for ZnO.30

The multiple trapping concept presented for the 
0 2-N i0 system does not require the motion of ions 
but only of charge carriers between various trapping 
sites. Further, the long life associated with these 
carriers does not require very slow elementary molecu
lar reaction rates (i.e., diffusion steps) but rather 
a long average lifetime resulting from competitive 
reactions in which the rate-determining step is not 
electrically active.

Finally, the existence of these decay phenomena 
bears strongly on interpretations of desorption experi
ments, particularly when monitored by electrical 
conductivity. In particular, the reversal of the con
ductivity upon pumping out the adsorbing gas does not 
necessarily imply desorption. Thus, a conductivity 
reversal of the type discussed above could easily account, 
for the observation of an Elovitch-type decay reported 
by Gray on the 0 2-N i0 system,31 and no slow desorp
tion need ever have occurred. A similar problem exists 
in the photodesorption studies of Haber and Stone,26 
where the transient nature of the excited neutrals 
postulated here, if involved, could play a role in the 
observed inverse relationship between photodesorbed 
0 2 and 0 2 content of NiO.

Summary and Conclusions
1. A technique for simultaneously carrying out 

pulsed gas adsorption and frequency-dependent con
ductivity measurements has been described.

2. The utility of pulsed gas adsorption in the study 
of structural inhomogeneities by a.c. conductivity 
techniques has been demonstrated.

3. The existence of a transient but long-lived ad
sorbed ionic species resulting from the adsorption of 
0 2 on NiO has been demonstrated.

4. The fraction of these transient, ions formed that 
survive long enough to be observed, relative to the 
number of 0 2 molecules initially adsorbed on NiO, 
has been shown to be < < 1.

5. The mechanism of the conductivity decay has 
been postulated to involve the multiple trapping of 
the carrier by the adsorbed species, leading to a pro
longed effective life for the ion involved. Lattice

(28) H. Saltsburg and D. P. Snowden. These results have been 
presented a t the International Conference on the Physics and Chemis
try  of Solid Surfaces, Brown University, June, 1964. To be published 
in the proceedings of th a t conference in “ Surface Science.’’
(29) J. A. Hornbeck and J. R. Haynes, Phys. Rev., 97, 311 (1955).
(30) H. Saltsburg and D. P. Snowden, J . P hys. Chem., 68, 2734 
(1964).
(31) T . J. Gray and P. W. Darby, ibid., 60, 209 (1956).
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incorporation and desorption have been shown not to 
occur.

6. The existence of a qualitatively similar effect 
in Fe20 3, Cr20 3, and ZnO has been demonstrated.

Potentiometrie Studies in Mixed Solvents. I. The Determination of 

Activity Coefficients and Junction Potentials Using Modified Gran Plots

by F. J. C. Rossotti and Hazel Rossotti

Inorganic Chemistry Laboratory, Oxford University, Oxford, England  (Received M a y  26, 1964)

The suitability of various mixed aqueous-organic electrolyte solutions for use as media in 
potentiometric studies of equilibria was investigated. For systems of 0.5 M  MX (M = Li + 
or Na+ and X = C104-  or N 03~) in water and 50% v./v. organic solvent (methanol, 
ethanol, or dioxane), M + was gradually replaced by H+. The resulting changes in activity 
coefficients and liquid junction potentials are discussed.

Complexes formed in aqueous solution between metal 
ions and ligands, which are conjugate bases of weak 
acids, are frequently studied by measuring the concen
tration, h, of free hydrogen ions, using a suitable gal
vanic cell.1’2

The results are best interpreted if activity coefficients 
of species participating in the cell reaction, and the 
potentials at any liquid-liquid junctions, can be kept 
constant throughout the measurements. Mixed aque
ous-organic solvent media are often used to increase the 
solubility of many metal complexes and also because of 
their intrinsic interest. Many authors have combined 
an aqueous reference half-cell with a mixed solvent 
half-cell and thus have introduced large liquid junction 
potentials.

In the present work, liquid junctions between aque
ous solutions and mixed solvents have been avoided. 
As a preliminary to studying metal complex formation 
in mixed aqueous-organic solvents, two series of meas
urements were made at 25° and ionic strength 0.5 M  
in each of the possible combinations of solvent S (water, 
50% v./v. methanol, 50% v./v. ethanol, and 50% v./v. 
dioxane), background cation M+ (lithium, sodium), and 
background anion X - (perchlorate, nitrate).

Series I . The mean stoichiometric activity coef
ficient (7 h7 ci)1/! was measured as a function of h using 
the cells

— glass electrode

H+, M+, Cl-, X -  in S 
[M + ] +  h ~  0.5 M AgCl(s), Ag(s) +  (I)

The activity coefficient product thtci is defined so that 
ThTci -*■ 1 as (h +  [Cl- ]) 0 in each MX-S medium.
A stoichiometric activity coefficient is obtained3 by 
dividing activity by total as opposed to free concentra
tion and will accordingly differ from the true activity 
coefficient if the ion under consideration is partially 
associated.

Series I I .  The dependence of

E j  = Eh  -  R T / F  In 7h 

on h was determined using the cells

(1) F. J. C. Rossotti and H. Rossotti, “ The Determ ination of Sta
bility Constants,” McGraw-Hill Book Co., Inc., New York, N. Y., 
1961, Sections 4-1, 7-3-A.
(2) J. Bjerrum, G. Schwarzenbach, and L. G. Sillen, Ed., “ Stability 
C onstants,” The Chemical Society, London, 1957 and 1958.
(3) See ref. 1, Section 2-2-C.
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— glass electrode

M+ (0.5 -  h) M MX 0.5 M M+ 0.49 M
H+ h M in S Ag+ 0.01 M
X “ 0.5 M X - 0.5 M
in S in S

(a) (b)

AgCl(s), Ag(s) +  (II)

The term E } is the potential at the boundary (a) ; the 
potential at (b) remains constant and is included in the 
appropriate formal potential.

Method
Series I .  The measurements were carried out as po- 

tentiometric acid-base titrations using cell I. A mix
ture of V  ml. of aqueous acid ((1 — Y)  M  HX +  Y  M  
HC1) and V  ml. of water or pure organic solvent was 
titrated with v ml. of aqueous alkali (B  M  MOH +  1 M  
MX) together with v ml. of water or pure organic sol
vent.

The e.m.f. of cell I is given by

E  = E 0 -  y i n  {H + }{C1- } (1)

where the parameter Eo contains the formal potentials of 
both half-cells and the asymmetry potential of the glass 
electrode. If IIX and HC1 are completely dissociated

= V H  -  vB  = V H ("« ~  ") (2)
2 r ( V  +  v) 2 ver ( V  +  v)

and if HC1 and MCI are completely dissociated

Fromeq. 1, 2, and 3

R T  V Y ( V H  -  vB)  
0 F  4r2(F +  v)2

R T
F

In thTci (4)

whence

E ,  = E  -  ~  In (F +  v) =
F

R T  , V H  — vB R T
Uo -  —  in -  T  THTC1 (5)

where the term

R T  V Y  
E ° ~  E o  ~  p  n  4  7* 2

is constant throughout a titration.
The equivalence point may readily be obtained by a 

modification of Gran’s method.4 The present procedure 
also gives values of 7 htci- The quantity

t  = (F +  v) X iO '£'-iV2-303fi:r (6)

is plotted against v. From cq. 5 and 6
=  1 ( ) - a 'F /2 .3 0 3 « r ( F f i r _  v B ) y Hy c l  ( J )

Whence, ^ = 0 when V H  = veB  and \p is a linear func
tion of v, provided that thTci = 1. If thtci = 1 only 
at low values of h, then a straight line drawn through 
the points at low h can be extrapolated to give 
values of

[Cl“ ]
V Y

2r(F +  v)
(3)

h  = 10 -E>'W.303RT(VH _  vB) (8 )

Then from eq. 7 and 8
where H  (1 M  in this work) is the initial concentration 
of aqueous acid, ve is the equivalence point, and r = 
V / 2 v  is the contraction factor for the addition of v ml. of 
aqueous 1 M  MX to v ml. of pure solvent to give F  ml. 
of mixture (c/. Table I). The ionic strength was kept

Table I : Contraction Factor, r, for Solvent Mixtures

Water
50%

MeOH
50%
EtOH

50%
dioxane

LiNOs 1 . 0 0 0 . 9 7 0 . 9 7 0.98
LiC104 1 . 0 0 0.96 0 . 9 7 0.99
NaNOs 1 . 0 0 0.97 0 . 9 7 0.98
NaC104 1 . 0 0 0.97 0 . 9 7 0.99

at a constant value of p = 0.5r 1 M  for each MX-S 
pair.

7h7ci (9)

Series I I .  Two sets of measurements were carried 
out as potentiometric titrations using cell II.

(1) Values of E jy in the region h < 0.2 M  were ob
tained by titrating a mixture of F ml. of aqueous 1 M  
MX and F ml. of pure solvent with v ml. of aqueous 
1 M  HX and v ml. of pure solvent. For cell II

R T
E  = Eo T  E jy — —— In h (10)

r

where, provided that HX is completely dissociated

h =
vH

2 r(F +  v)
(11)

(4) G. Gran, A nalyst. 77, 661 (1952).
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Figure 1. Gran plots \p(v) and 4>{v), cf. eq. 6 and 13: (a) LiN03-EtOH in cell I,
thtci = 1; (b) NaN03-dioxane in cell I, yhtci  ̂ 1; (c) NaC104-M e0H in cell II, Ej )> 0.
The dotted lines represent \pi(y) and 4>i(v), cf. eq. 8 and 14.

The value of E a was obtained as the value of E  +  R T / F  
In h at low values of h and was found to be constant 
for values of h up to a t least 0 .0 1  M .

(2) Values of E } over the whole range h <  0.5 M  
were obtained by titrating a mixture of V  ml. of aque
ous 1 M  HX and V  ml. of pure solvent with v ml. of 
aqueous alkali (B  M  MOH and 1 M  MX) together with 
v ml. of pure solvent. The value of E jy was calculated 
by an extension of Gran’s method . 4

Since h is again given by eq. 2 , combination with eq. 
1 0  gives

E  =  E q +  E j  —
R T

In
V H  -  vB

2 r ( V  +  v)
(12)

Thus

<j> = ( V  +  v) X  l 0 - ^ /2-303Kr =

^0 -  (E<,+ E iy )F /2 .3 0 3 R T (13)

As h -*■ 0, E jy -*■ 0 and 0  becomes a linear function of v 
such th a t 0  = 0 when v = ve. Extrapolation of the 
linear part of the function <j>{v) gives values of

0 = 10~EoF/2.303RT\ V H  -  vB  
2r

(14)

whence

E ,
2.303R T  

F
log (15)

Experimental
Chemicals. Lithium perchlorate was prepared by 

neutralizing Analar grade perchloric acid with lithium 
carbonate and recrystallizing the product from water. 
Hopkins and Williams G.P.R. grade lithium hydroxide 
was found to be free from sodium and halide ions and 
was used without further purification. All other chem
icals were of Analar grade.

Apparatus.  Grade A glassware was used for all volu
metric work. Solutions were prepared and measure
ments were made in a room kept a t 25 ±  1°. T itra
tions were carried out in a five-necked flask in a water 
bath thermostated a t 25 ±  0.1°. Stirring was carried 
out by a stream of nitrogen presaturated with the ap
propriate M X-S mixture. Potentials were measured 
to ±0.2 mv. with a Radiometer pHM4 which had been 
calibrated against a Pye precision potentiometer. The 
Radiometer glass electrode, Type 202A, was stored in 
water when not in use. Silver and silver-silver chloride 
electrodes were prepared as described by Brown6 and 
were soaked overnight in water before use. For cell I, 
it was necessary to use a new silver-silver chloride elec
trode for each titration. A Wilhelm-type reference 
half-cell and liquid junction6 was used in cell II. For 
both cells, attainm ent of equilibrium was somewhat 
slow in ethanolic solutions, but it was rapid and repro-

(5) A. S. Brown, J . A m . Chem. Soc., 56, 646 (1934).
(6) W. Forsling, S. Hietanen, and L. G. Sillén, Acta Chem. Scand  
6, 901 (1952).
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Table I I : The Stoichiometric Activity Coefficient Product thyci as a Function of h for [Cl ] = 2 ±  0.5 mM
h, M 0.449 0.392 0 .342 0 .297 0.257 0.221 0.189 0 .159

N aN O s-E tO H 7H7C1 (1 .085) 1.096 1.078 1.072 1.052 1.041 1.023 1.012
N a N 0 3“ dioxane 7H7CI 1.090 1.075 1.063 1.041 1.037 1.025 1.015 1.003

h, M 0.482 0 .420 0.365 0 .316 0.272 0.233 0.197 0 .165 0 .1 3 5
N aC IC V E tO H 7H7C1 1.105 1.088 1.074 1.059 1.044 1.035 1.026 1.019 1.002
N aC 104-d ioxane 7H7CI 1.103 1.082 1.065 1.044 1.035 1.028 1.024 1.013 1.006

ducible in the other three solvents. All titrations were 
carried out in duplicate.

Contraction Factors. Densities pa, pb, and pab of 
aqueous 1 M  M X (A), of pure solvents (B), and of 50% 
v ./v . mixtures of A and B were determined by weighing 
volumes measured by buret. Values of the contraction 
factors y =  (pa +  pb) /2 pab are given in Table I.

Results
Series I .  Measurements were first carried out in the 

range of chloride ion concentration 1.25 mM  ^  [CD] 
C 2.5 m l ,  Linear plots \p(v) (see Fig. la) were ob
tained for all systems in which M + = Li+ and for the 
two sodium salts in water and in aqueous methanol. 
Thus, for all these systems, yHyci = 1 over the whole 
range of acidity 0.5 M  ^  h ^  0 studied. Deviations 
of \j/(v) from linearity for sodium nitrate and perchlorate 
in aqueous ethanol and aqueous dioxane are consistent 
with values of ynyci > 1 for h > 0.08 M  (see Fig. lb  and 
Table II). Plots ip(v) for the systems N aN 0 3-dioxane, 
N aCI04-ethanol, and NaC104-dioxane were linear at 
lower chloride ion concentrations, 1 m l  /  [CD] /  
0.5 m l ,  indicating that ynyci = 1 under these condi
tions and hence presumably tha t lim yH =  1. The

[ci -] —► o
less reliable functions ip(v) for the N aN 0 3-ethanol sys
tem were similar for the two chloride ion concentrations 
studied.

Series I I .  Deviations of the plots <p(v) from linearity 
(see Fig. lc) in the region h >  0.01 M  indicated that, for 
all sixteen systems studied, E jy >  0. There was usually 
excellent agreement between the functions E jy(h) ob
tained using eq. 10  and 1 1 , and those obtained using 
large-scale Gran plots (eq. 2 and 15). However, for a 
few systems (cf. Fig. lc), the linear extrapolation of <p(v) 
was not unequivocal. In  these cases, values of E jy ob
tained from eq. 1 0  and 1 1  a t moderate values of h were 
inserted into eq. 15 to obtain values of E jy a t higher 
values of h. Plots of E jy against h are shown in Fig. 2.

Discussion

Series I .  The linearity of the plots \p(v) for all eight 
lithium systems and for the two sodium systems in both 
water and in aqueous methanol supports the assump

tions made in deriving eq. 2 , 3, and 1 1  tha t HC104, 
H N 0 3, HC1, and MCI are all completely dissociated. 
Since the stoichiometric activity coefficient product 
yHyci is unity over the whole range of replacement of 
M+ by H+, the true activity coefficient product must 
also be unity. The direction of curvature of \p(v) for 
the two sodium systems in aqueous ethanol and aque
ous dioxane is consistent with a greater association of 
chloride ions with sodium ions than with protons. In 
deed, since HC1 is completely dissociated in the lithium 
media, it is unlikely to be appreciably associated in the 
analogous sodium media. If sodium and chloride ions 
do associate, the values of the stoichiometric activity 
coefficient products ynyci given in Table II will differ 
from those of the true activity coefficient products.

There is independent evidence tha t HC104 is com
pletely dissociated in 80% v./v . acetone.7 8 9 10 11

On the other hand, there are indications8-10 that, HC1, 
LiCl, and NaCl are incompletely dissociated in 50% 
v./v , dioxane. Unfortunately, the values of the dis
sociation constants, which are mainly derived from 
conductivity measurements, are so sensitive to the 
method of computation that it is not clear what reliance 
should be placed upon the data. However, such associ
ation as might occur would certainly be expected to 
increase in the sequences H + <  Li + <  Na+ (cf. ref. 9 and 
10), CIO4-  < N 0 3-  <  CD (cf. ref. 2  and 11), and water <  
methanol <  ethanol <  dioxane. Our results are com
patible with these sequences.

No activity coefficients of acids in HC104-M C104 

or HNO 3UVINO3 media seem to have been reported. 
Biedermann and Sillbn’s measurements12 of the po
tentials of several half-cells in mixtures of H + and Na + 
in aqueous C104-  could best be explained by assuming

(7) V. M. Atkins and C. B. Monk, J . Chem. Soc., 1817 (1961).
(8) H. P. Marshall and E. Grunwald, J . Chem. Phys., 21, 2143 
(1953).
(9) G. R. Nash and C. B. Monk, Trans. Faraday Soc., 54, 1650 
(1958).
(10) T. L. Fabry and 11. M. Fuoss, J . Phys. Chem., 68, 971 (1964).
(11) L. G. Van Uitert, W. C. Fernelius, and B. E. Douglas, J . A m . 
Chem. Soc., 75, 2739 (1953).
(12) G. Biedermann and L. G. Sillén, A rkiv  K em i, 5, 425 (1953).
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Figure 2. Liquid junction potentials Ej as function of h: (a) LiN03, (b) LiC104, (c) NaN()3, (d) NaCIO,.
Full lines represent water, dotted lines 50% methanol, dot-dashed lines 50% ethanol, and dashed lines 50% dioxane.

tha t the activity coefficients of the participating cations 
were independent of h in the range 50 mM ^  h 600 
mM. However, Zielen and Sullivan13 found that the 
formal potentials of some couples involving metal ions 
in 2  M aqueous HCIO4-M CIO 4 mixtures were linear 
functions of h, indicating a Harned rule relationship14 
between the activity coefficients of the cations and the 
composition of the medium. Biedermann and Sillen12 
observed similar behavior of yci and ysr in 3 M (H+ +  
N a+) mixtures containing ~ 1 0  mM halide ions in a 
perchlorate medium. Thus the present observation 
that, as [Cl- ] —► 0, yHyci —*■ 1, is in agreement with 
Brpnsted’s principle of specific ionic interaction15'16 and 
with Biedermann and Sillen’s conclusion12 that, a t con
stant ionic strength, change in h affects yci but not ym 
The effect of h on yHyci for the low concentrations, 0.5 
mM [Cl- ] 1 mM, of chloride ions used in this work
is much smaller than the effect of h on yci and yBr for 
halide ion concentrations of about 10 mM. The fact 
that yHyci deviates from unity when N a+, but not Li+,

replaces H+ is in agreement with Zielen and Sullivan’s 
observation13 that d E / d h  for the formal potential E  of 
the N p(V )-(VI) couple is —4.78 mv. in 2 M  NaC104 but 
is only —1.51 mv. in 2 M  LiC104.

Values of ynyci do not show a Harned rule depend
ence on h over the whole range of acidities studied. 
Thus for NaNO .3 and NaClCfi in aqueous ethanol and 
dioxane, log ynyci ~  0 in the range 0 <  h <  0.1 M, but 
it is an approximately linear function of h when 0.1 
<  h <  0.5 M .

Series I I .  For all systems except NaNO:, E rO ll, it 
can be assumed tha t yn = 1 and hence t hat the term 
E ]y represents only the liquid junction potential, Ej.

(13) A. J. Zielen and J. C. Sullivan, J . Phys. C h e m 66, 1065 (1962).
(14) H. S. Harned, J . A m . Chem. Soc., 57, 1865 (1935); K. S. Pitzer 
and L. Brewer, “ Therm odynam ics,” McGraw-Hill Book Co., Inc., 
New York, N. Y., 1961, p. 568.
(15) See ref. 1, Section 2-1.
(16) J. N. Br0nsted, J . A m . Chem. Soc., 44, 877 (1922); 45, 2898 
(1923).
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The theoretical value of E t for a given liquid-liquid 
junction could only be calculated if the exact structure 
of the boundary17 and the mobilities of all ions present 
were known under the conditions used. For a con
tinuous boundary junction between an aqueous solution 
of M X and aqueous H X -M X  mixtures a t constant 
ionic strength, an approximate form12 of Henderson’s 
equation gives

E ,
R T

F
In (16)

The experimental value of the parameter d  in some per
chlorate and nitrate mixtures was found12 to be con
siderably lower than the predicted value

denied =  (A h X — A mx) A mX (17)

where A h x  and AMx  are the conductivities of ¡xM HX 
and M M  MX.

Plots of the present measurements of y  = (\()E‘F/2-:mRT 
— 1) are markedly curved showing tha t d  is not inde
pendent of h over the whole range of acidities studied. 
The dependence of d on h has also been observed for 
0.1 M  H N 0 3“AgN0;j mixtures.18

Although there are no available conductivity data 
obtained under conditions even approaching those used 
in the present work, values of d ° caicd = (A ° h x  — A°Mx )/ 
A ° h |x have been calculated from limiting conductivities19 
in pure water, pure methanol, and pure ethanol (see 
Table III). These values of d°cai«i must differ con
siderably from values of d caied for 0.5 M  electrolytes in 
mixed solvents. However, the high values of d ° caicd for 
water, compared with those for the alcohols, are consis

T able  III : Values of d°caicd

50% 50%
Water MeOH EtOH

LiNO, 2.80 1.03 1.05
LiCIO, 2.93 0.83 0.96
NaNO, 2.42 0.91
NaCK), 2.79 0.86 0.82

tent with the observation that, for a given electrolyte, 
{E,)„ is higher in water than for tha t in mixed solvents. 
The differences betweend0caiodfor the various electrolytes 
in a given solvent and for the same electrolyte in m etha
nol and ethanol are too small to predict any other trend 
in Ej. The expected similarity between the plots Ej{h)  
for different electrolytes in the same solvent is in agree
ment with Biedermann and C iavatta’s observation20 
that the values of d E j /d h  for 3 M  HCKh-NaClCh and 
3 M  HClCh-LiCICh differ by only ~ 1  mv. M ~ l.

I t  has been seen that for all systems studied (except 
N aN 0 3-E tO H ), yH -*■ 1 as [Cl- ] —► 0. Moreover, 
the functions Ej(h)  for a given solvent do not vary 
grossly with the nature of the salt medium. Thus, with 
regard to activity coefficients and junction potentials, 
there is little to choose between Li+ and Na+, or be
tween N 0 3” and CIO,-  as background ions.

(17) R. G. Bates, “ Determination of pH ,” John Wiley and Sons, 
Inc., New York, N. Y., 1964, pp. 36, 268.
(18) E. Ekedahl, unpublished work referred to  in ref. 12.
(19) Landolt-Bornstein, II (7), Sections 276311, 276411 (1960).
(20) G. Biedermann and L. C iavatta, Acta Chem. Scand., 15, 1347 
(1961).
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Spectral Evidence on Rare Earth Covalent Binding1*

by Leonard I. Katzin and M. Louise Barnettlb

Chemistry D ivision, Argonne National Laboratory, Argonne, Illino is  (Received M a y  28, 1964)

It. is shown tha t under conditions which satisfy chemical criteria for covalent interaction— 
dissolution of precipitates by complexing agents, alteration of vibrational spectra of donors, 
and changes in coordination number—the absorption spectra of P r(III), N d(III), and 
E r(III) are altered by small wave length shifts in some absorption peaks, large differential 
shifts in intensities, and differential changes in splittings. The alterations are rather 
individual for the different ligands. The conclusion is drawn tha t hybrid orbitals with 4f 
contribution are involved in even the crystal and hydrate systems for which the spectrum 
is “normal.”

I. Introduction

A statem ent of the structural basis for the chemical 
similarities of the rare earths made in 1947 by Yost, 
Russell, and Garner,2 “ . . . the marked similarity in 
chemical behavior results from the existence of the 
seven 4f states with a capacity for fourteen electrons 
. . . (in the normal trivalent. state) the 4f electrons are 
not involved in the formation of chemical bonds, and 
the electrons remaining in these states are perturbed 
only slightly by the fields due to neighboring atom s,” 
would probably still be considered acceptable by most 
chemists and physicists.

As can be seen, if the 4f orbitals are not involved in 
bonding, the rare earth ions must present a noble gas 
configuration to the environment. As with the alkali 
metals and alkaline earths, it has therefore been the 
practice to treat these ions as simple, electrostatically 
charged spheres in their chemical relations. In re
cent years, this has been refined to the crystal field 
description of the alterations in the properties, par
ticularly of the spectrum.

Spectral studies in 19283 showed th a t even in aqueous 
solution, n itrate ion and nitric acid affected some rare 
earth spectra differently than did HC1 and chloride 
(see also Oetjen4). Moeller and Jackson5“ were able to 
form soluble compounds of rare eart hs with substituted
8-quinolinols in alkaline solutions from which they 
would otherwise be precipitated (Moeller and Ul
rich51' did similarly with acetylacetone) and to extract 
these chelates into chloroform. Anionic complexes 
were formed in alkaline solutions of etbylenediamine-

tetraacetate, and marked spectral changes were ex
hibited.6 With the distinction still current between 
robust complexes of the sort involved with, for example, 
nonmagnetic Co(III) compounds, square-planar nickel 
cyanide, etc.,7 and the rapidly reacting, fugitive sorts of 
complexes formed by most cations, and with the ab
sorption spectra of the salts not yet well analyzed and 
understood, such findings were interesting but not 
presented as direct challenges to the current dogma.

The liquid, tributyl phosphate (TBP), as well as 
related compounds possessing the phosphoryl group, is 
a very strong electron donor. This enables it to dis
solve many metal salts, by forming a liquid, water-in
soluble solvate complex, soluble even in alkyl hydro
carbon solvents. In particular, it will dissolve rare 
earth salts, and the infrared absorption spectrum of 
such solutions8 shows not only tha t the vibrational fre

(1) (a) Based on work performed under the auspices of th e ll. S. Atomic 
Energy Commission; presented a t 4th Rare E arth  Research Con
ference, Phoenix, Ariz., April 22-25, 1964; (b) Student Aide (Knox 
College), Argonne-ACM Program, Fall, 1963.
(2) D. M. Yost, H. Russell, Jr., and C. S. Garner, “ The Rare Earth 
Elements and Their Compounds,” John Wiley and Sons, Inc., New 
York, N. Y., 1947, p. 4.
(3) L. L. Quill, P. W. Selwood, and B. S. Hopkins, J . A m . Chem. Soc .. 
50, 2929 (1928).
(4) G. W. Oetjen, Z . Nalurforsch., 4a, 1 (1949).
(5) (a) T. Moeller and D. E. Jackson, A nal. Chem., 22, 1393 (1950); 
(b) T. Moeller and W. F. Ulrich, J . Inorg. Nucl. Chem., 2, 164 
(1956).
(6) T. Moeller and J. C. Brantley, J . A m . Chem. Soc., 72, 5447 
(1950).
(7) L. Pauling, “ The N ature of the Chemical Bond,” 3rd Ed.,
Cornell University Press. Ithaca, N. Y., 1960, Chapter 5.
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quency of the phosphoryl group has changed by virtue 
of being bonded to the metal ion, but if the salt is a 
nitrate, the vibrational spectrum of the n itrate ion is 
altered to show that it also is bonded to the cation. I t  
therefore seems essential to consider the implications 
and consequences of covalent bonding in the rare 
earths.

This paper will present data on absorption spectral 
changes for P r3+, E u3+, and E r3+ systems for which 
covalency is adduced on chemical grounds. The term 
assignments recently made for the absorption bands9-13 
furnish a necessary background to the discussion of 
these data. Inasmuch as it has been observed th a t 
alkaline solutions of hydroxylic organic acids, such as 
tartaric acid, not only give chemical evidence for 
strong complexes with rare earths, but also show Cotton 
effects in the absorption region14 which are evidence for 
covalent relations, our studies include TBP solutions, 
alkaline solutions of hydroxylic acids, and simple non- 
aqueous solutions, as in ethyl alcohol.

II. Experimental Findings
a. P r 3+ Salts. The spectrum of a PrCl3 solution in 

water (ca. 0.1 M )  is shown in Fig. la. The assigned 
ground state9-10 is 3H 4, and the upper levels of the transi
tions are indicated on the respective absorption peaks. 
The asymmetry on the short wave length side of the 3Pi 
peak base presumably reflects the absorption to the 1I6 
state. Dissolving the chloride in ethyl alcohol (Fig.
lb) or the bromide in tributyl phosphate (TBP) (Fig.
lc) decreases the 3P2 intensity relative to the 3Pi peak 
and raises the intensity of the 3P0 relative to the same 
standard. There also are obvious broadenings and 
wave length shifts of all the peaks in the spectrum.

Figure 1. Pr(III) spectra: a, chloride in water; b, chloride 
in EtOH; c, bromide in TBP. Broad absorption at 
3700 A. in (b) and 3900 A. in (c) due to totFe(III).

The chloride in TBP shows a spectrum very like the 
bromide, with respect to the P r(III) peaks, but there are 
differences.

The spectrum of P r(N 0 3)3 in TBP, in contrast (Fig. 
2), shows a very marked intensification of the 3P2 peak 
relative to the others in the spectrum, the 3Pi absorption 
is markedly broadened, and the 3P0 shows a definite fine 
structure. The 'D 2 also shows very marked change.

b. P r ( l I I )  and  H ydroxy Acids. If, to an aqueous 
solution of a P r(III) salt and tartaric acid, alkali is 
slowly added, a precipitate forms as the acid is progres
sively neutralized with alkali. If alkali is added to 8 9 10 11 12 13 14

Â
Figure 2. Pr(N03)3 in TBP.

Figure 3. Pr(III) in tartrate, 1:1, pH 9.

(8) L. I. Katzin, Report AERE-R 3031 (1959); J . Inorg. N ucl. 
Chem., 20, 300 (1961); 24, 245 (1962).
(9) G. H. Dieke and R. Sarup, J . Chem. Phys., 29, 741 (1958).
(10) J. B. Gruber, ibid., 38, 946 (1963).
(11) B. G. Wybourne, ibid., 32, 639 (1960).
(12) J. C. Eisenstein, ibid., 39, 2128 (1963).
(13) J. C. Eisenstein, ibid., 39, 2134 (1963).
(14) L. I. Katzin and R. W. Anderson, unpublished.
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about pH 7, the solid redissolves and the solution re
mains clear until past pH 11. Further alkali may re
precipitate praeseodymium. As low a ta rtra te  :P r 
mole ratio as 1:1 is just sufficient to allow full solution 
of the precipitate above pH 7. Higher ratios of ta r
trate do not affect the spectrum shown in Fig. 3, although 
there is a slight alteration perceived between ratios of, 
say, 1.0 and 1.1, presumably due to a mass action effect. 
The spectrum shown was taken a t about pH 9. From 
about pH 10 up, the spectrum commences to deteriorate 
and alter, presumably reflecting changes which finally 
give precipitation. A solution of the complex, placed 
on a cation-exchange resin column and eluted with 
alkaline tartra te, shows no sign of lag in removal, show
ing lack of positive charge. A similar experiment with 
an anion-exchange column shows perhaps a slight lag, of 
one column volume. This suggests tha t the complex is 
either neutral or of a negative charge which does not 
compete well with tartra te  ion ie.g., — 1).

One mole of citric acid per mole of P r(III) gives a 
precipitate which dissolves on addition of excess alkali. 
W ith three to six moles of citric acid per Pr, no precipi-

Figure 4. Pr(III) and citrate, 1:6: 
(from top) pH 9; pH 11.

Figure 5. Pr(III) and citrate, pH 11: (from 
top) 1:1; 1:3; 1:6; l:saturated.

K
Figure 6. Nd(III) in water.

Figure 7. Neodymium salts in TBP: (from top) 
NdBr3; NdCh; Nd(N03)3.

ta te  is seen. If one follows the spectrum of the solution 
with six moles citric acid per P r through pH 7, no ap
preciable change from tha t of a salt in water is seen. 
However, the spectra at pH 9 and 11 are shown 
in Fig. 4. If one keeps the pH a t which the spectra 
are read approximately constant, say pH 10-11, 
and varies the ratio of citrate to P r(III) from 1 to 6, 
and higher, one sees the spectra given in Fig. 5. The 
spectra seem to indicate th a t there may be two soluble 
complexes in the alkaline region tha t do not occur at 
lower pH, and the equilibria between these depend both 
on the stoichiometry (two different citrate: Pr ratios 
are involved) and on the competition of the hydroxyl.

Malic acid, at ratios of 3; 1 and 7:1, prevents P r(III) 
from being precipitated a t pH 9-11. The spectra are

V o lu m e  6 8 , N u m b e r  1 2  D ecem b er, 1964



3 7 8 2 L e o n a r d  I .  K a t z i n  a n d  M .  L o u i s e  B a r n e t t

slightly broadened and shifted to longer wave length, so 
th a t the 'I 6 absorption is more separated from the 3Pi 
peak. At the highest concentration ratio and pH, there 
are indications of a distinct doubling in the 3P2 absorp
tion, with probable peaks at roughly 4425 and 4465 A. 
Gluconic acid (prepared by hydrolyzing the lactone in al
kali) showed a very similar pattern of behavior, the 
splitting of SP2 (at a ratio of 6:1 and pH 11) showing 
peaks at 4450 and 4485 A. y-Hydroxybutyric acid, 
similarly prepared from the lactone, also maintained Pr-
(III) in solution, but showed no spectral alterations. 
Ethylenediaminetetracetic acid, a t pH 11, showed oidy 
slight shifts and broadenings of the 8P absorptions.

c. N d 3+ Salts. The aqueous spectrum of a solution 
of NdCL is shown in Fig. 6, with the upper-state levels13 
for the absorption bands marked. The ground state 
is 4L/,. The nitrate, bromide, and chloride dissolved in 
TBP show distinctive spectra, as illustrated in Fig. 7 
and 8. There is a small systematic shift of the bands 
to longer wave length, presumably related to a shift in 
the ground-state level. In addition, certain of the 
transitions are markedly affected in all three spectra, 
though to different degrees. These are the members of 
the 4F bands (4F./2, 4F5/„ 4F-/2; changes in the 4F„/2 
peak are not obvious, perhaps due to its low intensity) 
and of the 4G bands (4G.y„ 4Gj/2, and 4G5/2).

d. N d ( I I I )  and  H ydroxy  Acids. The chemical 
evidence for strong complex formation is similar to that 
for P r(III)—color change and redissolution of a pre
cipitate in going from acid to alkaline solutions. The 
spectra for the N d (III)-ta rtra te  system are shown in 
Fig. 9 and 10, for approximately constant pH 11, and 
tartra te  :Nd ratios from about 1.5 to 4. There may

Figure 8. Neodymium salts in TBP: (from top) NdBr3; 
NdCh; Nd(N03)3. Broad absorptions at 3900 and 4700 A. 
in bromide, 3700 A. in chloride, due to tetFe(III).

Figure 9. Nd(III)-tart.rate solutions, pH ~11 : 
(from bottom) 1:1.5; 1:3; 1:4.

Figure 10. (See Fig. 9).

have been an inconstancy of pH which may cloud 
fine details of the results slightly. Again the 4F and 4G 
terms seem to show the most of the alterations, the 
4Fe/, in particular showing a very wide splitting. E ither 
the 2Ds/2 or the 4D.i/s contributor to the 3500-A. band 
also is affected. In contrast to the situation with Pr- 
(III), there may be evidence for more than a sole 1:1 
complex.

Citric acid, even at pH 3, shows a considerable altera
tion of the N d(III) spectrum, which is rather reminis
cent of the spectrum in alkaline tartra te  above. This 
spectrum remains unaltered to pH 7 (Fig. 11, 12), in a 
solution with 6 moles of citrate per Nd. At pH 9 and 
11, marked additional charges are seen, e.g., further 
splitting of the 4F levels, etc. Many of these changes 
can be seen with a ratio of citrate to rare earth of oidy 
1:1 (see figures) in alkaline solution.
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Figure 11. Nd(III)-citrate: (from bottom) 1:6 ratio, 
pH 3; pH 9; pH 11; 1:1 at pH 11.

Figure 12. (See Fig. 11.)

Figure 13. Er(N03)3: (lower) in water; (upper) in TBP.

e. E r 3+ Salts. While N d3 + has an f3 configuration, 
E r3+ is three electrons shy of a full f14 configuration. 
The terms are therefore the same, with an inversion of 
the order of multiplets. As seen in the aqueous spec

trum  of the n itrate (Fig. 13), the various levels are 
rather more separated than for Nd, simplifying the 
spectrum somewhat. In  the absence of the n itrate ab-

o
sorption below 3500 A., as in a chloride solution, small 
absorptions a t about 3355 A. (2P>/,) and a t 3160 A. 
(2K u/ !) may also be given. The ground state  is given 
as 4LV!.

Erbium nitrate, dissolved in TBP, shows an enhance
ment of two bands—the 4Gn/, and the 2Hn/, bands— 
relative to the others in the spectrum (Fig. 13). There 
is also a change in the relative intensities of the compo
nents, giving a small shift of the maxima to lower wave 
lengths. The bromide salt shows an effect in the same 
two bands, but because the two components in each are 
now clearly resolved, the relative intensification in the 
bands is less noticeable (Fig. 14). Similarly, ErCl3 in 
TBP shows intensification and considerable splitting of 
the 4Gn/, and the 2Hn/, bands. To see if these changes 
are absolute or relative, a volume of the TB P solution 
was equilibrated with an equal volume of water and the 
spectrum of the water solution compared with th a t of the 
TB P solution which had originally contained the rare 
earth. The comparison (Fig. 15) shows clearly th a t 
(in the TBP) not only is there enhancement and modifi
cation in the two bands as noted, but concomitantly 
there is a gross loss in intensity in all the other bands. 
This behavior is presumably true for the spectra of the 
other salts also.

Figure 14. ErBr3 in TBP: inserts, 0.3-cm. path, same solution. 
Broad absorptions at 3900 and 4700 A. due to totFe( III).

Figure 15. ErCl3: a, TBP solution; b, water extract of TBP 
solution; c, TBP solution, 0.3-cm. path. Broad absorptions 
at 3100 and 3700 A. in (a) due to tetFe(III).
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/. E r ( I I l ) and H ydroxy  Acids. The chemical rela
tions of the erbium with tartra te  and with citrate are as 
with the other rare earths, as already described. As 
with the others, approximately pH 9 gives the maximal 
spectral effect with tartrate, and pH 11 is the most ef
fective pH with citrate. The spectra for varied ratios 
of reagent and cation, and for different pH values are 
shown in Fig. 16 and 17. As with the solutions of the 
salts in nonaqueous solvents, the bands with the 2H U/, 
and 4Gn/, upper states show alterations, although they 
are of different character than in the organic solvents. 
In addition to these changes, however, there are definite 
systematic alterations also in the 2Hy, band, in the 
several 4F bands ( J  = 9/ 2 through J  = 3/ 2), in the 4SaA 
band, and apparently, even in the two members of the 
4I system visible in the spectral range studied. The 2G 
and 2P bands do not seem to be altered, however.

III. Discussion
The coordination number 9 is common for rare earths 

in Inariy solid systems, both with oxygen coordinated 
(water, bromate, ethyl sulfate, etc.) and with halide. 
Coordination number 8 is also known in some fluorides. 
The correspondence of spectra suggests th a t in dilute

Figure 16. E r ( I I I ) - ta r t r a te :  (from  bottom ) 
1:6, pH  9; 1:6, pH  11; 1:3, p H  11.

F igure 17. E r ( I I I )—c-iträ te : (from  bo tto m ) 1:6, pH  9; 
1:6, pH  11; 1:3, pH  11; 1:1, pH  11.

aqueous solution a coordination number of 9 is a good 
first approximation. In tributyl phosphate, the con
sensus of evidence seems to be that there are three TBP 
groups coordinated through a single point each (the 
phosphoryl oxygen) and that there probably is no water 
left in the coordination sphere.15'16 This leaves a co
ordination number of 6. One may, therefore, look for 
spectral evidence17 of this change in coordination num
ber, which should be more than a minor one; indeed 
the data for all three rare earths studied in this work 
furnishes such evidence.

Not only is there a general change between the dilute 
aqueous spectrum and the spectrum in TBP, but each of 
the salts has a distinctive variation on the over-all 
change, indicating the role of the difference in specific 
bonding relations of the rare earth central atom and the 
different anions. The specific n itrate absorption, below 
3500 A., shows a shift between the aqueous solution 
where it is ionized free and the TBP solution where it is 
coordinat ed to rare earth ion.

The behavior of the rare earths with the hydroxy lie 
acids is clearly to be described in the following fashion. 
In neutral or acid solution a solid precipitates which 
may represent a partially hydrolyzed rare earth, bu t in 
any case is a compound in which the hydroxyl group of 
the organic anion, with its constituent proton, is prob
ably coordinated to the cation. In some instances, 
with the proper stoichiometry or with a given organic 
acid, the complex may be soluble. When the solution 
is made sufficiently alkaline, pH ~ 7  and higher for 
tartrates and nearer pH 9-11 for citrates, the depro- 
tonation of the hydroxyl group is forced, and a coordi
nate bond of a different sort is formed between the rare 
earth cation and the (now7) negatively charged oxygen. 
This alkaline compound is stable with ordy one ta rtra te  
or citrate per metal ion. W ith P r(III) there seems to 
be no evidence for more than one, ta rtra te  complex; 
with N d(III) and E r(III) the situation is less clear-cut. 
There is a similar uncertainty with the citrate com
plexes. There is also no clear evidence as to whether 
there are hydroxyl groups associated with the metal cen
tral ion. If the resin evidence with the P r(III)  is 
taken a t face value, the tartra te  is probably neutral, and 
the metal charge is balanced by the ionized carboxyls 
and ionized hydroxylate. I t  may be th a t the citrate

(15) E. Glueckauf, Ind . Chim. Beige, 23, 1215 (1957).
(16) L. I. Katzin, ,/. Inorg. Nucl. Chem., 20, 300 (1961).
(17) The pyramid of assumptions needed to cling to a purely electro
static picture of the relations between the trivalent rare earths and 
neutral molecular addends, as well as anions, is so artificial th a t no 
further argumentation about the covalent nature of the  interactions 
seems called for. The solid state  seems to be no exception, as e.g., 
the vibrational pattern  of solid nitrates.8
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also has only two carboxyls directly involved with the 
cation, in addition to the hydroxylate.

The assignment of coordination number and configu
ration in these complexes is open—at least there is no 
direct evidence on what groups are coordinated to the 
rare earth other than the complexing group. The non- 
alkaline solutions of P r(III) and citrate fail to show any 
distinct spectral modifications, although certainly com
plexes of rare earths and both ta rtra te  and citrate can be 
shown to exist, by a variety of techniques. In the 
citrate solutions of N d(III), however, even at pH 3, 
there is a distinct alteration of the spectrum which is 
not too much different, from th a t seen in the alkaline 
tartra te  solutions. In alkaline solution, further change 
takes place. At present, the exact meaning of these in 
terms of coordination number and configuration must 
remain purely speculative. It is reasonably certain, 
however, th a t there has been a change from the simple 
water solution situation with its presumed  C3V symmetry 
and ninefold coordination.

A relationship between spectral theory and experi
mental results of the sort indicated above clearly can
not rest on the parameters of crystal field theory alone. 
Even for complete description of the spectra of rare 
earths in crystals, it is necessary to assume varying de
grees of covalency . 18 I t  has further been shown19 that 
where discrepancies remain it cannot be assumed tha t 
they will be taken care of with considerations of con

figuration and electron interaction as further refine
ments. These are predetermined by the symmetry 
assumptions which are made.

One must, therefore, look a t the rare earth system 
afresh, without the assumption of noninvolvement of f 
electrons in bonding and orbital formation. A good 
starting point would seem to be two apparently neg
lected papers by Van Vleck20 and by Eisenstein , 21 

in which the irreducible representations for the 
hybrid orbitals of a number of geometric bond ar
rangements have been worked out.. A recent paper by 
J 0 rgensen, Pappalardo, and Schmidtke22 may represent 
a first step toward a formal treatm ent.

IV. Spectral M easurem ents
Spectra were recorded with a Cary recording spectro

photometer, Model 14. Path  lengths were most often 
1 cm., but 0.1 and 2.0 cm. were also used. Appropriate 
blanks were used in all cases. The curves in the figures 
are tracings from the originals which were then inked. 
There may therefore be some small losses in quality.

(18) E. Y. Wong, O. M. Stafsudd, and D. R. Johnston, J . Chem. 
P h ys ., 39, 786 (1963).
(19) K. R ajnak and B. G. Wybourne, ibid., 41, 565 (1964).
(20) J. H. Van Vleck, ibid., 3, 803 (1935).
(21) J. C. Eisenstein, ibid., 25, 142 (1956).
(22) C. K. J0rgensen, R. Pappalardo, and H. H. Schmidtke, ib id ., 
39, 1422 (1963).
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Oxygen Stoichiometry in the Compound BaFeOg^

by H. J. Van Hook

Raytheon Research D ivision , W altham , M assachusetts (Received June 12, 1964)

The compound BaFe()3 x has been prepared from several different, starting materials. 
At least two crystallographic forms have been observed: (1) a high-temperature form of 
unidentified crystal structure with a limited range in oxygen stoichiometry near the com
position BaFeO2.50; this phase melts congruently a t 1370° in air; (2) a low-temperature 
phase similar to hexagonal a-B aT i03. This phase has an extraordinary range in oxygen 
content with no detectable change in crystal structure between B aFe02..« and B aFe02.92. 
The thermal stability of the hexagonal phase is increased by oxygen pressure; decom
position to the high form occurs at 915° in air, a t 1250° under 10 atm. of oxygen pressure. 
At 50 atm. the hexagonal (low) phase melts a t 1412° without transforming to high Ba- 
Fe0 3 _x. Density measurements on hexagonal B aF e03_x indicate a linear decrease with 
increasing oxygen deficiency from p = 6.11 g./cc. a t £ = 0.10 to p =  5.71 g./cc. a t x  = 
0.50.

I. Introduction

The oxidation states of iron normally encountered 
in the synthesis of oxide compounds a t elevated tem 
peratures are the divalent and trivalent states. The ex
istence of higher valence states of iron in certain oxide 
compounds, however, was postulated some time ago. 
In 1715 S tahl1 first prepared potassium orthoferrate 
(K2F e0 4) which he obtained by reaction of powdered iron 
and potassium nitrate. To account for the indicated 
oxygen fraction, Stahl assumed the iron was hex- 
avalent. In  more recent times Scholder and co
workers2 3" 4 5 have synthesized ferrates containing all 
of the alkali and alkaline earth elements except 
calcium and magnesium. Each alkali- iron oxide com
bination may yield several ferrate phases, for example, 
Na2F e0 3, Na2FeC>4, and Na3F e0 4. The ferrates are 
very soluble in dilute acid solution. They tend to 
react with the H20  and C 0 2 in normal atmospheres 
a t room tem perature and thus require special han
dling. The thermal stability increases generally with 
atomic number of the alkaline element. Chemical 
analysis for “active oxygen” in the powdered material 
by the thiosulfatn-iodide reaction has indicated oxida
tion states of Fe4+, Fe5+, and Fe5+, assuming that 
oxygen and the alkaline element maintain their cus
tom ary valence.

Barium orthoferrate is among the more stable of the

alkali ferrates; its preparation and physical properties 
were first reported by Erchak, et al.,s in 1946. X- 
Ray diffraction studies indicated a cubic perovskite- 
type structure, and weight loss experiments indicated 
a composition B aFe0262 in a phase produced by reaction 
of B aC 03 and Fe20 3 above 900° in oxygen. Several 
weak diffraction lines were noted which led the authors 
to adopt a unit cell twice the length of the elementaryo
perovskite cell. The larger unit cell (a0 =  8.06 A.) 
contains three oxygen vacancies per formula unit Bas- 
Fe80 2i. Malinofsky and Kedesdy6 prepared barium 
orthoferrate by similar methods; they found a better 
fit between their diffraction patterns and one corre
sponding to the hexagonal, high-temperature form of 
barium titanate. The authors related the cubic and 
tetragonal polymorphs of B aT i03 with high tem pera
ture B aFe03- x phases. Prokopalo, et al.,7 also noted

(1) G. E. Stahl, “Opusculum Chymico-Physico-Medicum,” Hatae- 
Magdeburgiae, 1715.
(2) R. Scholder, H. v. Bunsen, F. Kindervater, and W. Zeiss, Z. 
anorg. allgem. Chem., 282, 268 (1955).
(3) R. Scholder, H. v. Bunsen, and W. Zeiss, ibid., 283, 330 (1956).
(4) R. Scholder, F. Kindervater, and W. Zeiss, ibid., 283, 338 
(1956).
(5) M. Erchak, I. Fankuchen, and R. Ward, J . A m . Chem. Soc., 
68, 2085 (1946).
(6) W. W. Malinofsky and H. Kedesdy, ibid., 76, 3090 (1954).
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structural similarities between barium orthoferrate 
and barium titanate and prepared solid solutions be
tween these compounds. Cubic perovskite solid solu
tions were also investigated recently in the series 
LaFe03-SrFe03- /  and SrTiOr-SrFoO* - » . 10 The data 
obtained on electrical and magnetic properties of these 
phases are consistent with the view that positive car
riers, probably Fe4+ ions, are produced.

There is, however, some reluctance to assume Fe4+, 
or higher, oxidation states of iron in the alkali ferrates 
since no concrete evidence for this valence is found in 
she many ferrites presently known. White and Roy11 

rave synthesized compositions in the series Cr02-  
“Fe02” from Cr02 to Cio.5Feo.5O2 at high oxygen pres
sures (50,000 bars) and low temperatures, but the 
existence of Fe4+ is ambiguous since Cr6+ is quite 
stable, at least in pure Cr03, under these pressure- 
temperature conditions and could account for the 
oxygen content. The same uncertainty in iron valence 
exists in the solid solution series Miii-xFex0 2 owing to 
the variable valence of manganese.

The alkali and alkaline earth ferrates are unique in 
that a high oxygen content is produced in compounds 
with a single transition metal element. Therefore, 
it may be possible to determine, without ambiguity, 
whether the postulated Fe4+ ion is stable in the crystal- 
due state. Since the thermal stability of the ferrates 
parallels the increase in stability of the corresponding- 
alkali and alkaline earth peroxides, it is necessary to 
establish whether peroxide-type bonding, either in the 
crystal structure or by surface adsorption, could ac
count for the high oxygen content. Since all pre
vious studies were made using powdered material with 
nigh surface area, the possibility of adsorption cannot 
be discounted until single crystals are available for 
study.

The purpose of this investigation has been to prepare 
barium orthoferrate in single crystal and poly crystalline 
form and to study the range of oxygen stoichiometry 
in the phase and its effect on certain physical proper
ties.

II. Experimental Procedure

BaFe03- x was prepared by the reaction of C.p. 
FejOs with BaC03, Ba02, or Ba(0 II)2-8 II20  in the proper 
molar proportions at 1100° in air. Ingots of single 
crystalline BaFe03- x F2 cm. in diameter X 10 cm. 
were grown in air in platinum crucibles by the Bridg- 
niann method. The temperature gradient at the 
growth zone was approximately 1 0 0 °/cm., and the 
growth rate was 0.254 cm./hr.

The single crystals and polycrystalline material were 
identified by X-ray powder diffraction techniques

using Co Ka radiation. The oxygen fraction in Ba- 
Fe03- x was determined by weight changes on the reac
tion of the starting materials by quenching in argon 
and by weighing at high temperature using a Mauer 
thermobalance. The precision in weighing, in both 
cases, was ± 0 . 1  mg. on samples ranging from 2 0  to 
100 g. The density of single crystals weighing about 
1 0  g. was obtained by displacement of toluene at a 
known temperature (±0.1°). Volume was determined 
simultaneously on a 1 .6 -cc. cube of single crystalline 
germanium assuming a density of 5.327 g./cc. A 
comparison of measured dimensions and displace
ment volume of the germanium cube gave excellent 
agreement with the reported density12 of toluene at 
different temperatures. By comparison with the 
germanium standard, the density of the BaFe03- x ingots 
is believed accurate to within 0 .1 %.

III. Experimental Results
Barium orthoferrite has been synthesized by firing 

above 900° an intimate mixture of Fe20 3 with the proper 
molar ratio of either BaC03, Ba02- x, or Ba(OII)2- 
8F120  to yield BaFe03- x. Deviations from the cation 
ratio, Ba.T’e = 1, within the limits of accuracy in 
mixing and weighing (± 0 .1 %), result in either barium 
oxide or BaFe2Ch as a second phase. The loss in weight 
which occurs during the reaction of iron oxide and bar
ium carbonate at 1300° in air or in a pure oxygen 
atmosphere corresponds exactly to the calculated 
amount of C02 evolved in the reaction: 1/ 2Fe20 3  +  
BaCCh — BaFe0 2 ,5o +  C02. The weight change at 
1300° was determined using a recording thermobalance 
and was further confirmed by quenching samples ¡from 
1300° in a neutral (N2-Ar) atmosphere before room 
temperature weighing. The composition BaFeO2 .50 

melts eongruently at 1370° in air with no apparent 
change in oxygen content.

Although the atomic proportions of barium and iron 
in the phase are essentially invariant, there appears 
to be a considerable range in oxygen fraction, especially 
at lower temperatures. Upon slow cooling in air 
below 1370°, the compound gradually gains weight to 
915° at which point a discontinuous gain occurs (Fig. 
1). Below 915° the gain in weight is again continuous 7 8 9 10 11 12

(7) I. Prokopalo and I. G. Fesenko, Izv. Abaci. N a u k  S S S U , Ser. 
Fiz., 22, 1488 (1958).
(8) J. S. Waugh, M IT  Technical Report 152, August, 1960.
(9) J. R. Clevenger, J .  Am. Ceram. Soc ., 46, 207 (1963).
(10) J. B. MacOhesney and J. F. Potter, paper BE8 presented a t 
the Physical Society Meeting, Philadelphia, Pa., M arch 23, 1964.
(11) W. B. W hite and R. Roy, paper 52-B-63 presented a t the 
Ceramic Society Annual Meeting, Pittsburgh, Pa., April 28, 1963.
(12) “ International Critical Tables,” Vol. 3, E. W. Washburn, Ed.. 
McGraw-Hill Book Co., Inc., New York, N. Y., 1929, p. 29.
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Figure 1. Oxygen fraction of hexagonal BaFe03-i- as a 
function of temperature and surface area.

down to the lowest temperatures investigated. A 
similar curve, with somewhat larger values of weight 
gain with temperature, was obtained in an atmosphere 
of pure oxygen gas. X-Ray diffraction patterns of 
samples quenched from below 915° indicate a single
phase material identical with patterns of hexagonal 
a-B aT i03, a similarity first noted by Malinofsky and 
Kedesdy.6 Diffraction traces of material quenched 
between 915° and the melting point indicated a 
change in phase to a more complex crystallographic 
form had occurred. This high-temperature phase 
has not yet been identified. I t  is apparently unrelated 
to the cubic and tetragonal B aT i03 polymorphs.13

To determine whether the weight changes were, in 
fact, due to incorporation of oxygen, a sample equili
brated in air a t 400° was heated above this tem perature 
within the vacuum system of a mass spectrometer. 
The spectrographic analysis of the gas evolved in this 
experiment was 91% 0 2, 7.5% C 0 2, and 1.5% N2; the 
latter two gases probably adsorbed on transferring the 
sample. We have assumed, therefore, th a t the gains 
and losses in weight recorded are due to variations in 
oxygen content in the sample. These findings are in

accord with the results of chemical analyses performed 
on similar compositions by Scholder, el al.

Because of the rapidity of oxidation and reduction 
of the orthoferrate, it seemed desirable to determine 
whether the observed oxygen exchange is due to 
a surface adsorption or to incorporation of oxygen in 
the bulk of the phase. To test the effect of surface 
area, three samples were prepared for thermobalance 
measurements: (1) a loose powder of calcined material, 
average grain size ~ 5  ¿u, (2) a sintered compact of the 
same material with ~ 2 5 %  porosity, and (3) a single 
crystalline ingot of B aFe03 .x grown from the melt 
by the Bridgmann technique. Changes in weight 
were recorded for each of the three starting materials 
a t a series of temperatures (Fig. 1). The values were 
obtained at both successively increasing and decreasing 
temperatures. Each measurement was made after 
apparent equilibration, i.e., after no change in weight 
with time. I t  is apparent from the figure th a t the 
degree of oxidation does depend somewhat on surface 
area, especially at lower temperatures, although ad
sorption is evidently a minor factor in view of the 
small differences observed for large variations in 
available surface area. However, since some adsorp
tion apparently does take place, all subsequent compo
sition determinations were made on single crystalline 
ingots of melt-grown B aFe03- T.

In addition to experiments in air (/%  = 0.21 atm .), 
runs were made in an atmosphere of oxygen gas and 
in a 95% N2-5%  H2 ambient. The partial oxygen 
pressure of the N2-H 2 mixture, estimated from the dew 
point ( — 70°), was approximately 1CV25 atm. Po,  
at 800°. The data are plotted in Fig. 2 as isobars on 
the composition-temperature phase diagram. Samples 
of BaFeOs-i were also fired over a range of tem pera
tures in a platinum-wound furnace enclosed in a pres
sure vessel a t oxygen pressures up to 50 atm. The 
determination of oxygen content of samples fired under 
pressure was made by weight changes after quenching 
the samples to room temperature. These data are 
somewhat less accurate than the results obtained on 
samples at atmospheric total pressure, primarily 
because of the limitations in sample size. The high 
pressure results are also plotted in Fig. 2.

Density measurements were made on four single 
crystal samples of the hexagonal phase using toluene 
as the displacement medium. Several density values 
for different oxygen fractions were obtained with each 
sample, establishing the reversibility of the linear 
density-composition relation shown in Fig. 3.

(13) Diffraction data  on the two crystallographic forms may be 
obtained from the author on request. A more detailed X-ray study 
of these materials is now in progress.
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Figure 2. Phase relations involving BaFeO» Stippled 
areas are single-phase regions for high- and low-temperature 
forms of BaFeOi-*. Oxygen isobars are shown as light 
lines with experimental points as open circles. Dashed 
lines indicate inferred relations.

Figure 3. Density of BaFeO.i — x vs. composition.

IV. Discussion
Barium orthoferrite can be prepared by reaction of 

any of a number of different starting materials above 
about 1000°. As the compound is cooled in an oxi
dizing environment, a gain in weight occurs. The

amount of weight gain is found to be primarily de
pendent on the mass of the sample although some de
pendence on surface area was observed. Spectro- 
graphic analysis of oxidized compositions indicates 
further th a t the weight gains arc due to the incorpora
tion of oxygen in the sample from the surrounding 
atmosphere. Weight change vs. tem perature curves 
show an abrupt change in composition a t a tem perature 
which depends on the oxygen content of the surround
ing atmosphere. In air (Po, = 0.2 atm .) the composi
tion-tem perature discontinuity occurs a t 915° whereas, 
a t 10 atm. oxygen pressure (147 p.s.i.), the correspond
ing point is 1250°. The existence of the tem perature- 
pressure dependent composition change has been cor
related with a phase change from a hexagonal low- 
tem perature form to a high form with an unidentified 
structure as shown by powder diffraction scans of these 
materials. The relationship of the barium orthofer
rate phases is indicated in a phase equilibrium dia
gram in which two condensed phases plus vapor repre
sent a univariant situation, i.e., a binary noncondensed 
system.

The range in composition of the solid phases has been 
determined gravimetrically using single crystalline 
ingots grown from the melt. The hexagonal phase is 
seen to have an extraordinary range in oxygen stoi
chiometry from compositions approaching B aF e03 
to oxygen-deficient compositions which may reach 
proportions as high as 17 mole % , i.e., one oxygen 
vacancy per six normally occupied positions in the 
composition B aFe02.5o-

Density measurements were made on single crystals 
to determine how such large deviations from stoichi
om etry might be accommodated. The results show a 
linear decrease in density with oxygen deficiency which is 
consistent with an oxygen vacancy model. X-Ray 
studies are planned to investigate the structural charac
teristics of the oxygen-deficient compositions. I t  has 
been observed th a t high-temperature orthoferrate 
crystals grown from the melt cannot be converted 
directly to the hexagonal low-temperature form with
out an intermediate step in which the  phase is oxidized. 
Oxidation apparently catalyzes the transform ation at 
temperatures as low as 400° whereas the phase change 
does not occur in several days a t 800° at constant com
position (BaFe02,5o)- The necessity for an indirect 
path to produce hexagonal B aF e02.5o raises some 
doubt concerning the true stability relations of the 
maximum defect compositions of the hexagonal phase.

Acknowledgment. The writer is indebted to C. R. 
Snider for his assistance in the experimental work and 
to W. Bekebrede and S. Cvikevich (all from Raytheon) 
for X-ray identification of the material.
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Mutual Diffusion in Nonideal, Nonassociating Liquid Systems

by D. L. Bidlack and D. K. Anderson
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East L ansing , M ichigan  (.Received Ju n e  18, 196If)

M utual diffusion coefficients and viscosities were measured over the entire concentration 
range for the nonideal, nonassociating systems, heptane-hexadecane, hexane-dodecane, and 
hexane-carbon tetrachloride. According to existing theories for diffusion of nonideal 
systems, the diffusivity-viscosity product, divided by an activity correction, D q /(d  In a /  
d In A), should be a linear function with mole fraction. This study shows that, like as
sociating systems, the activity correction tends to overcorrect in nonassociating systems, 
sometimes by more than the original deviation from R aoult’s law.

In recent years many papers have appeared concern
ing diffusion in binary liquid mixtures. Most of these 
papers have dealt with ideal mixtures' or nonideal, 
associating mixtures.1 2 I t  is hoped th a t some useful 
insight into the diffusion mechanism can be gained 
from a study of nonideal, nonassociating systems.

According to Hartley and Crank,3 the dependence 
of the mutual diffusion coefficient, D a b , on concentra
tion at constant tem perature may be described by

D ab —
R T

N v
X a A b'

J b Ja .
d In a a 

d In A a
(1)

where A"a and A B are the mole fractions of the two 
components of the system; a a is the activity of com
ponent A; / A  and / b  are resistance coefficients which 
depend on molecular size; and q is the solution viscosity. 
R , T, and N  are the gas constant, temperature, and 
Avogadro’s constant, respectively. Other authors 
disagree with the derivation of the Hartley and Crank 
equation4'5; however, the absolute rate theory6 
and statistical mechanics6'7 also predict th a t D q /  

(d In a j d In A) will be a linear function of mole frac
tion, and this dependency is tested here.

M utual diffusion coefficients for ideal solutions have 
been shown by Caldwell and Babb1 to vary linearly 
with mole fraction. This is to be expected since the 
activity term of eq. 1 is unity for ideal solutions. How
ever, for nonideal solutions in which the components 
associate, D q / (d In a /d  In A) is found not to be linear.2'8 * 
In fact, when D q  is divided by the activity term, it is 
overcorrected. This overcorrection is as much as 
several hundred per cent in some cases.3 The tendency

to overcorrect is common to both negatively deviating 
(d In a /d  In A") >  1) and positively deviating (d In a /  
d In A") <  1) systems from R aoult’s law.

I t  has been suggested,8 9 since ideal solutions follow 
theory and associating systems do not, th a t associa
tion inhibits movement of the molecules and causes 
the deviation from theory. By investigating a group 
of nonideal solutions th a t do not associate, the effect 
of nonideality can be determined when the diffusion 
mechanism is not complicated by association.

Experimental
Method and Materials. The diffusion data  were 

obtained using a diffusiometer similar to the one de
scribed by Caldwell, Hall, and Babb.10 Although the

(1) C. S. Caldwell and A. L. Babb, J . Phys. Chem., 60, 51 (1956).
(2) See P. A. Johnson and A. L. Babb, Chem. Rev., 56, 387 (1956); 
A. P. H ardt, D. K. Anderson, R. R athbun, B. W. M ar, and A. L. 
Babb, J .  Phys. Chem., 63, 2059 (1959); P. C. Carman and L. Miller, 
Trans. Faraday Soc., 55, 1838 (1959); D. K. Anderson, J. R. Hall, 
and A. L. Babb, J . Phys. Chem., 62, 404 (1958); and ref. 8 and 9 
for discussion and further references to associating systems.
(3) G. S. Hartley and J. Crank, Trans. Faraday Soc., 45, 801 
(1949).
(4) R. Mills, J . Phys. Chem., 67, 600 (1963).
(5) R. J. Bearman, ibid., 65, 1961 (1961).
(6) S. Glasstone, K. J. Laidler, and H. Eyring, “The Theory of R ate 
Processes,” McGraw-Hill Book Co., Inc., New York, N. Y., 1941, 
Chapter IX .
(7) R. J. Bearman and P. F. Jones, J . Chem. Phys., 33, 1432 (1960).
(8) B. R. Hammond and R. H. Stokes, Trans. Faraday Soc., 52, 
781 (1956).
v9) D. K. Anderson and A. L. Babb, J . Phys. Chem., 65, 1281 
(lPf.l).
(10 C. S. Caldwell, J. R. Hall, and A. L. Babb, Rev. Sci. In str ., 28, 
816 Y 957).
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Table I : Summary of Experimental Data

Mutual diffusion coefficients 
Heptane-hexadecane

Av. mole fraction of hexadecane 0 0056 0.1064 0.2024 0.3934 0.5821 0.7920 0.9761
Difference in mole fraction between 0.0112 0.0124 0.0172 0.0161 0.0362 0.0343 0.0478

upper and lower level in cell 
-D a b  X 10~5, cm.+sec. 1.775 1.586 1.451 1.238 1.065 0.895 0.760

Hexane-dodecane
Av. mole fraction of dodecane 0.0058 0.1013 0.1989 0.3623 0.5981 0.7909 0.9755
Difference in mole fraction between 0.0116 0.0115 0.0160 0.0253 0.0317 0.0336 0.0491

upper and lower level in cell 
Dab X 10-5, cm.2/sec. 2.729 2.533 2.327 2.066 1.799 1.618 1.450

Hexane-carbon tetrachloride
Av. mole fraction of CCh 0.0042 0.1489 0.3234 0.5454 0.7497 0.9893
Difference in mole fraction between 0.0084 0.0112 0.0102 0.0097 0.0098 0.0215

upper and lower level in cell 
D a b  X  10-6, cm.2/sec. 3.858 3.388 2.938 2.368 1.943 1.487

Solution viscosities and densities
H eptane-hexadecane

Mole fraction of hexadecane 0 0 2110 0.4067 0.5795 0.7867 1.000
v, cp. 0.3893 0.7064 1.1020 1.5520 2.2020 3.0306
Density, g./cm.3 0.6796 0.7117 0.7315 0.7463 0.7596 0.7698

Hexane-dodecane
Mole fraction of dodecane 0 0.1924 0.4248 0.6050 0.8064 1.000
V, cp. 0.2958 0.4343 0.6351 0.8243 1.0673 1.3379
Density, g./cm.3 0.6550 0.6818 0.7059 0.7205 0.7340 0.7450

Hexane-carbon tetrachloride
Mole fraction of CC14 0 0.1729 0.3869 0.5869 0.7906 1.000
V, cp. 0.2958 0.3422 0.4102 0.5067 0.6461 0.8963
Density, g./cm.3 0.6550 0.7803 0.9514 1 1318 1 3385 1.5842

exact details differ somewhat from their apparatus, 
the optical quality and experimental methods involved 
are essentially the same. T hat paper describes both 
the apparatus and method in great detail and will not 
be repeated here. The experimental diffusivities were 
obtained by measuring the interdiffusion of two solu
tions of slightly different concentration. The dif
fusion coefficient is taken as th a t of a solution with a 
concentration equal to the average of the two solutions.

The accuracy of the diffusiometer was determined by 
comparing diffusivities of seven sucrose solutions with 
data of Costing and M orris.11 The values in all cases 
deviated by less than 1% and had an average deviation 
of 0.5%.

Viscosities were obtained with an Ostwald-Fenske 
type viscosimeter, and densities were obtained with a 
10-cc. glass specific gravity bottle.

The results of this work are recorded in Table I. 
The mutual diffusion coefficients were measured a t a 
tem perature of 25.1 ±  0.05°, viscosities a t 25.0 ±  
0.05°, and densities at 25 ± 1 ° .

The hexane, heptane, dodecane, and hexadecane 
were purchased from M atheson Coleman and Bell Co. 
The hexane was Spectroquality grade, the heptane

Chromatoquality, and the dodecane and hexadecane 
were 99 +  % (olefin free) pure. Spectro grade carbon 
tetrachloride was purchased from Eastm an Organic 
Chemical Co. The purity  of the chemicals were fur
ther confirmed by comparing their densities and re
fractive indices with values given by Tim merm ans.12 
See Table II.

Table II: Comparison of Physical Constants
with Previous Data

------ Density at 25°------ -—Refractive index, n22i>—-
This Ref. This Ref.
work 12 work 12

Hexane 0.6550 0.6549“ 1.3720 1 . 3 7 2 3 «

Heptane 0,6796 0.6795« 1.3855 1.3852»
I lodecane 0.7450 0.7451 1 4193 1.4195
Hexadecane 0.7698 0.7699 1.4319 1.4325
Carbon tetra

chloride
1.5842 1 .5845« 1.4570 1.4576“

» Average of several recorded data.

(11) L. J. Gosting and M. S. Morris, J . A m . Chem. Soc., 71, 1998 
(1949).
(12) J. Timmermans, “ Physico-Chemical Constants of Pure Organic 
Compounds,” Elsevier Publishing Co., Inc., New York, N. Y., 1950.
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Mole fraction carbon tetrachloride.

Figure 1. Dt] and D q /{ d  In a /d  In X )  as a  function of mole 
fraction for the  system  hexane-carbon tetrachloride:
----------, linear or ideal behavior; O, Dij;
•  , D ri/(d In a /d  In A’ ).

Activ ity  Data. There are probably many nonideal 
binary liquid systems which are not associative but 
few whose activity data have been fully investigated. 
Thus, since activity data are required for the theory 
comparison, their availability became a factor in the 
selection of the systems for study.

The activities for the systems heptane-hexadecane 
and hexane-dodecane were obtained by Brpnsted 
and Koefoed,13 and the system hexane-carbon te tra
chloride by Christian, Naparko, and Affsprung.14 
The data for all three systems were at 20°. The activ
ity coefficient, /, for each of the three systems was found 
to follow the equation

In / A = K X iA  (2)

where X  is the mole fraction, K  is a constant depending 
on the particular system, and A and B refer to the two 
components of the system. Because the systems 
chosen for this study exhibit no association, they can be 
classified as “regular” or nearly regular, in which case

Mole fraction dodecane.

Figure 2. Dq and  D?j/(d In o /d  In A') as a function  of mole
fraction for the system  h e x a n e -d o d e c a n e :----------, linear
or ideal behavior; O, Dry. • ,  D q /(d  In a /d  In A ).

the constant K  depends on the tem perature according 
to

K  = K ' / T  (.3)

where K '  is a constant independent of temperature. 
Therefore, activities for these systems may be con
verted to other temperatures by means of eq. 3. The 
values of K  for the three systems are given in Table 
III  for 20°.

Table I I I :  Values for the  C o n stan t K  
of E quation  2 a t  20°

System K Reference
H eptane- hexadecane - 0  0921 13
H exane-dodecane -0 .0 4 0 3 13
H exane-carbon  tetrachloride 0.180 14

(13) J. N. Brpnsted and J. Koefoed, Kgl. Danske Videnskab. Selslcab. 
M et.-Fis. M edd., 22, 1 (1946).
(14) S. D. Christian, E. Naparko, and H. E. Affsprung, J . Phys- 
Chem., 64, 442 (1960).

T h e  J o u r n a l  o f  P h y s ic a l  C h e m is tr y



M u t u a l  D i f f u s i o n  i n  N o n i d e a l , N o n a s s o c i a t i n g  L i q u i d  S y s t e m s 3 7 9 3

M o le  f r a c t i o n  h e x a d e c a n e .

Figure 3. Dij and Dr,/(d In a/d In X) as a function of mole
fraction for the system heptane-hexadecane: -------- ,
linear or ideal behavior; O, Drf, • ,  D-q/(d In a/d In X).

Br0nsted and Koefoed used a highly accurate method 
for determining their activity data. A later paper by 
McGlashan and Williamson15 on hexane-hexadecane, 
another system studied by Brpnsted and Koefoed, 
showed th a t In a differed by 0.15% a t 0.5 mole fraction 
between the two sets of data. Christian, Naparko, 
and Affsprung tested their method by comparing their 
data for benzene-carbon tetrachloride with those of 
Scatchard, Wood, and Mochel16 and found agreement 
within 0.4%. These accuracies are well within the 
accuracy required for the present study.

Using eq. 2 and 3, the activity correction is

d In Z A d In Z B d In Z A

= 1 -  2 K X \ X u  =  1 -  ~  Z aX b W

Discussion
In Fig. 1, 2, and 3, Dt) and Dr]/(d ln a / d  ln X ) for 

the systepis, heptane-hexadecane, hexane-dodecane,

Figure 4. Dr] and D-q/{d In a/d In X) as a function of mole
fraction for the system hexane-hexadecane: ---------, ideal
or linear behavior; ----O---- , Dr,;---- • ---- ,
L ,/(d  In a/d In X).

and hexane-carbon tetrachloride, are shown as func
tions of mole fraction along with the predicted linear 
behavior of Dij/(d  In a / d  In X ) .  All three cases show 
th a t the activity overcorrects the diffusivity-vis- 
cosity product. In one case, hexane-dodecane, Dr) 
was nearly linear with mole fraction but was overcor
rected by as much as 4%. The overcorrection for 
heptane-hexadecane was also about 4%. This same 
overcorrection occurs in the system cyclohcxane- 
carbon tetrachloride, which was investigated by Ham
mond and Stokes.8 The maximum overcorrection

(15) M. L. McGlashan and A. G. Williamson, Trans. Faraday Soc., 
57, 588 (1961).
(16) G. Scatchard, S. E. Wood, and J. M. Mochel, J . A m . Chcm. 
Soc., 62, 712 (1940).
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in this system is 4% from a deviation from R aoult’s 
law of 5.6%.

I t  should be noted tha t in two of these systems, 
heptane-hexadecane and hexane-dodecane, the devia
tion from R aoult’s law is negative while, in the other 
two, hexane-carbon tetrachloride and cyclohexane- 
carbon tetrachloride, the deviation is positive.

Figure 4 shows the system hexane-hexadecane, 
from data reported previously by the authors.17 In 
this case, the activity term  appears to correct the 
curve for nonideality ; however, from the results of the 
other four systems, it is apparent th a t this agreement is 
fortuitous. I t  may be th a t with deviations from

ideality this small, the effect of size and shape of the 
diffusing molecule on the hydrodynamic resistance of 
the molecule is greater than th a t of solution nonideality.

In  any case, it is apparent th a t the term  (d In a /d  
In X) does not account for nonideal diffusion behavior 
whether the system is associative or not.
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grant from the Petroleum Research Fund, administered 
by the American Chemical Society. Grateful acknowl
edgment is hereby made to the donors of the fund.

(17) D. L. Bidlack and D. K. Anderson, J . P hys. Chem., 68, 206 
(1964).

The Vapor Pressures of Some Polynuclear Aromatic Hydrocarbons1

by J. Daniel Kelley2 and Francis Owen Rice

Department o f Chem istry, Georgetown University, Washington, D. C. (.Received June 22, 1964)

The vapor pressures of anthracene, 1,2-benzanthracene, 9,10-dimethyl-l,2-benzanthracene, 
and 20-methylcholanthrene have been measured over the following tem perature ranges, 
respectively: 69 to 86°, 104 to 127°, 106 to 135°, and 128 to 152°. The results are ex
pressed in the form log P mm = A  — B / T ° K. where A  and B  are 12.068 and 5145 for an
thracene, 11.528 and 5461 for 1,2-benzanthracene, 13.168 and 6643 for 20-methylchol
anthrene, 15.108 and 7051 for solid 9,10-dimethyl-l,2-benzanthracene, and 12.232 and 
5897 for liquid dimethylbenzanthracene. The average heats of sublimation over the 
experimental tem perature ranges are obtained, and the results for anthracene are com
pared to previous work.

The vapor pressures of anthracene, 1,2-benzanthra
cene, 9 ,10-dimethyl-l,2-benzanthracene, and 20-meth
ylcholanthrene have been measured in the pressure 
regions 0.001-0.01 mm. for the former two compounds 
and 0.0004-0.006 mm. for the latter two. The vapor 
pressure of anthracene has been previously studied 
in higher pressure regions.3-7 The vapor pressures of 
the other three compounds have apparently not been 
investigated in any pressure region.

Experimental
Compounds. The compounds used in these vapor 

pressure studies were of the highest purity commercially

available. Each was further purified by vacuum 
sublimation, and the melting point ranges of the samples

(1) This work is taken from the dissertation subm itted by J. D. 
Kelley to the Graduate School of Georgetown University for the 
degree of Doctor of Philosophy. This work was supported in part 
by the National Institutes of Health, N IH  G rant No. C-5411.
(2) Brookhaven National Laboratory, Upton, N. Y.
(3) C. A. Nelson and C. E. Senseman, Ind . Eng. Chem., 14, 58 
(1922).
(4) F. S. M ortimer and R. V. M urphy, ibid., 15, 1140 (1923).
(5) G. W. Sears and E. R. Hopke, J . A m . Chem. Soc., 71, 1632 
(1949).
(6) B. Stevens, J . Chem. Soc., 2973 (1953).
(7) V. P. Klochkov, Zh. Fie. K h im ., 32, 1177 (1958).
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actually employed were: anthracene, 217.0 to 217.5°;
1.2- benzanthracene, 161.0 to 161.5°; 9,10-dimethyl-
1.2- benzanthracene, 122.9 to 123.5°; and 20-methyl- 
cholanthrene, 179.0 to 179.5°.

A pparatus.  These vapor pressure data were ob
tained by a dynamic method, in which the vapor at 
its equilibrium pressure above the sample was allowed 
to effuse through a small orifice and condense on a liquid 
nitrogen cooled cold finger above the orifice. This 
apparatus was similar to tha t employed by Verhoek 
and Marshall8 to measure vapor pressures of nonvola- 
t ile esters.

The sample chamber was a 25-ml. Pyrex bulb with 
an arm sealed to a short section of Kovar tubing, about
2.0 cm. in diameter and 1.5 cm. long; a disk of copper 
foil 0.013 cm. thick with an orifice of area 0.0615 cm.2 
was soldered across the top of this tubing, and another 
short section of Kovar tubing was attached. The top 
portion of the apparatus was sealed to the free end of 
this tubing section. During a run this apparatus was 
immersed up to the vacuum side arm in an oil bath kept 
a t tem peratures constant to 0.1°.

Procedure. To begin a typical set of determinations, 
the small arm on the sample bulb was opened and ap
proximately 1 g. of sample was introduced; since the 
compounds were all in the form of fine, loosely packed 
crystals, a large evaporating surface was assured. The 
arm was then closed and the apparatus immersed in 
the oil bath and connected to the vacuum line through 
a two-channel stopcock which could be closed, opened 
to vacuum, or opened to a tank of dry nitrogen gas 
for subsequent breaking of vacuum. The fresh sample 
was then pumped a t room tem perature for at least 
2 hr.; the tem perature of the bath was then slowly 
raised to 60°, the cold finger filled with liquid nitrogen, 
and pumping continued at that tem perature for about 
30 min. At this point vacuum was broken by adm itting 
nitrogen gas, the cold finger was removed, and a clean 
cold finger substituted. The oil bath was then allowed 
to warm to the tem perature desired for a vapor pres
sure determination. When the oil bath had stabilized 
at this temperature, which was read on a calibrated 
mercury-in-glass thermometer to the nearest 0.1° 
including the emergent stem correction, the apparatus 
was quickly evacuated and, when the pressure had fallen 
to 0.1 mm., the cold finger was filled with liquid nitro
gen. Timing of the run was started as the cold finger 
was filled. When a sufficient amount of sample, 20-30 
mg., had condensed on the finger, vacuum was broken 
by adm itting nitrogen and the timing of the run 
stopped.

The condensed sample was then carefully washed 
from the finger with a minimum amount of spectral

grade acetone into a preweighed weighing bottle. 
The bottle with sample wras placed in a vacuum 
desiccator and carefully dried and weighed. All 
weights were obtained on a M ettler Type H one-pan 
balance read to the nearest 0.1 mg.

The determinations were not carried out in any par
ticular order with regard to tem perature; 30 to 40 
points were used in the determination of each vapor 
pressure curve. During the course of the investiga
tion of a compound, the melting points of the charged 
samples and condensates were periodically checked to 
ensure th a t no change in the nature of the material 
had occurred.

Calculations. From kinetic theory,9 the number of 
gas molecules, Z , entering an orifice of area a in time t 
is given by

Z  = (n u / i ) a t  (1)

where n  is the number of molecules per unit volume and 
u is the average velocity of the molecules. Substi
tuting for n  and u  their values in terms of pressure, 
p, temperature, T, molecular mass m, and Boltzmann’s 
constant, k, one obtains from (1)

Z  = a tp i1 /  i i n n k T ) ' '- (2)

The mass of material entering the orifice, G, may be 
obtained by multiplying (2) by M / N 0, where tV0 is 
Avogadro’s number. Remembering that N„k is equal 
to R, the gas constant, we obtain for (l

G = a tp (A I/ 2 irRT)' 2 (3)

Since the orifice has a finite thickness, not every 
molecule which enters passes through, so th a t (3) 
must be multiplied by IT, the probability that an 
entering molecule leaves the orifice. Values of W  for 
channels of various dimensions have been tabulated 
by Clausing10; W  proved to be 0.978 for this orifice.

Rearranging (3), the equilibrium vapor pressure is 
given by

p  = G 'T u '[ ( \ / a W ) C 2 T R / M ) Ul} . (4)

where the quantity in brackets is constant for a given 
compound in a given apparatus, and (?' is equal to 
G/t.

Results
The vapor pressures of the four substances investi

gated were measured over the following temperature 
ranges: anthracene, 69 to 86°; 1,2-benzanthracene,

(8) F. H. Verhoek and A. L. Marshall, J . A m . Chem. Soc ., 61, 2737 
(1939).
(9) R. D. Present, “ Kinetic Theory of Gases,” McGraw-Hill Book 
Co., Inc., New York, N. Y., 1958, Chapter 2.
(10) P. Clausing, A n n . P hysik, 12, 961 (1932).
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104 to 127°; 9,10-dimethyl-l,2-benzanthracene, 106 
to 135°; and 20-methylcholanthrene, 128 to 162°.

The data for anthracene are represented by the equa
tion

log p mm =  12.068 -  5145/7"
(L s = 23.54 kcal./mole) (5)

where Ls is the average heat of sublimation over the 
experimental tem perature range.

The data for 1,2-benzanthracene are represented by

log p mm = 11.528 -  5461/7
(Ls = 24.99 kcal./mole) (6)

The data for 20-methylcholanthrene are represented 
by

log p mm =  13.168 -  6643/7
(L s = 30.40 kcal./mole) (7)

The tem perature range over which 9,10-dimethyl-
1,2-benzanthracene was studied included the melting 
temperature, so th a t a discontinuity appeared in the 
slope of the log p mm vs. 1 / T  plot corresponding to the 
heat of fusion, Ls. The data for the sublimation of 
solid dimethylbenzanthracene and the evaporation of 
liquid dimethylbenzanthracene are represented, re
spectively, by the two equations

log pmm = 15.108 — 7051/7
(Ls = 32.26 kcal./mole) (8)

and

log pmm = 12.232 -  5897/ T
(Le = 26.98 kcal./mole) (9)

where Lc is the average heat of vaporization over the 
experimental tem perature range. The heat of fusion 
is given to a good approximation by L s Lc and was 
found to be 5.28 kcal./mole.

The above equations were obtained by obtaining the 
best straight line through the experimental point s by the 
method of least squares. The mean percentage errors 
were 2.3, 4.4, 1.9, 1.8, and 1.0% for anthracene, 1,2- 
benzanthracene, 20-methylcholanthrene, and solid and 
liquid 9,10-dimethyl-l,2-benzanthracene, respectively.

Discussion
The vapor pressure of anthracene has been studied 

over several tem perature ranges,3-7 all above the range 
covered in this work. Sears and H opke/ and Kloch
kov,7 have made measurements in the range 105 to

125°. The agreement between these experimenters 
was only fair, Klochkov’s results being about 15% 
higher on the average over the experimental range.

Table I shows a comparison of these two determina-

Table I

r, °c. P.Ma P. ßh P. S
95 15.0 11.0 12.5

too 21.4 18.5 19.1
105 32.5 28.3 29.1

U L„ L,
23.35 23.90 23.45

“ B a ta  of Sears and H opke.5 5 D a ta  of K lochkov.7 c P resen t 
study.

tions with the present one for vapor pressures, given in 
microns, calculated at three tem peratures interm ediate 
between the two experimental ranges; the average 
heats of sublimation in kcal./mole for the three de
terminations are shown as well.

As the table shows, the pressures calculated from 
Klochkov’s vapor pressure equation agree with those 
calculated from eq. 5 to within a few per cent for these 
intermediate temperatures; the pressures calculated 
from the equation of Sears and Hopke are about 10% 
higher.

The average heat of sublimation calculated from these 
data is close to th a t obtained from the data of Sears 
and Hopke, and slightly higher, as would be expected 
from the fact th a t the heat of sublimation is not con
stan t but in general increases with decreasing tem pera
ture. The heat of sublimation obtained by Klochkov 
is higher than that found here, although Klochkov’s 
experimental tem perature range was, as was tha t of 
Sears and Hopke, 35° higher on the average than that 
of the present investigation.

The heat of fusion calculated from the data on 9 ,10- 
dimethyl-l,2-benzanthracene, 5.28 kcal./mole, leads 
to a value for the entropy of fusion ( L f / 7 meitinE) of 
13.1 cal./deg.-mole. M ortim er11 noticed tha t the 
entropies of fusion for a number of aromatic hydro
carbons related to anthracene and phenanthrene were 
close to / 12.8 cal./deg.-mole. The above value for 
9,10-dimethyl-l,2-bcnzanthracene seems to be in good 
agreement with this empirical observat ion.

(11) F. S. Mortimer, J . A m . Chem. Soc., 44, 1429 (1922).
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Notes on the Rapid Computation of Chemical Equilibria

by D. R. Cruise

Propulsion Development Department, U. S . Naval Ordnance Test Station, 
China Lake, California (Received Ju n e  22, 196If)

Two previously published techniques used in the computation of chemical equilibria were 
combined in such a way as to achieve an appreciable reduction in computer time and 
computer memory requirements. A method of approximation is described which (1) at 
all times expresses the chemical reactions in terms of optimum reaction components, and
(2) successively establishes the proper equilibrium relationship for each individual reaction 
by a stoichiometric change in composition. Also described are procedures with condensed 
phases which lead to correct solutions even in cases previously considered difficult or 
impossible.

Introduction

In the past 5 years the computation by high-speed 
digital computers of high-temperature chemical equilib
ria has become an increasingly significant application 
of these computers. It, has also become one of their 
most challenging applications because of the large sets of 
nonlinear algebraic equations which must be simul
taneously solved and because of the necessity of devis
ing computer codes general enough to handle any par
ticular chemical system .1 Two numerical approaches 
to the solution of nonlinear algebraic equations are 
widely used.

One approach, presented by White, et al.,2 is directly 
motivated by the free energy criterion for chemical 
equilibrium. The resulting procedure, however, is the 
method of steepest descent, which is a general method 
for the numerical solution of nonlinear algebraic equa
tions.

The other approach, presented by Brinkley,3 uses 
“equilibrium constants” and for purposes of background 
will be described in some detail. First, a “basis” is 
chosen. A basis is a subset of molecular species (also 
called “components” 4 5). I t  contains as many species 
as there are chemical elements, and from it all other 
species may be formed by chemical reaction. A set of 
equations then establishes the equilibrium relationship 
of each nonbasis species to the basis. Another set of 
equations establishes the gram-atom amount of each 
chemical element. Both sets of equations are solved 
simultaneously by the Newton-Raphson method, which

is also a general method for the numerical solution of 
nonlinear algebraic equations.

Interesting variations in the latter method are pre
sented by Huff, el al.,° and Browne.6 The latter, in 
particular, introduces the concept of the “optimized” 
basis, in which the components are present in the great
est possible molar amounts. Browne’s computer code 
for the equilibrium-constant, approach has been very 
successfully used for 3 years by the U. S. Naval Ord
nance Test Station (NOTS) in the theoretical evalua
tion of rocket propellants.

Recently a number of physicochemical problems have 
arisen that are considerably more complex than the 
propellant evaluation problem. In these cases chemical 
compositions have to be computed for a much larger 
number of pressures and temperatures. For this rea
son, and because advances in the state of the art, are 
always desirable, it was decided to review all computa-

(1) “ Proceedings of the First Conference on Kinetics, Equilibria and 
Performance of High Tem perature Systems,” W estern States Section 
of the Combustion Institute, G. Bahn and E. Zuckowsky, Ed., Butter- 
worths Scientific Publications, W ashington, D. C., 1960.
(2) W. White, et al., J . Chem. Phys., 28, 751 (1958).
(3) S. Brinkley, Jr., ibid., 15, 107 (1947).
(4) H. Kandiner and S. Brinkley, Ind . Eng. Chem., 42, 850 (1950).
(5) V. Huff, et al., “ General M ethod of Thermodynamic Tables for 
Com putation of Equilibrium Composition and Tem perature of 
Chemical Reactions,” NACA Report 1037 (1951).
(6) U. S. Naval Ordnance Test Station. H. Browne, Jr., et at., 
“ The Theoretical Com putation of Equilibrium Compositions, 
Thermodynamic Properties and Performance Characteristics of 
Propellant Systems,” China Lake, Calif., NOTS, 1960. (NAVWEPS 
Report 7043; NOTS T P  2434.)
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t.ional procedures to see whether any progress could be 
made in the speed and certainty of convergence.

The two methods in current use were quickly elimi
nated. These are very general numerical methods for 
the solution of nonlinear, algebraic equations and are 
slowed down by the peculiarities of the particular 
problem. Older hand-computational methods were 
also eliminated, for they depend a great deal for con
vergence on the intuition of the chemist.

The method of Villars7 was also reviewed. This too 
was a method suggested early in the development of 
computer codes but not widely used. It has some very 
desirable features. I t  is a particular method designed 
for a particular problem. Its  theory is simple: The 
chemical system is divided into a number of subsys
tems, each relating a nonbasis species to the basis. The 
subsystem with the greatest discrepancy in its equilib
rium relationship is corrected stoichiometrically. In 
this way the gram-atom amounts (chosen correctly at 
the start) do not change. The reason for convergence is 
clear: each iteration is equivalent to arresting all possi
ble reactions but one and allowing that one to proceed 
according to the law of mass action. This possible 
(though not plausible) kinetic model can lead only in 
the direction of equilibrium.

In its computational aspects the method presented by 
Villars has both advantages and disadvantages. Un
like the widely used methods, it does not require the 
inversion of large matrices. This simplifies the coding 
and reduces the required computer memory. On the 
other hand, the speed of the method is greatly depend
ent on the choice of the basis. I t is adm ittedly quite 
slow when components are chosen which are present 
only in small molar amounts.

It was decided to try Villars’ method and to choose 
the optimum basis by Browne’s method. The auto
matic choosing of the largest possible basis is not dif
ficult to code and serves two purposes: it greatly 
speeds convergence, and it relieves the user of the bur
den of choosing the basis himself.

The rest of this paper will describe the combination 
of methods for computing a chemical composition at a 
given pressure and temperature. This description will 
be divided into three parts. The first part presents, in 
detail, the basis optimization technique used, which 
differs only slightly from that reported by Browne. 
The second part presents the procedures for determin
ing equilibrium, which follow essentially the method of 
Villars, except for some suitable modifications to in
crease computing speed. The third part presents cer
tain manipulations with condensed phases which in
crease the generality of the method.

For a concise presentation, the procedures are des

cribed in the notation of linear algebra. Numerical 
examples are available, upon request, from the author.

Basis Optimization
Consider a system which contains chemical ele

ments and N  molecular species such that N  is greater 
than S. Relating the species to the elements is a 
molecular composition matrix C. Here the individual 
elements cik state how many atom s of the Ath element 
are cont ained in a molecule of the Ft h species.

Let any arbitrary choice of iS molecular species be 
denoted

i(j) 1 < j  < S

where the subset of i  values chosen is considered to be a 
function of a dummy index j .  A basis is formed by i ( j )  
if, and only if, the following relationship exists

|B| *  0 (1)

where the vertical bars denote the determ inant of the 
matrix B  and where the elements of B  are defined as

bjk — Cu.j).k 1 V j  <  S

Equation 2 involves three indexes, i, j ,  and k, where i  
is not independent because of its functional relationship 
to j .  This equation describes the formation of the 
square basis matrix B  by extracting some of the rows of 
the larger composition matrix C, namely, those rows 
corresponding to the chosen species.

The optimization problem requires that i ( j )  be chosen 
to form a basis and that the corresponding molar 
amounts n i(j) be as large as possible. This can be done 
by a process of trial and error, bu t first, the molecular 
species must be so sorted that the molar amounts are in 
descending order. Here the species subscript i  be
comes itself a function of a subscript m, such that

n tl >  n i2 >  . . .  >  n im > n im +, >  . . .  >  n iK (3)

The basis is now found as follows. First i\ is chosen 
to be the first basis species and the dst row of the C 
matrix is pu t into the first row of the B  mat rix. Next 
the j  and m  indexes are set to the value 2. The third 
step is to test im as an acceptable basis species. This is 
done by inserting the i j h row of the C  matrix into the 
jth  row of the thus far incomplete B  matrix. If there is 
linear dependence among the rows of the incomplete B  
matrix, the test fails, and the in index is increased by 
unity. If there is no linear dependence, i m becomes the 
jth  basis species, which is to say, i ( j ) ,  and both th e j and

(7) D. Villars, J . Phys. Chem., 63, 521 (1959). Also see Villars’ 
paper, pp. 141-151, in ref. 1.
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vi indexes are increased by unity. From here the 
process returns to the third step until i (S )  is determined.

Linear dependence was established by Browne using 
the relationship

|(R infi)(B ine) r | = 0 (4)

where T  denotes transposition and B 'nc is the incom
plete B  matrix. However, it was found that the test 
could be performed much faster by using the G ram - 
Schmidt construction. This construction may be ex
pressed as.

the array of equilibrium constants, K u are therefore 
available from eq. 6  and 7. A pass is made through the 
reaction (nonbasis) species to determine whether the 
proper equilibrium relationships are met. If not, the 
molar amounts, n u are stoichiometrically corrected. 
Before beginning another pass, the basis is again opti
mized whenever the current basis is no longer optimum. 
The details are described below using the conventions of 
Prigogine. 9

The chemical reaction which forms the ith  reaction 
species from the basis may be written as

bu ’ -  6.

s s
52 bu,bn/,/  52

,h = 1 fc=l

2 <  I < j  

1 <  n  <  l -  1 (5)

1 < k <  S

where blk' replaces the element ba , and n  and l are 
dummy indexes. If all elements of the j th  row are 
zero after the construction, there is linear dependence, 
and the test fails. The underlying theory of linear 
dependence and the Gram -Schm idt construction are 
presented by Stoll8 and other texts on linear algebra.

The complete B  matrix is determined at the end of the 
optimization process, and the v-matrix of reaction co
efficients may be expressed as

V  = C B - 1 (6)

Equilibrium constants may then be computed from the
elements of the r-matrix as

1 s
In K t =  -  52 "off «0 )1 (7)

n  y -i

where g( is the standard Gibbs free energy of the ith  
species a t the given tem perature T.

Procedures for Determining Equilibrium
The equilibrium procedure requires tha t a first esti

m ate of the equilibrium composition be given. This 
estimate need not closely approximate the final solu
tion, bu t it must express the desired gram-atom am ount 
of each chemical element. This can be accomplished 
in many ways. One way, easy to code, is to set the 
molar amount of one monatomic species of each chemi
cal element to the desired gram-atom am ount; then 
set the molar amounts of the rest of the species a t zero 
(or at negligibly small values). This particular way 
requires that the monatomic species appear in the for
mulation.

The general iterative procedure assumes that the 
gram-atom amounts are correct and th a t the optimum 
basis has been chosen for the current estimate of the 
molar amounts. The reaction coefficient matrix, v, and

52 ■—> i  (8 )
y=i

therefore, a stoichiometric change in the extent of reac
tion, A£, causes the following alterations in composition

» /  =  n ,  +  A£ (9)

n i(ij  =  «<(,) -  vtj£$  1 <  j  <  S  (10)

where the primed n { denotes the molar amounts after 
the change. This change, by definition, does not alter 
the gram-atom amount of any chemical element.

Basis optimization guarantees th a t is smaller than 
any of the n ^ )  in the basis for which vtj ^  0. (If this 
condition does not hold, the basis must again be opti
mized before the next iteration pass.) In the problems 
tha t the author encounters, most reaction species are 
smaller in molar amount by many orders of magnitude 
than the basis species from which they are formed. The 
gaseous species, more than two orders of magnitude 
smaller, are arbitrarily classified as viinor  species, and 
the rest of the nonbasis species, including condensed 
species of any molar amount, are classified as major  
species.

The correct equilibrium relationship for the ith  reac
tion is expressed as 

s
52 7  «pi'# hi ( A n tw) -  74 In (A n ,) =  In K t (11)

i = i
where the phase param eter y ,  takes the value unity if 
the ith  species is a gas and the value zero if it is con-

N
densed, and A  is equal to P /  52 7 ¡«o where P  is the

4=1
given pressure. If the current molar guesses are in
correct, the terms on the left will equal some value other 
than In K it denoted In Q,. The iterative procedure 
obviously must adjust the values of n, until the values

(8) R. Stoll, “ Linear Algebra and M atrix T heory,” McGraw-Hill 
Book Co., Inc., New York, N. Y., 1952, C hapter 8, especially Section 
8.7.
(9) I. Prigogine, “ Chemical Therm odynam ics,” translated by D. 
Everett, Longmans Green and Co., London, 1954.
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of Qt approach those of K, within a specified tolerance. 
The log of the equilibrium constant may be differenti
ated with respect to the reaction parameter £ (assuming 
A to be constant), yielding

E  -  7 </Wi)d£ = d(ln Ki) (1 2 )
7 - 1  /

An estimate of the stoichiometric correction for a 
major species is obtained by applying Newton’s method 
of locating roots, which is expressed by the approximate 
form of eq. 1 2

A£ ^  (In Ki -  In Qi)/(E7i"oVWiO) -  7 t M  (13)

Equations 9 and 10 are then applied. (In practice, A£ 
is not allowed to take values leading to negative n t.) 
All major species are corrected by this method during 
the iteration pass. This differs from the method used 
by Villars, who applied the correction only where the 
discrepancy |ln K t — In Qt| was greatest. The modifi
cation is justified for two reasons: very little additional 
computing time is required to make the correction after 
the discrepancy is determined, and basis optimization 
has minimized the interaction effect that a given correc
tion has on the other equilibrium relationships.

An estimate of the stoichiometric correction for minor 
species is obtained as

n t' =  UiiKi/Qt) (14)

A£ = n /  — n ( (15)

Equation 10 is then applied. This approach assumes 
that the error in K t is contained entirely in the value of 
n t. This is nearly true for minor species, because a 
large relative change in nt is accomplished by a small 
A£, and there is no appreciable change in the basis. 
This separate analysis of minor species also differs from 
that of Villars. Again there are advantages. Equa
tions 14 and 15 require less computing time than eq. 13. 
Then too, the former equations compute the molar 
amounts of the minor species to a high degree of accu
racy (four or more significant decimal places) even when 
the relative molar amounts are quite small (e.g., 1 0  ” 10 or 
10~2U). (This is useful in some applications involving 
ionic species.) It was also found that computer time 
is saved by correcting the minor species only on every 
fourth iteration pass, unless convergence is attained 
among the major species in the meantime. The vari
able A, defined above, is computed once at the start of 
every iteration pass.

Convergence was considered to be attained when all 
binding equilibrium relationships passed the following
tests

(major species) | ( 1  — K J Q X)\ <  1 0 “ 5 (16)

(minor species) |(1 — K i/Q t)I <  10 4 (17)

However, not all equilibrium relationships are binding; 
this is discussed in the following section.

Deletion of Condensed Phases
The formulation of the chemical equilibrium prob

lem, as usually presented, is not general enough to des
cribe completely the behavior of condensed phases. To 
overcome this weakness special procedures must be 
used. The following two procedures are particularly 
suited to die method of determining equilibrium pre
sented above.

When the molar amount of a condensed species be
comes negligibly small (say, 10-6) and In K t — In Qt is 
negative, no correction is applied, and the equilibrium 
relationship is no longer binding. In this way a phase is 
deleted, and a degree of freedom is gained in accordance 
with the phase rule . 10

When a reaction occurs entirely among condensed 
species, the denominator in eq. 13 is zero. In this 
situation the phase rule states that a t least one of the 
involved species cannot be present in any molar 
amount (if we are free to specify pressure and tem
perature). The situation is handled by ignoring eq. 13 
and by determining a value of A£ that takes the sign of 
In K t — In Qt and that has a magnitude not leading to 
negative molar amounts when eq. 9 and 10 are applied. 
This is symbolically expressed as

A£ = sign (In K t — In Qt) X

min[n{, n im/\va\, n im/ |r i2|, . . ., n i{s)/|>'1s| ] (18)

In this manner the molar amount of at least one con
densed species is reduced to zero.

When these procedures were included in the com
puter code, correct solutions were obtained even in ex
tremely difficult cases. In fact, correct solutions can 
be obtained where no gas phase is postulated.

Results and Comments
A computer code devised to use the foregoing com

bination of procedures was incorporated in the present 
propellant evaluation program at NOTS. Figure 1 is 
an idealized flow chart that shows the logical relation
ship of the various procedures to one another.

Computer time (averaged over 3 months and 2000 
runs) was reduced by a factor of five. No convergence 
failures were noted. Other timing tests indicated that 
pressure-temperature points for systems containing 
seven and eight elements and 40 or 50 species can be 
computed in less than 1 sec. on the IBM 7094 elec-

( 1 0 )  A .  F i n d l a y ,  “ P h a s e  R u l e , ”  D o v e r  P u b l i c a t i o n s .  I n c . ,  N e w  
Y o r k ,  N .  Y . ,  1 9 5 1 .
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Figure 1.

I n p u tPressure (P)
Gibbs free energies (g.(T))
Composition Matrix (C)1 Phase parameters (ŷ )
First estimates of the composition (n̂ )

Increase IT by one.

^ Initialization
Set iteration index (IT) to zero.Turn basis switch on.

— Turn convergence switch on.

Test convergence switch.

Output
Current values of n̂  

(end)

Test basis switch, (Optimization not necessary.)

¡Increase m by one.

Begin Optimization Procedure Sort species (eq. 3).
Set i(1) ■ i .̂
Put i st row of C into first row of B. 
Set j ■ 2, m ■ 2.

3 :Put row of C into jth row of B (eq. 2).
Yes -jTest linear dependence in B (eg. 4 or 5).

-¡Increase j by one. 4 -¡Test j » S.

Compute reaction coefficients and equilibrium constants (eq. 6 and 7). 
Turn basis switch off.

Test i = N.{- ~P\ Increase i by one.

Begin Equil]31_________brium Procedure
Compute A, set i * 1.

l
Does i « i(j) for any j? |

Turn basis switch on.U- Is for all j where f o?

Is n. < O.Oln.,... for all i where v. . t 0?* i - i(j) lj *

|(MINOR SPECIES)|

Test ŷ * 0

No -»I (MAJOR SPECIES)!

'l
Is IT a mult

<SIO__ ^ rIs species in equilibrium 
with basis (eq. 17)?

oz z_________________
Apply stoichiometric correction (eq. 14, 15, 10).

[Is species in equilibrium with basis (eg, 16)? 1-1%

Test y- = 0.

r*----------------------- *-rTurn convergence switch off.j^

Apply stoichiometric correction 
(eq. 13, 9. 10)._____

Apply stoichiometric correction 
(eq. 18, 9, 10).

Begin Condensed Phase •ocedure
Is n. < 10*6?1 —

Test if In - In is negative!■ ►

■¡Test if denominator of eq. 13 is zero.!

Flow chart for computation procedures.
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tronic data processing machine. Compositions for a 
given pressure and enthalpy (involving the calculation 
of several pressure-temperature points) were clocked 
at 4 sec. for several six-element, systems. The propel
lant evaluation program with unbuffered input and 
output averaged less than 0.0025 hr./run.

The times indicated above were obtained without 
extreme measures, such as converting the Fortran 
coding to machine language, and can probably be re
duced. One untried suggestion is to code a logarithm 
routine which is faster, but is at the expense of the 
computer memory. This would speed computations 
because a great portion of time is used by the computer 
in computing logarithms.

The combination of procedures described in (his re
port is being considered for future applications involv
ing gas imperfection, where, because it still requires no 
matrix inversion, it will gain a further advantage over 
the two most widely used methods, which must handle 
even larger matrices than required in the study of per
fect-gas mixtures."

( 1 1 )  F .  B o y n t o n ,  I I I ,  “ C o m p u t a t i o n  o f  E q u i l i b r i u m  C o m p o s i t i o n s  
a n d  P r o p e r t i e s  i n  a  G a s  O b e y i n g  t h e  V i r i a l  E q u a t i o n  o f  S t a t e . ”  
p r e s e n t e d  a t  t h e  S e c o n d  C o n f e r e n c e  o n  K i n e t i c s .  E q u i l i b r i a ,  a n d  P e r 
f o r m a n c e  o f  H i g h  T e m p e r a t u r e  S y s t e m s ,  W e s t e r n  S t a t e s  S e c t i o n  o f  
t h e  C o m b u s t i o n  I n s t i t u t e ,  L o s  A n g e le s ,  C a l i f . ,  A p r i l ,  1 9 6 2 .

Mass Spectrometry-Knudsen Cell Studies 

of the Vaporization of Uranium Dicarbide*

by J. H. Norman and P. Winchell

General A tom ic D ivision o f General D ynam ics Corporation, John  J a y  H opkins Laboratory 
fo r Pure and A pplied  Science, San Diego, California {Received Ju n e  23, 1964)

The presence of UC2(g) is important in the vaporization of uranium dicarbide. In the 
presence of excess carbon, the vaporization of uranium dicarbide as UC2(g) can be repre
sented by a heat of vaporization of 185 kcal./mole and an entropy of 38.3 cal./°K. mole 
in the temperature range 2350 to 2700°K. Good thermodynamic agreement between this 
work and previous studies of vaporization of uranium dicarbide to U(g) +  2C(s) has been 
obtained. The values obtained in this study are AH =  127.3 kcal./mole and AS = 18.6 
cal./°K. mole in the temperature range 2150 to 2700°K.

Introduction
During the past few years interest in uranium dicar

bide as a high-temperature reactor fuel has prompted 
several investigators to study the vaporization of this 
material. 1 - 5  In these studies U(g) was assumed to be 
the only form in which uranium vaporizes. Several 
studies have shown, however, that in some systems 
gaseous carbide species are important. 6'7 Of relevance

to this study is the fact that a species UC2+ has been 
identified in mass spectrometric surface ionization * 1 2

*  T h i s  r e s e a r c h  w a s  c a r r i e d  o u t  u n d e r  a  j o i n t  p r o g r a m  o f  G e n e r a l  
A t o m i c  a n d  E m p i r e  S t a t e  A t o m i c  D e v e l o p m e n t  A s s o c ia t e s .  I n c .

( 1 )  H .  K .  L o n s d a l e  a n d  J .  N .  G r a v e s ,  “ T h e r m o d y n a m i c s  o f  N u c l e a r  
M a t e r i a l s , ”  I n t e r n a t i o n a l  A t o m i c  E n e r g y  A g e n c y ,  V i e n n a ,  1 9 3 2 ,  p .  
6 0 1 .

( 2 )  J .  M .  L e i t n a k e r  a n d  W .  G .  W i t t e m a n ,  J . Chem. Phus., 36, 1 4 4 3  
( 1 9 6 2 ) .
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studies with carbon and uranium,8 and UC2(g) has been 
identified as a gas-phase species over the carbide.3 4 5 6 7 * 9 10 11 In 
this vapor pressure study a species UC2(g) has also been 
observed, and the uranium vapor pressures in terms of 
U(g) and UC2(g) over UCX in the presence of excess 
carbon have been measured using combined Knudsen 
cell-mass spectrometry techniques.

Experimental
The amount of material effusing from a Knudsen cell 

as a particular uranium gaseous species was investi
gated by observing the quantity and type of ions pro
duced by crossing an electron beam with the cffusate 
beam. Figure 1 is a representation of the apparatus 
used in this study; the apparatus is similar to that 
used by Inghram and Drowart9 to study high-tempera
ture vaporization processes. A graphite Knudsen cell 
was used to contain the uranium dicarbide sample. 
This cell consisted of overlapping cups machined for 
close fit, with the covering cup having a centered orifice 
of 0.037-cm.2 area. The ratio of the cell cross-sectional 
area to orifice area was 40:1, and, since powdered 
uranium dicarbide was used, the ratio of sample evap
orating area to orifice area was larger than this. The 
Knudsen cell was mounted in a tantalum cup, which in 
turn was mounted on the furnace base by 0.159-cm. 
tungsten rods. The cell was surrounded by seven 
layers of 5-mil tantalum as heat shielding except di
rectly above the orifice, where the first of the seven 
layers was tungsten. This tungsten shield sagged much 
less than did tantalum shields used in the same position.

Working temperatures were obtained by electron 
bombardment heating. The cell was operated at 300 
to 500 v. positive with respect to its surroundings, and 
(300 to 1200 w. was dissipated at the cell. Bombard
ment was begun by electron emission from a heated 
filament surrounding the cell; however, when the tem-

FILAMENT AND IONIZING CURRENT SLIT

BEAM SHUTTER

SAPPHIRE ROD SPACERS - (EXAMPLES)

GROUND SLIT 
FOCUS SLITS 
IONIZING CHAMBER 
REPELLERS 
GUARD PLATE DEFI F.CTORS

SOURCE RASE WATER-COOLED 
PLATEKNUDSEN CELL 
BOMBARDMENT FILAMENT 
OPTICAL HOLE 
HEAT SHIELDS
HFAT SHIELD AND SUPPORT RING POSTS
FURNACE BASE (GROUND)CELL BASE FILAMENT BASE POSITIONING BASE (GROUND)

Figure 1. Ion source and furnace arrangement.

perature reached 2000°K., electron emission from the 
heat shields far exceeded the filament emission, and the 
filament was not used above this temperature. The 
power dissipation in the furnace was regulated by drop
ping the bombarding current through a resistor in 
series with the furnace. The furnace resistance and 
the external resistor resistance were made similar for 
this purpose. Under these conditions, at most ap
plied voltages no fluctuation in the cell temperature 
was detected. At the highest temperatures (2700°Iv.), 
however, a slight drift toward lower temperatures was 
noted.

Temperature measurements were made by using a 
Leeds and Northrup optical pyrometer No. 8626-C. 
This pyrometer was calibrated against a U. S. National 
Bureau of Standards standard lamp. These calibra
tions were performed by each of the investigators, as 
measured temperatures varied significantly with the 
observer. Window corrections were measured and 
applied to the optical pyrometer readings. Sightings 
were made into a hole 0.318 cm. deep by 0.159 cm. in 
diameter in the side of the crucible. At working tem
peratures the hole was barely perceptible.

The mass spectrometer was constructed at General 
Atomic. This mass spectrometer has a 7.62-cm. radius 
and a measured resolving power of 40 (mass 41 con
tributes 1 % of its height to mass 40). This resolution 
is sufficient for the UC2 studies since uranium is essen
tially monoisotopic, and the observed peaks (U+, UO+, 
UC2+, and U 02+) were no closer than 8  mass units at 
260. This mass spectrometer and its mode of operation 
are described by Norman, Winchell, and Staley . 10

An investigation of the appearance potentials of the 
two major species observed in these studies showed 
that the appearance potentials of U + and UC2+ do not 
differ greatly; thus the appearance potential of UC2 + 
was taken as equal to the 5.4 v. reported by DeMaria, 
et a l . , u  for U+. The accuracy in the appearance po

( 3 )  S . F u j i s h i r o ,  . / .  At. Energy Soc. Japan,  3 ,  9 1 3  ( 1 9 6 1 ) .

( 4 )  C .  B .  A l c o c k  a n d  P .  G r e i v e s o n  i n  “ T h e r m o d y n a m i c s  o f  N u c l e a r  
M a t e r i a l s , ”  I n t e r n a t i o n a l  A t o m i c  E n e r g y  A g e n c y ,  V i e n n a ,  1 9 6 2 ,  p .  
5 6 3 .

( 5 )  H .  A .  E i c k .  E .  G .  R a u h ,  a n d  R .  J .  T h o r n ,  ibid., p .  5 4 9 .

( 6 )  W .  A .  C h u p k a ,  J .  B e r k o w i t z ,  O .  F .  G ie s e ,  a n d  M .  G .  I n g h r a m ,  
J . Phys. Chem., 6 2 ,  f i l l  ( 1 9 5 8 ) .

( 7 )  D .  I ) ,  J a c k s o n ,  G .  W .  B a r t o n ,  < ) .  H .  K r i k o r i a n .  a n d  R .  S . N e w 
b e r r y  i n  “ T h e r m o d y n a m i c s  o f  N u c l e a r  M a t e r i a l s . '  I n t e r n a t i o n a l  
A t o m i c  E n e r g y  A g e n c y ,  V i e n n a ,  1 9 6 2 .  p .  5 2 9 .

(S )  M .  H .  S t u d i e r ,  E .  N .  S l o t h ,  a n d  L .  E .  M o o r e .  , / .  Phys. Chem.. 
6 6 ,  1 3 3  ( 1 9 6 2 ) .

( 9 )  M .  G .  I n g h r a m  a n d  J .  D r o w a r t ,  Proc. Intern. Sym p . High 
Temp. Technol., Asilom ar Conf. Grounds, Calif., 2 1 9  ( 1 9 6 0 ) .

( 1 0 )  J .  H .  N o r m a n .  P .  W i n c h e l l ,  a n d  H .  G .  S t a l e y .  J . Chem. Phys., 
4 1 ,  6 0  ( 1 9 6 4 ) .

( 1 1 )  G .  D e M a r i a ,  R. P . B u r n s ,  J .  D r o w a r t ,  a n d  M .  G .  I n g h r a m .  
ibid.. 32, 1 3 7 3  ( 1 9 6 0 ) .
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tential determinations in the present measurements is 
rather poor because of inadequate source operation at 
very low voltages.

Observations of U + and UC2+ were made using a 
nominal ionizing electron energy of 8  e.v. This voltage 
was low enough so that the fragmentation of UC2 on 
electron impact to give U + was negligible.

Uranium dicarbide in excess carbon was prepared by 
slowly heating U 0 2 with excess carbon to 2 2 0 0 ° until 
the system pressure fell to less than 10~ 6 torr. The 
samples were ground in an inert atmosphere and placed 
in the Knudsen cell, which was protected from air ex
posure during installation and pumpdown of the cell 
hi the mass spectrometer furnace. Three cell charges 
were used to collect the data. The composition of the 
UC2 phase in a similarly prepared sample was investi
gated by Lonsdale and Graves' in this laboratory. 
The actual carbon-uranium ratio of uranium carbide 
has been shown to be somewhat less than 2. This has 
also been discussed by Kubaschewski. 12

A silver calibration experiment was performed prior 
to one of the observations of U+ and UC2+ signals to 
obtain uranium pressures according to the method de
scribed by Drowart and Inghram . 9 The cross sections 
for silver and carbon of Otvos and Stevenson, 13 the 
cross section for uranium of DeMaria, et al.,u and multi
plier gains inversely proportional to molecular weight, 
as suggested by Inghram, Hayden, and Hess, 14 were 
assumed. The pressure of U at 2277°K. was estimated 
at 7.1 X 10- 9  atm. Similarly, a factor of 0.90 was es
timated for conversion of the ratio of ion signals to a 
ratio of cell pressures of UC2 and U.

The basic data of this study are the U+ and UC2+ ion 
intensity measurements made at temperatures be
tween 2150 and 2700°K. The upper temperature limit 
was dictated by the furnace design, and the lower limit 
by signal detection ability. The ion intensities were 
compared with a beam-shuttered background. The 
U+ and UC2+ peaks were, thus, proved to originate 
solely in the ion source. Both UO+ and U 0 2 + peaks 
were observed in these experiments; however, they had 
a wider shutter profile than the U+ and UC2+ peaks. 
It is believed that these oxide peaks emanated from 
heat shields where the oxide could be produced by ex
posure of condensed uranium to residual mass spectro- 
metric gases, and they were discounted on this basis.

Results and Discussion
In this investigation uranium was found to evaporate 

from uranium dicarbide both as monatomic U and as 
UC2. A representative set of ion signals for these two 
species over uranium dicarbide in excess carbon is pre
sented in Fig. 2. The thermodynamic behavior of

these species can be described according to the equations

UC2(s) ^  U(g) +  2C(s) (1)

U(g) +  2C(s) ^  UC2(g) (2)

Equation 2 was used in place of a vaporization of UC2(s) 
because using a ratio of ion signals reduced inaccuracies 
resulting from ion source instability and also because 
this equation is not dependent on the composition., of 
the UC2 phase. The experimental data can be repre-

Figure 2. U+ and UC2+ intensity-temperature products 
as a function of reciprocal temperature.

sented by heats of reaction between 2150 and 2700°K. 
for eq. 1 and 2 of 127.3 ± 3.5 and 57.4 ±  3.3 kcal./mole 
and entropies of reaction of 18.6 and 19.7 cal./°K. mole, 
respectively, in seven and five sets of measurements 
where the error estimates are reported as standard de
viations of the mean. Also, this thermodynamic in
formation can be expressed in terms of equations repre
senting the vapor pressures, P u and P uc„ of U(g) and 
UC2(g) over UC2(s) and excess carbon as

( 1 2 )  O .  K u b a s c h e w s k i ,  et al.. “ T h e  U r a n i u m - C a r b o n  a n d  P l u t o n i u m -  
C a r b o n  S y s t e m s , ”  I n t e r n a t i o n a l  A t o m i c  E n e r g y  A g e n c y ,  T e c h n i c a l  
R e p o r t  S e r ie s  N o .  1 4 , V i e n n a ,  1 9 6 3 .

( 1 3 )  J .  W .  Ö t v o s  a n d  D .  P .  S t e v e n s o n .  J . A m . Chem. Soc.. 7 8 ,  5 4 6  
( 1 9 5 6 ) .

( 1 4 )  M .  G .  I n g h r a m ,  I I .  J .  H a y d e n ,  a n d  D .  C .  H e s s ,  U .  S .  N a t i o n a l  
B u r e a u  o f  S t a n d a r d s  C i r c u l a r  5 2 2 ,  U .  S .  G o v t .  P r i n t i n g  O f f i c e .  
W a s h i n g t o n ,  D .  C . ,  1 9 5 3 ,  p .  2 5 7 .
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log Pu =
27,800

~  ~ Y ~  +  4-07 (3)

log Puc, =
40,400

----- ’-------b 8.38
T (4)

The accuracy of the measured vapor pressures is as
sociated with the reliability of the silver calibration, 
the measurement of the size of the effusion orifice, and 
the mass spectrometric sensitivity estimations. The 
authors estimate that eq. 3 and 4 give vapor pressures 
reliable to a factor of two or three. As previously 
stated, the cell charge was taken to be as described by 
earlier work from this laboratory. I t  is true that data 
on different cell charges appeared to be slightly dif
ferent, but not so much so that combining the data was 
not deemed reasonable.

A comparison of these data, with the other measured 
uranium dicarbide vapor pressures is shown in Fig. 3. 
Total uranium pressures (Pu +  P uc,) corrected for 
effusion rates are presented for this work in the curve 
called “present studies” (curvature is apparent in the 
dotted extrapolation of the curve to higher tempera
tures where Puc, becomes important). This figure 
demonstrates the agreement between the data of this 
study and other reported data shown in this figure, 
particularly those of Leitnaker and Witteman , 2 L +  
W, and Lonsdale and Graves, 1 L +  G. Another point 
of interest is that the heat of vaporization determined 
by Fujishiro,* F, is in very good agreement with a heat 
determined from present studies that were conducted 
in the temperature range of his experiments. The in
creasing importance of UC2(g) with increasing tem
perature leads to a noticeably higher experimental 
heat of vaporization of uranium above 2400°K. Pre
viously, Fujishiro’s heat was inexplicably higher than 
generally accepted values. This report does not agree 
with the somewhat higher vapor pressures he reported. 
The vapor pressure estimated from thermochemical 
data compiled by Kubaschewski, et al. , ' 2 K, also ap
pears to be somewhat higher than a consensus of the 
reported vapor pressures, including this work.

Estimating an entropy at 2500°K. of UC2(g) from 
statistical mechanical considerations is very nebulous. 
Entropy calculations for a linear asymmetric molecule

Figure 3. Comparison of present studies with other 
reported uranium vapor pressures.

(approximated U-C = 2.04 A., C-C = 1.17 A.) such 
as were done, for example, by Chupka, et al. , 6 for LaC2 

give a value that is only a few calories/degree mole 
smaller than that derived from the experimental data. 
I t  is worthwhile, however, to point out that any struc
ture used in these calculations is tenuous. For instance, 
even though a symmetrical triangular molecular form 
of UC2 would probably have a lower entropy, this struc
ture is appealing to consider as representing the gaseous 
molecule.
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Second Dissociation Constant of Deuteriophosphoric Acid in Deuterium 

Oxide from 5 to 50°. Standardization of a pD Scale

by Robert Gary, Roger G. Bates, and R. A. Robinson

N ational Bureau o f Standards, Washington, D. C. (Received Ju n e  25, 196J/.)

The second dissociation constant of deuteriophosphoric acid in deuterium oxide has been 
determined from electromotive force measurements of a cell without liquid junction from 
5 to 50°. Thermodynamic quantities for the second dissociation process of this acid have 
been calculated. Values of —log (aD+7 ci-) and the conventional pcm values for the 
equimolal (0.025 to) KD2P 0 4-N a 2D P 0 4 buffer solutions have been established.

Introduction
In a previous paper, 1 we reported the standard 

electromotive force of the deuterium-silver, silver 
chloride cell from 5 to 50° with deuterium chloride in 
deuterium oxide as electrolyte. Continuing a program 
of work on the thermodynamics of electrolytes in deu
terium oxide, we now present e.m.f. measurements for 
the cell

Pt; D2(g) at 1 atm., KD2P 0 4(to), Na2D P 0 4(TO),

NaCl(TO'), AgCl; Ag (I)

at 5° intervals from 5 to 50°. From these data we have 
derived the second dissociation constant of deuterio
phosphoric acid over this range of temperature, as 
well as the partial molal enthalpy, entropy, and heat 
capacity changes on dissociation. These are com
pared with the corresponding quantities for the dis
sociation of the H2P 0 4~ ion in ordinary water.

In addition, values of p(aD7 ci) [=  —log (aD+7 ci-)l 
have been calculated and tabulated for three buffer 
solutions of equimolal (0.025 to) potassium dideuterio- 
phosphate and disodium deuteriophosphate in solu
tions of sodium chloride of molalities 0.025, 0.015, and 
0.005. A linear extrapolation gave values of p(aD7 ci)° 
for a solution 0.025 to in each of the phosphates but 
without added chloride. Values of the conventional 
pan [=  —log aD + ] were calculated with the aid of a 
convention for the chloride ion activity coefficient 
analogous to that proposed by Bates and Guggen
heim2 for solutions in ordinary water.

Experimental Results
Deuterium gas was taken from commercial cylin

ders; mass spectrometric analysis3 gave a hydrogen 
content not greater than 0.5 atom %. The phosphates 
were NBS Standard Samples 186 lb and 186 lib . 
Sodium chloride was a bromide-free preparation used 
in previous work. 4 The deuterium oxide had an iso
topic purity of 99.65%; this was reduced by a further 
0.075% on the dissolution of the two phosphates, each 
at a concentration of 0.025 m. The solutions made by 
dilution of this stock solution with 99.65% deuterium 
oxide were proportionally closer to 99.65% in isotopic 
purity.

The cells have already been described. 1 The meas
ured values of the e.m.f., corrected to 1 atm. of the gas 
used, are recorded in Table I. Each entry is the mean 
value given by two cells. The average difference be
tween the e.m.f. of duplicate cells at all ten tempera
tures was 0.04 mv. The e.m.f. of each cell was meas
ured in ascending order of temperature at 5° intervals 
from 5 to 50°. In three instances a final measurement 
at 25° was made. For the solutions with m = to' = 
0.025, m = to' = 0.020, and m = 5to' = 0.025, the 
final e.m.f. at 25° was lower by 0.03, 0.05, and 0.04 
mv., respectively, than that measured at, 25° in the 
course of raising the temperature from 5 to 50°.

( 1 )  R .  G a r y ,  R .  G .  B a t e s ,  a n d  R .  A .  R o b i n s o n ,  ,7 . P hys. Chem., 6 8 ,  
1 1 8 6  ( 1 9 6 4 ) .

( 2 )  R .  G .  B a t e s  a n d  E ,  A .  G u g g e n h e i m ,  Pure A pp l. Chem., 1 ,  1 6 3  
( 1 9 6 0 ) .

( 3 )  A n a l y s e s  b y  E .  E .  H u g h e s ,  A n a l y s i s  a n d  P u r i f i c a t i o n  S e c t i o n .

( 4 )  V .  E .  B o w e r  a n d  R .  A .  R o b i n s o n ,  .7 . Phys. Chem., 6 7 ,  1 5 2 4  ( 1 9 6 3 ) .

T h e  J o u r n a l  o f  P h y s ic a l  C h e m is tr y



T h e r m o d y n a m i c s  o f  D e u t e r i o p h o s p h o r i c  A c i d  i n  D e u t e r i u m  O x i d e 3807

Table I: Electromotive Force of the Cell Pt; D2(g) at 1 atm., KD2P04(to),
Na2DPU4(?n), NaCl(m'), AgCl; Ag (in volts) from 5 to 50°

m m 1 5° 10“ 15“ 20° 25° 3 0 “ 35° 4 0 “ 4 5 “ 5 0 “

0  0 0 5 0 0 4 0 . 0 0 5 0 0 4 0 . 7 7 9 7 1 0 . 7 8 4 8 1 0 . 7 9 0 0 4 0 . 7 9 5 2 7 0 . 8 0 0 5 4 0 . 8 0 5 9 0 0 . 3 1 1 2 8 0 . 8 1 6 7 5 0  8 2 2 0 9 0 . 8 2 7 5 7

. 0 1 0 0 0 4 . 0 1 0 0 0 4 . 7 6 0 6 0 . 7 6 5 3 5 . 7 7 0 2 1 . 7 7 5 0 6 . 7 7 9 9 8 . 7 8 4 9 7 . 7 8 9 9 9 . 7 9 5 0 4 . 8 0 0 1 1 . 8 0 5 2 0

. 0 1 5 0 0 . 0 1 5 0 0 . 7 4 8 9 7 . 7 5 3 5 3 . 7 5 8 0 9 . 7 6 2 7 6 . 7 6 7 5 1 . 7 7 2 2 9 . 7 7 6 9 9 . 7 8 1 8 4 . 7 8 6 7 0 . 7 9 1 5 6

.02002 .0 20 02 . 7 4 0 6 7 . 7 4 5 1 0 . 7 4 9 6 4 . 7 5 4 0 8 . 7 5 8 6 8 . 7 6 3 2 6 . 7 6 7 9 0 . 7 7 2 6 1 . 7 7 7 2 9 . 7 8 1 9 7

. 0 2 5 0 2 . 0 2 5 0 2 . 7 3 4 0 6 7 3 8 3 8 . 7 4 2 7 6 . 7 4 7 1 8 . 7 5 1 6 2 7 5 6 0 6 . 7 6 0 6 4 . 7 6 5 1 8 . 7 6 9 7 7 . 7 7 4 3 2

. 0 2 5 0 0 . 0 1 4 9 0 . 7 4 6 7 2 . 7 5 1 3 5 . 7 5 6 1 0 . 7 6 0 7 6 . 7 6 5 4 0 . 7 7 0 1 5 . 7 7 4 8 4 . 7 7 9 6 9 7 8 4 5 3 . 7 8 9 1 6

. 0 2 5 0 0 . 0 0 4 9 9 4 . 7 7 4 1 5 . 7 7 9 2 0 . 7 8 4 2 2 .78944 .79458 .79975 .80504 .81032 .81557 .82087

Discussion
Values of p(ßD7 ci) were calculated from

Table II: Second Dissociation Constant of
Deuteriophosphoric Acid in Deuterium Oxide from 5 to 50°

(E -  E °)/k  +  log nici- = - lo g  (aD+7 ci-) (1)

where k is written for (R T  In 10)/F. By combining 
eq. 1 with the equation for the second dissociation 
constant of deuteriophosphoric acid

K ‘¿ mD iWdpOi -2 
Wd,po, -

7d *7dpo,-2 

7d2po4-

there results

(2)

\.K,, — log (aD+7 ci-) —
, WlDPOi -2log ---------

tnD,po4-
. 7DPO.-2log ---------

7d2po4-7ci-
(3)

Since the two phosphates were present at equal molali
ties and since the last term of eq. 3 can be written8

-lo g 7dpo<-2 2 A (Id0.
7d2po4-7ci- 1 +  Bâ(Ido) l/ï - ß l  (4)

eq. 3 becomes

pK 2 +  ß I  =  —log (aD +7CI-) ) +  Bâ(Ido)'h y
o

Bates and Acree8-5 6 used the value d = 4.4 A. for the 
“distance of closest approach’’ in aqueous solutions. 
This value was also used in the present work, and good 
linear extrapolations were obtained. Values of the 
intercept (pK 2) are given in Table II along with the 
standard deviations (<r,).

The data have been fitted by the method of least 
squares to the equation7

p_A2 = A i/T  — Ai +  A 3 T (6 )

where T is the temperature in °I\. The values of A lt 
A 2, and A s are given at the bottom of Table II. The 
pK 2 values calculated by eq. 6  are given in column 4. 
For comparison, values of pK 2 for phosphoric acid in 
ordinary water are given in column 5 of Table II.

, °c.
pKi

(obsd.) or

-pKi
(caled. )a

pî 2
(in H 2O) ab

5 7 . 8 8 4 6 C . 0 0 0 8 7 . 8 8 3 7 7 . 2 8 1 0 0 . 6 0 2 7

10 7 . 8 4 9 9 . 0 0 0 7 7 . 8 5 0 8 7 . 2 5 4 5 . 5 9 6 3

1 5 7  8 2 3 3 . 0 0 1 8 7 . 8 2 2 9 7 . 2 3 2 4 . 5 9 0 5

20 7 . 7 9 8 6 . 0 0 1 4 7 . 7 9 9 4 7 . 2 1 4 5 . 5 8 4 9

2 5 7 . 7 7 9 6 .0 0 10 7 . 7 8 0 4 7 . 2 3 0 5 . 5 7 9 9

3 0 7 . 7 6 6 7 . 0 0 0 9 7 . 7 6 5 5 7 . 1 9 0 2 . 5 7 5 3

3 5 7 . 7 5 4 7 . 0 0 1 8 7 . 7 5 4 6 7 . 1 8 3 4 . 5 7 1 2

4 0 7 . 7 4 8 4 . 0 0 1 8 7 . 7 4 7 5 7 . 1 3 0 0 . 5 6 7 5

4 5 7 . 7 4 3 3 . 0 0 1 5 7 . 7 4 3 9 7 . 1 7 9 9 . 5 6 4 0

5 0 7 . 7 4 3 5 . 0 0 1 5 7 . 7 4 3 7 7 . 1 8 2 8 . 5 6 0 9

° pK2 (caled.) = Ah'T -  A2 + a 3t  = 2 2 0 2 . 1 1  /T -  5 . 9 8 2 3  +

0.0213887’. b A  = pK i (caled.) in D20 — pK 2 in H20.

They are averaged values from three sets of data8-8' 9 

which agree well among themselves. The differences 
(A) between pAb in heavy water and in ordinary water, 
shown in the last column, give the logarithm of the 
ratio of A' 2 in ordinary water to K-> in deuterium oxide. 
Rule and La Mer10 give this ratio as 3.62 at 25°. 
Our value is 3.80.

Thermodynamic Quantities
From cq. 6  it follows that AH° = 2.3026A(Ai —

A 3 T2), AS 0  = 2.3026R(A2 -  2A 3 T), and A(7P° = 
2.3026A( — 2A 3 T). Moreover, the temperature at 
which the dissociation constant will have a maximum 
value is given by

( 5 )  R .  G .  B a t e s  a n d  S . F .  A e r e e ,  J . Res. N atl. Bur. Std.. 3 4 ,  3 7 3  
( 1 9 4 5 ) .

( 6 )  R .  G. B a t e s ,  ibid., 3 9 ,  4 1 1  ( 1 9 4 7 ) .

( 7 )  H .  S . H a r n e d  a n d  R .  A .  R o b i n s o n ,  Trans. Faraday Sac.. 36, 973 
( 1 9 4 0 ) .

( 8 )  A .  K .  G r z y b o w s k i .  J . Phys. Chem., 62, 5 5 5  ( 1 9 5 8 ) .

( 9 )  F .  E n d e r ,  W. T e l t s c h i k ,  a n d  K .  S c h a f e r ,  Z. Elektrochem ., 61, 7 7 5  
( 1 9 5 7 ) .

( 1 0 )  C .  K .  R u l e  a n d  V .  K .  L a  M e r ,  J . A m . Chem. Snc., 60, 1 9 7 4  
( 1 9 3 8 ) .
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T m a x  — "V*'A \/A  3

At this temperature the value of the dissociation con
stan t is

—  l o g  K m a x  —  2 \ Z A i A 3 A z

A few values for the enthalpy and entropy changes on 
dissociation are as follows, corresponding values for 
ordinary water as solvent being given in parentheses

t, °c. A H°, c a l .  m o le  -1 A«S°, c a l .  d e g .  * 1 m o le -1

0  2 5 0 4 ( 2 0 3 4 )  - 2 7 . 1  ( - 2 6 . 0 )

2 5  1 3 7 6 ( 9 8 7 )  - 3 1 . 0 ( - 2 9 . 6 )

5 0  —  1 4 4  ( —  4 2 3 )  — 3 5 . 9  ( — 3 4 . 2 )

At 25° ACP° = —58.4 cal. deg. - 1  mole- 1  compared 
with —54.1 cal. deg. - 1  mole- 1  for ordinary water as 
solvent. 7Tmax is 47.7° (42.7° for ordinary water) at 
which temperature —log K m̂ x = 7.7436 compared 
with 7.1796 at 42.7° when the solvent is water.

Establishment of a pD Scale

Table III gives values of p(aD7 ci), calculated from 
the e.m.f. data (Table I) and eq. 1 , for three solutions, 
all containing 0.025 m KD2PO4 and 0.025 to Na2D P 0 4 

but different concentrations of sodium chloride— 
namely, 0.025, 0.015, and 0.005 to. Extrapolation to 
zero chloride molality by the method of least squares 
gave the values recorded in the fifth column of Table
III.

Table III: Standard Reference Values of pan for the
Buffer Solutions KD2P04 ( 0 . 0 2 5  t o ) and NaiDPOi ( 0 . 0 2 5  m ) 

in Deuterium Oxide

■ p ( a D 7 C l ) “ -

, °c. 0.025 m ' 0.015 m ' 0.005 m ‘

5 7 . 6 1 8 7 . 6 2 4 7 . 6 4 4

10 7 . 5 8 3 7 . 5 9 1 7 . 6 1 0

15 7 . 5 5 4 7 . 5 6 5 7 . 5 8 0

20 7 . 5 3 0 7 . 5 4 1 7 . 5 5 7

2 5 7 . 5 0 9 7 . 5 2 0 7 . 5 3 6

3 0 7 . 4 9 3 7 5 0 4 7 . 5 1 9

3 5 7 .481 7. 4 9 1 7 5 0 8

4 0 7. 4 7 2 7. 4 8 3 7 4 9 9

4 5 7. 4 6 7 7 4 7 8 7. 4 9 2

5 0 7 4 6 4 7. 4 7 3 7. 4 9 0

0 m ' p a D

p a D
(calcd.)

7 . 6 4 8 7 . 5 3 7 7 . 5 3 7

7 . 6 1 5 7 . 5 0 4 7 . 5 0 4

7 . 5 8 6 7 . 4 7 4 7 . 4 7 5

7 . 5 6 3 7 . 4 5 0 7 . 4 5 0

7 . 5 4 2 7 . 4 2 8 7 . 4 2 9

7 . 5 2 5 7 . 4 1 0 7 . 4 1 1

7 . 5 1 3 7 . 3 9 7 7 . 3 9 7

7 . 5 0 5 7 . 3 8 8 7 . 3 8 6

7 . 4 9 8 7 . 3 8 0 7 . 3 8 0

7 . 4 9 5 7 . 3 7 6 7 . 3 7 7

“ Values in these four columns are for the respective values of 
to' (NaCl).

to eliminate the log yci- term and convert values of
— log (aH+7 ci-) into pan values. This is equivalent

0to assigning a value of 4.565 A. to the ion-size param
eter d in the Debye-PIuckel equation at 25°. We have 
used a similar convention to convert the p(aD7 ci) 
values (Table III, column 5) into pan values. In 
this procedure, the equation

- lo g  7 C1-
A ( I d 0 ) ' h

1 +  Bd(Idoy /2 (8)
o

is used with d = 4.565 A.; appropriate values of T and 
e were used to obtain the constants A and B. Values 
of paD calculated in this way are given in column 6  of 
Table III. These values have been smoothed by 
fitting them to the equation

paD (calcd.) = 7.573 -  0.0076R +  0.0000744i2 (9)

where t is the temperature in °C. Values calculated 
in this way are given in the last column of Table III. 
From a consideration of the standard deviation of the 
data on which the determination of E °  was based, 1 

as well as the reproducibility of the e.m.f. data given in 
Table I, the values of pan are estimated to have an 
uncertainty of about 0.003 unit.

Finally, we have studied the response of the glass 
electrode to solutions in deuterium oxide at 25°. 
The customary pH coll with a liquid junction (indi
cated by the vertical line)

glass electrode, solution | concentrated KCl(aq);
calomel electrode

was standardized at 25° by means of the aqueous equi- 
molal (0.025 to) KH2POi Na2HP ( ) 4  buffer solution11 

[pH(S) 6.865]. The standardization was checked with 
a second reference solution, 11 0.008695 m with respect 
to KH2PO4 and 0.03043 to with respect to Na2H P 0 4 

[pH(S) = 7.413]. The equimolal (0.025 m) phosphate 
buffer solution in deuterium oxide then gave a meter 
reading of 6.982, constant for at least 3 hr. The paD 
value of this solution, determined by means of cells 
without liquid junction with the aid of the convention 
for —log 7 ci- described above, is 7.429. It appears, 
therefore, that meter readings (i.e., the operational 
pH) should be increased by 0.447 to yield values of paD. 
This is somewhat more than the value of 0.408 which 
has been recommended recently. 1213

It should be noted, however, that the correction 
recommended by Long and co-workers was based on

Bates and Guggenheim2 used the convention

-log 7C1-
A (Idp) '/2

1 +  1.5/'a (7)

( 1 1 )  R .  G .  B â t e s ,  J . Res. N atl. B ur. S td ., 6 6 A ,  1 7 9  ( 1 9 6 2 ) .

( 1 2 )  P .  K .  G la s o e  a n d  F .  A .  L o n g ,  J . Phys. Chem., 6 4 ,  1 8 8  ( 1 9 6 0 ) .

( 1 3 )  P .  S a lo m a a ,  L .  L .  S c h a le g e r ,  a n d  F .  A .  L o n g ,  J . A m . Chem. Soc. 
8 6 ,  1 ( 1 9 6 4 ) .
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hydrogen ion concentrations expressed in molarity 
units, whereas our paD value is referred to molality 
units. The two scales of paD differ by log d0, where 
d0 is the density of the solvent. In deuterium oxide, 
therefore, paD on the molality scale is 0.043 unit higher 
than that on the molarity scale, and the appropriate 
correction13 becomes 0.451, in excellent agreement 
with 0.447 unit which we have found.

There is evidence that the glass electrode responds 
to deuterium ion as efficiently as it responds to hy
drogen ion. 1214 I t  is appropriate, therefore, to define 
the operational pD of a solution X in the same way as 
the operational pH is defined

pD = pD(S) +
Ex — Es 

(R T  In 10)/F (10)

where Ex and E s are the e.m.f. values of the pH cell 
containing the “unknown” and the pD standard, re
spectively. The conventional paD values of selected 
reference solutions are identified with pD(S)

pD(S) =  paD (11)

for the experimental determination of pD by eq. 10.

( 1 4 )  P .  R .  H a m m o n d ,  Chem. In d .  ( L o n d o n ) ,  3 1 1  ( 1 9 6 2 ) .

Radiolysis o f Crystalline Lithium Bromate by 

Lithium-6 Fission Recoil Particles1 * * *

by G. E. Boyd and T. G. Ward, Jr.

Oak Ridge N ational Laboratory , Oak R idge , Tennessee  (Received Ju n e  29, 1964-)

Measurements were made of the decomposition of B r03_ ion and the production of oxidiz
ing fragments in crystalline LiBr03 by energetic tritons and a-particles released following 
neutron capture by 6Li in the Oak Ridge graphite reactor. A strong dependence of the 
radiolysis on the linear energy transfer (LET) was indicated by the initial 100-e.v. yield 
for bromate decomposition, (?0(—B r03_) = 1.48, which was five times larger than that 
obtained with 60Co 7 -rays. A correspondingly large yield of oxidizing fragments also was 
observed; this yield and the ease with which these fragments could be removed from the 
crystals by mild thermal annealing was interpreted as being inconsistent with a “thermal 
spike” radiolysis mechanism. The observation that the yields, G0(— B r03~), G0(“Ox”), 
and G0(Br_), all were approximately five times those observed with 7 -rays also suggested 
that the mechanism for the radiolysis did not change with increasing LET. A tenfold 
increase in the dose rate caused no change in the yields either for bromate decomposition or 
oxidizing fragment production.

The dependence of radiolytic yields on the linear 
energy transfer (LET) is well known for liquids and 
gases although, as yet, there is comparatively little 
information on track effects in crystalline, inorganic 
solids. The alkali metal nitrates have been studied

most extensively in this connection, and yields have

( 1 )  P r e s e n t e d  b e f o r e  t h e  D i v i s i o n  o f  P h y s i c a l  C h e m i s t r y ,  1 4 6 t h
N a t i o n a l  M e e t i n g  o f  t h e  A m e r i c a n  C h e m i c a l  S o c i e t y ,  D e n v e r ,
C o l o . ,  J a n .  1 9 - 2 4 ,  1 9 6 4 .  R e s e a r c h  s p o n s o r e d  b y  t h e  U .  S .  A t o m i c
E n e r g y  C o m m i s s i o n  u n d e r  c o n t r a c t  w i t h  U n i o n  C a r b i d e  C o r p .

V o lu m e  6 8 , N u m b e r  1 2  D e c e m b e r , 1964
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been reported for the production of nitrite by the 
action of 60Co 7 -rays (~0.06 e.v./A.), 44.5-ke.v. 
X-rays ( ~ 0 . 8  e.v./A.), 3.4-Me.v. a-particles (~34
e.v./A.), and uranium fission recoil particles (~730 
e.v./A . ) . 2 The initial 100-e.v. yields of nitrite, G 0 
(N 02_), in KNO3 at 25°, for example, were 1.5, 2.0,
2.2, and 6.0, respectively. The increase in nitrite ion 
yield with the LET is roughly parallel to the increase 
produced when the temperature is raised in the radiol
ysis with low LET radiations. This analogy was led 
to the suggestion that the high temperature in heavy 
particle tracks may be an important factor in the 
dependence of yield on LET . 2 Observations on the 
chloride ion yields in the radio lysis of XaC103 by 7 - 
rays and a-particles also have been interpreted in terms 
of the “thermal spike” hypothesis. 3

An LET dependence has been noted4 in our own 
recent work on the radiolysis of LiBr03 in the Oak 
Ridge graphite reactor (ORGR). The yield for 
bromate decomposition by energetic tritons and a- 
particles from the thermal neutron fission of 6Li was 
(?o(—B r03~) ~ 1.4. which is significantly larger than the 
yield (0.31) observed with B0Co 7 -rays. 5 To study this 
effect further, a series of neutron-irradiated crystalline 
LiBrOs preparations containing small, predetermined 
amounts of 6Li was examined. An estimate of the 
decomposition caused by reactor 7 -rays, energetic 
neutrons, and thermal neutron capture in bromine was 
obtained by extrapolating the observed bromate de
compositions to zero 6Li content. The gross radiolysis 
therefore could be corrected to give the decomposition 
by the 6Li(n,a)3H reaction. Actually, most of the 
bromate radiolysis resulted from this reaction because 
of its large cross section and the large energy release 
per 6Li fission (4.787 Mev.) and the fact that the ener
getic triton and a-particles were stopped entirely within 
the crystals. The use of isotopically labeled LiBr03 

crystals also permitted an investigation of the role of 
the dose rate.

E x p e r i m e n t a l

P r e p a r a t io n  o f  A n h y d r o u s  C o m p o u n d s .  Crystalline 
LiBr03 preparations with 0.01 to 1.0 atomic % 6Li 
were synthesized by mixing aqueous solutions of 6Li- 
B r0 3 (99.3% 6Li) and 7LiBr03 (99.99% 7Li) and evapo
rating them to dryness at 60-70° under vacuum to give 
the anhydrous salt. These preparations were stored 
away from light over P 20 6 in a vacuum desiccator.

The 6LiBr03 solution was prepared by dissolving 6Li 
metal in water to form LiOH which was neutralized 
to ca. pH 4 with HBr03 prepared from reagent grade 
K B r0 3 by cation exchange. A slightly acid solution 
was employed to permit the reaction: 5Br~ +  B r0 3̂  +

6 H+ 3Br2, +  3H20. Subsequent evaporation of
the solution removed excess Br_ from the system. A 
6LiBr03 preparation containing ca. 7 p.p.m. of Br~ 
was separated by crystallization and made anhydrous 
by heating at 60° under vacuum. An accurately 
weighed quantity of this salt was dissolved in a weighed 
amount of water to give a solution of known con
centration.

The 7LiBr03 solution was prepared from 7Li metal 
as before, except that the initial solution was not 
evaporated and the 7LiBr03 crystallized from it; in
stead, its concentration was determined by evaporating 
aliquots of known volume to dryness. This more ex
pedient method was followed because the atomic per
cent of f,Li in the desired isotopic preparations was in
sensitive to slight variations or inaccuracies in the con
centration of the 7LiBr03 solution. The 7LiBr03 

contained 48 p.p.m. of Br_ ion.
Flame spectrophotometric analyses on the 6LiBr03 

and 7LiBr03 solutions showed less than 20 p.p.m. 
of the other alkali metals, except with the former where 
297 p.p.m. of N a+ was found.

I r r a d i a t i o n  o f  S a m p l e s .  Aliquots (3 g.) of each of 
the ten isotopic LiBr03 mixtures were irradiated in the 
active lattice of the ORGR for 2 -, 4-, and 6 -hr. periods, 
respectively. These samples were placed in sealed, 
12 X 20 mm., cylindrical, polystyrene capsules of 1- 
mm. wall thickness and were irradiated together with 
thermal and fast neutron flux monitors. The thermal 
and fast fluxes were <j>th = 6.75 X IQ11, 6.72 X 1011, 
and 6.97 X 1011 and 4>i = 9.5 X 109, 10.0 X 109, 
and 9.2 X 109 cm. seem1, respectively. The methods 
for flux estimation and the irradiation facility are de
scribed elsewhere. 4

A n a l y t i c a l  M e th o d s  f o r  R a d i o l y t i c  P r o d u c t s .  The 
irradiated salts were analyzed first for their oxidiz
ing power. A dilute, alkaline solution of sodium 
arsenite was employed because it does not reduce bro
mate. The complete reduction of the oxidizing frag
ments was slow, and it was necessary to adopt a stand
ardized procedure to obtain reproducible results. 
Enough salt to contain ca. 0.01 mequiv. of oxidizing 
power was weighed into 9 ml. of 0.2 M  NaH C03 

containing 0.5 ml. of 0.1 N  NaAs02 solution. After 
a time (ca. 6  hr.) sufficient for complete reaction, this 
mixture was back-titrated with standardized I 2 solu
tion. Spectrophotometric studies of the kinetics of

( 2 )  F o r  a  s u m m a r y  o f  t h e s e  i n v e s t i g a t i o n s ,  s e e  C .  J .  H o c h a n a d e l ,  
Radiation Res., 1 6 ,  2 8 6  ( 1 9 6 2 ) .

( 3 )  C .  J .  H o c h a n a d e l ,  J . Phys. Chem., 6 7 ,  2 2 2 9  ( 1 9 6 3 ) .

( 4 )  G .  E .  B o y d  a n d  Q .  V .  L a r s o n ,  ibid., 6 8 ,  2 6 2 7  ( 1 9 6 4 ) .

( 5 )  G .  E .  B o y d ,  E .  W .  G r a h a m ,  a n d  Q .  V .  L a r s o n ,  ibid., 6 6 ,  3 0 0
( 1 9 6 2 ) .
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the oxidation-reduction reactions indicated that the re
duction of BrO“ and B r02“ was first order and pH 
dependent.

The irradiated crystals also were analyzed for total 
bromate decomposition by weighing out 0.2-0.5-g. 
amounts and dissolving them in water containing bi
carbonate and excess (20%) arsenite. Aliquots of 
these solutions were titrated with 0.01 N  AgN03 

solution 12-18 hr. after preparation. Blank correc
tions determined by bromide ion titrations on aliquots 
of the unirradiated salts were applied to the foregoing 
results. It was assumed that the net Br~ ion found 
was equivalent to the number of B r03~ ions decom
posed by radiation. Significant quantities of gas 
(presumably oxygen) were evolved when the irradiated 
crystals were dissolved prior to analysis.

Dosim etry. The radiation dose per mole of B r03~ 
ions imparted by the 6Li fission recoil particles was 
estimated from

D r (e.v. mole“ 1) = </>tht<retfN aE A J c (1)
where #th is the thermal neutron flux, t is the time in 
seconds, <reff is the “effective” neutron capture cross 
section of 6Li, N A is the Avogadro number, E T is the 
energy release per fission (4.787 Mev.), and dT is the 
fraction of the energy of the recoil particles absorbed 
by the crystals. The quantity /  is a self-shielding factor 
to correct for the flux depression in the interior of the 
samples by the strong absorption of neutrons at the 
surface, and c is the atomic per cent of 6Li in the prep
arations. Because of the very short range of the tri
tons (29.2 ju) and a-particles (5.8 n), it was assumed 
that 0t = 1 .0 .

The “effective” neutron capture cross section of 6Li 
for the energy spectrum of neutrons existing in the 
ORGR was estimated with

(f) r f
deft = g<ro H----- h

4> th
(2)

where <t0 is the 2200-m. sec. “ 1 cross section (945 barns), 
■t>r/4>th is the ratio of the resonance neutron flux, <j>r, 
to the thermal flux, <j>t h ,  and I f  is the resonance integral 
defined by

V
f 1Mev- a(E)dE 

J5Em E (3)

where E m =  0.0431 e.v. for the ORGR. When <r(E)
varies as \/v , as is the case for 6Li, / o' = 0.90<r0 and g = 
l .6

The ratio 4>r/4>tb may be estimated from cadmium 
ratio (Cd R) measurements on the thermal neutron 
flux monitor: using Cd R = 9.8, c-0 = 37 barns, and 70 = 
75 barns for Co when present at high dilution in pure

aluminum, we find <t>r/<t>tb = 0.057; accordingly, ceff 
= 993 barns for 6Li.

Neutron self-shielding corrections were estimated 
with equations derived from neutron diffusion theory . 7 

These were small; their maximum value was only 6 .8 % 
for the most highly enriched LiBr03 preparation em
ployed.

Thermal Decomposition of LiBrOs during Reactor 
Irradiation. The possibility that part, of the bromate 
decomposition was caused by generalized heating of the 
LiBr03 preparations by the 6Li fission process was ex
amined. Crystalline LiBrOs (m.p. 254°) showed de
composition rates of 3.1 and 10.2 p.p.m. hr . “ 1 when 
heated for extended periods at 175 and 203°, respec
tively. The maximum temperature rise possible, that 
for adiabatic conditions, was calculated for the greatest 
dose received by any sample employed (i.e., the 
1% 2Li sample irradiated for 6  hr.). Assuming the 
specific heat of LiBr03 to be independent of tempera
ture and the same as for L iN 0 3 (0.387 cal. deg. “ 1 

g.“ 1), an increase of only 28° was estimated from the 
energy balance. The temperature at the irradiation 
position was approximately 40°, so that the highest 
temperature reached would not have exceeded 70°. 
Thermal decomposition of LiBr03 during irradiation, 
therefore, was considered as negligible.

Thermal Annealing of Irradiated LiBrOz. Measure
ments also were made of the changes in the oxidizing 
power of the irradiated LiBr03 crystals brought about 
by heating them for periods up to 24 hr. at tempera
tures as high as 228°. In these experiments, aliquots 
of a preparation containing 3.78 atom % 6Li which had 
been irradiated for 1 hr. were placed in a porcelain boat 
located at the center of an electric tube furnace whose 
temperature was controlled to ±2°. Periodically, 
small samples were withdrawn and analyzed. The 
fraction of oxidizing powrer removed, <p,_, for a given time 
was computed from

<t>t = t(Ox); -  (O x ) t ] / (O x ) i  (4)

wrhere (Ox)i and (Ox)t are the oxidizing powers in 
mequiv./g. initially and after heating for time t.

Results and Discussion
The observed gross bromate decompositions and 

oxidizing powder yields are plotted as a function of the 
atom per cent of 6Li for each of the three reactor bom
bardments in Fig. 1 and 2, respectively. Extrapola
tion of the yields to zero 6Li content gives the contri
bution of the generalized reactor radiations (i.e., y-

( 6 )  R .  W .  S t o u g h t o n  a n d  J .  H a l p e r i n ,  N ucl. Sci. Eng., 6 ,  1 0 0  ( 1 9 5 9 ) .

( 7 )  P .  F .  Z w e i f e l ,  Nucleonics, 1 8 ,  1 7 4  ( 1 9 6 0 ) .
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ATOM PERCENT Li6IN LiBrÔ

Figure 1. Dependence of bromate radiolysis on 6Li 
concentration in 7LiBr03 and on irradiation time.

Figure 2. Dependence of oxidizing fragment yield on 6Li 
concentration and on irradiation time.

rays, fast neutrons, and neutron capture in bromine) ; 
the net decomposition or oxidizing power yield may be 
identified with that caused by the 6Li(n,a)3H 
reaction. The linearity of the decomposition with fiLi 
content up to 0.9 atom % for the 2-hr. irradiation 
(Fig. 1) showed that the radiolysis was independent 
of the dose rate; the fact that all of the data of Fig. 
1 may be plotted against the dose absorbed, estimated 
with eq. 1, to give a single curve (Fig. 3) suggests that 
the decomposition was dose rate independent. The 
yields of oxidizing power (Fig. 2) when plotted against 
dose also gave a single curve (Fig. 4). This latter 
result may indicate that the oxidizing fragments them
selves were not radiolyzed perceptibly. Support for 
this view was given by the observation that the oxidiz
ing power yields, y, were related to the bromate de-

Figure 3. Radiolysis of crystalline LiBrO? 
by 6Li fission recoil particles.

Figure 4. Production of oxidizing fragments in the radiolysis 
of crystalline LiBrCA by 6Li fission recoil particles.

compositions, z, by the simple relation: y = 2.179.r +  
0.274.

The slopes of the initial parts of the curves in Fig. 
3 and 4 were employed to compute 100-e.v. yields for 
bromate decomposition,G0( —B r03~) = 1.48,and oxidiz
ing power, G0e(“Ox”) = 3.7. Earlier work4 has shown 
that the initial average oxidation number of the frag
ments in LiBrCL was 2.5. If this number is assumed 
to apply to the results from this investigation, as seems 
reasonable, a value of G0(“Ox”) = 1 . 1  may be com
puted for the initial oxidizing fragment yield. The 
yield for bromide ion production is then (r'0(Br~) = 
0.38. The values for G0( —B r03̂ ), Gc(“Ox”), and G0- 
(Br~) found with 60Co 7 -rays, 5 whose LET is ca. 0.06 
e.v./A., were 0.31, 0 .2 1 , and 0.10, respectively. These 
values are approximately one-fifth as large as those 
obtained with 6Li fission recoil particles whose LET 
values are 9.4 e.v./A. (tritons) and 34.7 e.v./A. («- 
particles), respectively. Clearly a pronounced LET

T h e  J o u r n a l  o f  P h y s ic a l  C h e m is tr y
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dependence exists for the radiolysis of bromate ion; 
however, the observation that all the G0 values were 
approximately five times those for 7 -rays suggests 
that the initial decomposition mechanism did not 
change with increasing LET.

As noted earlier in this paper, increases in G0 with 
LET have been interpreted in terms of the “thermal 
spike” hypothesis which assumed that the high tem
perature in heavy particle tracks may be an important 
factor. Accordingly, the thermal annealing experi
ments are of particular interest (Fig. 5), because they 
reveal that most of the oxidizing power of the radio- 
lyzed LiBr03 crystals was removed quite readily by 
heating them at relatively low temperatures. The 
oxidizing fragments produced by B0Co 7 -rays in 
LiBrCL also have been found to show changes on heating 
cuite similar to those in Fig. 5. The production of 
large yields of decomposition products which can be re
moved by mild thermal treatment is difficult to recon
cile with the hypothesis that a “thermal spike” is pro
duced during the passage of the energetically charged 
particles through crystalline LiBr03. Tracks with in
tense local heating would be expected to give only rela
tively stable end products which would not decompose 
on heating at temperatures well below the melting point 
(254°).

The formation of thermally unstable products also 
has been observed in the 7 -radiolysis of crystalline 
XC103.8 Values of G(C102“) = 1.2 were found which 
could be reduced to 0.8  on heating the irradiated salt 
at 2 0 0 °; the reduction in chlorite ion yield was a t
tributed to decomposition to give chloride and oxygen 
gas. Moreover, later work9 with NaC103 has shown 
that G(C1~) increased on heating the salt at various 
temperatures up to 210° after irradiation. After the 
same compound was irradiated with 3.3-Mev. a- 
particles, however, G(Cl') was reported3 to have re
mained unchanged on heating at 185°. This result has 
been interpreted as supporting the view that thermal 
effects in a-particle tracks are a significant factor in the 
radiolysis of molecular ions in crystals. We would 
point out, however, that the manner in which energy 
was deposited in the crystals was radically different 
than in our work where fission tracks were produced at 
random throughout the body of the solid. In the for
mer experiments a-particles impinged on the external 
surfaces of the NaC103 crystals and penetrated to a 
depth of <" 10 /x; accordingly, only the surface region 
was affected, and this was decomposed extensively (i.e., 
18%). Under these circumstances the unstable inter
mediates (C102- , C102, CIO ', etc.) would have reached 
a steady-state concentration which was quite small 
compared with the amounts of C l ' ion formed. Ac-

Figure 5. Thermal annealing of oxidizing fragments 
in pile radiolyzed LiBr03.

cordingly, only a very small increase in G(Cl') would 
have been produced by heating after the irradiation.

Differences in the rapidity of distribution of the 
ionization and excitation energy deposited in the 
crystals by 7 -rays or by tritons and a-particles, respec
tively, may explain the large LET dependence observed 
in this research. With 7 -rays the energy will be dis
sipated by diffusion from widely separated, essentially 
spherical regions of excitation; with 6Li fission recoil 
particles, energy is deposited along a cylindrical track 
extending through many unit cells in the crystal lat
tice. The energy density in the 6Li fission track is 
several hundred times greater than for 7 -ravs, and this 
energy will be dissipated less rapidly because of the 
smaller surf ace- tc-volume ratio for the track. The 
critical excitation or dissociation energy of a bromate 
ion therefore is exceeded for a longer time resulting in a 
localization of radiolytic products along the track.

Back reactions reconstituting B r03'  ion are expected 
to be more important than those with 7 -rays because 
of the higher density of decomposition products. The 
evidence for a back reaction, however, is only indirect: 
with 6Li fission fragments the decomposition became 
nonlinear after ca. 0.2% radiolysis of B r03'  (Fig. 3); 
with 60Co y-rays,5 in contrast, the radiolysis increased 
linearly with dose up to the highest decompositions 
which were above 0.4%. If a back reaction is assumed 
in the mechanism for B r03'  ion radiolysis, a quantitative 
treatment of the cata of Fig. 3 may be obtained. Thus, 
formally

( 8 )  A .  S .  B a b e r k i n ,  “ T h e  A c t i o n  o f  I o n i z i n g  R a d i a t i o n  o n  I n o r g a n i c  
a n d  O r g a n i c  S y s t e m s , ”  A c a d e m y  o f  S c ie n c e  o f  t h e  U S S R  P r e s s ,  
M o s c o w ,  1 9 5 8 ,  p .  1 8 7 .

( 9 )  P .  F .  P a t r i c k  a n d  K .  J .  M c C a l l u m ,  N ature , 1 9 4 ,  7 6 0  ( 1 9 6 2 ) .
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B r03_ Br3 _ n ‘, _ 1  +  nO +  ve~

B r- +  30

where n is an integer with values 0 , 1 , or 2 , and v  S: 
0. The species Br3 _ „ ,' ~ 1 represents the oxidizing 
fragments which may be either free radicals and/or bro-

mite plus hypobromite and/or positively charged bro
mine-containing ions. A least-squares fit of the data of 
Fig. 3 to the equation for the decomposition of Br03-  
gives:/ci2 = (1.96 ±  0.84) X 10~2 3molee.v.~l,/f2i=  (1.11 
± 0.26) X 10- 2 6  mole e.v.-1, and /c31 = (1-88 ±  0.05) 
X 10~ 26 mole e.v.-1. To reproduce the nonlinearity 
of the radiolysis with dose which sets in at ca. 0 .2 % de
composition, therefore, a relatively important reverse 
reaction (kn ~  1 0 0 0 /i’2i) would seem tc be required.

The Volume of Activation in the Alkylation of Ambident Anions

by K. R. Brower, Robert L. Ernst, and Jean S. Chen

Department o f Chemistry, New M exico Institu te o f M in in g  and Technology, Socorro, New M exico  
{Received J u ly  1, 1964)

Determinations of relative and absolute volumes of activation were performed on several 
alkylation reactions of sodium nitrite and the sodium salts of 2,4-pentanedione, methyl 
acetoacetate, phenol, and 2-pyridinol. In all reactions but one, the application of pres
sure up to 1360 atm. has no effect on the proportions of isomeric products, and the isomeric 
transition states therefore have nearly identical molar volumes. Since the products usually 
differ in volume by several ml./mole, it is inferred that the branching of the reaction 
pathways occurs a t or beyond the transition state. In the bcnzylation of phenol the activa
tion volumes for the three major products differ substantially, and a special explanation 
is given.

Introduction
In recent years the alkylation of ambident anions has 

been intensively studied in order to discover and ex
plain the effects of reactant structure and reaction 
conditions on the proportions of isomeric products. 
The practical result of this work is that syntheses 
which utilize such reactions can be designed to increase 
the yield of the desired isomer, but it also has theo
retical importance insofar as the ratio of isomers is a 
clue to certain mechanistic details of nucleophilic 
substitution reactions. The measurement of product 
proportions has been applied to many classes of re
actions in order to find the difference in free energy 
of isomeric transition states formed from identical 
reactants under identical conditions. In most of

such studies the isomerism has been positional, but the 
alkylation of ambident anions involves the more 
interesting case in which different elements are being 
bonded.

Aside from gross constitutional variations, t he factors 
which are reported to affect the proportions of products 
are solvent polarity , 1’2 heterogeneity , 3' 4 steric 
hindrance,5 and hydrostatic pressure.6 All of these

( 1 )  N .  K o r n b l u m ,  P .  B e r r i g a n ,  a n d  W .  le  N o b l e ,  . / .  A m . Chem. Soc., 
8 5 ,  1 1 4 1  ( 1 9 6 3 ) .

( 2 )  N .  K o r n b l u m ,  R .  S e l t z e r ,  a n d  P .  H a b e r f i e l d ,  ibid., 8 5 ,  1 1 4 8  
( 1 9 6 3 ) .

( 3 )  N .  K o r n b l u m  a n d  A .  P .  L u r i e ,  ibid., 8 1 ,  2 7 0 5  ( 1 9 5 9 ) .

( 4 )  D .  C u r t i n  a n d  D .  D y h v i g ,  ibid.. 8 4 ,  2 2 5  ( 1 9 6 2 ) .

( 5 )  N .  K o r n b l u m  a n d  R .  S e l t z e r ,  ib id ., 8 3 ,  3 6 6 8  ( 1 9 6 1 ) .
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effects have received mechanistic interpretations. 
The present study, like that of le Noble,6 was designed 
to determine whether the isomeric transition states 
have significantly different volumes. A difference of 
activation volume could be expected to indicate a dif
ference in the lengths of bonds being formed since the 
activated complexes under comparison should be very 
similar in most other respects.

Results and Discussion
Although the kinetic order has not been demon

strated for every combination of alkylating agent, 
substrate, and solvent, the studies which have been 
made indicate second-order kinetics. Examples are 
the alkylation of phenols, 1 the alkylation of sodium 
nitrite with 1- and 2-bromooctane in D M F ,7 and the 
reaction of ethyl bromide with the sodium salt of methyl 
acetoacetate in dimethyl sulfoxide (Table III). The 
rate law is given by eq. 1 in which the subscripts a 
and b denote the reactants, and the numerical sub
scripts denote the isomeric products. The symbol 
k is thus the sum of the specific rate constants for the

dCa/df = -C .C b(*i +  h  ■••) = -fcCaCb (1 )

various isomers. If the product fractions, Xi, x2- ■ ■x t, 
are known and k is known, then k t is given by k.xt. 
From this datum one may calculate the volume of acti
vation for each isomer with the aid of eq. 2 .8 9 If k is 
too large for accurate measurement, the difference in

RT(d In k t/bP )T =  -AF<* (2)

activation volume for a pair of isomers may be calcu
lated from the product ratio, X  = x\/x2, by

RT(d  In X /d P )T = — AAF* (3)

The range of pressures was 1-1360 atm. which is not 
so broad as to cause serious curvature in the plot of 
In k or In X  vs. P for the class of reactions and solvents 
used here. Curvature was shown to be absent in a 
few test cases, and, thereafter, the middle range of 
pressures was not explored. Figure 1 illustrates one 
of these cases.

It is noteworthy that the alkylation of enolate ions 
in dimethyl sulfoxide produced substantial amounts of 
the O-alkyl derivatives whereas the usual alcoholic 
medium yields only C-alkyl products. The incursion of
O-alkylation is explained by Ivornblum’s hypothesis 
of differential solvation, 1 according to which the re
action at the strongly negative oxygen atom is sup
pressed relative to reaction at carbon by solvents 
which form strong hydrogen bonds. In dimethyl 
sulfoxide the suppression by hydrogen bonding is 
absent, and both reactions proceed very much faster

P, a t m .

F i g u r e  1 .  B e n z y l a t i o r r  o f  p h e n o l ;  p l o t  o f  

—  I n  k vs. P  ( a t m . ) .

than in alcohol. Surprisingly high iates for nucleo
philic reactions in dimethyl sulfoxide have been noted 
elsewhere. 0 The alkylation of 2-pyridone is similarly 
affected by changing the solvent, but to a smaller 
degree. In ethanol the proportion of 2-n-butoxypyri- 
dine to N-n-butyl-2-pyridone is 11:89, whereas in 
dimethyl sulfoxide it is 70:30. Since the electro
negativities of nitrogen and oxygen differ less than 
those of carbon and oxygen, it is understandable that 
N-alkylation might persist in dimethyl sulfoxide.

A list of the reactions chosen for this study and data 
concerning their activation volumes are given in Table 
I. With the exception of the benzylphenols, the pro
portions of isomeric products are not appreciably 
affected by pressure. I t  therefore appears that the 
isomeric transit ion states normally have equal volumes 
within 1 ml./mole. The products, on the other hand, 
usually have volumes which are different by several 
milliliters; for example, butyl nitrite is 6 . 0  ml. larger 
than 1 -nitrobutane, 2 -n-but,oxypyridine is 8 . 8  ml. 
larger than N-n-fcutyl-2-pyridone, and anisole is 4.8-
6.3 ml. larger than the cresols. I t  is barely possible 
that the transition states have quite different struc
tures and that the equality of volume is due to fortuitous 
compensation of differences in (1 ) the effective cross-

( 6 )  W .  J .  le  N o b l e ,  J . A m . Chem. Soc., 8 5 ,  1 4 7 0  ( 1 9 6 3 ) .

( 7 )  N .  K o r n b l u m ,  et al., J . A m . Chem. Soc., 7 8 ,  1 4 9 7  ( 1 9 5 6 ) .

( 8 )  A .  E .  S t e a r n  a n d  H .  E y r i n g ,  Chem. Rev., 2 9 ,  5 0 9  ( 1 9 4 1 ) .

( 9 )  J .  M i l l e r  a n d  A .  J .  P a r k e r ,  J . A m . Chem. Soc., 8 3 ,  1 1 7  ( 1 9 6 1 ) ;  
D .  C r a m ,  B .  R i c k b o r n ,  a n d  G .  K n o x ,  ibid., 8 2 ,  6 4 1 2  ( 1 9 6 0 ) .
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Table I : Absolute and Relative Volumes of Activation

Reagents Solvent
AV*t

ml./mole

AAV*,
ml./
mole

Benzyl chloride and Phenol 0 (ether)
sodium phenoxide -11 (o-Bz) 11

Ethyl bromide and Methanol

—16 (p-Bz) 

-13

16

a
sodioacetoacetic ester DMSO b 0

Ethyl bromide and
sodioacetylacetone DMSO b 0

n-Butyl bromide and
sodium nitrite DMSO b 0

sec-Butyl bromide and
sodium nitrite DMSO -12 C

n-Butyl bromide and Ethanol-water -7 C
sodium 2-pyridoxide DMSO b 0

n-Butyl bromide and po Ethanol-water - 8 c
tassium 2-pyridoxide Ethanol -12 c

Benzyl chloride and po-
tassium 2-pyridoxide Ethanol-water - 9 0

0 The extent of O-alkylation is immeasurably small. 4 The 
reaction is too rapid for accurate measurement of k. c These 
quantities were not measured.

sectional areas of the reactant molecules which are 
dependent on the direction of approach, (2 ) the 
lengths of the bonds being formed, and (3) the degree 
of desolvation of the nucleophilic atoms. I t  is more 
credible, however, that the volumes are equal because 
the structures are virtually the same. In the four 
ambident anions which show no pressure effect, the 
nucleophilic centers are either adjacent or have one 
atom intervening. I t would therefore be possible for 
the two centers to contribute to the bonding in the 
isomeric transition states as shown below.

< > - V  x 
o '  '

The choice of reaction by one or the other pathway 
would be determined by minor differences in the con
formation or the distribution of energy, neither of which 
would appreciably affect the molar volume.

The benzylation of phenoxide ion in phenol is re
ported to yield phenyl benzyl ether, o-benzylphenol, 
and p-benzylphenol in the proportions 28:35:37, 
respectively. 1 At ordinary pressure and a slightly 
higher temperature (75° instead of 43°) we obtained 
the proportions 13:52:35. I t should be noted that the

proportions are very sensitive to traces of water. When 
phenol containing 2 % admixture of water was used as 
the solvent, the proportions became 62:24:14. I t 
was also noted that the solubility of sodium phenoxide 
in phenol increased sharply when small amounts of 
water were added. We were unable to dissolve as 
much as 1 . 0  g. of sodium phenoxide in 2 0  g. of phenol 
at 43° as reported by Ivornblum, et al.,' and suspect, 
therefore, that the discrepancy in quantitative results 
is due to the fact that our mixture was more nearly 
anhydrous.

While the present work was in progress, le Noble6 

published a study of the effect of pressure on the 
distribution of isomers in the allylation of phenol in 
water. He found that the transition states for ortho 
and para allylation were 2.2 and 7.6 ml./mole smaller 
than for ether formation. We find that in benzyla
tion the ortho transition state is 1 1  ml. smaller, and the 
para transition state is 16 ml. smaller. Figure 2

Figure 2. Benzylation of phenol; plot of In ki vs. P 
(atm.): □, benzyl phenyl ether: A, o-benzylphenol;
O, p-benzylphenol.

illustrates the data from which these values were ob
tained. For ease of comparison the rate constant 
for each isomer has been reduced to unity at zero 
pressure.

We subscribe to le Noble’s interpretation which is 
that the C-alkyl transition states are strongly solvated 
at oxygen and, hence, are smaller than the O-alkyl 
transition state which must be largely desolvated 
at oxygen in order to permit formation of the new 
bond. The greater magnitude of the effects which 
we observe is consistent with the observation that the 
électrostriction of water by ionic transition states is 
less than that of polar organic solvents. 10

( 1 0 )  K .  R .  B r o w e r ,  J . A m . Chem. Soc., 8 5 ,  1 4 0 1  ( 1 9 6 3 ) .
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Table II: Summary of Reaction Conditions and Rate Constants

Reactants
0.5 3/ Benzyl chloride +  0.5 M sodium phenoxide 
0.6 3/ Ethyl bromide + 0.6 3/ methyl sodioacetoacetate 
0.3 M sec-Butyl bromide +  0.3 I f  sodium nitrite 
0.4 M  n-Butyl bromide +  0 4 3/ sodium 2-pyridoxide 
0.23/ n-Butyl bromide +  0.2 3/ potassium 2-pyridoxide 
0.43/ n-Butyl bromide 0 .43 / potassium 2-pyridoxide 
0.25 3/ Benzyl chloride +  0.25 3/ potassium 2-pyridoxide

“ The ethanol-water contains 0.33 mole fraction of ethanol.

Temp., k at 1 atm., A: at 1360 atm.,
Solvent °C. 1. mole 1 min. 11. mole 1 min.

Phenol 52 0.0143 0.0270
Methanol 49 6 0.00665 0 0129
DMSO 20 0.00582 0.0104
Ethanol-water“ 25 0.00984 0 0144
Ethanol-water 25 0.00945 0.0148
Ethanol 70.9 0 0108 0.0208
Ethanol 15 0.0143 0 0241

The alkylation of 2-pyridone contrasts sharply 
with that of its isoelectronic relative, phenol, in that 
pressure does not influence the product ratio. This 
result would be disturbing except for the fact that the 
product ratio is also much less sensitive to the nature 
of the solvent. Evidently, differential solvation plays 
a small role because the electronegativities of oxygen 
and nitrogen are only slightly different.

The volumes of activation may be divided into two 
classes, according to the polarity of the solvent. The 
three alkylations of 2 -pyridone in aqueous alcohol as 
listed in Table I and the butylation of phenol in the 
same medium10 show an average AF* of — 8  ml./mole 
with a mean deviation of 1 ml. The less polar solvents 
—dimethyl sulfoxide, methanol, ethanol, and phenol— 
which were used for the remaining reactions of Table I 
and the butylation of phenol10 cause an increase of 
the average AF* to —12.5 ml./mole with a mean 
deviation of 1 ml. These reactions belong to the class 
involving no change of charge type and, on that ac
count, should not show a variation of AF* with sol
vent. 10 An explanation can be constructed on the 
supposition that the ambident anion, owing to its 
bulkiness and delocalization of charge, constricts a 
smaller volume of solvent than the halide ion. If the 
transition state shares in the over-all tendency to in
creasing électrostriction of solvent, then AF* would 
be more negative in the less polar solvent, just 
as it is for reactions which produce ions from neutral 
reactants.

Experimental
Rate Measurements. The high-pressure equipment, 

sampling technique, and general approach to the 
measurement of second-order rate constants have 
been described before. 10’ 11 Total rates were based on 
the determination of halide ion by titration with silver 
nitrate solution, and rates for the individual isomers 
were obtained by multiplying the total rate by the 
product fractions.

Table III: Determination of Rate Constant for Ethyl
Bromide and Methyl Sodioacetoacetate in DMSO at 27°

t, min. Concn. of Br k, 1. mole -1 min. -1

0.2 3/ ethyl bromide +  0.2 3/ methyl sodioacetoacetate
9.0 0.0313 0.105

14.0 0.0437 0.100
20.0 0.0555 0.098
30.0 0.0700 0 090
40.0 0.0828 0.088

0.8 3/ ethyl bromide +  0.2 3/ methyl sodioacetoacetate
4.0 0.0240 0.088

10 0 0.0455 0.082
14.0 0.0527 0.073
22.0 0.0682 0.072

Errors. The mean deviation of duplicate rate meas
urements is about 3%. The error in the volume of 
activation is 1 ml./mole, and it arises almost entirely 
from the 6 % uncertainty in In (kp/k„). Temperatures 
were controlled within 0.05° and pressures within 7 
atm. In all cases, the high-pressure vessel was pre
heated to the setting temperature o that the time re
quired for pressurization and thermal equilibration 
did not exceed 2  min. out of a reaction time of 2  hr. 
Even though the uncertainty in reaction time affects 
the absolute accuiacy of the rate constant, it is largely 
canceled in the term In (kP/k 0).

Materials. Ethyl bromide, n-butyl bromide, sec- 
butyl bromide, n-butyl chloride, methyl acetoacetate,
2,4-pentanedione, methanol, 2 -aminopyridine, and 
dimethyl sulfoxide were obtained from Distillation 
Products Industries and used without further purifi
cation. Phenol was purified by vacuum distillation;
m.p. 41.3-41.4°; lit. 41.8°. The ethanol was anhy
drous U.S.P. reagent quality.

( 1 1 )  K .  R .  B r o w e r ,  J . A m . Chem. Soc., 8 0 ,  2 1 0 5  ( 1 9 5 8 ) .
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Preparation of Sodium Phenoxide.—A solution of
44.6 g. (0.476 mole) of phenol in 49.6 ml. of 9.60 N  
sodium hydroxide solution was evaporated to dryness 
under vacuum at room temperature. The product 
was stored in a vacuum desiccator containing concen
trated sulfuric acid as desiccant. After standing 4 
days the neutralization equivalent declined from 163 
to 117 (calcd. 116).

Preparation of 2-Pyridinol. A mixture of 100 g. 
(1.06 moles) of 2 -aminopyridine and 1 0 0  ml. of water 
in a 5-1. beaker was acidified by addition of 250 ml. 
of 50% sulfuric acid solution. Ice was added in order 
to maintain the temperature at 5° during the addition 
of a solution of 80 g. (1.15 moles) of sodium nitrite in 
200 ml. of water. The diazotization process was com
pleted in approximately 1 min. The mixture was 
heated to boiling to complete the expulsion of nitrogen, 
evaporated to a volume of 500 ml., and neutralized 
to a pH near 7 by careful addition of 40% sodium hy
droxide solution. The resulting mixture was evapo
rated to dryness on a steam bath, and the residue was 
triturated with acetone until the washings were color
less. The acetone solution was concentrated on the 
steam bath and distilled at 1-2 mm. 2-Pyridinol was 
collected in the range 130-140°, and the yield was
83.5 g. (83%).

Preparation of the Sodium Salts of 2-Pyridinol, 2,4- 
Pentanedione, and Methyl Acetoacetate. A solution of 
0.05 mole of the appropriate conjugate acid in 20 ml. 
of freshly prepared 2.5 M methanolic sodium meth- 
oxide was evaporated to dryness under reduced pres
sure. The residue was stored over concentrated sul
furic acid in a vacuum desiccator.

Preparation of Benzyl Phenyl Ether and p-Benzyl- 
phenol. This was accomplished by the method of 
Ivornblum, Berrigan, and le Noble1 which involves the 
benzvlation of phenol and separation of products on a 
chromatographic column of basic alumina. o-Benzyl- 
phenol was obtained in impure condition and was 
further purified in amounts sufficient for infrared 
spectrum analysis by gas chromatography.

Preparation of Methyl Ethylacetoacetate. Ethyl bro
mide was substituted for ethyl iodide in the method of 
Biichi, et aid2 A 65% yield was obtained; b.p. 
170-175° (650 mm.).

Preparation of Methyl Diethylacetoacetate. Methyl 
ethylacetoacetate was ethylated again by the pro
cedure above. Using 10 g. of starting material yielded
6.0 g. (49%) of product, b.p. 180-190° (650 mm.).

Preparation of Ethyl 3-Methoxy crotonate. Ethyl 
acetoacetate was treated with diazomethane. 13

Preparation of 3-Ethyl-2,4~pentanedione. Ethyl bro
mide was substituted for ethyl iodide in the method of

Johnson, et aid*; a 58% yield was obtained, b.p. 
170-174° (650 mm.).

Preparation of 3,3-Diethyl-2,4-pentanedione. A mix
ture of 4.0 g. of the sodium salt of 3-ethyl-2,4-pentane- 
dione, 10 ml. of dimethyl sulfoxide, and 4.0 ml. of ethyl 
bromide was allowed to react at room temperature for 
3 hr. The organic products were removed by shaking 
with 20 ml. of water and 10 ml. of ether. After being 
washed with water, extracted with aqueous sodium 
hydroxide, and dried with magnesium sulfate, the ether 
layer was distilled. The yield was 4.0 g. (82%),
b.p. 175-185° (650 mm.).

The structure of the product was proved by cleavage 
with alkali to 3-ethyl-2-pentanone. A 1.0-g. portion 
was dissolved in 5 ml. of 10% aqueous alcoholic sodium 
hydroxide and heated to boiling for 3 min. The prod
uct was extracted into ether as described above, 
and the ether was evaporated on a water bath. The 
residue was identified as 3-ethyl-2-pentanone by con
version to the semicarbazone; m.p. 97-98°; lit. 99°.

Preparation of 1 -Nitrobutane. This was accomplished 
by the general method of Kornblum, et al.,7 with sub
stitution of dimethyl sulfoxide for dimethylformamide 
as solvent.

Preparation of n-Butyl Nitrite. The method of 
Noyes12 13 14 15 was used.

Preparation of 2-n-Butoxypyridine and N-n-Butyl-2- 
pyridone. A mixture of 0.1 mole of sodium 2-py- 
ridoxide and 0 . 1  mole of n-butyl bromide in 60 ml. of 
95% alcohol was refluxed with stirring for 16 hr. 
After evaporation of most of the alcohol the mixture 
was shaken with 2 0  ml. of water and 2 0  ml. of ether. 
The water layer was analyzed for bromide ion, and 
98.5% of the theoretical amount was found. A 
small portion of the ether solution was removed for 
gas chromatographic analysis by the method described 
below, and the proportion of the O-butyl and N-butyl 
isomers was 11:89. The bulk of the ether layer was 
evaporated, and the residue was steam distilled to 
remove 2-n-butoxypyridine. The steam distillate was 
combined with the distillate from two parallel experi
ments and extracted with ether. The ether layer was 
dried, concentrated, and distilled to yield 2.5 g. (6 %) 
of 2-n-butoxypyridine; b.p. 194-198° (650 mm.); 
d2h 0.968. The residue from the steam distillation

( 1 2 )  J .  B ü c h i ,  P .  S c h n e e b e r g e r ,  a n d  R .  L i e b e r h e r r ,  H eh. Chim. Acta, 
3 6 ,  1 4 0 2  ( 1 9 5 3 ) .

( 1 3 )  F .  A r n d t ,  L .  L o e w e ,  T .  S e v e r g e ,  a n d  I .  T u r e g u r ,  Ber.. 7 1 B ,  1 R 4 0  
( 1 9 3 8 ) .

( 1 4 )  A .  W .  J o h n s o n ,  E .  M a r k h a m ,  R .  P r i c e ,  a n d  K .  B .  S h a w ,  J . Chem. 
Soc.. 4 2 5 4  ( 1 9 5 8 ) .

( 1 5 )  W .  A .  N o y e s ,  “ O r g a n i c  S y n t h e s e s , ”  C o l l .  V o l .  I I ,  J o h n  W i l e y  a n d  
S o n s ,  I n e . ,  N e w  Y o r k ,  N .  Y . ,  1 9 4 3 ,  p .  1 0 8 .
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was distilled at reduced pressure to yield 5.0 g. (36%) 
of N-n-butyI-2-pyridone, b.p. 172-174° (33 mm.);

1.058.
Preparation o f N -B enzyl-2-pyridone. A solution 

containing 20 ml. of water, 35 ml. of ethanol, 3.3 g. of 
sodium hydroxide, 7.0 g. of 2-pyridinol, and 10.2 ml. 
of benzyl chloride was allowed to react for 15 hr. at 
25°. The mixture was steam-distilled until the dis
tillate was clear, and the residue was recrystallized 
from petroleum ether, b.p. 90-110°, to yield 7.3 g. 
(53%), m.p. 75-76°; lit. 75-76°.

P reparation o f 2 -B enzyloxypyrid ine . A mixture of 
12 g. of 2-pyridinol and 25 g. of phosphorus penta- 
chloride was placed in a flask fitted with a reflux con
denser and heated on an oil bath which was maintained 
at 145°. After the evolution of hydrogen chloride 
ceased, the mixture was poured over cracked ice and 
neutralized with solid sodium carbonate. The organic 
layer was taken up in ether, dried with magnesium 
sulfate, and distilled. The yield of 2-chloropyridine 
was 10 g. (70%), b.p. 160-164° (650 mm.). The 2- 
chloropyridine was added to a preparation of sodium 
tenzyloxide which was obtained by dissolving 2 . 1  g. 
cf sodium metal in 40 ml. of hot benzyl alcohol. The 
mixture was maintained at 116° for 16 hr. and then 
partitioned between 50 ml. of water and 50 ml. of ether. 
The ether layer was rvashed with water and extracted 
with 100 ml. of 8 % hydrochloric acid. The acid layer 
was made basic with sodium hydroxide, and the oil 
which separated was taken up in 30 ml. of benzene. 
After being dried with magnesium sulfate the ben
zene solution was distilled under reduced pressure. 
The yield of 2-benzyloxypyridine was 9.8 g. (60%),
b.p. 110-114° (3 mm.).

Gas Chromatographic A nalyses. The analysis of the 
products of benzylation of phenol is typical of the 
method. The reaction mixture, which contained 
roughly 1.5 g. of mixed benzyl derivatives of phenol 
in 1 0  g. of phenol, was poured into 1 0 0  ml. of water 
and acidified with acetic acid. The mixture was 
shaken with 5 ml. of ether in a separatory funnel, 
and the aqueous layer was removed for determination 
of chloride ion. A small portion of the organic layer 
was injected into a Beckman GC-2 gas chromatograph 
which was fitted with a 0.64 cm. X 1.8 m. silicone 
grease column at 254°, and the flow of helium gas 
was adjusted to give a retention time of 40 min. for 
the final peak (p-benzylphenol). A calibration curve 
was constructed by analyzing known solutions of benzyl 
phenyl ether and p-benzylphenol in phenol over the 
expected range of proportions. The data in Table IV 
were collected.

It can be seen that, the mean deviation is 1-2%.

Table IV : Proportion of Benzyl Phenyl Ether
to ¡o-Benzylphenol

By weight By g. c. peak area
28.5:71.5
33:67
43:57
54.5:45.5

35:65,35:65,38:62
39:61
45:55,48:52,47:53,49:51
57:43,59:41

Since pure o-benzylphenol was not available in amounts 
sufficient for preparing synthetic mixtures, it was 
assumed that its calibration would be identical with 
that, of p-benzylphenol. Although the absolute ac
curacy of the k t is dependent, on the reliability of this 
assumption, the accuracy of the AV* is not since it, is 
calculated from a ratio of rates. It was established 
that, the.order of elution is (1 ) phenyl benzyl ether,
(2) o-benzylphenol, and (3) p-benzylphenol by com
parison of the infrared spectra of the three fractions 
with those of authentic specimens.

Effect o f Pressure on the B enzyla tion  o f Phenol. To 
a suspension of 1 . 0  g. of sodium phenoxide in 1 0 . 0  g. 
of phenol was added 1.0 g. of benzyl chloride. The 
mixture was divided into two portions for reaction at 
70 and 1360 atm. at 75° for 5 hr. Titration of the 
liberated chloride ion indicated 82% reaction. Ana
lytical results by gas chromatography for this reaction 
and others at, different pressures are shown in Table
V.

Table V

P, atm. Ether : o-ben/.yl : p-benzyi

70 14:50:36, 13:53:34
340 11:55:35, 11:54:36
680 8.3:51:41,8 7:54:38

1020 8.6:52:39, 7 5:53:39
1360 7.2:44:4,8

Effect o f Pressure on the E thylation  o f M ethy l Aceto- 
acetate. A solution of 2.76 g. of the sodium derivative 
of methyl acetoacetate and 2 . 2 0  g. of ethyl bromide 
in dimethyl sulfoxide was made up to 20 ml. After 
division in half, the solution was allowed to react at 1 and 
1360 atm. for 2  hr. at 47°. The mixture was worked 
up and analyzed by the procedure used for the benzyl- 
ated phenols. The liberation of bromide ion was 95% 
of theoretical. The gas chromatogram at 160° had 
three peaks which were identified as methyl ethylaccto- 
acetate, methyl 3 -ethoxycrotonate, and methyl di- 
ethylacetoacetatc, in that order of appearance. The

V o lu m e  6 8 , N u m b e r  l ê  D ecem b er, 19 6 4
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first was characterized by the indistinguishability 
of its retention time and infrared spectrum from those 
of an authentic specimen. The second was identified 
by its insolubility in alkali and the near-identity of its 
infrared spectrum with that of ethyl 3-methoxycroton- 
ate. A strong band at 1620 cm.-1, which is probably 
due to the olefinic linkage, is characteristic of these 
compounds. The third fraction was shown to be 
methyl diethylacetoacetate by its insolubility in alkali 
and the indistinguishability of its retention time and 
infrared spectrum from that of an authentic sample. 
The proportions of C-ethyl, O-ethyl, and C,C-diethyl 
products by calculation from the gas chromatograms 
were 71.5:18.5:10 at 1 atm. and 71.5:18:10.5 at 
1360 atm.

Effect of Pressure on the Ethylation of 2, Jf-Pentanedione. 
A solution of 2.0 g. of the sodium derivative of 2,4- 
pentanedione in 2 0  ml. of dimethyl sulfoxdde was 
filtered and partly frozen by cooling with ice. After 
addition of 4.0 ml. of ethyl bromide, two 10-ml. portions 
were removed and allowed to react at 36° for 1 hr. at 1 
and 1360 atm. Since the O-ethyl product is sensitive 
to acid hydrolysis, the reaction mixture was acidified 
by pouring it into 15 ml. of buffer solution which was 
0.5 M  in acetic acid and sodium acetate. Analysis 
was then performed by the method used for the benzyl- 
ated phenols. The gas chromatogram at 160° showed 
three fractions which were identified as 3-ethyl-2,4- 
pentanedione, 4-ethoxy-3-penten-2-one, and 3,3-di- 
ethyI-2,4-pentanedione, in that order of appearance. 
The first was characterized by identity of its reten
tion time and infrared spectrum with that of an au
thentic sample. The second was identified by its 
insolubility in alkali and the indistinguishability of its 
infrared spectrum from a published spectrum . 16 

The third was identical in retention time and in
frared spectrum with an authentic specimen. The 
proportions of C-ethyl, O-ethyl, and C,C-d:ethyl 
products were 69.5:17.7:12.8 both at 1 and 1360 atm.

Effect of Pressure on the Butylation of Sodium Nitrite. 
A solution of 7.3 g. of sodium nitrite and 6.0 ml. of n- 
butyl bromide in 46 ml. of dimethyl sulfoxide was 
chilled to the freezing point as quickly as possible. 
The mixture was divided in halves for reaction at 30° 
for 1 0 0  min. at 1 and 1360 atm. Analysis of the 
products was performed by the method applied to the 
benzylated phenols. Liberation of bromide ion was 
nearly quantitative. The gas chromatogram at 130° 
had two peaks due to n-butyl nitrite and 1 -nitrobutane,

respectively, as shown by comparison with authentic 
specimens. The proportion of nitro compound to 
nitrite was 83.2:16.8 at 1360 atm. and 83.0:17.0 at 1 
atm.

Effect of Pressure on the Butylation of 2-Pyridinol. 
A solution of 3.0 g. of sodium 2-pyriaoxide in 20 ml. of 
dimethyl sulfoxide was chilled to the freezing point, 
and 2 . 1  ml. of n-butyl bromide was added. I t was 
found by analysis of an aliquot that 15% of the reac
tion occurred during the 2  min. required to fill and pres
surize the high-pressure sample cell. Two portions were 
allowed to react at 1 and 1360 atm. at 27° for 2 hr. 
and analyzed in the usual way. The gas chromato
gram at 2 2 0 ° showed peaks due to 2 -n-butoxypyri- 
dine and N-n-butyl-2-pyridone in the proportion 
70:30, at both pressures.

Effect of Pressure on the Benzylation of 2-Pyridinol. 
A solution containing 0.95 g. of 2-pyridinol, 10 ml. of
1.31 N  potassium hydroxide solut ion, 35 ml. of ethanol, 
and 1.38 ml. of benzyl chloride was diluted with water to 
50 ml. Duplicate 3-ml. portions were allowed to react 
for 20 hr. at 30° under pressures of 1 and 1360 atm. 
Liberation of chloride ion was nearly quantitative. 
The reaction mixture was evaporated in the open to 
dryness, and the organic part was taken up in 3.00 
ml. of carbon tetrachloride. The infrared optical 
densities at 1430 cm.-1, which measure the minor 
ingredient, 2 -benzyloxypyridine, were identical for 
the two reaction pressures. In order to determine 
the composition, the behavior of this peak and the 
stronger 1660-cm.-1 peak of N-benzyl-2 -pyridone was 
observed through a series of dilutions and compared 
with that of known synthetic mixtures. A close match 
was obtained with a mixture of O-benzyl and N- 
benzyl compounds in the proportion 10:90.

Analytical Instruments. The benzylated pyridones 
were analyzed with a Beckman IR-5, and all other in
frared spectra were obtained with a Perkin-Elmer 
Model 421. Carbon tetrachloride solutions in liquid 
sample cells were used in every case. The gas chroma
tograph is a Beckman GC-2 fitted with a silicone grease 
column, No. 70158.
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Derivation of the Chronoamperometric Constant for Unshielded,

Circular, Planar Electrodes1

by Zoltán G. Soos and Peter James Lingane

D ivision o f Chemistry and Chemical Engineering , California Institu te  o f Technology , 
Pasadena , C alifornia  (Received J u ly  6, 196If)

We have calculated the chronoamperometric constant for a circular electrode of finite size 
and have shown that it can be expanded as a power series in y /D t/p0. The coefficient of 
the term in y/Dt/po is 2.26 and is in agreement with experiment. This coefficient is calcu
lated by exploiting the equivalence between this problem and the corresponding heat 
conduction problem.

I. Introduction
The familar Cottrell equation2

i f f
AC

nZD''1
V t7T

active species is essentially zero. Under these condi
tions, 4 the diffusion equation reduces to

àCi
(1.1) ^  = DiV2Ci (L3)

coes not adequately describe the current-time behavior 
observed with electrodes of finite size at times longer 
than a few seconds. 3 Therefore, we have calculated the 
current-time behavior for a circular electrode of radius 
Po and have shown that the chronoamperometric con
stant can be expanded as a power series in y /D t/po ; the 
coefficient of the term in y / D t /  po is calculated. To do 
this, we have exploited the similarity between this 
problem and analogous heat conduction problems by 
adding current sources in direct analogy to the heat 
sources added in heat conduction problems. We dis
cuss only the mixed boundary condition problem in 
which the concentration is fixed at the surface of the 
electrode; the solution to the Neumann problem 
(chronopotentiometry) may be obtained analogously.

If we neglect the effect of turbulence and of convec
tive stirring, then the current passing through the area 
A is simply

dV -
i = n ï ---- A  = n S D V p - A  (1-2)

dt

where i is the current in amperes, n is the number of 
equivalents per mole, D  is the diffusion coefficient in 
cm.2/sec., and p is the electrochemical potential. If 
-„he solution contains a large concentration of support
ing electrolyte, the transference number of the electro

where Ci is the concentration in moles/cc. of the ith 
electroactive species.

In the presence of excess supporting electrolyte, the 
compact double layer5'6 can be approximated by a 
parallel plate condenser whose plates are separated by 
one or two molecular diameters. Therefore, the charge 
on the double layer for a circular electrode of radius p0 

will be uniform until p — p0 approaches the thickness of 
the compact double layer (cf. Fig. 1). Since the metal
lic electrode is an equipotential surface, the uniformity 
of the double-layer charge requires that the potential 
at the outer Helmholtz plane also be uniform until 
p — po approaches the thickness of the compact double 
layer. Very close to the edge, the potential at the 
outer Helmholtz plane will decrease with respect to the 
solution potential.

Therefore, it is very reasonable to assume that the 
concentration of the electroactive species will be uni-

( 1 )  C o n t r i b u t i o n  N o .  3 1 4 1  f r o m  t h e  G a t e s  a n d  O r e l l i n  L a b o r a t o r i e s  
o f  C h e m i s t r y .

( 2 )  F .  G .  C o t t r e l l ,  Z. physik. Chem., 4 2 ,  3 8 5  ( 1 9 0 2 ) .

( 3 )  P .  J .  L i n g a n e ,  A nal. Chem., 3 6 ,  1 7 2 3  ( 1 9 6 4 ) .

( 4 )  H .  L .  K i e s ,  J . Electroanal. Chem., 4 ,  1 5 6  ( 1 9 6 2 ) .

( 5 )  D .  C .  G r a h a m e ,  Chem. Rev., 4 1 ,  4 4 1  ( 1 9 4 7 ) .

( 6 )  R .  P a r s o n s ,  “ A d v a n c e s  i n  E l e c t r o c h e m i s t r y  a n d  E l e c t r o c h e m i c a l  
E n g i n e e r i n g , ”  V o l .  1 , P .  D e l a h a y  a n d  C .  W .  T o b i a s ,  E d . ,  I n t e r s c i e n c e  
P u b l i s h e r s ,  I n c . ,  N e w  Y o r k ,  N .  Y . ,  1 9 6 1 ,  C h a p t e r  I .

V o lu m e  6 8 , N u m b e r  1 2  D e ce m b e r , 196 4
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Figure 1. Model for the circular disk electrode.

form at the outer Helmholtz plane of metallic electrodes 
of finite size and in the presence of excess supporting 
electrolyte if the concentration is governed by the 
Nernst equation.

II. Formal Solution
We will first consider the oxidation of a single insol

uble species to give a soluble product, e.g., the generation 
of silver ion into a solution initially free of silver. Our 
electrode is a circular planar disk of radius p0 situated 
in the 2 = 0  plane (cf. Fig. 1 ). This electrode is poten- 
tiostated at a fixed potential E, and it is assumed that 
the Nernst equation is obeyed. This guarantees that 
diffusion and not the electron-transfer step will control 
the current. Observe that under these conditions, the 
concentration at the surface of the electrode will con
tinuously increase with potential and no limiting current 
will be achieved. This approach is purely one of con
venience and is taken to achieve greater generality as 
will become evident in the Discussion section.

The cylindrical symmetry enables us to write the con
centration as C(p,z,t). The boundary conditions for 
C(p,z,t) are

C(p,0,t) = <
( C \E)
\ o

VI A
O

- 
Q-

dC ,
òz (pAi) = 0 p >

C(p,z, 0) = 0 z >

Po t  >  0  +
Po t  =  0  +

Po t  >  0  + (2 .1)

0

lim C(p,z,t) = lim C(p,z,t) = 0
p—>  co z—*- co

(2.2)
lim C(P,z,t) = C \E)
t - * -  co

We use the superposition theorem and write

C(P,z,t) = C\p,z,t) +  Cn (p,z,t) (2.3)

In general, the surface of an electrode can be repre
sented by a continuum of current sources whose dis
tribution and strengths are time dependent. The 
source distribution for an infinite planar electrode is 
time independent and is uniform over the surface of the 
electrode. The time-dependent sources of C^p^J) are 
chosen to be equivalent to such a uniform distribution 
for p <  p0 a t t = 0+. Therefore, Cl(p,z,t) is equivalent, 
initially, to the concentration distribution at a circular 
section of an infinite electrode. At later times, radial 
diffusion causes the sources of Cl(p,z,t) to decrease near 
the edge of the electrode and apparent sources to ap
pear at p >  p0. The sources of Cu (p,z.t) could be chosen 
so that the boundary condition (2 .1 ) is satisfied at all 
times. Alternatively, the sources of Cn (p,z,0 might be 
chosen so that the total flux from the finite electrode into 
the region p <  p0 is the same as from the infinite elec
trode. We shall adopt the second condition because we 
wish to approximate the sources for Cn (p,z,t) by a line 
source. Such an approximation gives a nonuniform 
concentration at the surface of the electrode. Ob
viously, an exact solution must satisfy both conditions 
simultaneously.

The analogous heat conduction problem is that of a 
circular hot plate whose sources are chosen so as to keep 
the heat flux from the plate into the region p <  p0 the 
same as the flux from a circular section of an infinite 
hot plate whose temperature is uniform and time inde
pendent.

The initial conditions for Cl{p,z,t) are

C'I(p,0,0+) =
( C°(E)
l  0

P < Po 
P >  Po

(2.4)

Since the diffusion equation contains only a first deriva
tive with respect to time, it is convenient to make the 
partial separation

C\p,z,t) = C°g(p,i)f(2 ,f) (2.5)

where C°(E) is the concentration at the outer Helm
holtz plane and f(z,t) and g(p,i) are dimensionless func
tions to be determined. It is evident that under cer
tain conditions, such as t -*■ 0  or p —*• 0 , the solution 
must reduce to the solution for the infinite planar elec
trode. Hence, f(z,f) corresponds to the well-known 
solution for the infinite planar electrode7

tW) * 1 - erf (2V 5 ) (2.6)

and g(p,i) represents the effect of diffusion in the radial 
direction. Furthermore, the initial condition for g(p,i) 
is

( 7 )  P .  D e l a h a y ,  “ N e w  I n s t r u m e n t a l  M e t h o d s  i n  E l e c t r o c h e m i s t r y , ”  
I n t e r s c i e n c e  P u b l i s h e r s ,  I n c . ,  N e w  Y o r k ,  N .  Y . ,  1 9 5 4 ,  C h a p t e r  3 .
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g(p,0+) = { J  P f  P° (2.7)I U p > Po

g(p,i) must satisfy the radial portion of the diffusion 
equation.

g(p,t) may be obtained via a Hankel transform .8 

Only zeroth-order Bessel functions appear because of 
the cylindrical symmetry. The integrand is a solution 
to the diffusion equation for each value of k, and hence 
g(p,t) is a solution.

g(P,t) = f  fcdfc m e - DkHJo(kP)
Jo

(2.8)

i(k) = r  Pdp g(P,o+)j„(/cp)
d o

As is shown in Fig. 2, g(p,t) is a step function at t = 
0  + ; at later times, the time dependence of (2 .8 ) gives 
different superpositions of the Bessel functions and the 
step-function decays. This decay expresses the fact 
that there is radial diffusion.

Since Cl(p,z,t) satisfies the boundary conditions only 
at t = 0 +, it is evident that a current source must be 
added toward the edge of the electrode to maintain a 
uniform concentration distribution. This current 
source will produce the concentration Cu (p,z,t). Once 
we have calculated Cl(p,z,t), we will be able to determine 
the position and the strength of the current sources 
that produce Cll(p,z,t).

The current flowing through the electrode is given 
rigorously by the gradient with respect to 0  of the con
centration evaluated at z = 0, p <  p0. Therefore, the 
current density corresponding to C ^p^f) is

(*p(>-  ^ F =  Jo pdpg(p,i) t > 0  (2.9)

g(p ,t) = rJo
kàkerDkHJ 0(kp) X

P  p,dp'g(p',0 +)J o(kp') (2 .1 0 )
Jo

By reversing the orders of integration freely, it is pos
sible to show that for an arbitrary g(pfi+) the current 
density is an expansion in powers of y /D t/  Po•

III. Special Case : One-Component System
A. Expressions for g(p,t). We now consider in de

tail the properties of Cl(p,z,t). The initial conditions 
are fixed by (2.4); f(z,i) is given by (2.6); g(p,0+) is 
the step function defined by (2.8). We integrate (2.8) 
to obtain

m =  r  p'dp'g(p',0+)J„(fcp') = po (3.1)
Jo k

The exponential in (2.10) is now expanded in a Hankel 
transform. Only zeroth-order Bessel functions appear 
because of the symmetry in the fc-plane. The inverse 
transformation reduces to a Laplace transform . 9

DkH = f  qdqJ0(kq)f(q) (3.
do

kdke~DkHJ 0(kq) =

2)

f(s) = fdo

—— f  dye~yJ 0( —t=  y / y )  = — e~ÏDt (3.3) 
2D tJo y W  Dt y )  2 Dt

Combining (2.9), (2.10), (3.2), and (3.3), we obtain

g(p,t) =
Po

2 Dt j qàq>
Jo

f

e 4 Dt x

Jo(kq)Jo(kp)Jl(kpo)dk (3.4)

The integral over the Bessel functions is a special case of 
the formula of Sonine and Dougall. 10

g(p,0 = 2—  J o” qdqe-yl/iDtA(p,po,q) (3.5)

A ( p , p o , q )  =

iCOS"

0

Hence

( > 1 ± £ Po'
2  qp

Po2 >  (p +  q)2 

(p +  q ) 2 > Po2 > ( p  — q)2 

(p -  q ) 2 > Po2
(3.6)

1
p <  po g(p, 0  = 1 4 —  I

^ J po —

■ ( '

1 fpo + p q2
dqe X

(3.7)
Po'

P > Po

àq V \  2qp
\ /*p + po _q*_

g(p, 0  = -  I dqe *Dt x
7T i/p-pj

ft (--■  ( — s ^ - ) )

(3.8)

( 8 )  P .  M .  M o r s e  a n d  H .  F e s h b a c h ,  “ M e t h o d s  o f  T h e o r e t i c a l  P h y s i c s , ”  
M c G r a w - H i l l  B o o k  C o . ,  N e w  Y o r k ,  N .  Y . ,  1 9 5 3 .

( 9 )  W .  M a g n u s  a n d  F .  O b e r h e t t i n g e r ,  “ F o r m u l a s  a n d  T h e o r e m s  f o r  
t h e  F u n c t i o n s  o f  M a t h e m a t i c a l  P h y s i c s , ”  C h e ls e a  P u b l i s h i n g  C o . ,  N e w  
Y o r k ,  N .  Y . ,  1 9 4 9 ,  p  1 3 2 .

( 1 0 )  W .  M a g n u s  a n d  F .  O b e r h e t t i n g e r ,  ibid., p .  3 7
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In order to evaluate the integrals in (3.7) and (3.8), 
we first evaluate àg/àp(p,t). We can easily verify (or 
observe from the boundary conditions) that. dg/ôp(p,0 +) 
is a 5-function of unit strength.

t =  0 +  —  (p ,0 +) =  — po f  kdkJ 
op J o

dg

i(kp)Ji(kp0)

(3.9)
— 8 (p •-  Po)

Po p
2  Jo

dye~ DtyJ i(p V y )U p o V y )

(3.10)

- P0- T f  PPo '\ _ P2+P°2i APn
2D th \2Dt,

i e

rm10 in (3.10) gives the modified
Bessel function of the first order.

We define Ag(pJ) to be the deviation of g(p,l) from 
the step function g(p,0 +)-

0 plane. We replace g(p,t) in (2.9) by Ag(p,t); except 
for constants, we have

P
Po - -pdpAg(pJ) = y  e 2 -

r °  p d p e ~ -¿ f Z  ( L ) ' I .  ( 7

Jo » = o \Po/ V
PPo
2 Dt

= r ì  ^
(3.15)

e  r
= 0 Jo

(2ßx)“e ßxI v(x)xdx

We integrate by parts repeatedly to obtain

ßx'l„(x)dx =

E
i» = -+i

(2dxo),‘
2 /T+ 1

P i x p ’ (3.16)

Ag(pJ) = g(p,t) -  1 P <  Po
= g(pJ) P >  Po (3.11)

We now obtain an expression for Ag(pJ), p < p0. I t is 
evident from (3.7) t.iat g(0,f) = 1 for all t >  0. Equa
tion 3.10 then gives

If we set X = ppo/2Dt, xo = pai/2Dt, and ß = Dt/pj1 = 
1 / 2 xo, we find

Ag(x,0 — e~ * ° /2 f X h (x )e -^ d x  
Jo

(3.13)

We use the properties of the modified Bessel functions11 

and integrate (3.13) oy parts repeatedly.

Ag(xJ) = - e ~ x°/2 <| E  (2dx)7,(x)e-Sx! -  l }

(3.14)

P < Po
where I , is the modified Bessel function of order v.

B. Correction to the Current Density. Expressions 
3.13 and 3.14 will be used to evaluate g(p,i). Before 
we perform this calculation, which requires a variety of 
special conditions, we will evaluate the decay in the cur
rent density at the electrode due to the apparent motion 
of the current sources for C1(p,z,t) to p >  p0 in the z =

Substituting (3.16) in (3.15), we have

f* o
I pdpAg(p,i) = e iDt X 

Jo
Id 2 4 D( “
< P- -  2 Die v  E  vl. 
v 2 k=o

Po
2Dt

(3.17)

Using the recursion relations for the modified Bessel 
functions, we find

^  E  -/,(*) =  ‘A E  { /,-i(* ) -  / , + i(*)}

= *A{ AA) +  D(x)}

Substituting (3.18) in (3.17), we obtain

(3.18)

/Jo
*o / N i  Po2 - 2 -

Ag(p,i)pdp = -  Y e 2Dt X

/o á ) +'■ (£ ) - , +  p .V 4 D íl (3.19)

Hence

Ai n$DC° .A !
rP o x / 7tD<

Poe-2D( 2 7 0 fïï- +  / J

2Dt
Po

2Z)i

e +  O .V 4 D Í (3.20)

Equation 3.20 is an exact expression. The current 
sources for C1(p,z,t) have an initial uniform distribution 
over the surface of the electrode that is identical with 
the time-independent distribution of the current sources

(11) H. B. Dwight, “Tables of Integrals and Other Mathematical 
Data,” The Macmillan Co., New York, N. Y., 1961.
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Figure 2. Plot of g(p ,t )  as a function of p illustrating the 
redistribution of the sources of C l{ p ,z ,t) .  pa =
0.2 cm., D  =  I X  10~6 cm.2/sec.

for the infinite planar electrode. However, the current 
sources for Ci(p,z,t) are redistributed in time because of 
radial diffusion; the sources near the edge of the elec
trode decay, and apparent- sources are found outside the 
electrode (p >  p0). g(p,i) is identically unity for the 
infinite planar electrode since there is no radial diffusion 
in that case.

C. Evaluation of g(p,t) for Experimental Conditions. 
In order to find g(p,£), p < po, and thus determine the 
position of the sources that we shall use for Cu (p,z,t), it 
is convenient to specialize the experimental conditions, 
i.e., po >  0.2 cm., D ~  10- 6  cm.2/sec., t < 100 sec. 
Under these conditions, prf/4 D t = xo/2 >  10. From 
the definition of I , ( x) ,  it is evident that /„ -  f x )  < I,.(x) 
for all v when x >  0. Hence, we have from (3.14)

_p/+p=
Ag(p,i) <  e iDt /„

p „ 2+ p !

e~ iot /„ 1

1 — p / Po
P <  Po (3.21)

For p = p0/4, xo/4 >  5, and we may use the large 
argument expansion of I0.n We then have, for 0 < 
P <  Po/4

Ag(p,<)[ <  Ag(pc/4,0

~  e- 7 (3.22)

Hence we observe that Ag(p,f) is negligible for p < p0/4. 
Equation 3.21 is an upper bound for j Ag(p,i) [, since, in 
it, we have replaced all of the modified Bessel functions 
by Jo. For example, eq. 3.21 gives jAg(0,i)| < e~10 
while Ag(0,f) =  0 (for all /) from eq. 3.14. For p0/4  < 
p <  Poi we may use the large argument expansion of the 
modified Bessel functions in eq. 3.12 throughout the 
entire range of the integration.

Ag(x,0 «vCv dy
\/2iry

(3.23)

/ 3 ( x „ - ! / ) 2

Since xo/4 >  5, it is straightforward to integrate (3.23). 
Hence

Ag (p,0 =

- v * ( i " (tvs)) - F ,,- : ft x

«at(p0-p ) 2
e *Dt +  0 <  P <  Po

(3.24)

P <
Po

Expression 3.24, which has the expected form, may be 
obtained directly from (3.7) by taking p = p0 — A and 
letting A 0 after the integration. If we set p = p0 in 
(3 .7 ), the integrand is indeterminate at q = 0 ; when the 
integration is now performed, only the second term of 
(3.24), evaluated at p = p0, is obtained.

Since the derivative of g(p,0 is continuous for t > 0, 
we may use an expression similar to (3.12) to evaluate 
g(p ,i)forp>  Po.

Ag(p,f) = 1 +  Ag(po,0

( p 0  +  p 02

e iDt dp' P >  Po
(3.25) 

1 V l ) t
2 \ /  v  Po

X

e
( p - p 0) =

4 nt +  0
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The next term in eq. 3.24 or 3.25 is negligible for the 
times of interest. Since f(0,f) = 1, the deviation of 
C1(p,0,t) from C° for p < p0 is C° times expression 
3.24.

D. Sources for and Calculation of Cll(p,z,t). g(p,i) 
is plotted as a function of p for various values of t in 
Fig. 2. I t  is evident that, for t < 25 sec., deviations 
from the step-function initial condition are important 
only within 0.02 to 0.03 cm. of the edge of the electrode. 
Of course, this is precisely what is expected, especially if 
the analogous heat problem is considered. Therefore, 
we need a current source of radius of about 0 . 0 1  cm. at 
the perimeter of the electrode, placed so that the outer 
edge of the source is at p = p0 if the boundary condition 
(2.4) is to be satisfied for all times. Such a time-de
pendent source, which arises from the decomposition of 
the concentration in (2.3), defines the diffusion problem 
for Cu (p,z,t).

As a first approximation, we consider a time-inde
pendent source at p = po. This should be a good ap
proximation for short times since, for short times, (3.24) 
shows that the source is essentially at the edge and, 
as is evident from the large argument expansion of the 
modified Bessel functions, (3.20) shows that A t/irp02 is 
essentially time independent.

A i 
A

nSD2C°
TTPo2

j l  +  o (3.26)

In the same spirit, we may, for short times, approximate 
the source by an infinitely long, straight wire and express 
the concentration at a distance r from the wire as

CU(r,t) = C°a
2 7T I da;

e =
r / 2  V 7 Dt x

C°C
Ei -

r2 \
t d J

(3.27)

where Ei(x) is the exponential integral, a is the 
strength of the source and will be evaluated below. This 
solution is borrowed from the analogous heat conduc
tion problem . 12

It is not convenient to satisfy the boundary condi
tion (2.1) by requiring that the sum of Cl(p,z,t) and 
Cn (p,z,t) be uniform and time independent at the face 
of the electrode, since, by lumping the corrections into a 
line source, we have introduced a singularity. We 
may, however, as an alternative condition, match 
fluxes. Since the exact sources of Cu (p,z,t) have 
“radii” of about 0.01 cm. for t <  25 sec., the approxi
mation of a line source should be excellent for r >  0 . 0 1  

cm. (cf. Fig. 2). Once outside the source distribution, 
its detailed composition becomes unimportant; as in a 
multipole expansion, the major effect is found by put

ting a point source at the center of the distribution. 
We will approximate even further and place the source 
at the edge of the electrode instead of near the edge.

The current flowing from a straight wire is radial by 
symmetry. At a line source of strength a, the current 
per unit length is

is = n3D2wr — Cu (r,t) | r _ 0 = -n$D C°a  (3.28) 
or

I t is evident from Fig. 1 that the symmetry in the z = 
0  plane requires that the flux flowing into the region 
where z > 0  is just half the total flux from a source 
whose intensity is twice the intensity of the actual 
source. Thus (3.28) will be correct if a is taken to be 
the actual intensity per unit length of the line source. 
Furthermore, at least for short times, the flux into the 
region p <  p0 is the same, by symmetry, as the flux into 
the region p >  p0. The total flux from a line source of 
length 2irp0 is

= -  -  n$DC°a (3.29)
TPo Po

Half of this current will flow into the region z > 0, p 
<  p0. Hence

1/ii, = —A i (3.30)

where Ai is given by (3.20). These two currents have 
opposite signs since the source for Cu (p,z,t) is to cor
rect for the effects of radial diffusion. Thus we ob
tain

a =
2
7T

(3.31)

The correction current density is therefore

i, n$DC° 4 \ /D t
?rPo2 V7irDt VV Po

(3.32)

E. Total Current Density and Concentration Profiles. 
The total current density is the sum of the current 
sources for Cl(p,z,t) and eq. 3.32. The total current 
density due to the sources of C1(p,z,t) is (cf. eq. 2.9)

h
?rPo2

n $ C ° J -  f
" irt Jo g(p/)pdp

= — nFC0

(3.33)

Therefore, the total current is

( 1 2 )  L .  R .  I n g e r s o l l ,  O .  J .  Z o b e l ,  a n d  A .  C .  I n g e r s o l ,  “ H e a t  C o n d u c 
t i o n , ”  M c G r a w - H i l l  B o o k  C o . ,  N e w  Y o r k ,  N .  Y . ,  1 9 4 8 ,  p .  1 4 6 .
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i nïïDC0 ( 4 s /D t
— 2 = ----- v  + ^  —  +  0irPo y/irDt ( V tt Po

(3.34)

Although the boundary condition (2.1) is not satis
fied in detail on the electrode, it is evident that, if the 
line charge is redistributed near the edge, the concen
tration could be calculated even at the face of the elec
trode. The current correction would, however, be 
very nearly the same since the flux from a source dis
tribution may be found by calculating the flux from the 
equivalent point source.

We have overestimated the correction in (3.30) since 
the center of the correction source is actually at p < 
p0 rather than at p = p0. Thus slightly more than half 
of the flux goes into the region p <  p0. This effect is 
only of the order of a few per cent for t < 25 sec. At 
longer times, when this effect becomes larger, the as
sumption that the added current is a line source ap
proximated by a straight wire also becomes untenable.

Cl(p,z,t) and Cu (p,z,t) are given by (2.4), (2.6), 
(3.24), (3.25), and (3.27). As discussed above, Cu (p, 
z,t) is a poor approximation for distances smaller than 
the dimensions of the sources of Cu (p,z,t). The di
mensions of the sources of Cu (p,z,t) may be estimated 
from Fig. 2 which shows the region for p <  p0 where 
Ag(p,0 is appreciably different from zero. For t < 
25 sec., a distance of about 0 . 0 1  cm. from the edge of 
the electrode is sufficient to ensure being outside the 
source. We therefore have, for t <  25 sec. and r >  0.01 
cm.

C{P,z,t) = C \ P,z,t) +  Cu (p,z,t)

Figure 3. Typical concentration profiles for 
C(p,z,t) and Cl{p,z,t)\ z = 0.01 cm.,
Po = 0.2 cm., D = IX  10-6 cm.2/sec.

of line sources ana then replacing each line source by a 
finite source. The strength of such sources is still de
termined by Ag(p.t). As is evident, such a procedure 
approximates the exact solution more and more ac
curately. However, in order to obtain the exact solu
tion, both the location and the strength of the sources

Cn (p,z,t) C°

0  <  r < Po
2

Po /  ^— < r <  c°
2  “

(3.36)

where r = [z2 +  (p — p0)2] h-
Near the electrode, the concentration may be found 

more accurately by replacing our line source by a series

for Cu (p,z,t) must be time dependent. Thus, the 
mathematics becomes considerably less tractable. 
The simple model discussed in this paper is therefore 
useful in that it provides an accurate value of the total 
current density and, except very near the electrode, ac
curate concentration profiles.

IV. Discussion
A. Generalization. Our solution can be readily 

converted into the more usual situation where the solu-

V o lu m e  6 8 , N u m b e r  1 2  D e ce m b e r , 1,964
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tion originally contains the electroactive species at 
concentration C° and the product is insoluble. This is 
done by the simple transformation

C ' ( p , z , t )  = C° -  C ( P,z , t) (4.1)

where C ' ( p , z , t )  is the transformed concentration and 
C ( p , z , t )  is given by (2.3). Under these conditions, eq.
3.34 will be valid at all points on the i - E  curve if C° is 
replaced by C° — C ( p , 0 , t , E ) .

This treatment can be extended to include the more 
general system where both the oxidized and reduced 
species are soluble and the solution is initially free of 
the reduced species. We decompose the concentration 
of both the oxidized and reduced species into the two 
components C i ( p , z , t )  and C tu (p ,z , t ) .  We require 
the additional boundary conditions that the ratio of the 
concentrations of the two components at the outer 
Helmholtz plane is fixed by the Nernst equation and 
that the sum of their fluxes is zero at the electrode.7 
The current on the diffusion plateau will be independent 
of the reduced species and will again be given by eq. 3.34.

It is evident that an analogous approach can be used

to obtain a solution under different boundary conditions, 
such as a constant concentration gradient at 2  = 0.

B. C o m p a r i s o n  w i t h  E x p e r i m e n t .  The theoretical 
value of the chronoamperometric constant is obtained 
by rearranging eq. 3.34.

i t l/l

A C 0

4 y fD t 
V tt Po

+  0 (4.2)

The coefficient of the first term has been evaluated ex
perimentally for p0 = 0.258 cm. and 0.01 <  \ /D t/p 0 < 
0.08 for a variety of systems.3 The experimental value 
of this coefficient is 2.12 ±  0.11 (95% confidence level) 
and is in agreement with the theoretical value of 2.26; 
the agreement is especially good since the latter is a 
slight overestimate.
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Pulse Radiolysis Studies of Aqueous Sodium Chloride Solutions1

by M. Anbar2 and J. K. Thomas

Chemistry D ivision , Argonne N ational Laboratory , Argonne, Illino is  (Received June 11, 1964)

The reaction of OH radicals with chloride ions has been studied by the pulse radiolysis 
technique. The product of the reaction was identified as Cl2_, and its rate of formation 
was studied. The effect of OH radical and solvated electron scavengers on the Cl2-  
yield indicated that the former radicals produced the CI2~. The rate of production of the 
Cl2-  was independent of oxygen concentration, first order in [H + ] from pH 3 to 0, and first 
order in chloride ion and hydroxyl radical concentrations. At pH <3, (?(C12_) was inde
pendent of pH and of [Cl- ] and corresponded to G(OH). However, at pH 7 Cr(Cl2- ) de
pended on [Cl- ] up to 3 M  and was less than that in acid solution. The results demon
strate the importance of hydrogen ions in the formation of Cl2-  and suggest that in neutral 
solution Cl2-  may be formed in the “spur” regions. The mechanisms of Cl2-  formation 
are discussed.

Introduction
Grossweiner and Mat.heson3 have observed a transient 

with a maximum at 350 mg in the flash photolysis of 
sodium chloride solutions. They proposed that this 
Transient, was due to Cl2-  formed in the following 
manner

Cl-  > Cl +  eaq —

Cl +  C l- —> c i2-  (1 )

Delbecq, Smaller, and Yuster4 5 have identified the 
species Cl2-  in the X-radiolysis of potassium chloride 
crystals at liquid nitrogen temperatures. They found 
that it had a strong optical absorption with maxima 
at 365 and 750 mg.

Some workers63-6 have indicated that, the reaction 
OH -t- Cl— —► Cl +  OH-  is pH dependent. Most of 
:.he evidence7 for this statement, was obtained from 
studying the effect of chloride ion on the dimerization 
of OH radicals in the radiolysis of aqueous solutions. 
This pH dependence may be expressed accordingly

OH +  Cl" +  H30+ — ► Cl +  2H20  (2)

In the absence of other solutes, the Cl atom is expected 
to combine with Cl-  to form Cl2~. The formation of 
the transient Cl2-  could therefore be used as an indi
cation for the progress of reaction 2.

In the present work a transient species with a maxi
mum at 340 mg was observed in the pulse radiolysis of

sodium chloride solutions. The spectrum of this 
transient was similar to that reported for Cl2-  in ref.
3. We believe that this transient is Cl2-  formed by 
reactions 1 and 2. The inhibition of this transient 
by the addition of typical OH scavengers such as meth
anol and potassium ferrocyanide supports this mech
anism. The rate of formation of the Cl2_ was studied 
at different pH and different chloride ion concentra
tions.

Experimental
The water was triply distilled from alkaline potas

sium permanganate and acid potassium dichromate 
under an oxygen atmosphere. The solutes used were 
all of A.R. grade.

The solutions were deoxygenated in the following 
manner. In a 100-ml. glass syringe with no air space

( 1 )  B a s e d  o n  w o r k  p e r f o r m e d  u n d e r  t h e  a u s p i c e s  o f  t h e  U .  S .  A t o m i c  
E n e r g y  C o m m i s s i o n .

( 2 )  O n  S a b b a t i c a l  l e a v e  f r o m  t h e  W e i z m a n n  I n s t i t u t e  o f  S c ie n c e ,  
R e h o v o t h ,  I s r a e l .

( 3 )  L .  I .  G r o s s w e i n e r  a n d  M .  S . M a t h e s o n ,  J . Phys. Chem., 6 1 ,  1 0 8 9
( 1 9 5 7 )  .

( 4 )  C .  J .  D e l b e c q ,  B .  S m a l l e r ,  a n d  P .  H .  Y u s t e r ,  Phys. Rev., I l l ,  1 2 3 5
( 1 9 5 8 )  .

( 5 )  ( a )  A .  O .  A l l e n ,  " T h e  R a d i a t i o n  C h e m i s t r y  o f  W a t e r  a n d  A q u e o u s  
S o l u t i o n s , ”  D .  V a n  N o s t r a n d  a n d  C o m p a n y ,  T  .,  2. jw Y o r k ,  N .  Y . ,  
1 9 6 1 ,  p .  6 3 ;  ( b ) p .  4 7 ;  ( c )  p .  6 2 .

( 6 )  J .  K .  T h o m a s ,  D iscussions Faraday Soc., 3 6 ,  3 1 9  ( 1 9 6 3 ) .

( 7 )  T .  J .  S w o r s k i ,  Radiation Res., 2 ,  2 6  (  1955 .1  ; J . A m . Chem. Soc., 
7 6 ,  4 6 8 7  ( 1 9 5 4 ) .
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was placed 50 ml. of the solution. Helium or argon 
gas (50 ml.) was forced into the syringe via the nozzle. 
The nozzle was closed off, and the syringe was shaken 
vigorously for 3 min. The mixture of inert gas and 
air was then forced out of the nozzle by depressing the 
plunger. This procedure was repeated three times, 
and subsequent analysis of the solution on a gas chro
matograph indicated that the oxygen concentration was 
less than 1 ¡xM. Hydrated electrons, eaq~, have an 
appreciable absorption between 300 to 400 m/t. In 
most experiments, especially at neutral pH, oxygenated 
solutions were used to remove the eaq-  as 0 2~.

The pulse radiolysis apparatus for some of these 
experiments was the same as that used in previous 
work.8-9

Figure 1 illustrates typical oscilloscope photo
graphs of the appearance of the Cl2~ transient in acid 
and neutral solution taken at 350 m/x. In the neutral 
1 M  sodium chloride solution the transient was formed 
in a time that was short compared to the pulse length, 
i.e., it was formed in less than 10-7 sec.

b

Figure 1. (a) Radiolysis of 10-2 M  sodium chloride +  10-3
N  perchloric acid in aerated solution. Sweep rate, 2 Msec, 
for each small square; optical path length, 16 cm. ; radiation 
intensity ~ 1  OH radicals/pulse; wave length of 
analyzing light, 350 my. (b) Radiolysis of aerated 
1.0 M  sodium chloride at neutral pH. Sweep rate, 1.0 
Msec, for each small square: optical path length, 8 
cm.; radiation intensity, ~ 5  n M  OH radicals/pulse.

Figure 2. Kinetic plot of the results from 
Fig. la; k =  1.66 X 1010 flf-2 sec.-1.

In the acid solutions the rate of appearance of the 
Cl2~ could be followed. The smooth straight trace A 
at the top of the picture corresponds to the condition 
where no light falls on the photomultiplier. The 
straight trace B at the bottom corresponds to maximum 
light falling on the photomultiplier. The distance 
between these lines A and B is I 0. The curve between 
the two lines corresponds to the absorption of light 
by the Cl2~. The distance from A to this line is 
Hence the optical density at any time could be cal
culated from optical density = log /0 / I f

If a radical R reacts with a solute S to give an 
optically observable transient T then

d[T ]
df = *[R][S]

where k is the rate constant for the reaction. If we 
denote the concentration .of T at time infinity and t 
as [T„l and [T(] respectively then

[R] = [T„] — [TJ 
so

i.e.
o [T„] — [T(] 

[T
In

[Too] -  [T(]
= kt[ S]

(8) S. Gordon, E. J. Hart, and J. K. Thomas, J . P h ys. Chem., 68, 
1262 (1964).
(9) S. Gordon, E. J, Hart, M. Matheson, J. Rabani, and J. K. 
Thomas, D iscu ssion s F araday Soc., 36, 193 (1964).
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Xm fj.—*•

Figure 3. Spectra of Cl2“ : A, 10 M  sodium chloride +  0.1 N
sulfuric acid, aerated solution; O, 1 M  sodium chloride 
aerated so lu tio n ;-----, results of Grossweiner and Matheson.

The concentration of S is not changed during the tran
sient lifetimes. Hence a plot of —In ([T„] — [T,]) 
vs. t should be linear. In the present work the optical 
density of the transient was substituted for its con
centration in the latter expression.

Figure 2 illustrates that the results from Fig. la are 
first order. The symbols (O.D.)„ and (O.D.), represent 
the optical density of the Cl2_ at time infinity and time 

respectively. Time infinity was defined as the 
plateau region on the Cl2~ appearance curve.

Dosimetry. The dosimetry was carried out by ir
radiating the Fricke dosimeter (aerated solution of 
1 0 M  ferrous sulfate and 0.8 N  sulfuric acid) and 
measuring the ferric ion formed at 303 nip.

The reproducibility of the pulses was monitored by a 
sensor device designed by Johnson, et al.10

Results
A transient absorption was observed in the radiolysis 

of dilute sodium chloride solutions (in the range 0.2- 
10 mil/) provided the pH was less than 3. In neutral 
solution transient absorption was observed only if the 
sodium chloride concentration was greater than 0.1 M. 
This absorption was unaffected by oxygen concentra
tions up to 1.1 X 10~3M.

Figure 3 shows the absorption spectra obtained by 
irradiating aerated 10 mil/ sodium chloride in 0.1 N 
sulfuric acid and an aerated 1 M  sodium chloride at 
neutral pH. The optical path length was 8 cm., and
1.31 nM  OH radicals were produced per pulse. (G(OH)

= 2.8, ref. 5b) I t was assumed that (?(C12_) = G 
(OH) so the extinction coefficient at 340 nip was meas
ured as 12,500 ± 1000 in the acid solution.

From the similarity in spectra obtained by pulse 
radiolysis and flash photolysis we conclude that, the 
species observed :n radiolysis is Cl2_ both in acid and 
in neutral solutions.

The Formation of CU~ in Acid Solution. Table I 
shows how the optical density at infinite time varied 
with pH and chloride ion concentration, as well as the

Table I : Optical Density of Cl2 Transient at 3650 A. in 
Pulse-Radiolyzed Chloride Solutions in the Acid Region

NaCl, [SI, [Cl-]/ *OH+ Cl“/pH m M S“ m M [S] O.D.36BC *OH+ s6
0.1 1 0 .1S
0.1 10 0.19
1.0 5 0.19
2.0 10 0.17
3.0 10 0.1S
3.0 50 0.17
7.0 50 <0.01
2.7 10 Fe(CN)j~4 0.1 100 0 077 0.725 X 10 “2
2.5 5 Fe(CN)5- 4 0.1 50 0.062 1.05 X 10"2
2.0 1 Fe(CN)s—1 0.1 10 0.060 5.00 X 10“2
1.5 1 Fe(CN)5“4 0.1 10 0.102 13.2 X 10“2
1.0 1 Fe(CN)5"4 0.5 2 0.045 16.9 X 10“!
2.5 10 MeOH 1.0 10 0.0S6 9.9 X 10“2
2.0 5 MeOH 1.0 5 0.105 27.8 X 10“2
1.5 1 MeOH 1.0 1 0.055 43.5 X 10“2
1.0 1 MeOH 1.0 1 0 075 71.5 X 10“2

“ Added scavenger. b The optical density in the absence of 
scavenger was 0.18.

effect of the addition of methanol and potassium 
ferrocyanide to these solutions. These solutes re
duced the optical density of the C12a  the potassium 
ferrocyanide being fivefold more efficient than meth
anol. The decreased yield of Cl2~ could not be ac
counted for in terms of reaction of the Cl2~ with the 
added solutes, as the slow decay of the Cl2_ was not 
affected by these solutes. I t  is possible that the Cl 
atoms may have reacted with the solutes and lowered 
the Cl2~ yield. However, the fivefold difference in 
reactivity of the methanol and potassium ferrocyanide 
is analogous to the reactivity of these two compounds 
with OH radicals where a value of 14:1 was ob
tained.11'12

( 1 0 )  K .  J o h n s o n ,  T .  K l i p p e r t ,  a n d  W .  J .  R a m i e r ,  M ud. Instr. M ethods , 
1 4 ,  1 2 5  ( 1 9 6 2 ) .

( 1 1 )  J .  R a b a n i  a n d  G .  S t e i n ,  Trans. Faraday Soc., 5 8 ,  7 1 5 6  ( 1 9 6 2 ) .

( 1 2 )  A .  J .  S w a l l o w ,  “ R a d i a t i o n  C h e m i s t r y  o f  O r g a n i c  C o m p o u n d s . ”  
P e r g a m o n  P r e s s ,  L t d . .  L o n d o n ,  1 9 6 0 ,  p p .  5 5  a n d  5 6 .
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Other work13 has illustrated that the addition of 
hydrogen peroxide to acidified sodium chloride solu
tions results in a twofold enhancement of the Cl2-  
absorption. Here the H atoms produce more OH 
radicals via H +  II20 2 —► H20  +  OH. From the above 
evidence we conclude that the OH radicals react with 
chloride ions in the presence of H + to produce Cl2~.

The rate constant ratios for the OH radical reactions 
with chloride ions and added solute are derived from 
the following equation and are given in Table I.

fcoH+.omte =  (O.D.)o ~  (O.D.). [Cl~]
¿COH+chloride (O.D.), [solute]

The optical density of the sodium chloride was (O.D.)0, 
and that obtained after adding a solute at concentra
tion [S] was (O.D.)s.

A point of interest in Table I is that the above rate 
constant ratio decreases as the pH decreases. To 
investigate this phenomenon further, the rate of ap
pearance of Cl2̂  was measured at different acid con
centrations. The results are summarized in Table II.

Table II: The Rate of Formation of Cl2 in Radiolyzed
Aqueous Solutions

HClOi, NaCl, R,a k,b M~*
m M m M * e c .~l X  1 0 - s e c . " 1 X 1 0  ~10 O.D.3fi50C
i 5 1.08 2.16 0.15
i 10 1 66 1.66 0.16
i 20 3.56 1.78 0.18
2“ 10 3.46 1.73 0.17
8.9 10 15.4 1.73
8 .9C 10 14.8 1.67

10 2 3.8 1.90 0.16
10‘ 3 4.28 1.43
to1' 5 8.90 1.78 0.20
10 10 13.9 1.39 0.19

CO o 1 4.60 1.54 0.18
45 2 13.9 1.54 0.17
45e 2 13.0 1.45

100 1 13.7 1 37 0.20
lOO'' 2 22.3 1.12 0.19
100 5

r(o .D .)r

58.0 1.16 0.20

° R = log _(O.D.)0_ / t .  b k = ffi/[C l-][H + ]. c See note b

Table I. * HjSO, M /2 . e In 98% r m

The rate of appearance of the Cl2-  depends directly 
on the chloride ion concentration and also on the acid 
concentration. In column 4 the rate constant cal
culated from the rate of formation of Cl2~ divided by 
the chloride and hydrogen ion concentrations de
creased only slightly from 1 0 ~ 3 to 1 71/ perchloric acid. 
Thus the decrease in Table I in the rate constant ratio

for reaction of the OH radical with methanol and potas
sium ferrocyanide and chloride ion may be accounted 
for in terms of the increased rate of the reaction of the 
OH radical with the chloride ion.

The effect of ionic strength on the rate of formation 
of Cl2_ is shown in Table III. A negative salt effect 
was obtained. At pH 2.065 the rate constant k de
creased nearly twofold in increasing the ionic strength 
from 0 . 0 1 2  to 1.00. We conclude that the rate
determining step involves reacting ions of opposite 
charge. There was no isotope effect, on the rate of 
Cl2_ formation, from substituting D20  for H20.

Table III: The Effect of Ionic Strength and Higher Acidity
on the Rate of Formation of Cl2_

HCKX
m l

NaCl, 
m M pH6'0

k,d M~* 
sec.-1 X 10"1»

i 20 0.02 1.78
10 2 0.012 2.065 1.84
10 2 0.05 2.005 1.67
10 2 1.00 1.925 1.10
20 2 1.00 1.61 1.00
50 1 1.00 1.27 0.91

100 0.5 0.10 1.10 1.12
100 0.5 0.50 1.045 0.97
100 0.5 1.00 0.960 0.87
100 1.0 1.00 0.965 0.82
200 0.5 1.00 0.72
200 1.0 1.00 0.70
500 0.5 1.00 0.4S

1000 0.5 1.00 0.32
1000 0 2 1.00 0.38

a n = ‘AZCiZi2 maintained by the addition of NaClOi. h De-
1

termined by a glass electrode with a radiometer pH meter model. 
c Burton and Kurien give &oh + c i_ = 4 X 109 in 0.8 N  H2SC>4 
[M. Burton and K. C. Kurien, J .  Phiys. Chem.., 63, 899 (1959)]. 
d k defined in Table II.

The Formation of Ck~ in Neutral and Alkaline Solu
tions. In neutral solution the Cl2-  transient was only 
observed at chloride ion concentrations of 0.1 71/ or 
greater. I t  is apparent from Fig. 1 that the rate of 
formation of the Cl2~ is extremely fast and that the 
Cl2~ was formed in a time that was considerably less 
than 0.4 ¡¿sec., the length of the electron pulse. Table 
IV summarizes the results that wrere obtained.

In aerated solution at pH 7 the optical density, or 
yield of the Cl2~, increased up to 3 71/ chloride ion. At 
1 71/ chloride the yield of Cl2-  was about one-third that 
obtained in acid solution (see Fig. 1). Even in 3 71/

(13) J. Sweet and J. K. Thomas, J . P hys. Chem., 68, 1363 (1964).

The Journal of Physical Chemistry



P u l se  R a d io ly sis  St u d ie s  o f  A q u eo u s  Sodium  C h l o r id e  S o lu tio n s 3833

Table IV : Optical Density of Cl2 Transient at 3650 A. in 
Neutral and Alkaline Solutions

pH
NaCl,

M s
[SI.
M O.D.365Q° IS]1/.

7.0 0.050 <0.01
7.0 0.10 <0 01 0.465
7.0 0.3 0.026 0.670
7.0 0.7 0.055 0.89
7.0 1.0 0.074 1.00
7.0 1.4 0.096 1.12
7.0 2.0 0.115 1 26
7.0 3.0 0.128 1.44
7.0 1.0 H202‘ 0 001 0.075
7.0 1.0 H202c 0.001 0.073
7.0 1.0 Phosphate 0.3 0.072
7.0 1.0d KF 0.5 0.074
9.9 2.0 NaOH 0.0001 0.113

10.9 2.0 NaOH 0.001 0.119 0.100
12.0 2.0 NaOH 0.01 0.108 0.216oCO 2.0 NaOH 0.1 0.045 0.465
14.0e 2.0 NaOH 1.0 0.023 1.00

0 See note b, Table I. b Aerated solution. ' Deaerated solu
tion. d KC1. ’ 0.1-1.0 M  NaOH pH values given by definitions.

chloride ion, the yield at pH 7 was less than that ob
tained at lower chloride ion concentrations in acid 
solution. The yield of Cl2~ depended on the third 
root of the chloride ion concentration.

Solutions 1 0 - 3  M  in hydrogen peroxide produced no 
change in the yield of Cl2- . At this hydrogen peroxide 
concentration all the hydrated electrons should have 
reacted to produce OH radicals.

eaq" +  H 20 2 — ► O H - +  OH

where k = 1.1 X 1010 A/ - 1  sec. - 1  (ref. 9) and half- 
life <  10 - 7  sec. I t  would appear that, at pH 7, OH 
radicals formed in the bulk of the solution do not pro
duce Cl2- .

The yield of Cl2~ was decreased by progressively 
adding sodium hydroxide to the solution. Above pH 
1 2  increasing the hydroxyl ion concentration tenfold 
produced a twofold decrease in the yield of Cl2- . The 
results illustrate that the scavenging action of the OH- 
depends on [OH- ]'7'.

Discussion
In acid solution the results in Table I indicate that 

the Cl2-  was produced by a reaction of OH radicals with 
chloride ions, and that the rate of reaction depended 
on the II + concentration.

At pH 7 the results indicated (1) that OH radicals 
produced in the bulk of the solution via the reaction 
eaq-  +  H 20 2 -► OH-  +  OH did not react with Cl- ,

Figure 4. Cube root plot of the increasing CI2~ yield 
with increasing sodium chloride concentration in 
aerated solution at neutral pH.

(2 ) that Cl2-  was only observed at chloride ion con
centrations greater than 0.1 M, (3) that the yield of 
Cl2-  increased with increasing chloride ion, and (4) 
that hydroxyl ions decreased the Cl2- . The above 
facts suggest that the origin of the Cl2-  at neutral 
pH is in the “spur regions.”

Because of the diffusion of the radicals out of the 
spur, the scavenging effect of any solute on a spur 
product should follow a cube root relationship. This 
has been demonstrated for various solutes.80 The 
results in Table IV have been plotted in Fig. 4 for the 
increasing yield of Cl2-  with chloride ion concentration 
and bear out the previous cube root relationship.

In the spur regions the initial products of the radiol
ysis, i.e., OH radicals, hydrated electrons, and hy
drogen ions, exist for a short period of time, usually 
less than 10- 8  sec. The initial concentrations of these 
products are probably in excess of 1 M . In 1 M  acid 
the rate constant for reaction of OH radicals with 
chloride ions was about 1010 M ~l sec.-1. The half- 
life of the react ion in 0 . 1  M  chloride ion would be about 
10- 9  sec. It is generally considered1 4 15 that the spur 
reactions are essentially complete in 1 0 - 8  sec., so at 
concentrations of chloride greater than 0 . 1  I f  a distinct 
possibility exists that the chloride ions will encounter 
appreciable concentrations of hydrogen ions and OH 
radicals to form Cl atoms.

Under these conditions Cl2-  may be formed in times 
of about 1 0 - 9  to 1 0 - 8  sec., i.e., times that are very

(14) P. J. Dyne and J. M. Kennedy, Can. J .  Chcm., 35, 1518 (1958).
(15) D. A. Flanders and H. Fricke, J . Chem. Phys., 28, 1126 (1958).
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much shorter than the duration of the electron pulse. 
The OH radicals produced via the reaction of eaq~ 
with hydrogen peroxide have a half-life of appearance 
of about 10- 7  sec. This is considerably longer than the 
time region when all the hydrogen ions have dis
appeared, and so no Cl2~ should result from these OH 
radicals. This is precisely what was observed.

The addition of OH“ ions to the solution leads to 
a removal of H T ions via H + +  OH“ —► PI20, where 
k = 1.5 X 1011, 16 and, hence, to a decrease in the Cl2“ 
yield. The initial hydrogen ion concentration in a 
spur is considered to be about 1 M . Hence, we may 
to a first approximation use the rate constant of 
~ 1 0 10 determined in 1 M  acid to discuss the spur re
actions. In 2 M  chloride ion the half-life of the ap
pearance of the Cl2“ is about o X 10“ u sec. In order 
to affect he Cl2“ yield, the OH“ +  H + reaction should 
have a half-life that is comparable to 5 X 10“ u sec. 
This will occur in 0.1 N  sodium hydroxide. In Table 
IV, the Cl2“ yield was halved in 0.1 N  sodium hy
droxide.

The yields of Cl2“ in neutral solution and in acid 
solution seem to arise from a similar mechanism. The 
reaction of the Oil radical with chloride ions requires 
the presence of hydrogen ions to facilitate the forma
tion of the chlorine atom and subsequently the Cl2“ 
molecule.

Several mechanisms may be written to follow the 
above dependency on H30 +. The first one is

Cl“ +  OH Cl +  OH“ (a)
This reaction is moved to the right by removal of OH“ 
by H 30 + and also by removal of Cl by Cl“ to give Cl2“ . 
Howrever, this mechanism predicts a second-order 
dependence on the chloride ion concentration.

It is unlikely that an activated complex of the com
position C1“-0 H -H 30  + can be formed at a high enough 
rate by a random three-body collision to explain the 
rapid Cl2“ formation that was observed. Hence a 
pre-equilibrium of some kind between two of the re
actants has to be assumed.

Three pre-equilibria can be conceived.
H30+  +  Cl“ HC1 +  H20

HC1 +  OH —> Cl +  H20  (b) 
OH +  Cl“ ^  HOC1-

HOC1- +  H+ — *- Cl +  H20  (c)

OH +  H30+ H20+  +  H20
H20+  +  C l- —> Cl +  H20  (d)

There are arguments for and against each of these 
mechanisms.

In mechanism b the reaction of OH radicals with

HC1 may proceed faster than with Cl“ in analogy to 
the behavior of iodide ion and hydriodic acid in oxi
dation-reduction reactions. The observed salt effect 
does not exclude this mechanism, as it may be a second
ary salt effect resulting in an increased dissociation of 
HC1. In 1 N  acid the extrapolated rate constant for 
the reactions OH +  Cl“ or OH +  chloride ion inter
mediate was 2 X 1010. The reported value for the 
dissociation constant for the process HC1 «=* H + +  
Cl“ is ~ 1 0 7. 17 This implies that the rate constant for 
the reaction OH +  HC1 -*■ Cl +  H20  would have to 
be very much larger than 10u . This is larger than the 
upper limit for diffusion-controlled processes and elimi
nates this mechanism.

The formation of HOC1“ in a pre-equilibrium is 
analogous to the formation of Cl2“ and may have a 
diffusion-controlled rate constant of 2 X 10m M ~ l 
sec.“ 1. This would indicate that in 10 m4/ chloride 
ion an appreciable percentage of the OH radicals 
would exist as HOC1“ . This possibility was investi
gated by observing the effect of chloride ions up to 1 0  

m4/ on the rate and yield of the reaction of OH radi
cals with benzene and ferrocyanide. No effect what
soever was found, and the experiments indicate the 
absence of a complex HOC1“, unless it is assumed that 
the chemical and kinetic behavior of HOC1“ is equal 
to that of OH radicals. The absence of an appreci
able D20  isotope effect makes a proton-transfer re
action such as (c) less likely.

The formation of H 20 + in a pre-equilibrium has been 
suggested by Sworski.7 In 1 N  acid the rate of forma
tion of CU“ was 1010 M “ 1 sec.“ 1. If the rate constant 
of the reaction H20 + +  Cl~ —► Cl was as high as 10u , 
then the dissociation constant of H20 + via H20 + +  
HjO <=̂ H30+ +  OH would have to be less than 0.1. 
Tal’roze and Frankevich have found that the rate 
constant for reaction d, H20  +  H20 + — H30 + +  OH, 
is 5.1 X 1011 sec. “ 1 in the gas phase at 410°Iv. 
The dissociation constant for H20+ of less than 0.1 
would indicate that the rate constant for the preceding 
reaction d in aqueous solution is less than 1 0 10 M ~ l 
sec.“ 1; otherwise the reaction H30 + +  OH —► H20 + 
+  H20  would have too large a rate constant. The 
effect of solvation on (d) might cause such a lowering- 
in the rate constant. The work of Hochanadel18 has 
illustrated that there was no effect of acidity up to 
0.4 M  acid on the ratio fcoH+m/fcoH+mo,- This 
result argues strongly against the formation of H20  + 
under our experimental conditions.

(16) M. Eigen and L. De Maeyer, Z. Elektrochem., 59, 986 (1955).
(17) W. F. K. Wynne-Jones, J . Ch.em. Soc., 1064 (1930).
(18) C. J. Hochanadel, Radiation Res., 17, 286 (1962).
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In conclusion, it may be stated that none of the 
above three mechanisms is free from objections, and 
only further experiments may help to achieve a final 
decisive answer.
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Thermodynamics of Vaporization of Liquid Thallous Bromide 

and Its Gaseous Dimerization1

by Daniel Cubicciotti

Stanford Research Institute, Menlo P ark , California 94025 (Received J u ly  15, 1964)

The vapor pressure of liquid thallous bromide was measured by a quasi-static method 
from the melting point to the boiling point. The results can be represented by the equa
tion: log p — —7324/T  +  22.874 — 4.38 log T. The species in the vapor were found to 
be mainly monomer (TIBr) and some dimer (Tl2Br2). The partial pressures of these 
species were established by combining transpiration measurements with the vapor pressure 
measurements. Extrapolation of the data indicated that the dimer would constitute about 
25% of the vapor at the normal boiling point and about 0.05% at the melting point. The 
heats of evaporation at 1000°K. were 24.3 kcal. to monomer and 50 to dimer. The corre
sponding entropies were 22.0 and 42 e.u.

Introduction
Vapor saturated with liquid thallous chloride has 

been found2 to contain some dimer in addition to the 
predominant monomeric species. Comparison of the 
behaviors of the thallous halides and the alkali halides 
should provide some understanding of the binding in 
such molecules; thus, our study was extended to 
thallous bromide.

A qualitative examination of the vapors produced 
from liquid thallous bromide was made using a Bendix 
time-of-flight mass spectrometer. In this experiment 
the sample was contained in a graphite cell having a 
narrow slit orifice. With the sample above its melting- 
point the shutter-dependent, peaks observed were 
T1+ (relative intensity unknown because of interfer
ence by Hg-+ peaks), TlBr+ (very strong), Tl2+ (weak), 
Tl2Br+ (strong), and Tl2Br2+ (medium). No higher 
molecular weight species were observed. These results

were interpreted as indicating that dimers existed in 
the vapors, but higher polymers were not important. 
Also, it appeared that the dimer to monomer ratio was 
smaller for the bromide than for the chloride. This 
was borne out by the more quantitative measurements 
reported below.

Experimental
The composition of the saturated vapor was de

termined from measurements of the vapor pressure 
and transpiration pressure. These data, together with 
the indication from the mass spectrometer results that 
higher polymers were unimportant, permitted a cal
culation of the partial pressures of monomer and

(1) This work was made possible by the support of the Research 
Division of the U. 3. Atomic Energy Commission under Contract 
No. A T(04-3)-106.
(2) D. Cubicciotti, J . Phys. Chem., 68, 1528 (1964).
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dimer in the equilibrium vapor as a function of tem
perature.

The vapor pressure was measured by the quasi
static method of Rodebush, et al. The details of our 
apparatus for this measurement have been described 
elsewhere. 2' 3 For the present work the cell was made 
of fused quartz and required about 200 g. of TIBr. 
The inert gas used was high-purity, dry nitrogen. 
The transpiration apparatus has also been described 
in ref. 3. In the present work high-purity, dry nitro
gen was again used as a carrier gas.

Thallous bromide was made by dissolving pure 
thallium (99.95% from American Smelting and Re
fining Co.) in dilute HNO3 and adding sufficient dilute 
HBr to precipitate TIBr. The precipitate was col
lected on a sintered glass filter and air-dried. A sample 
of this material was prepared for analysis by fuming in 
concentrated H 2S04, diluting, and reducing with S02. 
The resulting solution was analyzed for thallium by the 
chromate method . 4 I t  was found necessary to perform 
the chromate precipitations at 0 ° because samples 
precipitated at room temperature gave values that were 
low by a few tenths of 1%. The analysis indicated 
71.89% of T1 in the TIBr compared with 71.89% theo
retical for TIBr. The freezing point of this material 
was found to be 460.0 ± 0.5°.

Temperatures in both sets of measurements were de
termined with a platinum-1 0 % rhodium thermocouple 
that had been checked against a similar NBS-cali- 
brated themocouple.

Results
Vapor pressures were obtained over the range from 

a few millimeters to slightly more than 1 atm. The 
results are shown in Fig. 1. The quasi-static results 
which represent the total vapor pressure of all thallous 
bromide species can be represented by

log p (mm.)
7324

T
+  22.874 -  4.38 log T ±  1%

from 500 to 850°. These results should be comparable 
with the boiling point data obtained by von Warten- 
berg and Bosse.5 Their data have almost the same 
slope as the present data, but their curve is displaced 
toward lower temperatures by a few degrees. A 
similar difference, observed between our results and 
(hose of von Wallenberg and Bosse for T1C1, was pre
sumed to be due to a correction they applied for super
heating. The same presumption holds for TIBr.

The results of the transpiration measurements were 
reduced to the pressure of TIBr using 284 for the

Figure 1. Vapor pressure of TIBr. Lower set of curves 
from quasi-static or boiling point method. Full line and 
points, present data; dashed line, data of von Wartenberg 
and Bosse. Upper set of curves from transpiration. Full 
line, present data; dashed line, data of Volmer.

molecular weight of the gaseous species. When cal
culated in this way, the transpiration pressures are 
greater than the vapor pressures by approximately 
the partial pressure of dimer. The results of the trans
piration study are also shown in Fig. 1 . Multiple 
points at a given temperature were obtained at differ
ent flow rates of carrier gas, usually over a five- or 
tenfold range. The results at different flow rates 
were within a 5% range, thus indicating that for our 
experimental arrangement the gas stream was satu
rated with thallium chloride. These data are com
pared in Fig. 1 with the transpiration results of Volmer.6 

His data are higher than the present results and have 
a greater slope.

The vapor pressures were combined with the trans
piration results to calculate partial pressures of mono-

(3) F. J. Keneshea and D. Cubicciotti, J .  Chem. P hys., 40, 191 (1964).
(4) O. L. Forchheimer and R. P. Epple, A nal. Chem ., 23, 1445 
(1951).
(5) H. von W artenberg and O. Bosse, Z . Elektrochem., 28, 384 (1922) ; 
see also H. von W artenberg and P. Albrecht, ibid., 27, 162 (1921), 
for technique.
(6) F. Volmer, P hysik . Z ., 30, 590 (1929).
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Figure 2. Partial pressures of monomer (P m) and 
dimer (P d ) and 2 plot for monomer.

mer and dimer by the same method used for the analy
sis of the thallium chloride data since the mass spectrom
eter indicated only two important vapor species— 
monomer and dimer. The partial pressures of mono
mer and dimer calculated in this way are shown as 
the points in Fig. 2. The monomer data showed 
a small curvature, which was presumed to be due to the 
effect of the difference in heat capacities of the mono
mer and the liquid. Accordingly, a 2  plot treatment7 

of the data was applied. The heat capacity of gaseous 
TIBr was calculated from molecular constant data .8 

In the temperature range of interest it was found to 
be essentially constant and equal to 8.9 cal./mole/deg. 
The heat capacity of the liquid was remeasured for 
this work. 9 It was found to have a value of 25.3 —
9.04 X lO- 3 ! 1 °Iv. cal./mole/deg. The expression for 
2  therefore becomes

2m = - lo g  P M (mm.) -  8.27 log T (°K.) +  0.99 X
lO -a y  ( ° k .)

The 2  plot for the monomer data is shown in Fig. 2. 
All the points except that at the highest temperature 
fall quite well on a straight line indicating that the 
curvature of the pressure data did arise from heat 
capacity effects. At the highest temperature the 
low value for P m probably arises from errors in the 
transpiration measurements. An equation for the

partial pressure of monomer derived from the 2  plot 
is

log P M (mm.) =
f  7895 , 1

-  — -----8.27 log T +  0.99 X 10-*T +  34.090

±  2%

The partial pressures of the dimer (PD) as calcu
lated from the vapor pressure and transpiration meas
urements are given in Fig. 2. Those data also show 
some curvature; however, since the pressures, being 
relatively small differences of experimental quantities, 
are not known too well, it was felt they were well 
enough represented by a straight line. The equation 
for that line is

10800
log P D (mm.) = — ——---- b 1 2 . 0 1 2

The equation represents the dimer pressures to within 
2 0 %, except for the lowest pressure calculated.

The vapor pressure over solid thahous bromide has 
been measured by Barrow, et al.w (from 220 to 340°), 
by Volmer6 (335 to 460°), and Niwa11 (270 to 340°). 
Linear extrapolations of their data are represented 
in Fig. 3. The present data join quite well with those 
of Barrow, et al., and of Volmer.

The partial pressure of dimer over solid thallous 
bromide was calculated from the present values over 
the liquid. The heat of evaporation to dimer from 
the solid must be larger than that from the liquid by 
twice the heat of fusion and, of course, the dimer 
pressure curves must join at the melting point. The 
partial pressure of dimer is less than 0 . 1  of 1 % of that 
of the monomer over the solid. Therefore, pressure 
measurements ever the solid can be assumed to be 
monomer pressures, within experimental accuracy.

Discussion
The thermodynamic quantities for the evaporation 

processes were evaluated from the partial pressure

(7) (a) K. K. Kelley. U. S. Bureau of Mines Bulletin 383 (1935). 
reprinted in U. S. Bureau of Mines Bulletin 601 V. S. Govt. Printing 
Office, Washington, D. C., 1962; (b) G. N. Lewis and M. Randall, 
“Thermodynamics,” revised by K. S. Pitzer and L. Brewer, McGraw- 
Hill Book Co., Inc., New York, N. Y„ 1961, p. 175 ff.
(8) Internuclear distance from M. Mandel and A. H. B arrett, 
P hys. Rev.. 98, 1159 (1955); vibration frequencies from G. Ilerzberg. 
“Molecular Spectra and Molecular S tructure,” Yol. I, 2nd Ed,, D. 
Van Nostrand Co., Inc., New York, N. Y., I960.
(9) D. Cubicciotti and H. Eding, "H eat Contents of Thallous 
Halides,” to be published.
(10) R. F. Barrow, 3 .  A. N. S. Jeffries, and J. M. Swinstead, Trans. 
Faraday Soc., 51, 1650 (1955).
(11) K. Niwa, Fac. Sci., Hokkaido Im p. U nit., Ser. 11!, 3, 17 
(1940).
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Figure 3. Pressures of species above and below melting 
point. P m = partial pressure of monomer; above 
melting point—present data; below melting point—dotted 
line from Volmer, full line from Barrow, et al., dashed 
line from Niwa. P d = partial pressure of dimer; 
above melting point—present data; below 
melting point—extrapolation of present data.

data. For the monomer the heat of evaporation de
rived from the 2  plot is given by

AH t (kcal./mole of monomer) = [36.13 — 16.4 X
10~~3T +  4.52 X 10~6T2] ±  0.1

with T  in °K. At 1000°K. AH  of evaporation is 24.25 
kcal./mole. For gaseous TIBr the quantity (Hmo — 
H298) was calculated from molecular constant data7 

to be 6.25 kcal./mole and (H1000 — Hm ) for thallous 
bromide has been measured in our laboratory9 to be 
14.49 kcal./mole. Therefore, the heat of sublimation 
to the monomer at 298°K. is 32.50 ± 0 .1  kcal./mole. 
We have slightly revised the data of Barrow, et al., 
and their treatment of Volmer’s data in the light of our 
new measurements of the heat content of the solid and 
find their second-law values to be 32.40 ± 0.05 and
32.33 ±  0.4 kcal./mole, respectively. Thus, the heats 
of sublimation (as well as the pressure of monomer at 
the melting point) are in good agreement. The ab
solute entropy of solid thallous bromide has not been 
measured calorimetrically, so a precise third-law 
treatment of the data is not possible.

The standard thermodynamic quantities for vapori
zation of liquid thallous bromide are given in Table 
I. I t  is interesting to note that the thermodynamic 
quantities for evaporation to the monomer are es
sentially the same as those for the chloride as, in fact, 
they must be because the monomer partial pressure 
curves for these two substances are almost identical. 
The values for the dimer are much less precisely 
known because the dimer pressures were obtained as 
differences of large numbers. Both the entropy and 
heat of vaporization to the bromide dimer are substan
tially larger than the corresponding values for thallous 
chloride. At 1000°K. these quantities combine so 
that the resultant ratio of dimer to monomer pressures 
is smaller for the bromide than for the chloride; how
ever, above about 1150°K. the situation is reversed 
and the bromide should have a larger dimer to monomer 
ratio. The behavior of the bromide compared to the 
chloride for thallium is different from that for potas
sium . 12 With potassium, which may be considered as 
representative of the alkali halides, the thermodynamic 
quantities of vaporization of the bromide are almost the 
same as those for the chloride. The fact that the 
change from chloride to bromide has a significantly 
different effect in the thallium case from that in the 
potassium case indicates that the nature of the binding 
in the liquid, or the gas, or both is different in the two 
cases.

Table I : Thermodynamic Data for Vaporization of Liquid
TIBr Compared to Other Liquid Halides

T ,
A H °

m o n o m e r ,

A H °
d i m e r ,
k c a l . /

A S 0
m o n o m e r ,  
c a l . / m o l e /

A 5 °
d i m e r ,

c a l . /
m o l e /

P b /
P m
in

s a t u 
r a t e d

° K . k c a l . / m o l e m o le d e g . d e g . v a p o r

T I B r 1 0 0 0 2 4 . 3  ±  0 .1 5 0  ±  5 2 2 . 0  db 0 . 2 4 2  db 4 0 . 0 6 7
T1C 1 1 0 0 0 2 4 . 4 3 1 . 8 2 2 . 0 2 5 . 7 0 . 1 5
K B r 1 1 0 0 4 1 . 1 4 2 . 6 2 4 . 9 2 3 . 4 0 . 2 4
K C 1 1 1 0 0 4 2 . 5 4 1 . 0 2 5 . 1 2 2 . 6 0 . 6

The standard thermodynamic functions for dis
sociation of the dimer, Tl2Br2(g) = 2TlBr(g), at 
1000°K. are AH° = —2 ±  5 kcal. and AX0 = 2 ± 
4 e.u. These values are smaller than the corresponding 
ones for the chloride ‘(17 kcal. and 18 e.u., respectively).

The absolute entropy of the dimer is equal to that 
of two monomers minus its dissociation entropy. 
At 1000°K. the absolute entropy of the gaseous mono

(12) “JANAF Thermochemical Tables,” The Dow Chemical Co., 
Midland, Mich., revised as of December, 1963.
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mer is 74.67 e.u.; thus, the absolute entropy of the 
dimer is 147 e.u. The translational entropy of the 
dimer was calculated to be 51 e.u. On the assumption 
of a square-planar molecule (in analogy with Li2-

o

Cl213) of side 2.65 A. (slightly larger than the monomer 
internuclear distance) the entropy of rotation is 35 
e.u. Thus, on a square-planar model the vibrational 
entropy should be 61 e.u. at 1000°K. An estimate 
of the vibrational entropy of the square-planar molecule 
can be made as follows. Berkowitz14 has calculated 
the vibration frequencies expected for the alkali halide 
dimers on an ionic model. For the heavier alkali 
chlorides one can roughly summarize the frequencies 
he obtained: four frequencies with values about two- 
thirds that of monomer, and two frequencies about 
one-third that of monomer. Using this approximation, 
one calculates the vibrational entropy of the square- 
planar Tl2Br2 a t 1000°K. to be 35 e.u., about 26 e.u. 
smaller than the experimental value deduced above.

A linear model for the dimer molecule would have 
a larger absolute entropy than the square-planar. For 
instance, the linear molecule BrTITIBr would have 51 
e.u. translational and 25 e.u. rotational entropyo
(assuming TIBr distance = 2.6 A. and T1T1 distance =
2.4 A.), and the vibrational entropy, arising largely 
from the four very low-frequency bending modes 
of such a flexible linear molecule, would be quite large. 
In order to fit the experimental entropy, the vibrational 
entropy would have to be about 70 e.u. This is pos
sible if the bending vibrations have frequencies of the 
order of a few wave numbers.

The dissociation energy of the gaseous molecule

TIBr was calculated from the heat of formation of 
the solid and the heat of sublimation as shown in 
Table II. This thermochemical value is about 0.2 e.v. 
larger than the spectroscopic value (3.2 e.v.15).

Table II: Thermochemical Calculation of TIBr
Dissociation Energy

R e a c t i o n
AH.

k c a l . R e f .

Tl(s) +  lABr2(l) = TlBr(s) [298°K.] -41.9 a
TlBr(s) = TlBr(g) [298°K.] 32.5 This work
Tl(s) = Tl(g) [293°K.] 43.6 b
y 2Br2(l) = Br(g) [298°K.] 26.8 a
TlBr(g) [0°] = TlBr(g) [298°K.] 2.4 c
Tl(g) [0°] = Tl(g) [298°K.[ 1.5 a
Br(g) [O'] = Br(g) [298°K.] 1.5 a
TlBr(g) = Tl(g) + Br(g) [0°K.[ 79.2 ( = 3.43 e.v.)

“ See ref. 7b, Appendix 7. 6 R. Hultgren, R. L. Orr, P. D. 
Anderson, and K. K. Kelley, "Thermodynamic Properties of 
Metals and Alloys,” John Wiley and Sons, New York, N. Y., 
1963, p. 290. c Calculated from molecular constant data.
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(13) See S. H. Bauer and R. F. Porter in “Molten Salt Chem istry,” 
M. Blander, Ed., Interseience Publishers, Inc., New York, N. Y., 
1964, p. 652.
(14) J. Berkowitz, J . Chem. P hys., 32, 1519 (1960).
(15) See T. L. Cottrell, “The Strengths of Chemical Bonds,” 2nd 
Ed., Butterworths, London, 1958, p. 232.
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A Therm ochem ical Study o f Some Reciprocal Fused-Salt 

Systems Involving the Monovalent Liquid Nitrates

by S. V. Meschel and O. J. Kleppa
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The enthalpies of solution in liquid monovalent nitrates of some solid alkali and alkaline 
earth chlorides and bromides have been measured. The results have been analyzed as 
the sum of two binary steps, BX(s) +  B N 0 3(1) = dilute solution and A N 0 3(1) +  B N 0 3(1) 
= dilute solution, plus a metathetical step, AX(s) +  BN 03(1) = AN 03(1) +  BX(s). 
The energy changes obtained for the latter step have been compared with literature data 
and discussed in terms of a simple ionic model and departures from this model.

Introduction
Mixtures of fused salts may be classified into four 

basic types according to the following scheme: (I)
systems with symmetrical charge structure containing 
a common ion; this ion may be either (a) the anion, as 
in (N a-K )N 03, or (b) the cation, as in N a(C l-N 03);
(II) systems with asymmetrical charge structure, but 
containing a common ion; again this ion may be (a) 
the anion, as in (Ca-N a)N 03, or (b) the cation, as in 
Na(M o04-N 0 3) ; (III) systems with symmetrical 
charge structure, but containing no common ion, for 
example K Cl-N aN 03; (IV) systems which possess 
neither charge symmetry nor a common ion, sucn as 
CaBr2-N aN 0 3.

This list outlines, in the order of increasing com
plexity, a series of basic problems in the solution chem
istry of fused salts: How do the solution properties of 
each class of mixed system depend on such parameters 
as the size, charge, and structure of the participating 
ions?

Through systematic calorimetric investigations car
ried out in this laboratory during recent years, we 
have attempted to provide answers to these questions. 
Thus, Kleppa and Hersh1 found that all the binary 
liquid alkali nitrate mixtures (type la) have negative, 
enthalpies of mixing with the magnitude increasing in 
a regular manner with increasing difference in size be
tween the two participating cations. This has been 
attributed, in the main, to the reduction in coulombic 
repulsion between second nearest neighbor cations, as 
proposed by F 0 rland . 2

The alkali chloride-nitrate and bromide-nitrate sys
tems (1 (b)), on the other hand, all show small 'positive 
enthalpies of mixing. 3 We believe that this change in 
sign may be related to the radius-ratio effect, i.e., to the 
importance of the core repulsion between the large 
anions.

In most cases the alkaline earth-alkali nitrate mix
tures (Ha) exhibit negative enthalpies of mixing, which 
are comparable in magnitude or somewhat larger than 
those found for the binary alkali nitrates . 4 5 On the 
other hand, charge-unsymmetrical anion systems (lib) 
appear to be more complex. 6 So far it has proved 
difficult to rationalize the solution behavior of such 
systems in terms of the simple physical ideas outlined 
above.

In the present work, our systematic study of the solu
tion properties of fused-salt mixtures is extended to 
simple reciprocal mixtures (III and IV). Presently, 
we shall restrict our attention to solutions in the liquid 
monovalent nitrates. We report below the results ob
tained in a calorimetric investigation of the heats of 
solution of simple alkali and alkaline earth halides 
(AX and AX2) in solvents such as N aN 03, K N 03, 
T1N03, and AgN03.

(1) O. J. Kleppa and L. S. Hersh, J . Chem. Phys., 34, 351 (1961).
(2) T. F0rland, “ On the Properties of Some M ixtures of Fused 
Salts,” N. T. H. Trykk, Trondheim, Norway, 1958.
(3) O. J. Kleppa and S. V. Meschel, J . Phys. Chem., 67, 668 (1963).
(4) O. J. Kleppa, ibid., 66, 1668 (1962).
(5) O. J. Kleppa. and S. V. Meschel, ibid., 67, 2750 (1963).
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In the course of the present study we have deter
mined experimentally the molar changes in enthalpy, 
AH a, associated with reactions of the type

AX(s) +  BNOa(l) =
dilute solution of A+ and X in B N 0 3 (A)

If the solution of A+ and X -  in B N 0 3 is quite dilute, 
interaction between A+ and X -  in the dilute solution 
may be neglected. Under these conditions process A, 
through a thermodynamic argument related to that 
used by Flood, F0 rland, and Grjotheim6'7 in their 
theory of simple reciprocal fused-salt mixtures, may be 
considered to represent the sum of three part processes

AX(s) +  BNO,(l) = BX(s) +  AN03(1); AHb (B)

BX(s) +  BNO,(l) =
dilute solution of X~ in B N 0 3(1); A He (C) 

AN03(1) +  BN 03(1) =
dilute solution of A +in BN 03(1); AHD (D)

Under the stated assumption we have

AH a =  A //b ~b AHc T  AHd

The significance of this relation is that it reduces the 
problem of describing the reciprocal solution process A 
to the sum of a metathetical or exchange step B, plus two 
simple binary steps C and D.

The present investigation, which is concerned with 
dilute solutions of AX in B N 0 3 only, does not address 
itself to the more basic question of to what extent a 
reciprocal fused salt mixture of arbitrary composition 
also can be described fully in terms of binary steps 
plus a metathetical step . 8 We propose to return to 
this problem in future work.

For the various solutes (AX and AX2) considered in 
the present work, the quantities AHc and A//n already 
have been reported in earlier communications from this 
laboratory . 1' 3 ~ 5 In principle, the quantities AH B 
may be calculated from the standard heats of forma
tion of the four substances involved, suitably corrected 
for the difference in enthalpy between 25° and our ex
perimental temperature. Thus, one should, a t least in 
some cases, be able to calculate AH a from already pub
lished information.

In attempting to check this point experimentally we 
found a number of discrepancies between our own ex
perimental results and the values which we calculated 
on the basis of literature data. While some of these 
discrepancies may be due to our neglect of the inter
action between A+ and X~, most of them probably 
arise from uncertainties in the heat contents. For 
this reason and also in order to check the internal con

sistency of own thcrmochemical data (AHe and AHv), 
we report in the present work the results of a survey of 
the heats of solution of various simple halides in the 
monovalent nitrates. The results will be discussed in 
terms of a simple ionic model.

E x p e r i m e n t a l  a n d  C h e m i c a l s

The calorimeter used in the present investigation 
has been described previously. 9 Most experiments 
were performed at 450 ±  1°. However, in order to 
avoid thermal decomposition, all work involving the 
salts of calcium, thallium, and silver was carried out at 
350 ±  1°.

Calibrations were generally by the “gold-drop” 
method, i.e., based on the heat content equation for 
pure gold as given by Kelley. 10 In experiments where 
silver nitrate was the solvent, we used an electrical 
calibration method. This was done in order to avoid 
the small spurious heat effect which results from a slight 
deposition of silver on the surface of the gold, as noted 
by Kleppa, Clarke, and Hersh . 11

The sodium and potassium halides and nitrates and 
the alkaline earth halides were Mallinckrodt A.R. 
grade reagents. The rubidium, cesium, and thallium 
halides and thallium nitrate were purchased from 
Millmaster Chemical Corp. as “99.9% pure.” The 
silver salts were of analytical grade and furnished by 
Goldsmith Brothers. Thallium nitrate was recrystal
lized twice from distilled water before use. The re
maining salts were used without further purification.

With the exception of lithium chloride and bromide, 
which were dried by heating under vacuum, the salts 
were dried as required in the atmosphere. After dry
ing, the lithium salts were tested for alkalinity by dis
solution in distilled water. These solutions were neu
tral with respect to phenolphthalein.

All the experiments carried out in the present study 
involved the solution of a small amount of a solid salt 
in a large surplus of solvent. The final concentrations 
always were below 1 mole % of solute. Thus, the as
sumption discussed in the Introduction, that the inter
action between the two solute ions may be neglected, 
is a reasonable one.

(6) H. Flood, T. F0rland, and K. Grjotheim, Z. anorg. allgem. Chem., 
276, 289 (1954).
(7) M. Blander and E. B. Luchsinger, J . A m . Chem. Soc., 86, 319 
(1964).
(8) M. Blander and £. J. Yosim, J . Chem. P hys., 39, 2610 (1963).
(9) O. J. Kleppa, J . P hys. Chem., 64, 1937 (1960).
(10) K. K. Kelley, U. S. Bureau of Mines Bulletin No. 584, U. S. 
Govt. Printing Office, Washington, D. C., 1960.
(11) O. J. Kleppa, R. B. Clarke, and L. S. Hersh, J . Chem. Phys., 
35, 175 (1961).
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Table I: Summary of Thermochemical Data (in kcal./mole) for Mono-monovalent Reciprocal Halide-Nitrate Systems.
(Unless otherwise statec, experimental uncertainty in AHa is about ±0.03 kcal., the mean deviation of four experiments)

System
solute-
solvent

i,
°C.

A#a,
measured Affe“ AHd6

A H b  =
A H \  — AHq — A//u

A  Hu (lit.)
S i  + h =* S3 + 1,

LiCl-NaNO, 450 +  2.64 6.40 —0.46d -3.30 -2.72
LiBr-NaNOs 450 +0.43c 6.10 -OMe* -5.21 -4.49
LiCl-KNOs 450 +  1.64 5.43 — 1.76d -2.03 -1.63
LiBr-KNOs 450 -1.85 5.42 -1.76* -5.51 -5.17
KCl-NaN03 450 +  4.71 6.40 -0.48 — 1.21 -1.09
KBr-NaNOs 450 +  5.92 6.10 -0 .48 +0.30 +0.67
RbCl-NaNOa 450 +3.53 6.40 -1 .01d -1.86 -2.20
RbBr-NaNOj 450 +5.49 6.10 -l.O U +0.40 +  0.12
RbCl-KNOs 450 +4.77 5.43 —0.06d -0.60 -1.12
RbBr-KNOa 450 +5.28 5.42 —0.06d -0.08 -0.55
CsCl-NaNOj 450 +  2.93* 6 40 -1 .48 -1  99 -1.53
CsBr-NaNOs 450 +5.90 6.10 -1 .48 +  1.28 +  1.47
TICl-NaNOj 350 +9.12 5 . 9 1 ' +0.13 +  3.08 +3.28
NaBr-TINOs 350 -2.67 4.75 +  0.37 -7.79 -7.69
KCl-TINOs 350 +0.23 4.22 +0.43 -4.42 -4.37
KBr-TINOa 350 -2.08 4.75 +0.43 -7.26 -7.02
RbCl-TINOs 350 -0.65 4.22 + 0.23 -5.10 -5.48
RbBr-TINOa 350 -2.37 4.75 +0.23 -7.35 -7.57
NaCl-AgNOa 350 -9.72 2.72; +0.52 -12.96 -13.31
NaBr-AgNOî 350 -16 46 1.46' +0.52 -18.44 -18  93
KCl-AgNOa 350 -12.01 2 .7 2 f -0 .60 -14  13 -1 4  40
KBr-AgN03 350 -16.88 1.467 -0.60 -17.74 -18.26
RbCl-AgN 03 350 -13.55 2 .7 2 s -1.28 -14.99 -15.51
RbBr-AgN03 350 -17.75 1.467 -1.28 -17.93 -18.81

“ See ref. 3. b See ref. 1, 11, and O. J. Kleppa and L. S. Hersh, J .  Chem. Phys., 36, 544 (1962). c Experimental uncertainty ±0.1 
kcal. d Measured at 345°. e Experimental uncertainty ±0.06 kcal. / Measured in this investigation.

The actually measured heat effects ranged from as 
little as 0.2 cal. (for KC1 in T1N03) to as much as 30 cal. 
(for alkali bromides and chlorides in AgN03). In the 
tables below we report only the calculated molar enthal
pies of solution, usually as the average of four separate 
determinations which agreed to 1% or better. The ac
curacy of the reported data for the enthalpy of ex
change (AHb) is estimated to be of the order of ±0.1 
kcal./mole.

Results and Discussion
1. Monovalent Halides in Nitrate (Type III). The 

experimental heats of solution, AHA, obtained in the 
course of the present study are recorded in Table I. 
This table also contains data on A He and A HD, based 
on recent publications from this laboratory. From 
these quantities we have calculated the experimental ex
change terms, AH b, which also are given in the table.

These values may be compared with corresponding 
data calculated from standard heat of formation infor
mation. Since the standard heats of formation all are 
referred to the solid state and 25°, these must be cor
rected for the heat content of all species at the working

temperature of the calorimeter. In general, detailed 
and reliable heat content data are not available for 
most of the substances used. However, as shown by 
Blander and Luchsinger,7 a good approximation to the 
heat content difference can be made by taking into ac
count only the sum of the heats of transformation and 
of fusion of the nitrates. Apart from this, the heat 
content correction appears to be quite small in these 
charge-symmetrical systems. Using the standard heats 
of formation12 and in each case what we considered to 
be the most reliable data in the literature on the heats 
of fusion and heats of transformation of the nitrates, 
we calculated the values of AHb (lit.) given in the last 
column of Table I. While there is no quantitative 
agreement between our own exchange data and the 
literature values, the discrepancies, on the whole, fall 
within the range of ±1 kcal./mole. The major part of 
these discrepancies undoubtedly must be attributed 
to the heat content corrections.

We noted, by way of introduction, that in binary

(12) National Bureau of Standards Circular 500, U. S. Govt. P rin t
ing Office, W ashington, D. C., 1952.
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Figure 1. Plot of enthalpies of exchange for monovalent halide-nitrate systems (A#eloh = AH h) vs. size param
eter (d  i — d3)(di — d t)(d i +  dt) /  d\did%dt .

fused-salt mixtures containing a common ion it is pos
sible to relate the enthalpy of mixing to the changes in 
second nearest neighbor populations. In general, the 
enthalpy changes associated with reciprocal systems 
tend to be considerably larger since here changes occur 
even in the nearest neighbor ionic populations. The 
dominant term often will be the enthalpy of exchange, 
ARb.

If all four species in (B) were in the solid state, we 
should in principle be able to relate A/7b to the “lattice 
enthalpies” of the participating species as follows: 
Let HAx be the enthalpy of formation of AX(s) from 
A+(g) and X^(g). Similarly, let H Bno, be the enthalpy 
of formation of B N 0 3(s) from B+(g) and N 0 3~(g). 
For the exchange process, with all species solid, we ac
cordingly have

AHb' = H BX(s> +  HANOjI«) ~  H aX(s) — F bNOjIs)

In the ionic approximation we may set

H  ax =  C/cIax

where (¿ax is the interionic distance in the compound 
AX, while the proportionality constant, C, includes the 
Madelung constant, the correction for repulsion, etc. 
Similar relationships hold for the other species. To a 
first approximation, C may be assumed to have the 
same value for each species. Thus, we obtained

AHb' = C
' l l
_dsx <¿ano3

C(dAX — dExX^AX — d

1 1
¿AX dBNOs_
ANO.K̂ AX +  dß NO,)/

dBX<¿ANO,dAxdBNO,

The latter expression arises from the additivity of the 
ionic radii. Also, since the heats of fusion of AN03 

and B N 0 3 are of comparable magnitude and are very 
small compared *o the lattice enthalpy, we have AH b 
^  AHs '.
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We have in Fig. 1 plotted our experimentally deter
mined values of AHb vs. the parameter (di — d3)(di — 
d2)(di +  d i)/d id id id i where dx = d AX, etc. In calculat
ing this parameter we have, as usual, set d  = r+ +  r-, 
where r+ and r -  are the ionic radii of cation and anion, 
respectively. For the alkali metals, thallium, and the 
chloride and bromide ions we have used the Pauling 
radii, while for silver we have adopted the value rAg+ = 
0.95 A. This choice was dictated by the fact that, the 
lattice parameters of AgCl and NaCl arc very similar, 
suggesting that the “ ionic” radius of silver must be 
very nearly the same as that of sodium.

Somewhat greater uncertainty is associated with the 
proper choice of an ionic radius for the nitrate ion. 
For this ion Janz13 lists 2.3 A. while Kleppa and Hersh, 1 

on the basis of crystal chemical data, adopted the value 
2.19 A. On the other hand, the “thermochemical 
radius” of Kapustinskii, 14 15 which is based on arguments 
related to those presented previously in the calculation 
of A H b , is 1.89 A. In the course of the present study 
we noted that AHb for potassium chloride +  sodium 
nitrate is negative ( — 1 . 2 1  kcal.) while the value for 
potassium bromide +  sodium nitrate is positive 
(+0.30 kcal.). Since, according to the expression for 
A H b given previously, the enthalpy of exchange should 
change sign for rx-  = rN0,-, these results suggested 
strongly that the effective radius of the nitrate ion in a 
fused-nitrate medium should be intermediate between 
that of Cl" (1.81 A.) and Br~ (1.96 A.). Interpolation 
gave rxo3- = 1-93 A. This value was confirmed by 
other data on AHb and has been adopted in the present 
work. As might be expected, this value is close to 
Kapustinskii’s thermochemical radius of 1.89 A.

Let us now examine Fig. 1 in somewhat greater de
tail. Note first tha: most of the values for the alkali 
chlorides and bromides in sodium and potassium nitrate 
fall on a single straight line. The slope of this line is 
about 400 kcal./A., i.e., of an order of magnitude con
sistent with the lattice enthalpies of simple ionic salts. 
However, even among the considered alkali halides, 
there are some that do not fall on this line. Most im
portant among these are lithium chloride and bromide, 
which show a negative deviation of about 5 kcal./mole. 
This exothermic shift may be attributed either to an 
abnormally low cohesive energy of the solid lithium 
halides or to an abnormally high cohesive energy of 
liqu id  lithium nitrate. Here it is recalled that lithium 
chloride and bromide, in spite of an unfavorable radius 
ratio, both crystallize with the sodium chloride struc
ture. Also, since the lithium ion is very small, it may 
be able to approach the nonspherical nitrate ion some
what more closely than do the other alkali metal ions. 
Both of these effects may contribute to the negative

shift. On the other hand, since the shift appears to be 
the same for bromide and chloride, we consider it, prob
able that it is caused by added stability of the liquid 
lithium nitrate. On this basis, using arguments re
lated to those given above for the radius of the nitrate 
ion in more typical alkali nitrates, we estimate an “ef
fective ionic radius” of about 1.85 A. for NOs_ in com
bination with the lithium ion.

Among the other alkali halides studied we also find a 
small positive shift for cesium bromide. Probably, this 
is due to the added stability of solid cesium bromide, 
which exists a t 450° in the cesium chloride modifica
tion. Cesium chloride itself, on the other hand, at 
this temperature has the sodium chloride structure and 
shows no anomaly.

The reciprocal mixtures of the typical alkali halides 
with thallium nitrate again exhibit the same linear 
dependence of AHb on the size parameter, as do the 
alkali systems. However, now the line is shifted in the 
positive direction by about 5 kcal./mole for the chlo
rides and by an additional 2  kcal./mole for the bro
mides. We attribute these shifts to the extra cohesive 
energy of the thallium salts, compared to the alkali 
salts of the same interionic separation, which contribu
tions presumably increase in the sequence, nitrate < 
chloride <  bromide. Here it is of interest to correlate 
our results with those found in a recent n.m.r. study of 
solid and liquid thallium salts. This study, by Hafner 
and Nachtrieb , 16 shows an increasing chemical shift of 
the thallium resonance, i.e., increasing “covalency,” in 
the sequence, T1N03 < T1C1 < TIBr.

Finally, we see from Fig. 1 that the alkali halide- 
silver nitrate systems also show a linear dependence of 
the enthalpy of exchange on the size parameter, and 
again the slope is of the same magnitude as that, for the 
alkali halide-alkali nitrates. However, now the posi
tive shift is quite large, roughly three times as large as 
for the thallium systems, about +15 kcal./mole for 
chloride-nitrate and +18 kcal./mole for bromide- 
nitrate. These larger endothermic shifts clearly re
flect the larger nonionic contributions to cohesion in the 
silver salts. Of particular significance is the very con
siderable difference between silver nitrate, on the one 
hand, and chloride and bromide, on the other.

2. A lka lin e  Earth H alides-Sodium , N itra te  ( Type  
I V) .  The experimental heats of solution (AH A) are 
recorded in Table II. Other columns in this table give 
A He, AHr>, and the enthalpy of exchange, AHb"  =

(13) G. J. Janz and D. W. James, Elcctrochim. Acta. 7, 427 (1962).
(14) A. F. Kapustinskii, Quart. Rev. (London), 10, 283 (1956).
(15) S. Hafner and N. H. Nachtrieb, J . Chem. P hys., 40, 2891
(1964).
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Table II: Summary of Thermoohemical Data (in kcal./mole) for Alkaline Earth Halide-Sodium Nitrate Reciprocal Systems. 
(Quoted experimental uncertainties are mean deviations of four experiments)

System
solute-
solvent

t,
"C.

AH A, 
measured AH0“ AHd6

AHb"  --
a h a  -

2 A  Hq — AHq

AHb" (lit.) 
Si + 2h —

2S3 l.
CaCl2-NaN03 350 -2.06 ±  0.15 5.91e -0 .9 -13.0 -10.50
CaBr2-NaN03 350 (-6 .0  ±  0.3)d 5.54e -0 .9 (-16.2) -14.80
SrCh-NaNOs 450 + 2.28 ±  0.03 6.40 -0 .25 -10.27 -6.80
SrBr2-NaN03 450 -1.31 ±  0.02 6.10 -0.25 -13.26 -9.30
BaCh-NaNOs 450 + 6.15 ±  0.02 6.40 +  0.40 -7.05 -3.75
BaBr2-NaN03 450 + 4.90 ±  0.02 6.10 +0.40 -7.70 -4.51

“ Unless otherwise stated, see ref. 3. 6 From Kleppa, et al., Discussions Faraday Soc., 32, 99 (1961); see also ref. 4. e Measured
in this investigation. d Approximate value only.

A H a  — 2 A H c  — A H o .  In this case the exchange 
process is

CaX2(s) +  NaNOs(l) = 2NaCl(s) +  Ca(N03)2(l)

This accounts for the coefficient which is applied to 
A H c  in the calculation of A H b "  ■ Otherwise, the calcu
lation is analogous to the one for the monovalent halides, 
with the exception that, since the alkaline earth nitrates 
are solid at the temperature of the experiments, the 
values for A H d have been corrected for the heats of 
fusion of these compounds. 4 Note also that in the cal
cium halide-sodium nitrate systems, because of a slight 
decomposition of the melt, the values for A H a  are not 
as precise as in most of the other experiments. We 
estimate the errors to be about ±0.15 kcal./mole for 
calcium chloride in sodium nitrate and ±0.3 kcal./mole 
for calcium bromide.

In the last column of Table II we finally give values 
of A H b "  (lit.) calculated as given previously from litera

ture data on the enthalpies of formation, fusion, and 
transformation. I t  will be noted that for the alkaline 
earth-sodium nitrate systems there is a much larger dis
crepancy between our own data and the literature 
values. In all cases our experiments give significantly 
more negative values of A H b "  than calculated. We 
attribute this to the unsymmetrical character of the 
metathetical step, which presumably prevents the 
extensive cancellation of the heat contents noted for 
the charge-symmetrical systems. Unfortunately, re
liable heat content data are not available to throw 
further light on this.
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Thermochemistry of the Alkali Chloride-Lead Chloride Liquid Mixtures

by F. G. McCarty and O. J. Kleppa

Institute for the S tudy  of Metals and Department of Chemistry,
The University of Chicago, Chicago, Illino is 60637 (Received J u ly  31, 1964)

The enthalpies of mixing of the five lead chloride-alkali chloride mixtures have been deter
mined calorimetrically. (Pb-Li)Cl is endothermic with a maximum value of the enthalpy 
of mixing near the 50:50 composition of +0.30 kcal./mole. The remaining systems 
are exothermic with corresponding values of about —0.10 for (Pb-Na)Cl, —1.3 for (Pb- 
K)C1, —1.8 for (Pb-Rb)Cl, and —2.25 kcal./mole for (Pb-Cs)Cl. The results are dis
cussed with respect to the following points: (1 ) comparison with data for related fused 
nitrate mixtures; (2) evidence for the formation of complex, anionic species; (3) com
parison with excess free energies derived from e.m.f. investigations. Through the last 
comparison we have obtained some new reliable information on the entropy of mixing. The 
excess entropy appears to be near zero for lead-lithium and to assume increasingly positive 
values as the alkali metal cation becomes larger. A correlation between the excess entropies 
and the excess volumes has been established.

Introduction
Recently, we have developed a new, precision re

action calorimeter suitable for temperatures up to about 
800°.1 This apparatus makes possible, in the tem
perature range 500 to 800°, detailed calorimetric in
vestigations of fused-salt mixtures of the type initiated 
below 500° by Kleppa and Hersh . 2 The present paper 
reports the results of an investigation of the binary 
liquid mixtures of lead chloride with the alkali chlo
rides.

These systems have already been explored by a 
variety of different physicochemical techniques. Thus, 
for several of them, experimental information is avail
able in the literature on such topics as the phase dia
gram, molar volume, electrical conductivity, surface 
tension, and vapor pressure. 3 4 5 6 Also, which is of par
ticular interest from the point of view of the present 
investigation, with the exception of PbCl2-CsCl, 
these mixtures have been explored in some detail by 
means of e.m.f. formation and decomposition cells. 4 - 6  

Unfortunately, in such studies the partial thermody
namic quantities relating to the liquid solutions occur as 
differences between two large numbers. As a conse
quence they are associated with considerable experi
mental uncertainty. This is smallest for the Gibbs free 
energy, which is directly proportional to the difference 
between two e.m.f. values, and more significant for the

derived quantities, enthalpy and entropy, which de
pend on the temperature coefficient of the e.m.f. values 
for their determination.

The problem of the entropy of mixing in charge-un- 
symmetrical fused-salt systems has been the subject of 
a considerable amount of attention during recent years. 
For example, for such mixtures Fprland7 calculated the 
entropy of mixing on the basis of several different quasi
lattice models. However, when he attempted to com
pare his theoretical values with entropies derived from 
equilibrium information alone, he was unable to reach 
very firm conclusions. In the present communication 
we give a direct comparison between calorimetric en
thalpies and corresponding free energy information. 
This will permit a fresh look at the entropy problem.

(1) O. J. Kleppa, to  be published.
(2) O. J. Kleppa and L. S. Hersh, J . Chem. P hys., 34, 351 (1961).
(3) Some of this information is reviewed by H. Bloom, P ure A pp l. 
Chem.. 7, 389 (1963).
(4) J. H. Hildebrand and G. Ruhle, J . A m . Chem. Soc., 49, 722 
(1927).
(5) M. F. L antratov and A. F. Alabvshev, Zh. P rikl. K h im ., 26, 263 
(1953).
(6) B. F. Markov, IU. K. Delimarskii, and I. D. Panchenko, Zh. 
Fiz. K him ., 28, 1987 (1954).
(7) T. F0rland, “ On the Properties of Some M ixtures of Fused 
Salts,” N. T. H. Trykk, Trondheim, Norway, 1958.
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Experimental and Materials
The calorimetric mixing experiments were all carried 

out at 655 to 665°. The choice of this temperature 
range was dictated by considerations relating to the 
melting points of the alkali halides and the volatility of 
lead chloride. Lead chloride melts at 501° and has a 
vapor pressure at 660° of about 10 mm. This is suffi
ciently low so that losses and other errors arising from 
evaporation are small. Among the alkali chlorides only 
lithium chloride (m.p. 613°) and cesium chloride (m.p. 
646°) are liquid at this temperature. However, the 
melting points of the other salts (NaCl, 801°; KC1, 
776°; RbCl, 715°) are low enough so that a consider
able range of liquid compositions can be explored near 
660°.

Two different types of calorimetric experiments were 
performed. In the case of lithium chloride-lead chlo
ride and cesium chloride-lead chloride, we carried out 
direct liquid-liquid mixing experiments. For the re
maining three systems, where one component was 
solid, the calorimetric experiments involved the dissolu
tion of the high-melting solid component in liquid lead 
chloride to form solutions containing up to 50 mole % 
alkali chloride.

Most chemicals were used as received, after appro
priate drying. The lithium, sodium, and potassium 
chlorides were Mallinckrodt A.R. grade salts. The 
hygroscopic lithium chloride was dried, melted, and cast 
into 8 -mm. diameter sticks under vacuum and stored in 
a vacuum desiccator. Basicity tests showed negligible 
hydrolysis during drying. The lead chloride was 
‘Baker analyzed” reagent. The rubidium and cesium 

chlorides were purchased from Millmaster Chemical Co. 
as “99.9% pure.” However, a semiquantitative spectro- 
graphic analysis of these salts gave the results in Table 
I. Since the heat of mixing for potassium-lead chloride

Table I

- A p p r o x i m a t e  i m p u r i t y  c o n t e n t ,  % -

S a l t Cs Rb K B a Total

CsCl 0.1 0.01 0.5 0.6
RbCl 0 1 1.0 0.1 1.2

is roughly comparable to that of rubidium-lead 
chloride (see below), no correction was made for the 
potassium impurity in rubidium chloride. The error 
introduced through about 0.5% Ba in CsCl may be 
more significant. However, as no data are available on 
the barium chloride-lead chloride liquid system, we 
have no basis for making a quantitative estimate of

this error. Presumably, it will be of the same order of 
magnitude as the experimental scatter of about ± 1 %.

The details of the new calorimeter will be given else
where. 1 Basically, it is similar to a previously de
scribed twin unit for work up to 500°.8 However, the 
following significant modifications were made. (1 ) 
The aluminum jacket of the earlier calorimeter was re
placed by a cylindrical, 25-cm. diameter nickel block 
of about 300 lb. weight, but otherwise of comparable 
construction. (2 ) The diamet er of each calorimeter was 
increased from 1.90 to 2.54 cm. while the length was 
kept at 12.7 cm. The larger diameter gives a somewhat 
larger “time constant,” partly offset by the higher 
operating temperatures. (3) The number of thermo
couples in each twin calorimeter was reduced from 96 to 
48. The corresponding reduction in temperature sen
sitivity was not very significant for the relatively large 
heat effects involved in the present work.

The output from the thermopile system was amplified 
by means of a Leeds and Northrup d.e. amplifier and 
recorded on a Leeds and Northrup Type G-AZAR re
corder. The e.m.f. vs. time curves were integrated by 
means of an Ott precision planimeter. In this way the 
area between curve and base line, which is proportional 
to the total heat effect, could be determined with a pre
cision of about 0.3%. All calibrations were made by 
the “gold-drop method,” and based on Kelley’s equa
tion for the heat content of gold. 9 A correction of 
about 1 % was made for the heat pickup of the calibrat
ing 2 -nnn. gold wire during the drop from room tem
perature into the calorimeter. Similarly, an exothermic 
correction of 0.15 ±  0.07 cal. was made for the heat 
effect associated with the shattering of the tip of the 
“break-off tube,” which, prior to the mixing operation, 
contained one of the two components.

The furnace surrounding the calorimeter assembly 
was maintained at its operating temperature by means 
of a simple proportional controller. The temperature 
of the calorimeter proper was measured daily by means 
of a chromel-alumel thermocouple which was cali
brated about every 2  weeks against a NBS standard 
P t—Pt-10%Rh couple. The day-to-day variation of 
temperature was of the order of ±0.5°, while the drift 
in temperature from the beginning to the end of a 1 -day 
run usually was less than 0 .2 °.

Considering all possible sources of error (evaporation 
of lead chloride, impurities, calibration, amplification, 
recording, integration, etc.), it is estimated that the re
ported heat data probably are correct to 2 % or better.

(8) O. J. Kleppa, J . P hys. Chem., 64, 1937 (I960;'.
(9) K. K. Kelley, U. S. Bureau of Mines Bulletin 584, U. S. Govt. 
Printing Office, W ashington, D. C., 1960.
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Results
All experimental data obtained in the course of the 

present investigation are recorded in Tables II and III. 
Table II gives the results for the liquid-liquid mixing 
experiments. The columns of this table are (1) mole 
fraction of alkali chloride in the liquid mixture; (2 ) 
total number of moles in each experiment; (3) molar 
enthalpy of mixing, AHm^\. Similarly, Table III 
gives the results for the solid-liquid experiments. The 
four columns are (1) and (2), as above; (3) molar en
thalpy of solution, A # m3- i/X aci, where X Aci is the 
mole fraction of alkali chloride in the liquid mixture; 
(4) molar enthalpy of mixing of liquid, undercooled 
alkali chloride +  lead chlorde, AffMi_i. In calculating 
these values we adopted the measured heats of fusion of 
Dworkin and Bredig10 and the values of A(7P for the 
process of fusion given by Kleppa and Meschel. 11

Table I I : Enthalpies of Mixing from Liquid-Liquid
Mixing Experiments

PbCL-LiCl at 665°

C o m p o s i t i o n ,  X l ì CI T o t a l  m o le s c a l . / m o l e

0.2387 0 1043 189
.2584 1064 201
.4067 .1123 277
.4287 .1136 292
.5112 .1016 296
.5275 .1031 301
.6438 .1015 296
.6543 .1016 297
.8039 .1018 228
.8046 . 1022 227

PbCb-CsCl a t  665°
C o m p o s i t i o n ,  X c s C l T o t a l  m o le s k c a l . / m o l e

0.0866 0.1091 -0.569
.0895 .1114 -0.588
.1669 .0601 -1.04
.1675 .0602 -1.02
.3483 0500 - 1 . 8 6

.3497 .0500 -1.86

.3503 .0500 -1.87

.3508 .0501 -1.86

.4994 .0601 -2.22

.4995 .0600 -2.26

.5000 .0599 -2.24

.6490 .0499 -2.22

.6494 .0500 -2.26

.7081 .1259 -2.09

.7824 .1317 -1.76

.8332 .0601 -1.40

.8334 .0600 -1.41

.8589 .1038 -1.22

.9126 .1129 -0.796

.9421 . 1261 -0.546

Table III: Enthalpies of Mixing from Solid-Liquid
Mixing Experiments

PbCL--NaCl at 665°
AHf (NaCl) at 665° = 6.41 kcal./mole

C o m p o s i t i o n , T o t a l A i f M3- i / A N a C l .  A R m i_  i, c a l . / m o l e

YfiaCl m o le s k c a l . / m o l e  ( c a l e d . )

0.150 0.136 6.00 -62
.156 .133 6.03 -59
.200 .108 6.02 -78
.200 .107 6.05 -72
.264 .0721 6.15 -69
.266 .0720 6.03 -101
.333 .0591 6.10 -103
.337 .0597 6.15 -88
.415 .0499 6 16 -104
.417 ,.0494 6.17 -100
.487 .0391 6.28 -63
.488 .0392 6.16 -122

PbCh-KCl at 655°
AHI (KC1) at 655° = 5.94 kcai./mole

C o m p o s i t i o n , T o t a l A # m s_  i / X k c i » A#Mi_ i, k c a l . / m o l e

Arci m o le s k c a l . / m o l e  ( e a l e d . )

0.151 0.132 2.22 -0.562
.153 .132 2.37 -0.546
.194 110 2.51 -0.665
.198 .108 2.42 -0.697
.200 .107 2.49 -0.690
.277 .0730 2.70 -0.897
.281 .0713 2.67 -0.919
.337 .0593 2.84 -1 .04
.343 .0589 2.97 -1 .02
.423 .0502 3.21 -1.15
.425 .0507 3.14 —119
.428 .0502 3.20 —1.17
.511 .0395 3.44 -1 .28
.526 .0381 3.40 -1 .34

PbClr-RbCl at 660°
AH, (RbCl) at 660° = 5.50 kcal./mole

C o m p o s i t i o n T o t a l aff“,- l/XRbci, A ,, k c a l . / m o l e

-‘YRbCl m o l e s k c a l . / m o l e  ( e a l e d . )

0.156 0 133 0.476 -0.783
.191 .107 0.634 -0.930
.192 .107 0.613 -0.939
.260 .0721 1.06 -1.15
.263 .0730 0.928 -1 .20
.343 .0603 1.28 -1.45
.415 .0494 1.56 -1 .64
.416 .0494 1.49 -1 .67
.489 .0388 1.95 -1 .74
.491 .0394 1.89 —1.77

In Fig. 1 we compare the enthalpies of mixing for all
the five systems studied.. For this purpose we plot the

(10) A. S. Dworkin and M. A. Bredig, J . Phys. Chem., 64, 269 (1960).
(11) O. J. Kleppa and S. V. Meschel, ibid., 67, 668 (1963).
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Figure 1. Plots of the interaction parameter,
(AHMi_i/A(l — X ) ,  vs. mole fraction for lead 
chloride-alkali chloride liquid mixtures.

"interaction parameter,” AHMi_i/X(1 — X), vs. the 
mole fraction X.

The data show the expected trend toward more exo
thermic heats of mixing as the alkali metal cation be
comes larger (see below). Thus, the interaction param
eter changes from about + 1 . 2  kcal./mole for lithium- 
lead chloride to —7 to — 1 0  kcal./mole for cesium- 
lead chloride. We shall consider the significance of 
these results below.

Discussion
We shall discuss the new enthalpy data from two 

different points of view. On the one hand we want to 
compare our results with similar data previously re
ported for charge-unsymmetrical fused-salt mixtures. 
Cn the other hand we shall discuss the new data as 
they relate to the already available information on the 
lead chloride-alkali chloride systems. In particular, 
we shall attempt to find answers to the following two 
questions. (1) Do the new enthalpy data throw any 
further light on the nature of the complex species 
present in some of these liquid systems? (2 ) How 
do our enthalpies of mixing compare with the cor
responding free energies? What new insights, if 
any, do they give regarding the entropy of mixing in 
these charge-unsymmetrical systems?

Comparison with Nitrates. Ideally, we should have 
preferred to compare the lead chloride-alkali chloride 
liquid systems with the corresponding nitrates; but, 
due to the well-known thermal instability of lead nitrate, 
these solutions cannot be investigated in the liquid 
state. Now, we know that the lead ion (r = 1.21 A.) 
is very similar in size to the strontium ion (r = 1.13 
A.). Therefore, although the higher polarizability of 
the lead ion might be expected to give some additional 
positive contribution to the enthalpies of mixing, we 
shall compare our results with those for the strontium 
nitrate-alkali nitrate systems. 12 Such a comparison 
is given in Table IV.

Table IV: Limiting Enthalpies of Solution in Liquid Alkali
Chloride-Lead Chloride Systems, Compared with Values 
for Undereooled Strontium Nitrate in the Alkali Nitrates 
(from ref. 12)°

E n t h a l p y  o f  
s o l u t i o n

E n t h a l p y  o f  s o l u t i o n  ( 6 5 5 - 6 6 5 ° )  ( 4 5 0 ° )
C h lo -  A l k - C l  i n  S r(N C > 3)2  in
r i d e s P b C l i  in A l k - C l P b C ls N i t r a t e s A l k - N O i

Li-Pb +  1.6 +0.8 Li-Sr >0
Na-Pb (-0.25) -0 .5 Na-Sr -0.25
K-Pb (-5 ) -4 .2 K-Sr -2.25
Rb-Pb (-8 ) -5 .8 Rb-Sr -3 .50
Cs-Pb -9 .8 -7 .1 Cs-Sr -4 .85

“ Data in kcal./mole; values in parentheses are estimated.

The table shows that there is, indeed, a high degree 
of analogy between the two sets of data. For example, 
in both sets the lithium systems have positive en
thalpies of mixing, the sodium systems are slightly 
negative, and there is a clear trend toward more nega
tive values as the size of the alkali ion is increased. 
On the other hand, numerically the new chloride 
data are larger than the nitrate values by a factor of the 
order of 2. Interestingly enough, a ratio of this 
magnitude is found also between the enthalpies of 
mixing in most of the recently investigated alkali chlo
ride systems13 when compared with the corresponding 
nitrates . 2

In the case of the alkali nitrate-alkaline earth ni
trates, it is found that the limiting heats of solution 
vary in a nearly linear manner with two nondimensional 
size parameters, namely, [(r+ — r+2/2)/(d i +  d2) ] 2 12 

and [(r+ — r +2)/(di +  d2) ] . 14 Here, r+ and r + 2

(12) O. J. Kleppa, J . P hys. Chem. 66, 1668 (1962).
(13) L. S. Hersh and O. J. Kleppa, to be published.
(14) F. G. M cCarty, L. S. Hersh, and O. J. Kleppa, J . Chem. P hys., 
41, 1522 (1964).
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(V-r*n/(d| + d2)]* I02

Figure 2. Plots of the limiting heats of solution of 
liquid alkali chlorides in lead chloride vs: (1) the 
size parameter ( r +  — r2+)/(di +  d2); ( 2 )  the 
size-charge parameter [ ( r +  — r 2 + / 2 ) / ( < h  +  < h ) ] 2-

are the ionic radii of the cations of charge 1 and 2 , 
respectively, while di and d2 are the sums of the radii of 
anion and cation. To a first approximation similar 
relationships appear to apply for the lead chloride- 
alkali chloride systems, as is illustrated in Fig. 2. 
Note, however, that the observed linear relationships 
tend to break down for extreme values of the size 
parameters, i.e., in one case for lithium-lead and in 
the other for cesium-lead. At the present time our 
use of these parameters is completely empirical in 
nature. It appears :hat recent, unpublished theo
retical work by Davis15 may provide a theoretical 
justification for the parameter [(r+ — r +2)/(di +
d2)].

Complex Species. We mentioned by way of intro
duction that the lead chloride-alkali chloride liquid 
systems have been explored in the past by a wide 
range of different physicochemical methods. Many 
of these earlier investigations have been devoted to 
the problem of the presence or nonpresence of complex 
ionic species in the melts. In the course of time the 
presence of one or more of the following ions have all 
been postulated: PbCl+, Pb2Cl6~, PbCl3~, PbCh-2, 
PbCh 3, PbCJ6-4. We want to re-examine this prob
lem briefly in the light of our new enthalpy data, and 
refer for this purpose again to Fig. 1. This figure 
shows that the enthalpies of mixing for the five systems 
covered in the present work fall into two distinct groups. 
On the one hand we have the lithium-lead chloride 
and sodium-lead chloride systems. These have rela
tively small enthalpies of mixing, lithium-lead being 
positive and sodium-lead slightly negative. In both

cases the interaction parameter is a slowly varying 
linear function of composition. On the other hand we 
have the remaining three systems for which the en
thalpies of mixing are fairly strongly negative. For 
these the plot of the interaction parameter vs. com
position shows a noticeable departure from linearity. 
This behavior is particularly evident for cesium-Jead 
chloride) for which our results cover the complete 
range in composition. In this case the interaction 
parameter appears to have a shallow minimum near 
75 mole % cesium chloride.

The two groups of systems correlate with the char
acter of the equilibrium phase diagram. Thus, the 
phase diagrams for lithium-lead chloride and sodium- 
lead chloride are of the simple eutectic type, while 
the remaining three systems have several “interionic 
compounds. ” 3 These are the systems most likely to 
contain complex ionic species even in the liquid state. 
This tendency undoubtedly will be most pronounced 
for cesium-lead chloride, which has the largest negative 
enthalpy of mixing.

In their calorimetric study of the binary alkali 
nitrates, Kleppa and Hersh2 noted a correlation be
tween the magnitude of the interaction parameter and 
its deviation from linearity. This was interpreted, 
in terms of the quasi-chemical theory of solutions, 
to indicate “short range order” among the two dif
ferent cations. For lead chloride-cesium chloride 
both the (negative) interaction parameter and the devia
tion from linearity are substantially larger than for 
the binary nitrates. Furthermore, the deviation is no 
longer, as in the nitrates, centered around the 50:50 
composition but is shifted toward the cesium-rich 
side, with a maximum near 70 mole % cesium chloride.

For mixtures with strong interaction it is difficult 
to make a clear distinction between the concepts of 
“short range order” and of “complex formation.” 
We propose that the departures of the interaction 
parameter in the potassium-lead, rubidium-lead, and 
cesium-lead chloride systems from linear behavior 
may in fact be related to the formation of complex, 
anionic species in these mixtures. If this interpreta
tion is correct, the location of the maximum deviation 
near 70 mole % cesium chloride may be significant 
and may point toward the existence of species such 
as PbCh - 2  (67% CsCl), PbCl6 - 3  (75%), and/or pos
sibly even PbCh - 4  (80% CsCl). On the other hand, 
it seems difficult to reconcile our enthalpy data with 
species containing less than four chlorides per lead ion, 
such as, e.g., PbCh“ . It is believed that the un
certainty in the location of the maximum reflects the

(15) H. T. Davis, J . Chem. P hys., in press.
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relatively low stability of the lead chloride complex(es), 
and it would be of interest to investigate, by t he calori
metric method, other mixtures in which the complex 
species has greater stability. For this reason we have 
recently initiated a study of the magnesium chloride- 
alkali chloride liquid systems.

Entropy oj Mixing. Unfortunately, the published 
literature contains no detailed thermodynamic data on 
the cesium chloride-lead chloride liquid mixtures. 
However, for the remaining four systems, free energy 
data have been published in recent years. These 
were obtained in vapor pressure work by Barton and 
Bloom16 (potassium-lead only), and in the mentioned 
e.m.f. studies by Lantratov and Alabyshev,6 and by 
Markov, Delimarskii, and Panchenko. 6 The vapor 
pressure results are in qualitative agreement with the 
e.m.f. data. However, since the former were obtained 
near 900° while the latter were determined in the 600- 
700° region, we shall here compare our results with the 
e.m.f. values only.

In the two e.m.f. investigations related, but still 
somewhat different, experimental methods were ap
plied. Thus, Lantratov and Alabyshev used a forma
tion cell, similar to the one adopted by Hildebrand and 
Salstrom in their classical study of the silver bromide- 
alkali bromide systems. 17 Markov, Delimarskii, and 
Panchenko, on the other hand, used the decomposition 
potential method. This appears to be quite reliable 
for the study of pure salts. However, due to polari
zation effects, it tends to be associated with some error 
in mixed systems. We give in Fig. 3 excess free energy 
data for lead chloride, GEpbci2, derived from the two 
e.m.f. investigations. As expected, the data of Markov, 
Delimarskii, and Panchenko show somewhat greater 
experimental scatter than those of Lantratov and 
Alabyshev. But, on the whole, there is reasonable 
agreement between the two studies. We have not 
included in Fig. 3 the earlier e.m.f. data for lead- 
potassium chloride of Hildebrand and Ruhle , 4 whose 
values of the excess free energy are significantly more 
negative than those found in the more recent Russian 
investigations.

In the same figure we have included curves for the 
partial excess enthalpies of lead chloride, H Epbcu, 
calculated from our own integral data. While some 
uncertainty tends to be associated with partial heats 
derived from integral data, we estimate that the errors 
in our partial enthalpies probably are less than 1 0 %: 
The figure illustrates the extensive analogy between 
the excess free energies and the excess enthalpies, and 
it is noteworthy that in all cases the enthalpies are 
more positive than the excess free energies, i.e., the 
excess entropies are positive. This is of very consider-

Figure 3. Partial excess enthalpies of lead chloride 
( H EPbci2) from the present work compared with excess 
free energies (G+Pbcii) from e.m.f. investigations.

able interest, in view of the fact that four of the five 
systems have negative enthalpies of mixing. In this 
respect the considered systems differ from most simple 
mixtures of nonelectrolytes, for which the excess ther
modynamic quantities usually have the same sign.

From the data given in Fig. 3 we have calculated the 
partial excess entropies of lead chloride, SEpbci„ which 
are plotted against composition in Fig. 4. In con
structing this figure we have, where data were avail
able, preferred the free energies of Lantratov and 
Alabyshev. Again, the mixtures fall into two distinct 
groups. Let us first consider the weak interaction 
systems, lead-lithium chloride and lead-sodium chlo
ride. For these the excess entropies are quite small, 
the values of 5ErbCh at X  = 0.5 being about +0.1 
(±0.1?) and +0.2 cal./deg./mole, respectively. To 
a first approximation these mixtures, accordingly, may 
be considered to be “Hildebrand regular solutions,”

(16) J. L. Barton and H. Bloom, Trans. Faraday Soc., 55, 1792 
(1955).
(17) J. H. Hildebrand and E. J. Salstrom, J . A m . Chem. Soc., 54, 
4257 (1932).
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Figure 4. Partial excess entropies of lead chloride 
(SEpbci2) plotted againss mole fraction.

or, from the point of view of fused-salt solution chem
istry, to conform to the Temkin model. 18 In this model 
the process of mixing is visualized as a randomization 
of the two types of cations, independent of the charge 
on the two ions. Our conclusion regarding the en
tropy of mixing for these two systems parallels that 
previously reached by Fdrland for liquid AgBr- 
PbBr2 and for CaC03-N a 2C 0 3.7

When we go on to consider the strong interaction 
systems, lead-potassium and lead-rubidium chloride, 
the situation is different. In these mixtures the values 
of 5 Epbcp at A" = G.5 are about +0.6 and +0.8 cal./ 
deg./'mole, respectively, i.e., substantially larger than 
predicted by the simple Temkin model. It is note
worthy that these are systems in which the tendency 
toward complex formation presumably is fairly pro
nounced. Thus, one might intuitively have antici
pated departures from random mixing and negative 
excess entropies.

In solutions of noneJectrolytes and of metals it is 
commonly found that positive excess entropies are 
associated with positive excess volumes. According 
to Scatchard, who was the first investigator to consider

this problem in some detail, 19 the volume change on 
mixing should contribute to the (excess) entropy a 
term of the order of {a/0)VE. Here a denotes the 
thermal coefficient of expansion for the mixture and /3 
is the isothermal compressibility. Detailed informa
tion is not available which permits a precise evalua
tion of a /¡3 for the considered mixtures. However, 
for ionic liquids this ratio commonly is of the order 
of 0.1-0.3 cal./deg./cm.3.

For the lead chloride-alkali chloride liquid mixtures, 
approximate excess volumes can be read from a graph 
recently published by Bloom. 3 The graph gives the 
molar volumes at 720°, and we estimate the following 
values of VE (cm.3/mole) at the 50:50 composition: 
Pb-Na, 0.3; Pb-K, 0.8; Pb-Rb, 1.5; Pb-Cs, 2.0. 
Since the data are referred to a temperature well 
below the melting points of sodium chloride and potas
sium chloride, the first two values must be considered 
to be quite uncertain. Nevertheless, it is unmistak
able that the signs are positive and that the trend of 
the excess volumes parallels that of the excess entropies. 
It seems highly desirable to give further attention to 
this correlation in the future.

Finally, we want to comment briefly on entropy 
calculations based on quasi-lattice models. I t  is well 
known that in the solid state impurity “molecules” 
(say PbCl2) of charge structure different from that of 
the host lattice (say NaCl) will give rise to local de
partures from electroneutrality. However, electroneu
trality can be restored through the creation of vacancies. 
F 0 rland carried the notion of distinct vacancies into 
the liquid state and made use of them in statistical 
calculations based on solid-like models.7 Our entropy 
data for the lead chloride-alkali chloride liquid mix
tures cannot be reconciled with the mentioned models.
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Fluorocarbon Solutions at Low Temperatures. IV. The Liquid Mixtures 

CH4 +  CC1F3, CH2F2 +  CC1F3, CHF3 +  CC1F3, CF4 +  CCIF3,

C2H6 +  CC1F3, C2H6 +  CF4, and CHF3 +  CF4

by Ian M. Croll and Robert L. Scott

Contribution No. 1711 from  the Department o f Chemistry, University o f California, 
Los Angeles, C alifornia 90024 (Received J u ly  25, 1964)

Total vapor pressures have been measured for seven binary liquid mixtures, and from 
these measurements equations for the excess Gibbs free energy have been derived, yield
ing the following values for C?E/cal. at x = 0.5: CH4 +  CCIF3 at 105.1°K , 62; CH2F2 +  
CCIF3 at 178.7°K., 204; CHF3 +  CC1F3 a t 178.2°K., 123; CF4 +  CC1F3 a t 145.2°K., 26; 
C2H 6 +  CCIF3 a t 178.7°K., 67; C2H6 +  CF4 at 150.6°K., 169; and CHF3 +  CF4 

at 145.2°K., 140. The liquid-liquid miscibility diagram for C2H 6 +  CF4 has been meas
ured; the critical solution point is at Tc = 150.1 °K., xc = 0.50. The theoretical signifi
cance of these results is discussed.

Introduction
The work reported in this paper is part of a continu

ing research program on fluorocarbon solutions; pre
viously we have reported1 2  vapor pressures and phase 
diagrams for the liquid binary systems CH4 +  CF4, 
CH4 +  Kr, CHFs +  CF4, CH2F2 +  CHF3, Xe +  CHF3, 
C2H6 -(- C2F6, C2H 6 +  CH h3, and CHF3 -(- C2F6. In 
this paper we report similar work on the additional sys
tems CF4 +  CC1F3, CHF3 +  CC1F», CH2F2 +  CC1F3, 
CH4 +  CC1F3, and C2H 6 +  CC1F3, together with addi
tional studies on the systems CHF3 +  CF4 and C2H 6 +  
CF4. Moreover, these vapor pressure data, together 
with those of the earlier papers, have all been processed 
using the computer programs recently developed by 
Myers and Scott. 3

Experimental
Materials. Experimental samples of CF4 (per- 

fluoromethane), CHF3 (trifluoromethane), CH2 F2 (di- 
fluoromethane), and CC1F3 (chlorotrifluoromethane) 
were donated by the Jackson Laboratories of E. I. 
du Pont de Nemours and Co. The samples of CF4 

were purified by repeated passage over activated char
coal held at solid C 0 2 temperatures. The samples of 
CHF3, CH2F2i and CC1F3 were further purified by 
partial distillation, the distillate being rejected. Phil

lips research grade methane and ethane were used 
without further purification. The Iasi traces of air 
were removed from all samples just prior to use by 
pumping while alternately freezing and melting. 
Liquids for low temperature baths were laboratory 
grade materials without further purification.

Apparatus and Experimental Procedure. The vacuum 
system used was essentially that described by Thorp 
and Scott. 1 The system was evacuated by a Welch 
Duo-seal oil pump in conjunction with a two-stage 
mercury diffusion pump. The manifold pressure was 
determined by means of a McLeod gauge.

Gas samples were introduced into storage bulbs 
through a gas purification train. A Toepler pump; 
equipped with a 0.5-1. cylinder whose volume was cali
brated to a reference mark and a side arm for measuring 
the pressure of its contents, was provided to transfer 
samples of gases from storage to the experimental ves
sels and for the measurement of the amount of material 
transferred.

An eight-junction copper-const ant an thermopile, 
referred to a bath of melting ice, was used for tempera- 1 2 3

(1) N. Thorp and R. L. Scott, ./. P hys. Chem. 60, 670, 1441 (1956).
(2) I. M. Croll and R. L. Scott, ibid.. 62, 954 (1958).
(3) D. B. Myers and R. L. Scott, Ind . Eng. Chem., 55,43 (1963).
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ture measurement. The bulk of the thermoelectric 
e.rn.f. was balanced by a calibrated variable voltage 
supply, and the residual e.rn.f. was measured with a
2.5-mv. range Brown recording potentiometer. The 
temperature scale was calibrated against the triple 
point of methane and the vapor pressures of oxygen, 
methane, and ethane. Temperatures could be meas
ured to a precision of 0.02°, and were considered ac
curate to 0.1°.

Temperature control for the determination of the 
mutual solubility o: the C2H6-C F4 system was obtained 
by refluxing mixtures of methane and propane. The 
refluxing bath was held in a dewar flask whose main 
features were a relatively long neck (30 cm.), which 
reduced end effects and thus allowed clear vision 
through the vessel by minimizing moisture condensa
tion on the exterior, and a side arm leading to a cold 
finger filled with liquid nitrogen which acted as a 
condenser.

The bath was magnetically stirred, and small reduc
tions in temperature were achieved by reducing the 
pressure above the bath with an aspirator. Large 
temperature changes were obtained by varying the 
composition of the refluxing mixtures. The tempera
ture control achieved in this manner was adequate for 
short periods of time, but a slight drift in composition 
due to loss of methane from the system required periodic 
additions of methane.

The method of changing temperature by varying bath 
composition was time consuming, and temperature con
trol for solubility measurements of subsequent systems 
was achieved in another manner. A Pyrex inner con
tainer with a surrounding jacket which could be 
evacuated through a stopcock was placed in a flat- 
bottomed dewar flask which had a pair of diametrically 
opposed unsilvered strips down its sides to allow vision 
through the apparatus. The dewar flask was filled with 
liquid nitrogen as a refrigerant. A small michrome 
wire heater was placed in the bottom of the inner con
tainer which held the CC1F3 (Freon 13) used as the 
liquid bath. CC1F3 was chosen because of its wide 
liquid range (92-192°Iv.), its relatively low viscosity 
near the freezing point, and its inert chemical nature. 
To make up the liquid bath, a small amount of dry 
air was allowed into the jacket of the inner container 
to increase the rate of heat, flow to the liquid nitrogen 
bath. CC1F3 was hen passed into the inner container 
where it condensed. The jacket was then evacuated.

The mechanical action of the moving carriage of the 
recording potentiometer was utilized to open and close 
the primary circuit of an electronic relay at preselected 
temperatures in order to activate the heater circuit. 
By use of this procedure, a preselected bath tenrpera-

ture could be easily obtained and could be maintained 
indefinitely to ±0.05°.

Temperature control for vapor pressure measure
ments was obtained by a modification of the refluxing 
bath method. The pressure of the bath was controlled 
by a conventional distillation manostat which was con
nected through a cold trap to a vacuum pump. A 
ballast tank was provided to damp out minor pressure 
fluctuations in the system. One-component baths were 
used so that temperature control would not be affected 
by loss of material. Methane was used at the lowest 
temperatures, ethylene at intermediate temperatures, 
and propane at the highest temperatures. By use of 
this method the temperature could be controlled to 
±0.05° for an indefinite period of time, and to ±0.02° 
for shorter periods.

The experimental vessel of Thorp and Scott1 was 
used to investigate mutual solubilities. It consisted 
of a capillary stem leading to a sample-holding bulb of 
about 2 cm.3 volume. During operation the bulb was 
immersed in the low temperature bath, and a sample 
of gas was withdrawn from storage into a Toepler 
pump where its pressure (always below 20 cm.) was 
measured at a known volume. The sample was then 
transferred to the experimental vessel, where it con
densed. Small amounts of the second component were 
added in a similar manner. Mixtures were allowed to 
evaporate back into the Toepler pump and were 
recondensed into the experimental vessel before making 
observations.

The mole fraction composition of *he liquid mixture 
was taken to be the ratio of the gas pressures as meas
ured in the Toepler pump. The volume of the experi
mental vessel was less than 10% of the volume of the 
Toepler pump. The precision of the composition was 
approximately ±0.005 mole fraction. Liquid-liquid 
solubility data were obtained by varying the tempera
ture of the bath until two phases were observed to ap
pear on cooling and disappear on warming.

The method of measuring vapor pressure was that 
described by Thorp and Scott.1 The sample holder 
volume was about 2 cm.3, and it was closed by a thin, 
slightly concave, glass membrane. At a reproducible 
pressure differential, the membrane clicked audibly, and 
a sudden displacement could be observed visually. The 
click gauge was calibrated at each working temperature, 
since the calibration was found to change with tempera
ture (by 2 mm. in 100°).

The experimental vessel was loaded in the same 
manner as in the solubility measurements. The pres
sure on the upper side of the click gauge was varied until 
it operated, and the applied pressure read on a mercury 
manometer to the nearest millimeter. Several read-
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mgs were made, with both increasing and decreasing 
applied pressure. From the calibration of the click 
gauge the vapor pressure could be calculated with an 
estimated accuracy of 2 mm.

The mixtures were made up, with a precision of 
±0.005 mole fraction, in the same manner as for 
solubility measurements. For systems with large 
differences in vapor pressure of the pure components, 
practically all of the vapor was of the lower boiling 
component. Although the vapor space above the 
liquid was small, this results in a deviation of the liquid 
composition from that calculated. This composition 
error is greatest when the amount of the lower boiling 
component is smallest. The magnitude of this effect 
is somewhat reduced by the fact that the vapor pressure 
above the liquid is generally low in this region. How
ever, when the vapor pressure of mixtures containing 
small amounts of the lower boiling component is 
considerably higher than the vapor pressure of the 
pure high boiling constituent (as in the C2H6 +  CF4, 
CHF3 +  CF4, and CH2F2 +  CC1F3 systems), this error 
can be as large as 0.01 mole fraction.

Results
Liquid-Liquid Phase Diagrams. The solubility meas

urements4 on the system C2H6 +  CF4 are shown in 
Fig. 1. The critical solution temperature is 150.1°K. 
The phase diagram is symmetrical within experimental 
error, so the critical mole fraction may be taken as 
(xi)c = (x2)c = 0.50.

In addition, the unmixing temperatures of three 
other systems were determined near x =  0.5 and are 
shown in Table I.

Table I: Solubility Measurements Near x  = 0.5

System
Mole

fraction xi
T'unmixingi

°K.

II CH2F2 + CCIFs 0.493 178.0
III CHF3 + CCIFs 0.504 118.0

VII CHF3 + CF4 0.592 131.4

These unmixing temperatures must be very nearly 
the same as the critical solution temperatures. The 
observed unmixing temperature for CHF3 +  CF4 
at. x2 = 0.59 is 0.6° higher than the unmixing tempera
ture of 130.8°K. at x = 0.60 reported by Thorp and 
Scott1; we have not ascertained whether this small 
discrepancy is due to differences in purity of materials 
or to differences in temperature calibration.

Vapor Pressures and Excess Free Energies. Figures 
2-8 show the measured total vapor pressures for the

c2h6 x2 cf4

Figure 1. Liquid-liquid phase diagram 
for the system C2H6 +  CF4.

Figure 2. Total vapor pressure for the system CH4 +  CClFi 
at 105.1°K. The solid curve is calculated from eq. 1 
using the parameters given in Table II.

seven binary systems studied. The circles are the ex
perimental points, while the full curves are those 
calculated in the data processing computer program.

The experimental data were processed by the computer 
program CH08B developed by Myers and Scott-3 
This program, a modification of the least-squares 
procedure proposed by Barker,5 evaluates the set of 
coefficients a in an equation for the molar excess Gibbs 
free energy CrE

GE/R T  = XI X2[a0 +  ai(x 1 — X2) +
a2(x i — xi)2 +  • ■ ■ ] (1)

(4) All the data shown in Fig. 1-8 (as well as the earlier data of ref. 
1 and 2) will be found in numerical form in the Ph.D. dissertation of 
I, M. Groll, University of California, Los Angeles, Calif., 1958.
(5) J. A. Barker, A ustralian  J . Chem., 6, 207 (1953).
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where X\ and x2 are the mole fractions of components 1 

and 2 .
Differentiation of cq. 1 yields the excess chemical 

potentials /nB = R T  In 7 1  and /¿2E = R T  In y2 (where 
the 7  values are the activity coefficients). Of special 
interest are the limiting values In 7 ^  and In 7 2 * 
evaluated at infinite dilution

In 7 1 * = lim (In 7 1 ) = ai — a2 +  <*3 — • • • (2 a)
xi—►O

In 7 2 * = lim (In y2) = m +  « 2  +  <*3 +  . . . (2b)
22—̂0

In practice the series in eq. 1 converges slowly, and an 
arbitrary decision about truncation must be made. 
In all but two systems studied, no significant improve
ment was obtained by including more than three coef
ficients, so the results in Table II are reported uniformly

Figure 3. Total vapor pressure for the system CH2F2 +  
CCIF3 at 178.7°K. The solid curve is calculated from 
eq. 1 using the parameters given in Table II.

Figure 4. Total vapor pressure for the system CHFj +  
CCIF3 at 17S.2°K. The solid curve is calculated 
from eq. 1 using the parameters given in Table II.

CF, X2 CCIFj

Figure 5. Total vapor pressure for the system CF4 +  CC1F., 
at 145.2°K. The solid curve is calculated from eq. 1 
using the parameters given in Table II.

Figure 6. Total vapor pressure for the system C2He +
CCIF3 at 178.7°K. The solid curve is calculated from 
eq. 1 using the parameters given in Table II.

with the three coefficients a0, a\, and a?. The results 
of recalculations of the previously reported measure
ments of Thorp and Scott are also included in Table II.

Some comments on the computations may be help
ful in interpreting the results shown in Table II.

(1) The Barker method and our program CH08B 
include corrections for gas imperfections and the effect 
of applied pressure upon vapor pressure. Table II 
lists the corrections used: Wi = (Bu — V J /R T , W2 = 
(Bn -  V2)/R T , and S12 = (2S 12 -  Bn -  B22)/R T , 
where the B values are second virial coefficients (esti-
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Figure 7. Total vapor pressure for the system C2H6 +  
CF4 at 150.6°K. The solid curve is calculated from 
eq. 1 using the parameters given in Table II.

Figure 8. Total vapor pressure for the system CHF3 + 
CF4 at 145.2°K. The solid curve is calculated from 
eq. 1 using the parameters given in Table II.

mated using the Bert helot, equation) and the V values 
are molar volumes of the liquids. However, the effect 
of these corrections, even at the highest pressures en
countered, was extremely small, the largest being a 
change of 0.014 in a, for C2H6 +  CF4. Since the stand
ard deviations of the coefficients are of this magnitude, 
the corrections might well have been neglected.

(2) The computer program yields the standard 
deviation o-p for the set of observed pressures as well 
as standard deviations for the a values. These a 
values range from 0.005 to 0.053 for a0> from 0.009 
to 0.10 for a i, and from 0.015 to 0.13 for a2; in every 
case the smallest deviations are for system VIIIB 
(CH4 +  CF4 at 108.5°K.) and the largest for system
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XI (CH2F2 +  CHF3). However the truncation of the 
series in eq. 1 to a trinomial (i.e., the assumption that 
the truncated series is “correct” and that all the higher 
a values are exactly zero) makes these misleading as 
measures of reliability. The least-squares procedure 
leads further to standard deviations for the derived 
quantities In 7 1 * and In 7 2 * which are unrealistically 
small (less than 0.1). These limiting activity coef
ficients are meaningful thermodynamic properties of 
the mixtures and should not be artifacts of the assumed 
equation; yet they can fluctuate wildly as one computes 
them successively for the I, 2, 3, 4, or 5-coefficient 
equations. (Scott and Dunlap6 have discussed this prob
lem of series truncation in relation to the evaluation of 
second virial coefficients.) To avoid this misleading im
pression of reliability we have suppressed the <7- 
values except for that of the vapor pressure itself. 
A measure of the relative precision is the ratio of this 
standard deviation to the vapor pressure of the equi
molar solution <rp/'Pz = i/,.

(3) The inclusion of a coefficient a3 for the system 
CHF3 +  CF4 reduces the standard deviation op of the 
observed vapor pressure from 11.2 to 4.9 mm. The 
system is not far above the critical solution temper
ature and four coefficients (1.920, —0.391, 0.015, 
—0.307) give a much better fit for the very flat vapor 
pressure curve.

Discussion
For many mixtures of nonelectrolytes, a reasonable 

zeroth approximation to the excess free energy per 
mole is the regular solution-solubility parameter equa
tion7'8

Ge
X1 V 1X2 V2  

x\V 1 +  X2 V2
(Si -  Ô2)2 =

(x\V 1 +  XïVi)(Si — S2)24>i4>2 (3)
where Vi and F 2 are the molar volumes of the two pure 
liquids; xx and x2, their mole fractions in solution; <fn 
and <j>2, their volume fractions; and 5i and S2, their 
“solubility parameters” (the square roots of the co
hesive energy density or energy of vaporization per unit 
volume).

In 1958, Scott9 reviewed the published data on 
fluorocarbon solutions and compared experimental 
values of the excess free energy with those predicted 
by eq. 3. For many such solutions, eq. 3 is reasonably 
adequate, but mixtures of fluorocarbons with alipha
tic hydrocarbons are a striking exception, with excess 
free energies much larger than those corresponding 
to the factor (Si — S2)2. It will suffice here to make 
similar comparisons for the systems reported in this 
paper.

Table III summarizes the physical properties of the 
pure liquids: the normal boiling point Tb, the molar 
heat of vaporization A H j  at 7’b, together with the 
molar volume V and the solubility parameter 5 at the 
relevant temperatures.

T able  III: Physical Properties of the Pure Liquids

5t/
t J
°K .

A ffbv /
kcal.

T /
•K .

V t /
cm. 3

cal. Va 
cm “  ’/a

c h 4 111.7 1.96 105 3 7 .0 6 . 8

c h 2f 2 2 2 1 . 6 5 .1 “ 178 42 1 0 . 6

CHFs 189.0 4 .23 145 4 3 .5 1 0 . 0

178 46 .7 9 .3
C F, 145.1 3.01 145 54 .2 7 .1

150 54 .9 7 .0
CCIFs 191.8 3 .85 105 5 7 .4 8 .9

145 6 2 .2 7 .9
178 6 6 .5 7 .3

C 2H 6 184.5 3 .5 2 150 51.1 8 .4
178 54 .3 7 .6

0 Estimated.

Table IV compares the observed free energies with 
those calculated from eq. 3.

If we use the rat.o (GEobad — G B e q. 3) / R T  as the meas
ure of the failure of the simple theory, we see that it is 
the hydrocarbon +  fluorocarbon system, C J If, +  
CF4, which is by far the most anomalous. In striking 
contrast to this system, the introduction of one chlorine 
atom into the otherwise completely fluorinated mole
cule produces the good agreement (no better can be 
expected) for mixtures of CC1F3 with both CH4 and 
CF4; this difference between CF4 and CC1F3 is hard to 
explain.

The large excess free energy (169 cal. at 151 °K. 
and x — 0.5) for the system C2H 6 -f- CF4 is confirmed by 
the high critical solution temperature of 150°K. 
This result is completely consistent with the similar ones 
for all other mixtures of aliphatic hydrocarbons and 
fluorocarbons (e.g., CH4 +  CF4, n-C6Hi4 +  n-CeFu), 
but, unlike the others, this system consists of two 
liquids of almost equal molar volumes, a feature which 
simplifies almost all theories of solutions. Prigogine10

(6) R. L. Scott and R. D. Dunlap, J . Phys. Chem ., 66, 639 (1962).
(7) J. H. Hildebrand and R. L. Scott, “Solubility of Nonelectro
lytes,M 3d Ed., Reinhold Publishing Corp., New York, N. Y., 1950.
(8) J. H. Hildebrand and R. L. Scott, “ Regular Solutions,” Prentice- 
Hall, Inc., Englewood Cliffs, N. J., 1962.
(9) R. L. Scott, J . Phys. Chem., 62, 136 (1958).
(10) I. Prigogine, “The Molecular Theory of Solutions,” North- 
Holland Publishing Co., Amsterdam, 1957, p. 420.

The Journal of Physical Chemistry



F lu o ro ca rbo n  So l u t io n s  a t  L ow  T e m pe r a t u r e s 3859

Table IV: Observed and Predicted Excess Free Energies

------C?E/cal. at x = lA----- n ¿fEobsd OfEeq- »
System t / °  k . Observed Eq. 3 R T Cl/ttO on/ ao T j °  K.

I c h 4 +  CC1F3 105.1 62 50 0 .06 0 .3 0 0 .1 8
II C H 2F 2 -i- C C IF 3 178.7 204 139 0 .1 8 - 0 .0 7 0 .1 3 ca. 178

III C H F 3 +  C C IF 3 178.2 123 55 0 .19 - 0 . 1 0 0 .1 8 ca. 118
IV C F 4 +  C C IF 3 145.2 26 1 0 0 .0 6 0 .5 4 - 0 .3 9
V C 2H 6 +  CCIFs 178.7 67 1 0 .18 - 0 .0 4 0 . 1 1

VI C 2H 6 +  c f 4 150.6 169 26 0 .4 8 0 . 0 1 0 .0 4 150.1
V II CHFa +  C F 4 145.2 140 1 0 1 0 .13 - 0 . 2 1 0 . 0 1 130.5

has attributed the large GE (86 cal. at 110°K. and x = 
0.5) for the system CH4 +  CF4 to the large difference in 
molar volumes and has obtained, from his correspond- 
ing-states-theory equations, a calculated GE = 55 
cal. and for the similar system Ivr +  CF4, a calculated 
value even larger than that observed. However, this 
approach founders on this system C2He +  CF4. Scott9 
has shown that a corresponding-states calculation 
yields only about 9 cal. for GE at x = 0.5, less than 10% 
of the observed value. I t  is impossible to escape the 
conclusion that the difficulty in accounting for the free 
energies of these mixtures arises, not from anything in 
the model of the solution, but rather from the poor 
approximation that the magnitude of the fluorocarbon- 
hydrocarbon interaction energy is given by the geo
metric mean of the hydrocarbon-hydrocarbon and 
fluorocarbon-fluorocarbon energies.

Thorp and Scott1 have cited the anomalously large 
excess free energies for mixtures of CHF3 with CF4 
and C2F6 as evidence for hydrogen bonding in CHF3. 
The systems CH2F2 +  CC1FS and CHF3 +  CC1F3 
seem to fit in with this hypothesis.

The ratio m/ao is a measure of the skewness of the 
excess free energy function and, according to a volume 
fraction formulation such as eq. 3, should approximate 
(F2 — VO/(Vi +  T~i). Examination of the m values 
(or the ratios) shows that the seven systems fall roughly 
into three groups: I and IV show positive m values or a 
definite skewing of the excess free energy toward the 
region rich in the component of smaller molar volume, 
V and VI are nearly symmetrical (F2 »  Fi), and only 
II, III, and VII are skewed in a direction contrary to 
prediction. Since these three systems are the only ones 
which have CH2F2 or CHF3 as a component their excep
tional behavior may be related to hydrogen bonding.

The ratio a2/a 0 is a measure of the flattening of the 
excess free energy curve. The large positive values 
of a-z/ax found11 for the systems C5H i2 +  CsH^ and 
C6Hi4 +  C6F,4 near their critical solution temperatures 
have been attributed to clustering of the components.

Our results here, however, cast doubt on this hypothe
sis since there is no consistency between the magnitude 
of (xi/ao and the nearness to the critical point.

Three of the systems (II, VI, and VII) have very 
flat regions in the vapor pressure curves, and one might 
suspect, that we had measured the vapor pressure above 
a two-phase region. Indeed the computed vapor pres
sure curves (Fig. 3, 7, and 8) do show shallow maxima 
and minima. In actuality, however, the measure
ments were always made at temperatures above the 
critical solution temperatures.

Moreover, for the systems CH2F2 +  CCIFs (II) and 
C2H6 +  CF4 (VI), where the vapor pressure measure
ments were made very close to the critical tempera
ture, the assumption that the liquid was a one-phase 
region was checked. For several mixtures in the 
middle of the composition range where AP/Ax is nearly 
zero, the temperature was lowered after making the 
vapor pressure measurements, and the onset of phase 
separation was observed at temperatures about 0.5° 
below the operating temperatures.

One can attempt to calculate critical compositions 
and critical solution temperatures from the coefficients 
a. This requires two assumptions of questionable 
validity: (a) that the series of eq. 1 may be safely

Table V : Observed and Calculated Critical Values

System
Tp/
°K.

----T„/°K .----
Caled. Obsd.

------Z2<;
Caled. Obsd.

I I CH2F2 + CC1F, 178.7 187 178 0.65
I I I CHF3 + CCIF3 178.2 116 118 0.72
VI C2H 6 + c f 4 150.6 170 150 0.51 0.50

V II CHF3 + CF4 145.2 154 131 
139°

0.61
0.54a

0.57

“ With four coefficients instead of three.

(11) It. D. Dunlap, R G. Bedford, J. C. Woodbrey, and S. D. Fur
row, J .  A m . Chem. Soc., 81, 2927 (1959).
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truncated with three coefficients and (b) that the 
excess free energy GE is temperature independent 
(R T an = (jn = constant). With these assumptions 
one obtains the numbers shown in Table V.

In general, the calculated critical solution tempera
ture is higher than the actual. This is what one would 
expect from equations which cannot reproduce the 
very nearly flat coexistence curve (and free energy 
isotherms) in the region of the critical point. We see 
that the introduction of a fourth coefficient a 3 im
proves the agreement for CHF3 +  CF4. Better agree
ment is hardly to be expected; indeed, the good

agreement for CHF3 +  CC1F3 is almost certainly for
tuitous in view of the great difference between the 
temperature Tp of the vapor pressure measurement and 
the critical solution temperature Tc. Similar conclu
sions have been reported by Williamson and Scott12 
for the systems perfluoroheptane +  isooctane and per- 
fluoro-n-hexane +  n-hexane.

Acknowledgment. This research was supported by the 
Atomic Energy Commission.

(12) A. G. Williamson and R. L. Scott, J .  Phys. Chem., 65, 275 
(1961).

'On the Theory of Imperfect Gases

by Bruce W. Davis1

Department o f Chemistry, U niversity o f California, Riverside, California  (Received J u ly  25, 1964)

It is demonstrated that Mayer’s theory of imperfect gases can be modified into a free volume 
theory by assuming a pair potential with a rigid sphere cutoff. Further simplifications 
and approximations yield a “van der Waals-like” equation of state. The resulting equa
tion is

J>V =  . , 0>/v) _  _02_
k T  [1 -  V„(&/») ]"A vkT

where 6 = (2w/3)aKT), a(T) = <r(2/(l +  V Î  +  kT /t)) 'h , a2 = (16tt/9 )aUC^T) e x p ( 8/ W  

kT), and Ci(lT) = [3 */ 2(a/a(T))3 — l/ 2(a/(r(T))g\. Excellent numerical agreement is found 
between predicted and observed critical constants for argon. Although the liquid state is 
not formally included, the theory still gives a good estimate for the argon vapor pressure 
equation.

Introd uction
Mayer’s treatment of imperfect gases2'3 has been 

well developed and gives, within the limitations of 
simplifying assumptions, a precise and useful expression 
for the canonical ensemble partition function. The 
evaluation of the partition function and related thermo
dynamic quantities is still relatively difficult so that a 
practical need for further simplification remains. By 
introducing a hard sphere cutoff in the pairwise inter

action potential, it will be shown that the partition 
function may be put in the same form as that, for a free 
volume model of liquids or gases. This modification 
makes no basic change in the problem of solving ir-

(1) Petroleum Research Fund Fellow, 1961-1964.
(2) J. E. M ayer and M. G. Mayer, “Statistical Mechanics,” John 
Wiley and Sons, Inc., New York, N. Y., 1940, C hapter 13.
(3) T. L. Hill, “Statistical Mechanics,” McGraw-Hill Book Co.,
Inc., New York, N. Y., 1956, Chapter 5.
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reducible cluster integrals, but it does automatically 
separate out rigid sphere terms in the solution. In or
der to illustrate the approach, a comparison of a particu
larly simple version of the theory is then made with ex
perimental results for argon.

Free Volume Partition Function
The canonical ensemble partition function2 for a 

monatomic gas given in terms of irreducible cluster 
integrals, /3*, is

Q = qev exp £ i
k> 1 k +  1 Afcf' (1)

where

9 ~ \  h2 )

and v is the molecular volume (v - V /N ). Express
ing eq. 1 in terms of virial coefficients, Bn(T)

Q = qev exp B»(T)v - n + l (2)

Now suppose that there is hard sphere cutoff in the 
pairwise potential when molecules are separated by a 
distance cr(v,T). This procedure permits the virial co
efficients to be split into two parts, respectively, com
prising “excluded volume” terms and “internal pres
sure” terms. In particular

^  B n(T)v~n+1 =
n >2 Tl — 1

where b = (2r/3)as(v,T), the a B’s are constants obtain
able from calculations for rigid spheres, and the an’s are 
in general functions of v and T  determined by evaluation 
of cluster integrals over the region <r(v,T) to +  °° using 
an appropriate pairwise potential. Substituting eq. 3 
into eq. 2

If two definitions are made, viz.

then eq. 4 can be written

Q = qev f exp (7)

Equation 7 is seen to be formally the same as a free 
volume partition function for gases or liquids.4’5 Kirk
wood6 succeeded in casting a rigorous cell theory of 
liquids into the form of a free volume model. It is 
interesting that Mayer’s theory of imperfect gases can 
also be made to conform to a free volume representation 
by such simple means.

Rigid Sphere Equation of State
The rigid sphere equation of state is contained in any 

complete equation of state derived according to the 
present model. For this reason the rigid sphere equa
tion of state is discussed separately here.

It is found that
pv (Ò In vA
kT  \  ò In v J t , n

(8)

(rigid spheres)
The an values for n up to six are known7: at = 1,
ft3 = 5/s, 0 4  = 0.28695, o6 = 0.1103 ±  0.0003, and 
0 6  = 0.0386 ± 0.0004. I t has been shown that an 
excellent approximation to the complete summation, 
X) an(b/v)n~ \  is the so-called Pade approximant,.7 It

n >  2
happens that this summation can also be adequately 
replaced by a binomial. Since no binomial can re
produce all of the known o„ values, a convenient com
promise is chosen. The "ersatz” formula for eq. 8 is 
then

pv (b/v)
k T - 1 +  [1 -  7/ 24 (b /vW 7,

(9)

The efficacy of eq. 9 is tested in Table I by compar
ing it with rigid sphere values of pv/kT  obtained from 
the six-term virial series, the Fade approximant, and 
the molecular dynamics results. Equation 9 obviously 
gives close agreement with the molecular dynamics re
sults although the Pade approximant does better.

Complete Equation of State
The complete equation of state is given by

pv
kT

ò In vf _  / d (»/2kT )\
V ^ In v ) T,,v

1

ò In v / T .N
\ ____ (b/v)

V« (b/v)\"h[1
. 1  £  fa_nV  
kT  "22 \  v /

GO)

(4) J. O. Hirschfelder, D. Stevenson, and H. Eyring, J . Chem. 
P hys., 5, 902 (1937).
(5) T. L. Hill, J . Phys. Colloid Chem., 51, 1219 (1947).
(6) J. G. Kirkwood, J . Chem. Phys., 18, 380 (1950).
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Table I : Values of p v / k T  for a Fluid of Rigid Spheres
Obtained from the Six-Term Virial Series, a Padd 
Approximant, Eq. 9, and Molecular 
Dynamics Results (MD)»

S ix -
term

v/vo series P a d é Eq. 9 M D

1.60 8.95 10.11 10.77 10.17
1.70 7.79 8.55 8.99 8.59
2.00 5.59 5.83 5.97 5.89
3.00 3.01 3.03 3.05 3.05

10.00 1.36 1.36 1.36 1.36

° Except for eq. 9, values were taken from ref. 7.

pv =  ! + _____ b b __________“1 (13)
kT  [1 -  7M b /v )V Vl vkT K 1

Numerical Comparison of Theory with Experiment
Critical Constants. Argon is chosen as an example 

for comparison with eq. 13. The parameters for the 
6:12 potential for argon are assumed to be those given 
by Michels, et at.,10 i.e.

t /k  = 119.8°K.; a = 3.405 A. (14)

The critical constants are then calculated using eq. 12, 
13, and 14 and the conditions (dp/di)c = 0 and (d2p / 
dv2)c = 0. The results were obtained by iterative 
methods and are given in Table II.

In order to evaluate the an’s it is necessary to adopt 
some model for the pairwise potential. A fairly realis
tic representation can be achieved by using a 6:12 
potential which has a suitable hard sphere cutoff. As 
a good approximation, let us assume that <j (v , T )  can be 
replaced by a characteristic distance, cr(T), which is a 
function of temperature only. A good choice for <r(T), 
at least for a dilute gas, is just the distance where the 
pairwise potential has a value of +fcT.8'9

For this model the pair potential is then represented 
by

r <  <t(T), u(r) = +  co 

r >  <r(T), u(r) = 4«

where <r(T) = <r(2/(l +  \ / l  +  k T /t) ) i/e. I t  is now 
fairly simple to find an expression for a2 from eq. 11. 
Specifically

a2 = kT2ir f  bJ  <r(,T)[_

u(r)
~kT

r2 dr

16tt

9
v3eCl(T) c(T ) e 

ci(T) kT

16ir
~9~

ct3€Ci(T) expi ’/ 3 6

(12)

where

and

ci(T)

c m

A “van der Waals-like” equation of state can now be 
written if a3 and higher an’s are ignored, viz.

Table I I : Comparison of Experimental and
Calculated Critical Constants

kT c/t PcV*/e Vc/V* Pc^c/kTc

Eq. 13 1.23 0.122 3.62 0.360
Exptl.“ 1.26 0.116 3.17 0.291

“ See p. 245 of ref. 9.

Vapor Pressure Equation. Even though the present 
theoretical considerations do not properly include the 
liquid state, it is still interesting to ignore this limita
tion and proceed as if the properties of the liquid were 
correctly predicted. A particularly sensitive test is 
the vapor pressure equation which is obtained by 
equating the Gibbs free energies of the liquid and vapor 
phases at a particular temperature. I t  is convenient 
to carry out calculations for argon at its normal boiling 
point, assuming that the vapor is only slightly imper
fect, i.e., corrected up to the second virial coefficient. 
I t  follows that

pv*
e

a2 \  kTv* 
vsk T /  I n f  X

where

vç =  kT  /p i + —
kT

vi; (15)

a2p
(kT)2_ (16)

(7) F. H. Ree and W. G. Hoover, J .  Chem. P hys., 40, 939 (1964).
(8) J. Jeans, “The Dynamical Theory of Gases," Dover Publica
tions, Inc., New York, N. Y., p. 281.
(9) J. 0 . Hirschfelder, C. F. Curtiss, and R. B. Bird, “ Molecular 
Theory of Gases and Liquids,” John Wiley and Sons, Inc., New 
York, N. Y., 1954, p. 157.
(10) A. Michels, H. ’Wijker, and H. Wijker, Physica, 15, 627 (1949)
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and

v / =  Vi exp
(b/v)

[1 -  0.2997(b/v)]1MS 

(binomial approximation)

(17)

Combining eq. 15, 16, and 17 and evaluating the result
ing equation numerically

pv*
e

= 2.80
6 . 9 5 e

~kT
(18)

while the experimental result is10'11

pv* 6.56e
—  = 2 .9 8 ---------

e kT (19)

Discussion
In this study we have shown that a free volume parti

tion function is obtained from Mayer’s theory of im-

perfect gases when there is a hard sphere cutoff in the 
pairwise potential. The present approach gave a 
“van der Waals-like” equation of state similar to one 
developed by Hirschfelder, Stevenson, and Eyring.4 
I t is hoped that eq. 13 will find some utility as an ap
proximate equation of state because of its relative 
simplicity. Remarkably, this simple equation gives 
an excellent prediction of the observed critical constants 
for argon. The theory also yields a reasonable vapor 
pressure equation for argon even though the liquid state 
is not formally included.

Acknowledgments. The author gratefully acknowl
edges support by a predoctoral fellowship from a Petro
leum Research Fund grant to Professor Conway Pierce. 
The author also wishes to thank Professor Hartland 
Schmidt for his helpful suggestions.

(11) E. A. Guggenhe.m, “Therm odynam ics,” North Holland Pub
lishing Co., Amsterdam, 1957, p. 170.

Simple Hard-Disk Monolayer Isotherms with Phase Transitions1

by J. P. Stebbins and G. D. Halsey, Jr.

D epartm en t o f  C h em istry , U n iversity  o f W ashington, Seattle 5 , W ashington  (Received J u ly  27, 1964)

Several monolayer isotherms appropriate for hard disks are considered. These include 
the Langmuir isotherm and several related to the Volmer isotherm. The approximations 
used in the derivation of the latter have been modified so as to lead to the correct limit at 
saturation and the correct second virial coefficient. These results are compared with the 
exact expansion as far as it is known. Monolayer transitions between the Volmer-type 
isotherm (at relatively low coverage) and the Langmuir isotherm (at higher coverage) are 
discussed for the case of adsorption on a structureless surface.

Introduction
The Langmuir equation occupies a central position in 

the theoretical discussion of monolayer adsorption 
because of its simplicity of form and directness of deri
vation. The assumptions upon which it is based and 
its derivation from statistical mechanics are given by 
Fowler and Guggenheim.2 Writing it in the form ap

propriate for consideration of molecular adsorption 
without dissociation, we have

kLP = 6/(1 -  6) (1)

(1) This research supported in part by the U. S. Air Force through 
the AFOSR.
(2) R. H. Fowler and E. A. Guggenheim, “Statistical Thermo
dynamics,” Cambridge University Press, London, 1949, p. 426 ff.
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where is the Langmuir constant, made up of partition 
functions and other constants,2 P  is the gas pressure, 
and 6 is the fractional coverage. The latter can be re
lated to the surface concentration of molecules per unit 
area, T, by the relation

S = r/IG (2)

4 > A ____ 1
N k T  ~  l ~ ^ d

(6a)

whereA =  l /T a n d A 0 = l / IT , the “co-area” per mole
cule, analogous to the co-volume b, in van der W aals’ 
equation. This yields, with the assumption tha t A0 
< <  A , the isotherm

where r „  is the maximum concentration obtained as 
the pressure approaches infinity.

The Langmuir equation is suitable for the description 
of localized adsorption, where each adsorbed molecule 
is attached to a lattice site on the surface. Our purpose 
here is to compare it with similar equations appropriate 
to mobile monolayer adsorption, where the adsorbed 
molecule is free to translate in the plane of the surface 
and is constrained to interact solely with other adsorbed 
molecules.

We shall discuss only the simplest model, th a t of hard 
spheres or disks of diameter a. For this comparison 
Too will be identified with the maximum concentration 
of such disks when arranged in a close-packed triangu
lar array. In  this case

r„  = 2 / \ /3 H  (3)

Equation 2, in connection with any isotherm and the 
Gibbs adsorption equation, can be used to derive the 
related two-dimensional equation of state, which ex
presses the spreading pressure, <#>, as a function of 6. 
For such an application the Gibbs adsorption equation 
takes the form

kv P  = 6 / ( 1 -  26) (Volmer) (7)

When eq. 7 is run through the reverse process we do not 
regain eq. 6a, but rather

~ ~  = ~  In ( — -— ) (Volmer) (6b) 
N k T  26 \1  -  2 6 /

However, the equation of state, eq. 6, can be used to
gether with the Gibbs equation, eq. 4, without any 
further approximation in the following way. Choosing 
N  =  1 for simplicity and utilizing the relationship T = 
1 / A ,  eq. 4 may be rewritten

k Td<f> = —  d In P (8a)
A

and eq. 6 becomes

<t> =
k T

A  -  A 0
(8b)

then

k T  k T
d* -  -  ( j w i y . dA -  j d F  <8')

d4> =  N k T T  d In P  (4)

This equation, when applied to the Langmuir isotherm, 
yields the equation of s tate3

=  - In ( — -— ^ (Langmuir) (5)
N k T  6 \ 1  -  e ) K s  w

The Complete Volm er E quation . There is no simple 
isotherm corresponding to the Langmuir equation 
which is applicable to mobile monolayer adsorption 
over the entire range of 6 (from 0 to 1). Fowler and 
Guggenheim2 discuss only the region of low coverage, 
where Henry’s law applies. In a recent discussion of 
the problem, Young and Crowell4 present the well- 
known but seldom-used Volmer equation.5 The original 
derivation includes a simplifying assumption that causes 
saturation to be reached at exactly one-half of the value 
predicted by eq. 2. The basis of the Volmer equation is 
the empirical equation of state

</>(A — N Ao) = N k T  (6)

or, in terms of 6

or, rearranging

d ln P
A A A

(A  ~  Ho)2
(8d)

the right-hand side is a standard integral; thus we ob
tain

ln P  = In ( ------- — J +  —----+  constant (8e)
\ A  -  A J  A  -  A 0

removing logarithms

P  -  constant exp ( y ^ y )  (8f)

now, multiplying both sides by A 0 and introducing 6 = 
A 0/A ,  we obtain

( 3 )  W .  B .  I n n e s  a n d  H .  H .  R o w l e y ,  . / .  Phys. Chem., 4 5 ,  1 5 8  ( 1 9 4 1 ) .  
T h e  a u t h o r s  a ls o  d e m o n s t r a t e  h o w  t h e  r e v e r s e  p r o c e s s  m a y  b e  a c 
c o m p l i s h e d ,  i.e., s t a r t  w i t h  t h e  t w o - d i m e n s i o n a l  e q u a t i o n  o f  s t a t e  a n d  
o b t a i n  t h e  r e l a t e d  i s o t h e r m .

( 4 )  D .  M .  Y o u n g  a n d  A .  D .  C r o w e l l ,  “ P h y s i c a l  A d s o r p t i o n  o f  
G a s e s , ”  B u t t e r w o r t h s  I n c . ,  W a s h i n g t o n ,  D .  C . ,  1 9 6 2 ,  p .  1 1 0 .

( 5 )  M .  V o l m e r ,  Z. physik. Chem., 1 1 5 ,  2 5 3  ( 1 9 2 5 ) .
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kyP  = — e x p ( —'— )i  -  e \ i  -  e j

(“ complete” Volmer) (9)

The result is a reasonably simple isotherm which we will 
designate as the “complete” Volmer equation. (A 
slightly different integration procedure yields the result

k ,P  -  r~ - texp ( j - ^ )  <9a)

Since the two equations differ only by a constant ratio; 
e, they are equivalent, but imply a different definition 
of fcv ; we shall use the form of eq. 9.)

This isotherm can also be derived as a special case of 
the so-called van der Waals isotherm, developed by 
Cassel6 and Hill.7

Com parison o f Equations; V ir ia l E xpansions. The 
three isotherm equations, eq. 1, 7, and 9, each with the 
same initial slope, are plotted together in Fig. 1. Note 
th a t the “complete” Volmer equation is very slow to 
approach saturation, as compared to the Langmuir 
equation. The same phenomenon is reflected in the 
behavior of the equations of state, eq. 5, 6a, and 6b, 
which are shown in Fig. 2. The line <j>A/NkT = 1 has 
been included to indicate deviation from ideal gas 
behavior.

Now eq. 5, 6b, and 6a may all be expanded in powers 
of 6 to yield, respectively

a A f) ft2 az
—  =  1 +  -  +  -  +  - + - - -  (Langmuir) (10)
N k T  2 3 4  v & v ’

= 1 +  6 +  —  +  263 +  • • • (Volmer) (11)
N k T  3

<j)A

N k T
1 +  e +  02 +  e3 +

(“ complete” Volmer) (12)

Equation 10 was originally given by Innes and Rowley,3 
while eq. 11 and 12 were first given by Volmer.6 I t  is 
seen immediately tha t they are equations of state in the 
virial form.

Six virial coefficients of a hard-disk gas are available, 
the first three8-9 being exact, while the last three10 have 
been derived by utilizing Monte Carlo integrations. 
Now the virial equation of state for an imperfect two- 
dimensional gas may be written

<t>A
N k T

1 T~ Pi

where the B ’s are the virial coefficients previously men

Figure 1. Monolayer adsorption isotherms for a hard-disk 
gas on a structureless surface.

Figure 2. Two-dimensional equations of state for a hard-disk 
gas adsorbed on a structureless surface.

tioned and are all functions of <r2. In order to make a 
comparison with eq. 10, 11, and 12, eq. 13 must be re
written in terms of d. To maintain consistency, 6 will

( 6 )  H .  M .  C a s s e l ,  J .  Phys. Chem., 4 8 ,  1 9 5  ( 1 9 4 4 ) .

( 7 )  T .  L .  H i l l ,  J . Chem. Phys.. 1 5 ,  7 6 7  ( 1 9 4 7 ) .

( 8 )  M .  M e t r o p o l i s ,  A .  W .  R o s e n b l u t h ,  M .  N .  R o s e n b l u t h ,  A .  H .  
T e l l e r ,  a n d  E .  T e l l e r ,  ibid., 2 1 ,  1 0 8 7  ( 1 9 5 3 ) .

( 9 )  L .  T o n k s ,  Phys. Rev., 5 0 ,  9 5 5  ( 1 9 3 6 ) .

( 1 0 )  F .  H .  R e e  a n d  W .  G .  H o o v e r ,  J . Chem. Phys., 4 0 ,  9 3 9  ( 1 9 6 4 ) .

V o lu m e  6 8 , N u m b e r  1 2  D ecem b er, 1964



3 8 6 6 J .  P .  St e b b i n s  a n d  G. D .  H a l s e y , J r .

be based on a close-packed triangular array. By simple 
geometry it may be shown9 tha t the minimum area oc
cupied by such an array is (\/3/2)N<t2, and thus 8 is 
equivalent, to 0.8660(./Vcr2/-T). Since each term of eq. 
13 contains a factor (.N a 2/ A )n~~l, where n  is the term  in
dex, each coefficient of 6 is obtained by multiplying the 
respective virial coefficient in eq. 13 by (1.1547)"-1. 
The results of this calculation are given in Table I, 
where they are compared with the coefficients of the 
other three equations discussed. The hard disk virial 
equation of state has also been plotted in Fig. 2. By 
comparison of various equations of state in the closed 
and virial form we have found that truncating the series 
at six terms begins to add appreciable error beyond 6 ~  
0.4 and leads to completely erroneous results beyond 
6 ~  0.5. Thus the line has been plotted only to 8 = 0.5, 
with the region 6 = 0.4 to 0.5 given by a dashed line.

Table I: Comparison of Coefficients
for the General Equation

il

-e-R; 1 -f- C\d -j- C‘202 -j- C3Ö3 4“ C404 +  C #

Equation Ci C2 Cj c. C6

Two-dimensional 1.S138 2.5726 3.1787 3.6134 3.9109
hard-disk gas

“Complete” Voi- 1.0000 1.0000 1.0000 1.0000 1.0000
mer

Volmer 1.0000 1.3333 2.0000 3.2000 5.3333
Langmuir 0.5000 0.3333 0.2500 0.2000 0.1667

The A d justed  Volmer E quation. As seen in Table I, 
none of the closed-form isotherms does a good job of 
reproducing the correct virial coefficients. I t  is possible 
to adjust the equation of state, eq. 6a, so that, any num
ber of early coefficients are exact. For example, if we 
wish the second virial coefficient to have the value C i, 
we may use the equation of state

<f>A
N k T

+  ( C i  -  1 ) 0  ' ( 1 4 )

The —1 in the parentheses cancels the second term of 
the expansion (eq. 12). and the value C i  appears in its 
place. When put through the Gibbs adsorption for
mula, eq. 4, this yields what we will designate as the 
“adjusted complete” Volmer equation

k v P  = ~ ~ e exp  ( rZ T fl +  2 (Cl ~  1^ )

(“adjusted complete” Volmer) (15)

This result is little more complicated than the “ com 
plete” Volmer equation. I t  is plotted with the value

Ci = 1.8138 in Fig. 1. A plot of the equation of state, 
eq. 14, with the same value of Ci is shown in Fig. 2.

Crossing o f Isotherms. Thus far we have only com
pared isotherms with equal initial slopes, that, is with 
/cl = k y . The two constants are determined by dif
ferent factors (c/. ref. 2) and there is no reason to sup
pose that they would be equal on a real surface. In 
fact, we might expect that the question of which model 
(localized or mobile) should be more applicable to a 
given surface-gas combination would depend, in a 
formal sense, on which constant was larger. I t appears 
clear, however, th a t for a structureless surface, the 
mobile model would be appropriate in the region of 
small 8. In Fig. 3 a number of Langmuir isotherms with 
various k l values are plotted, along with a single “com
plete” Volmer isotherm. Since the two types of iso
therm equations are of different functional form and 
cover the same range of variables, it is possible for them 
to cross. The point of crossing (for a In P  vs. 6 plot), 
obtained by equating the logarithmic forms of eq. 1 and 
9, is

where

ln K

~  1 +  In ~K
(16)

(17)

This crossing occurs in a physically meaningful range of 
6 only when the ratio K  is between 0 and 1. I t  is seen 
that, in general, the mobile isotherm has a lower relative 
pressure for the condition 6 <  0cros8 while the Langmuir 
isotherms have a lower relative pressure beyond this 
point.

Although a structureless surface will favor mobile 
adsorption at coverages less than saturation, if the 
pressure (and thus the free energy) can be reduced by 
going to an ordered Langmuir structure at high cover
age, this transition would be thermodynamically 
favored. We will now consider the effect of such a 
transition.

A pp lica tio n  of the R ule o f E qual Areas. Since the 
quantity adsorbed is plotted against In P  in Fig. 3, the 
area under each isotherm represents the free energy of 
formation of the adsorbed layer from 8 = 0 to the value 
of 8 reached. This is so because the gas phase has been 
assumed ideal and at. equilibrium the free energy of the 
two phases is equal; we have

Mads Mgas MO gas k T  111 P gas (18a)

AE ads E ads

M0 gas) d r  (18b)
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Figure 3. Construction of the composite isotherm with K  — 
0.4, The light continuous lines are Langmuir isotherms 
which are related to the “complete” Volmer isotherm by the 
attached K  values. The vertical lightly dashed line indicates 
the coverage a t which the free energies of the mobile 
( “complete” Volmer) and fixed (Langmuir) monolayers are 
equivalent. The heavy continuous line represents the 
composite isotherm, with the horizontal portion designating 
the mobile-immobile transition.

Now In P  as a function of 0  may be derived and plotted 
from the isotherm equations, eq. 1 and 9. Since r , the 
surface concentration, is equivalent to r „ 0 , from eq. 2 , 
d r  = r„d 0 . Thus we have

AFad,(0) = kTTa f In P  d0 (19)
J o

It has been found that, the value of 0 where the two films 
become equal in free energy comes beyond 0cross, at a 
point defined by AF (Langmuir) = AF (“complete” 
Volmer).

Performing the integration, as indicated by eq. 19, on 
both the Langmuir and the “complete” Volmer and 
equating the results as required, we obtain an expression 
which gives the 0  for equal free energies

1 +  In K  =  -  In (1 — 0 ) (20)

where K  has been defined previously in eq. 17. A plot 
of the left-hand side of this equation as a function of 0 

will then permit a graphical determination of the equiv
alence point for any value of K.

For K  = 0.4, the value of 0 at which the two types of 
film have equal free energies of formation is indicated 
by the vertical dashed line in Fig. 3. Note that follow

ing this path implies a change in pressure at constant 
area, a situation somewhat analogous to the loop 
formed by the van der Waals equation when describing 
the P- V behavior of a substance below its critical tem
perature. In order to achieve a physically realizable 
condition, it is necessary to change concentration at 
constant pressure, meanwhile conserving the area (i.e., 
the free energy) under the individual curves which de
scribe the model up to and beyond the transition point. 
This equal area line11 is shown in Fig. 3 as the horizon
tal portion in the isotherm and corresponds to the two- 
dimensional analog of a phase separation. The complete 
isotherm is shown as the heavy continuous line in the 
diagram.

Phase Diagram. We will show that it is difficult to 
make an accurate a 'priori estimate of K; we have, 
however, made equal area calculations for a number of 
values of K  from 0 to 1 and determined for each the 
limits of 0  at the beginning and end of the transition. 
These are shown as a function of K  in Fig. 4. Now, 
since K  is presumably some function of temperature, 
this figure may be regarded as a phase diagram display
ing the solidus-liquidus behavior as some arbitrary 
function of temperature.

Estimation of the Ratio, K. Fowler and Guggen
heim12 develop' thermodynamic relationships for both 
the mobile and fixed monolayers. In the former case, 
at high dilution where interactions between adsorbed 
molecules are negligible, they write for the free energy of 
the surface layer

Fads = - N k T  In a(T) +  N kT  In N  -  N kT  (21)

where N  is the number of atoms adsorbed in an area, A , 
and a(T) is their partition function which includes the 
two-dimensional expression for translation, 2wmkTA/h2. 
The corresponding equation for p, the chemical poten
tial, is

p = <̂ is = - k T  In a(T) +  kT  In N  (22) 
5A

In order to express this relationship in terms of 0 , we 
substitute IV = dA/At, to obtain

Mv = - k T  In [(A0/A)a(T)}  +  kT  In 0  (23)

where the subscript V has been used to indicate that 
this equation, appropriate for the consideration of the 
mobile monolayer, corresponds to the low coverage re-

( 1 1 )  S in c e  o n e  o f  t h e  e q u a t i o n s  i n v o l v e d  w a s  a  t r a n s c e n d e n t a l ,  a n d  
c o u l d  n o t  b e  s o l v e d  e x p l i c i t l y ,  t h e  e q u a l  a r e a s  w e r e  d e t e r m i n e d  w i t h  
t h e  a i d  o f  a  p l a n i m e t e r .  T h e  e n d - p o i n t  v a l u e s  o f  6 h a v e  b e e n  
c h e c k e d  a n d  w e r e  f o u n d  t o  c o r r e s p o n d  t o  e q u a l  s p r e a d i n g  p r e s s u r e s .

( 1 2 )  S e e  r e f .  2 ,  p .  4 2 1  f f .
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Figure 4. Phase diagram for a two-dimensional hard-disk gas 
adsorbed on a structureless surface. The Volmer region 
corresponds to a mobile monolayer and the Langmuir region 
to a fixed monolayer, while the two-phase region designates 
the transition between the two. The vertical lines appearing 
in the two-phase region correspond exactly to the horizontal 
portions of isotherms as constructed in Fig. 3.

gion, best described by the “complete” Volmer iso
therm, eq. 9.

Relationships given in ref. 2 which are suitable for 
discussion of fixed monolayers may be modified for the 
condition of low coverage to yield

Ml — — kT  In oa(P) +  kT  In 6 (24)

where ak(T) is the partition function for atoms restricted 
to motions at fixed sites and the subscript L indicates 
that this equation corresponds to the high coverage 
region best described by the Langmuir isotherm, eq. 1.

Now eq. 18a gives the dependence of n on In P. In 
the present situation, combining eq. 18a and 23 we 
obtain

MV Mgas MO gas "F kT  In Pgas
- k T  In [(A0/A )a(T)]  +  kT  In 6 (25) 

while combining eq. 18a and 24 we obtain

ML = Mgas = MO gas "F tcT \l\ Pgas =
- k T  In aA(T) + kT  In 6 (26)

The low pressure (dilute monolayer) limits of the loga
rithmic forms of eq. 1 and 9 may be written, respectively

In P L = In k-L +  hi 6 (27)

In P \ — In k \  -F In 6 (28)

Introducing eq. 27 and 28 into eq. 26 and 25, respec
tively, we have

Mo gas +  kT  In ky = - k T  In [(A0/A )a(T)]  (29)

Mo gas +  kT  In k-L = —kT  In aA(T) (30)

Finally, subtracting eq. 30 from eq. 29, cancelling 
common terms, and removing logarithms we obtain

h  = K = aJ P
fcL (A0/A )a(T) v '

If we factor out the translational portion of a(T') and 
denote the remaining partition function for internal 
degrees of freedom as j(T ), we can write

■ ft2 ■ cla(T)
J2ivmk TAo_ L j(T )  J

The factors in the right-hand bracket are vibrational 
partition functions. In the case where these factors 
are approximately equal, we can obtain an estimate of 
the magnitude of K  by evaluating the left-hand bracket. 
As indicated by Fig. 4, the step height for a mobile- 
immobile transition becomes very small for K  values 
very close to either 0  or 1 , thus greatly reducing the 
probability of experimentally observing such a phenom
enon. Calculations made for the noble gases at their 
boiling points in close-packed triangular array (where 
Aq = 0.866<r2), with atomic diameters taken from Hirseh- 
felder, et al.,u indicate that only neon (K  »  0 .1 ) and 
argon (K  «  0 . 0 1  ) fall within a range suitable for obser
vation.

Discussion
It is apparent from Fig. 1 that the Langmuir iso

therm is widely divergent in shape from those isotherms 
which are suitable for the description of mobile adsorp
tion. If, for mathematical convenience, the former is 
utilized in a situation where one of the latter would give 
a more correct description, the result is, at best, a gross 
approximation. On the other hand, it is entirely possi
ble for an adsorbate to establish itself in a regular array, 
with parameters characteristic of its own dimensions, on 
a structureless surface which would otherwise be ex
pected to permit completely mobile adsorption. This 
behavior is analogous to the formation of a bulk crystal 
brought about solely by the influence of the intermo- 
lecular forces of its constituent particles. The only 
requisite for the formation of such a structure is that 
the transition results in a net lowering of the free energy 
of the system. It appears that, especially for an ordered

( 1 3 )  J .  O .  H i r s c h f e l d e r ,  C .  F .  C u r t i s s ,  a n d  R .  B .  B i r d ,  “ M o l e c u l a r  
T h e o r y  o f  G a s e s  a n d  L i q u i d s , ”  J o h n  W i l e y  a n d  S o n s ,  I n c . ,  N e w  
Y o r k ,  N .  Y . ,  1 9 5 4 ,  p .  1 1 1 0 .
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structure with very few vacancies ( 1  — 6 < <  1 ), the 
correct limiting form of the Langmuir equation is

1 -  6 = 1 / k hP (33)

Obviously then, at some intermediate value of 6, a 
transition to mobile adsorption must take place, since 
the latter is undoubtedly appropriate in the case of a 
structureless surface at low coverage.

We have proposed one possible way in which such a 
transition can be accomplished: by means of a discon
tinuous change in the surface density of the film. This 
corresponds, roughly, to a solid-liquid transition in the 
bulk phase. It is questionable whether any such 
transitions have been observed experimentally, since 
most of those reported to date have at least a probable 
explanation in the operation of attractive forces such as 
result in gas-to-liquid condensation in the bulk phase.

There is, however, at least one distinct difference be
tween the two types of transition. The usual transition 
from a dilute to a condensed film that is caused by the

operation of attractive forces results in a large step, of 
the order of magnitude of Ad ~  unity , 14 15 whereas the 
steps we have calculated here have a maximum dis
placement of Ad ~  0.2 and can be much smaller. A 
step which fits this latter description was encountered 
by Mastrangelo and Aston, in their study of the multi
layer adsorption of helium . 16 It is realized, of course, 
that the simple classical theory reported here is inade
quate to deal with the quantitative features of a multi
layer helium isotherm, but the fact remains that the 
occurrence of this step has never been satisfactorily ex
plained. I t might be anticipated, on the basis of the 
rough estimations of K  reported in the preceding section 
as well as the relatively small lateral interaction forces, 
that monolayer studies of neon adsorption in the vicin
ity of 20°K. would be the most favorable conditions 
under which to search for transitions of the type dis
cussed here.

( 1 4 )  G .  H a l s e y ,  J . Chem. P hys., 1 6 ,  9 3 1  ( 1 9 4 8 ) .

( 1 5 )  S .  V .  R .  M a s t r a n g e l o  a n d  J .  G .  A s t o n ,  ibid., 1 9 ,  1 3 7 0  ( 1 9 5 1 ) .

Kinetics of Periodate Hydration—Dehydration in Aqueous Solution

by K. Kustin and E. C. Lieberman

Department o f Chem istry, Brandeis U niversity, W altham , Massachusetts 02154  (Received A ugust 22, 1964)

The kinetics of the reaction H 4IO6 I 0 4 +  2H20  (where ko (sec. ’) and kh (sec. r)
kn

are the over-all first-order rate constants for dehydration and hydration) have been studied 
by the temperature-jump method. The rate constants at 20° and ionic strength 0.1 M  
are: ku = (5.6 ± 0.6) X 103 sec. - 1  and ka = (1 9 ±  0.2) X 102 sec.-1. The reaction 
was studied in a pH range of 3.4 to 5.0. No catalytic effect of hydrogen ion was detected 
within experimental error. A two-step mechanism involving proton transfer via hydrogen 
bonding is postulated to explain the observed data.

Introduction
In a thermodynamic study of aqueous periodate solu

tions, Crouthamel, et al.,1 showed that the species 
H 6i 0 6, H J 0 6- , I 0 4- , and H 3I0 6- 2  and their equilibria 
were completely adequate to describe all observed be

havior of acid solutions. Further evidence for the 
existence of these species has been the isolation of 
crystals such as H5IO6, AgI04, and K I04, and also

( 1 )  C .  C r o u t h a m e l ,  A .  H a y e s ,  a n d  D .  M a r t i n ,  J . A m . Chem. Soc., 
7 3 ,  8 2  ( 1 9 5 1 )  ( c / .  f o r  r e f e r e n c e s  t o  e a r l i e r  w o r k ) .
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N aI04, (NH4)2H 3I 0 6, and Ag2H3I0 6, for which the 
crystal and molecular structures are known. 2

The three equilibrium constants necessary for a com
plete description of the system are given in Table I, 
along with the equilibrium constants for the two in
dicators used in this study.

Table I: Stoichiometric Eqjilibrium  Constants

K, =

K, =

[H + H H JO rl
[H5I 0 6]

[H+] [HalOe-a] 
[H4IO ,-]

= 8.3 X 10”4“ 

= 5.4 X IO- 70

A d = [io*-] = 29“
[H JO s-]

Klnt - ÎH R lïü d = 3.47 X IO-4»
[HInA;

Km, = [H R iiH d = 1.00 X 10-56
[HIn2+;

“ See ref. 1, values corrected to 20°, ionic strength 0.1 M. 
b I. M. Kolthoff, J . Phys. Ckem., 34, 1466 (1930). Ini, methyl 
orange; In 2, methyl red.

Front these thermodynamic investigations it appeared 
that the equilibrium for the hydration-dehydration 
reaction was rapidly established. Therefore, we de
cided to undertake a temperature-jump study of this 
system at pH values around 4, where it is possible to 
observe the reaction of interest

H4IO ,r I0 4-  +  2H20  (I)
h i t

where ko (sec.-1) and kn (sec.-1) represent the first- 
order rate constants for the dehydration and hydration 
reactions, respectively. At the chosen pH of 4.2, for 
example, 99.8% of the periodate is present as some uni
valent species (either H 4I 0 6~ or I 0 4“) ; 0 .2 % is present 
as H5IO6 ; and essentially none is present as the divalent 
ion, HdOe-2.

Relaxation Spectra
In order to study the kinetics of reaction I by the 

temperature-jump technique, it was necessary to couple 
the system with an acid-base indicator to obtain an ob
servable color change in the visible region of the spec
trum. This coupling was accomplished via the follow
ing reactions

HsIOe ^—  H+ -(- H4I 0 6_ (H)

HIn+ H+ +  In (III)

where Hin+ and In represent the acidic and basic forms 
of methyl orange and methyl red, the two main indica
tors used in the study. Reactions II and III, which 
involve proton recombination, have relaxation times 
many orders of magnitude faster than the hydrolytic 
reaction I and, hence, are suitable as coupling reactions.

For the over-all reaction I the rate is

dJiO ^J = M H 4l06_] _  m i0 4 -]  (i)

In order to find the relaxation time for (I), the following 
relations

[x] = [x] +  5[x] (2 a)

for all species, x, and

«[IO*-] +  5[H4I0 6-] +  5[H5I0 6] = 0 (2 b) 

«[HIn + ] +  5 [In] = 0 (2c)

8 [H + ] +  5[H6I0 6] +  5[HIn + ] = 0 (2d)

frD[H4IO ,-] = M K V ]  (2 e)
(where [x] is the instantaneous concentration of species 
x, [x] is the time-independent equilibrium concentra
tion, 5 [x ] represents, a small deviation from equilibrium 
and is time dependent, with 5[x] < <  [x], [x]) substi
tuted into eq. 1 give

d(«[I0 4-]) — [I0 4—]
-----%-----  = ----------- ' 3)d t t

with

- = &d( 1  —• a) +  kH
T

where

[Hh

[H+] +  K x +  [H4I0 6
Km +  [HH

Km +  [H+] +  [In]>

(4)

Since the relaxation time, r, is directly measurable by 
the temperature-jump method for a reaction with a 
finite heat of reaction , 3 ko and could be determined.

Experimental
The temperature-jump apparatus was the same one 

used in previous work in this laboratory by Hurwitz

(2) (a) E. A. Hazlewood, Z. Krist., 9 8 ,  439 (1938); (b) L. Helm- 
holz, J. Am. Chem. Soc.. 5 9 ,  2036 (1937); (c) L. Helmholz, Struct. 
Kept., 9 ,  215 (1942).
(3) M. Eigen and L. DeMaeyer in “Technique of Organic Chemis
try ,” A. Weissberger, Ed., Vol. VIII, John Wiley and Sons, Inc.. New 
York, N. Y., 1963, Part 2.
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and Kustin4 and is described in that paper as well as 
in others. 5 The final equilibrium temperature to 
which all rate constants are referred is 20 ± 1°. The 
relative error in the rate constants is ±  10%. The reac
tion was followed by observing the change in optical 
density of the indicator at a single wave length (513 
m/i for methyl orange, 525 ni/r for methyl red); this 
change was oscilloscopically recorded and photo
graphed.

Reagent grade sodium metaperiodate from the Fisher 
Scientific Co. was used without further purification, as 
was Fisher reagent grade sodium nitrate, used as an 
inert electrolyte to maintain a constant ionic strength 
of 0.1 M. The indicators, methyl orange and methyl 
red, from Eastman Organic Chemicals, were both re
crystallized from water before using. Stock solutions 
of both indicators and N aN 0 3 were used. Because of 
its low solubility, fresh samples of N aI0 4 were weighed 
out for each solution. Doubly distilled water was used 
in all preparations. The pH was adjusted on a Corn
ing pH meter, Model 12, with dilute H N 0 3 and NaOH. 
Measurements of pH after the solution was “T-jumped” 
showed no change in hydrogen ion concentration.

In the pH-dependence study, methyl orange was 
used as the indicator for pH 3.4-4.2, while methyl red 
was used for pH 4.6-5.0. I t  was observed that solu
tions of periodate and methyl orange or methyl red 
slowly faded upon standing. The rate was such that a 
period of about 24 hr. was required for most of the color 
to disappear. In control experiments on the Perkin- 
Elmer 202 UV-Vis spectrophotometer, it was found that 
at a constant concentration of indicator, the color fad
ing was more rapid for larger periodate concentrations. 
From this fact it was assumed that some reaction (most 
likely oxidation) was occurring between periodate and 
both indicators. However, since the periodate and in
dicator were mixed just before the solution was used 
for a temperature-jump experiment, no more than 5-10 
min. was permitted to elapse before the first oscillo
graphs were taken.

Two other indicators were tried in the course of this 
work. With brom cresol green a small effect was 
observed, but it was not large enough to permit an 
accurate evaluation of the relaxation time. Brom 
phenol blue also showed a small effect when “T- 
jumped” once or twice. Further pulsing resulted in 
the apparent decomposition of this indicator so that no 
further investigation was possible. Nevertheless, the 
results of these experiments are in accord with those of 
the methyl orange-methyl red experiments. Thus, the 
effect observed with methyl orange and methyl red is 
not an artifact of these indicators.

Results
The results of the kinetic studies are shown in Tables 

II and III. Each relaxation time is an average of at 
least three photographic determinations. The rate 
constants were calculated from eq. 4.

Table II shows the results of the concentration de
pendence study at pH 4.2. As eq. 4 would indicate, 
there is no experimentally observable effect of periodate 
concentration on the relaxation time.

Table II : Concentration Dependence of r a

[IO,-lo
X  10» T,

M ¿isec. kn, s e c . -1 & H , s e c . -1

1.00 180 6.0 X 103 2.1 X 102
2 00 190 5.6 X 103 1.9 X 102
4.00 200 5.2 X 10s 1.8 X 102
6 00 190 5.4 X 103 1.9 X 102
8.00 180 5.7 X 103 2.0 X 102

Av. (5.6 ±  0.6) X 103 (1.9 ±  0.2) X 102

° pH 4.2; [methyl orange]0 = 2.0 X 10~5 M ;  fi = 0.1 M ; 
temp. 20°.

Table III  shows the results of the pH dependence 
study with [IO4- ]0 = 0.02 M. There is no significant 
dependence of rate on pH, and it thus appears that 
there is no hydrogen ion catalysis in the pH range 
studied.

Discussion
Comparison of these results with other reactions in 

the general class of hydration-hydrolysis shows that 
the periodate reaction is among the most rapid—a 
surprising result, in view of the large structural changes 
and complexity of the reaction. For example, the hy
dration rate constant for S0 2 is ka = 3.4 X 106 7 sec.-16; 
halogen hydrolysis spans a broad range of relaxation 
times, but the largest kK (for bromine) is 1.1 X 102 

sec.-17; the hydration rate constant for C 0 2 is fcH = 
0.04 sec. - 1 . 8 Similar reactions involving the hydration- 
hydrolysis of various aldehydes and ketones are slower 
and usually show general acid-base catalysis. 9’10 In

( 4 )  P .  H u r w i t z  a n d  K .  K u s t i n ,  Inorg. Chem., 3 ,  8 2 3  ( 1 9 6 4 ) .

( 5 )  G .  C z e r l i n s k i  a n d  M .  E i g e n ,  Z. Elektrochem., 6 3 ,  6 5 2  ( 1 9 5 9 ) ;  
G .  G .  H a m m e s  a n d  J .  I .  S t e i n f e l d ,  J . A m . Chem. Soc., 8 4 ,  4 6 3 9  
( 1 9 6 2 ) .

( 6 )  M .  E i g e n ,  K .  K u s t i n ,  a n d  G .  M a a s s ,  Z. p h ysik . Chem. ( F r a n k 
f u r t ) ,  3 0 ,  1 3 0  ( 1 9 6 1 ) .

( 7 )  M .  E i g e n  a n d  K .  K u s t i n ,  J .  A m . Chem. Soc., 8 4 ,  1 3 5 5  ( 1 9 6 2 ) .

( 8 )  B .  H .  G i b b o n s  a n d  J .  T .  E d s a l l ,  J . B iol. Chem., 2 3 8 ,  3 5 0 2  ( 1 9 6 3 ) .

( 9 )  I t .  P .  B e l l ,  “ T h e  P r o t o n  i n  C h e m i s t r y , ’ ’ C o r n e l l  U n i v e r s i t y  P r e s s ,  
I t h a c a ,  N .  Y . ,  1 9 5 9 ,  p .  1 5 1  f f .

( 1 0 )  H .  S t r e h l o w ,  Z. Elektrochem., 6 6 ,  3 9 2  ( 1 9 6 2 ) .
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Table III : pH Dependence of r a

I n d i c a t o r pH r ,  /.s e c . s e c . 1 &h> 8CC. 1
Methyl orange 3.4 200 6.7 X 1 0 3 2.3 X 102
Methyl orange 3.8 220 5.2 X 10s 1.8 X 102
Methyl orange 4.2 190 5.6 X 103 1.9 X 102
Methyl red 4.6 190 5.4 X 103 1.9 X 10!
Methyl red 5.0 190 5.3 X 103 1.8 X 102

Av. (5.6 ±  0.6) X 103 (1.9 ±  0.2) X 102

° [IO*-]0 = 2.00 X 10~2 M ;  [methyl orange or methyl red]0 = 2.00 X 10“5 M ;  n  = 0.1 M ;  temp. 20°.

contrast, the hydration rate constant for periodate is 
fcH = 1.9 X 102 sec. “ 1 and is free from hydrogen ion 
catalysis in the pH range 3.4-5.0 as shown in Tables II 
and III.

Closer comparison between this and the previously 
mentioned reactions shows many differences. Let us 
first consider the faster hydration-hydrolysis reactions. 
The reactions of S02, the halogens, and C 0 2 are those 
of pseudoacids. The S02 and C 0 2 hydrolysis mecha
nisms most probably involve a single step. That is, 
the hydration is accomplished by the transfer of a hy
droxyl ion from a water molecule to the substrate, 
during which process the freed hydrogen ion diffuses 
into the bulk of the medium. The change from 
metaperiodate to paraperiodate, on the other hand, in
volves (a) the “hydrolysis” of two water molecules 
with no increase in hydrogen ion concentration and (b) 
the change from tetrahedral to octahedral coordination, 
respectively. (This structural change is based upon 
the assumption that the known solid-state molecular 
structures are retained by the ions in solution.) These 
two facts necessitate a different explanation for the 
periodate reaction.

The results may be interpreted according to two 
schemes: a two-step mechanism with a pentacoordi- 
nated intermediate and a one-step mechanism with the 
“concerted” hydrolysis of two associated water mole
cules. The temperature-jump experiments do not dis
tinguish between the two possibilities so long as the 
intermediate in the two-step mechanism is present in 
the steady state. As a consequence of this fact it is 
most correct to include both possibilities in the over-all 
mechanism, namely

® *12
h 4io 6-  h 2io5- 

21
IO f + 2H20

h 2o
(IV)

Assuming that for the pentacoordinated intermediate, 
H JO 5 -, (d/di)(5[H2I0 5“ ]) = 0 , the rate constants kn 
and &h are then

-  1 1 , ,, 1“ k%\
1 +  «¡21/ «23

1 +  k-a/kzi +  kv.

(5)

(6 )

On mechanistic grounds, pathway ©  ©, the
two-step mechanism, seems to have the greater like
lihood. Unlike the S0 2 or C 0 2 reactions, the number of 
ions does not increase upon hydrolysis, but a proton and 
hydroxyl ion have to be added to, and brought together 
from, separated sites on the periodate. Both periodate 
ions are relatively large, the distance between oxygen 
atoms along an edge in the octahedral H4I0 6“ being ap
proximately 2.50 A.2a This distance provides enough 
space for about two or three water molecules. There
fore, hydrogen bonding, which has also been shown to 
occur in the solid,2“ could account for the rapid, re
versible hydration-hydrolysis in a reaction such as 
that shown below for step

and similarly for the second step. In terms of this 
mechanism, we can see why the above-mentioned hy
drolysis of aldehydes and ketones is slower. The rela
tively small length of the carbon-oxygen bond in the 
carbonyl group would not permit proton transfer 
through a network of hydrogen bonds.

It is also to be noted that there do not appear to be 
any a 'priori grounds for preferring a trigonal bipyramid 
to a square pyramid intermediate although the former 
is the more commonly encountered structure for a 
pentacoordinated compound and has consequently 
been employed in the illustration . 11 This type of rcac-
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Mon, leading to the intermediate shown (or possibly one 
with a different pentacoordinated structure) provides 
an effective mechanism for accomplishing the structural 
changes, which would be consistent with the (relatively) 
short relaxation times. The rate constants for the two- 
step mechanism can be obtained from eq. 5 and 6 by 
dropping ku and ku , respectively. Without additional 
evidence, however, it is not possible to carry a kinetic 
analysis of this mechanism any further.

Some of the thermodynamic data give an indication 
that a one-step mechanism is not to be entirely dis
carded. The standard entropy change for reaction I is 
44 e.u. Crouthamel, et al., have estimated that the 
difference in the entropy of aquation between para- 
periodate and metaperiodate (viz., A<Saq(H4I06~) — 
A(Saq(I0 4~)) is 23 e.u. The authors conclude that a 
considerable part of this large difference might be due 
to a difference in the solvent-orienting abilities of the 
two ions. Specifically, the greater charge localization 
at the two unprotonated oxygen atoms in paraperiodate 
ion produces more solvent structure organization at 
these two places than at the corresponding four sites

on metaperiodate ion. Since significant solvent or
ganization is thereby implicated in reaction I, the pos
sibility of an orientation favorable enough to permit 
the simultaneous hydrolysis of two associated water 
molecules should not be omitted. In this case, the 
rate constants kr> and kH would be given, simply, by kn 
and k13. However, this process seems to be less likely 
than the two-step mechanism on the grounds that such 
unique configurations would not occur as frequently as 
H-bond formation and subsequent proton transfer are 
known to occur.11 12 Further work on acid-base catalysis 
in nonaqueous solvents will be undertaken in order to 
distinguish, experimentally, between the two mecha
nistic possibilities.
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t r y , ”  I n t e r s c i e n c e  P u b l i s h e r s ,  I n c . ,  N e w  Y o r k ,  N .  Y . ,  1 9 6 2 ,  p .  3 0 7 .

( 1 2 )  M .  E i g e n ,  Angew. Chem., 7 5 ,  4 8 9  ( 1 9 6 3 ) .

N O T E S

Com petitive Scavenging of M ethyl Radicals 

by Galvinoxyl and Iod ine 1

by Robert H. Schuler

Radiation Research Laboratories, M ellon In stitu te ,
Pittsburgh , Pennsylvania (Received Ju n e  29, 1964)

Bartlett and Funahashi2 have recently studied the 
relative rates for reaction of galvinoxyl3 and iodine with 
cyanoisopropyl radicals and found that the former 
rate is ten times greater. This result necessarily im
plies that, at least for the cyanoisopropyl radical, 
iodine is an inefficient scavenger and that the reaction 
is activation controlled. Work from these labora
tories,4 in which the absolute rate of scavenging of 
methyl radicals by iodine is determined by comparison 
with the rate of bimolecular combination of radicals, 
has indicated that the rate for reaction 1

CH3- +  I2 —>■ CH3I +  I- (1)

is in the range of 108-109 1. mole-1 sec.-1 and is es
sentially diffusion controlled. In view of these facts 
a direct determination of the relative rates for the 
scavenging of methyl radicals by galvinoxyl and iodine 
seemed desirable. Since Bartlett and Funahashi have 
demonstrated the mutual compatability of these two 
scavengers such a direct determination is readily pos
sible.

Experimental
Methyl radicals are generated by the radiolysis of 

2,2,4-trimethylpentane for which G'(CH3 ■) had previ-

( 1 )  S u p p o r t e d ,  i n  p a r t ,  b y  t h e  U .  S .  A t o m i c  E n e r g y  C o m m i s s i o n .

( 2 )  P .  D .  B a r t l e t t  a n d  T .  F u n a h a s h i ,  J .  A m . Chem. Soc., 8 4 ,  2 5 6 9  
( 1 9 6 2 ) .

( 3 )  F o r m a l l y  k n o w n  a s  2 , 6 - d i - £ - b u t y l - a - ( 3 , 5 - d i - £ - b u t v l - 4 - o x o - 2 , 5 -
c y c l o h e x a d i e n e - l - y l i d e n e ) - 7 > - t o l y l o x y : G .  M .  C o p p i n g e r ,  ibid., 7 9 ,
5 0 1  ( 1 9 5 7 ) .

( 4 )  R .  H .  S c h u l e r  a n d  R .  R .  K u n t z ,  J . Phys. Chem., 6 7 , 1 0 0 4  ( 1 9 6 3 ) .
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F i g u r e  1. R a t i o  o f  s c a v e n g i n g  o f  m e t h y l  r a d i c a l s  b y  
g a l v i n o x y l  [G0(CH3I) — G^CFLI)] a n d  b y  i o d in e  
[(7(CH3I)]. S o l id  c u r v e  c o r r e s p o n d s  t o  s i m p l e  c o m p e t i t i o n  

( s lo p e  =  1 ), w i t h  t h e  r a t e s  e q u a l  a t  [g] / [ I 2] =  16 .
E r r o r  l i m i t s  i n d i c a t e d  a r e  ± 0 . 0 1  in  A G .

ously been demonstrated to be 0.69. Reaction with 
iodine is measured directly from the formation of 
methyl iodide and with galvinoxyl (g) from the de
crease in (t(CH3I) at a particular ratio of (g)/(I2) - 
Since iodine concentrations were always in excess of 
10 “5 M  complications due to abstraction of hydrogen 
from the solvent should be absent. Galvinoxyl con
centrations were varied from 0.3 to 6 X 10“3 M  and 
iodine concentrations from 0.01 to 3 X 10“3 M. The 
methyl iodide yields were determined by the radio
chemical methods previously developed.4

Results and Discussion
The rate for reaction of methyl radicals with galvin

oxyl

CH3- +  g —> products (2)

relative to (1) is given in Fig. 1. It is seen that a 
simple competition seems to exist with the rate for 
(2) only Va as large as that for (1). This somewhat 
decreased rate is not too surprising in view of the 
delocalization of the electron in the galvinoxyl radical 
and in view of possible steric complications in reaction 
with such a large scavenger molecule. Assuming 
that reaction 2 is at all rapid (i.e., ki > 107 l./mole“ 1 
sec.“ 1) the present result confirms the previous con
clusion that reaction 1 is essentially diffusion controlled. 
Apparently, the efficiency of iodine for reaction with

cyanoisopropyl radicals is considerably less than for 
reaction with methyl radicals.

If the present result is combined with the previous 
estimate of 3 X 10s for ki then an absolute rate of 2 X 
107 is obtained for fc2. Since, because of the high ex
tinction coefficient for g ( £ 4 3 1  ~  150,000),2 studies can 
be carried out at low concentrations, this low value for 
k2 suggests that it should be possible to make a direct 
comparison of fc2 with the rate for bimolecular combi
nation of radicals at moderate radiation intensities. 
Studies of this nature are in progress.

Acknowledgment. The author wishes to thank Mr.
G. Buzzard for his assistance with the methyl iodide 
determinations reported here.

Diffusion Coefficients for One Com position of 
the  System  W ater-Sucrose-G lycine a t  2501

by Peter J. Dunlop2 and Louis J. Gosting
Chemistry Department and Institu te  fo r E nzym e Research,
University o f W isconsin, M adison , W isconsin 63706  
{Received Ju n e  20, 1964)

Although a number of papers which present data for 
isothermal diffusion in ternary systems have appeared 
in the literature during the past decade, only a few3-6 
of these report data for two nonelectrolytes in water. 
As part of a program for studying diffusion in aqueous 
ternary systems by means of the Gouy diffusiometer it 
was decided to obtain some data for the system water- 
sucrose-glycine. This note reports values for the four 
diffusion coefficients for one composition of this 
system, together with auxiliary data for the partial 
specific volumes and the refractive index derivatives. 
Measurements were made at rather high solute concen
trations in the hope that the cross-term diffusion co
efficients would be large and capable of being deter
mined quite accurately.

Experimental
We use the numbers 0, 1, and 2 to denote the com

ponents water, sucrose, and glycine, respectively. 1 2 3 4 5

(1) This investigation was supported in part by National Science 
Foundation Research Grant GP-179 and by National Institute of 
Arthritis and Metabolic Diseases (U.S.P.H.S.) Research Grant AM- 
05177 and Career Award K5-AM-16.715 (to L. J. G.).
(2) Department of Physical and Inorganic Chemistry, Adelaide 
University, South Australia.
(3) P. J. Dunlop, J. Phys. Chem., 6 1 ,  1619 (1957).
(4) F. E. Weir and M. Dole, J. Am. Chem. Soc., 8 0 ,  302 (1958).
(5) P. N. Henrion, Trans. Faraday Soc., 6 0 ,  75 (1964).
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Table I : D ata for the System W ater-Sucrose-Glycine“'6''

1 Expt. no."1 2
2 ( Pi )a 0.125006
3 (.Pi ) a 0.119970
4 PA 1.092673
5 (pi)b 0.124970
6 (p2)b 0.129972
7 PB 1.096471
8 PI 0.12498g
9 P2 0.124971

10 J  exptl 76.12
11 J  calcd 76.17
12 ai -0.0030
13 ODaW i X 106 0.71949
14 (©Abaled X 105 0.71792
15 Qexptl X 104 - 5 8 .6
16 Qcalcd X 104 -6 1 .8
17 72, = 0.1
18
19
20
21
22

3 4 1
0 . 1 2 4 0 9 2 0 . 1 1 9 9 6 2 0 . 1 1 8 9 9 8

0 . 1 2 0 7 0 9 0 . 1 2 4 2 3 8 0 . 1 2 5 0 4 6

1 . 0 9 2 5 9 4 1 . 0 9 2 4 0 5 1 . 0 9 2 3 5 4

0 . 1 2 5 8 7 6 0 . 1 2 9 9 9 8 0 . 1 3 0 9 9 4

0 . 1 2 9 2 4 7 0 . 1 2 5 7 3 4 0 . 1 2 4 9 7 8

1 . 0 9 6 5 0 4 1. 0 9 6 6 9 6 1 . 0 9 6 8 0 8

0 . 1 2 4 9 8 4 0 . 1 2 4 9 8 0 0 . 1 2 4 9 9 6

0 . 1 2 4 9 7 8 0 . 1 2 4 9 8 6 0 . 1 2 5 0 1 2

7 6 . 7 7 7 5 . 8 4 7 6 . 7 3

7 6 . 6 9 7 5 . 9 7 7 6 . 6 3

0 . 1 4 9 6 0 . 8 4 9 7 1 . 0 0 6 9

0 . 6 3 7 8 9 0 . 4 0 2 0 8 0 . 3 6 9 1 0

0 . 6 3 9 0 7 0 . 4 0 3 1 0 0 . 3 6 8 2 7

- 3 . 5 6 7 . 7 5 3 . 6

- 0 . 5 6 9 . 7

R i  =  0 . 1 6 6 3 5

5 1 . 6

0.99954 h  = 0.6273 v2 = 0.6192
(A i)v  X 105 = 0.3302 =F 0.0023 
(f lK)v X 106 = 0.0651 T  0.0032 
(D-»)v X 105 = 0.0560 ±  0.0033 
(7322)v X 106 = 0.6265 ±  0.0044

° 0 = water, 1 = sucrose, 2 = glycine; pi = 0.125, p2 = 0.125. b Units: concentrations p4, g. cc.-1 ; densities p, g. cc.-1 ; reduced 
height-area ratios 33a, cm.2 sec.-1; partial specific volumes if, cc. g .-1; refractive index derivatives R,, cc. g .-1, referred to  the velocity 
of light in air a t standard tem perature and pressure and for wave length 5460.7 X 10-8 cm. in air; diffusion coefficients (73y)v, cm .2 
sec.-1, corresponding to volume-fixed flows, (J  ,)v , having units of g. cm .-2 sec.-1, and gradients of concentrations having units of 
g. cm .-4. ‘ Quantities which were calculated as interm ediate da ta  are 7a = 373.66, *Sa = 146.43, E c =  —2.253, E, = 16.676, and 
E 2 = 11.691. d Experiments are numbered chronologically.

Sucrose from the National Bureau of Standards 
(sample no. 17) was used without further purification. 
The glycine was part of a sample which had been once 
recrystallized for a previous study.6 Procedures for 
preparing solutions and calculating their concentra
tions7 have been described elsewhere,8 except that 
here the concentration of each component, i, is denoted 
by Pi and expressed as g. cc.-1. Doubly distilled water 
which had been saturated with air was used in all ex
periments. Each solution density, p, in g. cc.-1 was 
obtained by averaging data from triplicate measure
ments in matched, single-neck, 30-ml. Pyrex pycnom
eters; the density of water at 25° was taken to be 
0.997048 g. cc.-1.

To obtain the desired diffusion data for the com
position investigated, four diffusion experiments were 
performed with the Gouy diffusiometer used previously. 
The reader is referred to an earlier article8 for informa
tion about the apparatus, for equations defining the 
various quantities, for description of the method of 
performing the experiments, and for calculation pro
cedures for obtaining the final results. The same fused 
quartz diffusion cell was used for all experiments; 
its thickness, a, along the light path was 2.5074 cm->

and the optical lever arm, b, was 307.06 cm. Each 
experiment was performed within ±0.006° of 25°, 
and the Stokes-Einstein relation was used to convert 
each reduced height-area ratio to 25.00q°.

Results
Table I summarizes all of the results from this study. 

Lines 2-9 give the solute concentrations, p 4, for the 
upper (A) and lower (B) solutions which were pre
pared for use in each diffusion experiment together 
with the corresponding measured densities and the 
mean solute concentrations, pi ~  p2 ~  0.125 g. cc.-1. 
Measurements of the pH of the solutions for experiments 
3 and 4 gave values between 6.08 and 6.1q. The total 
number of fringes, J eXpti, obtained in each experiment 
is given in line 10. These values and the corresponding 
concentration differences, Apt = (p,)b — (p,-)a, were 
used to compute9 the values of the refractive index

(6) P. J. Dunlop, J. Am. Chem. Soc., 77, 2994 (1955).
(7) In calculating air buoyancy corrections the values 1.588 and 1.601 
g. cc.“1 were used for the densities of solid sucrose and glycine, 
respectively.
(8) L. A. Woolf, D. G. Miller, and L. J. Gosting, J. Am. Chem. Soc.,
8 4 ,  317 (1962).
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derivatives, R, and R2, which are listed in line 17 of 
the table. Then from the R t and the Ap, for each ex
periment, values of ./caicd, line 11, were calculated for 
comparison with J exPti and, in addition, values were 
computed for a,, the fraction of the total refractive 
increment between solutions B and A contributed by 
component 1, and are listed in line 12. The reduced 
height-area ratio, (Dâ xpm, and the area, Qexpti, of 
the fringe deviation graph for each experiment are 
listed in lines 13 and 15.

The desired volume-fixed diffusion coefficients, 
(.DfJ)v, for this composition of the system, pi = p2 = 
0.125 g. cc._1, were computed9 from the values of 
J  exptlj APu (©a) exptl j and Qexpti, and are reported in 
lines 19-22. The estimates of accuracy shown were 
obtained by recalculating the (Dti)y after changing 
each Q0xpti by its estimated error; the upper sign 
corresponds to an increase of every Q by 0.0003 and 
the lower sign to a decrease of every Q by the same 
amount. It was found that an increase of each value 
of (S>A)exPti by 0.2% (without change in any Q) would 
increase each (Df#)v by less than 0.4% of its value. 
Values of / a and SA (eq. 42 of ref. 8) together with 
values of E0, E 1, and E2 (eq. 43 of ref. 8) which are in
termediate quantities obtained in the calculation of 
the (Dy)v are reported in footnote c of Table I. The 
values of (£>A)caicd and Qcai„d in lines 14 and 16 were 
computed from the values of Ap,-, /?,, and the (Z)y)v 
for comparison with the (S A)exPti and the Q,,xpti- 
These comparisons, and those of the ,/expti with the 
/caicd, indicate somewhat greater deviations from the 
experimental data than have usually been obtained in 
this laboratory for other three-component systems. 
It is believed that all concentration differences, Apt, 
were sufficiently small so that the effects of concentra
tion dependences of the (Z>y)v, of the R u and of the 
Vi do not affect the values reported in lines 17-22 by 
amounts significantly greater than the experimental 
errors of measurement. When the Apt are sufficiently 
small, the volume-fixed frame of reference becomes 
identical with the cell-fixed frame of reference, and the 
(-Dy)v may be identified with flows measured relative 
to the diffusion cell.10 Application of criteria given 
elsewhere11 indicates that in all four experiments re
ported in Table I the liquid columns in the diffusion 
cell were gravitationally stable.

To calculate the partial specific volumes, vu of the 
components, the constants in the following equation 
were determined by the method of least squares to 
fit the density data in Table I.

p  = 1.09457.3 +  0.3724% -  0.125) +
0.3805% -  0.125) (1)

These constants, which express the density data with 
an average error of 0.0009%, were used to calculate the 
Vi in line 18 of Table I by using equations derived 
previously.12

(9) The procedure used for these calculations was the same as de
scribed in ref. 8, except they were performed on a Bendix G-15 
computer using programs written in Intercom 1000 (double pre
cision) format by R. P. Wendt, J. Phys. Chem., 66, 1279 (1962).
(10) J. G. Kirkwood, R. L. Baldwin, P. J. Dunlop, L. J. Gosting, 
and G. Kegeles, J. Chem. Phys., 33, 1505 (1960).
(11) See eq. 42 and 43 of G. Reinfelds and L. J. Gosting, J. Phys. 
Chem., 68 , 2464 (1964), which are abbreviated forms of general 
gravitational stability criteria derived by R. P. Wendt, ibid., 66, 
1740 (1962).
(12) P. J. Dunlop and L. J. Gosting, ibid., 63, 86 (1959).

M etathetica l Reactions of Ion 

Pairs in  Acetic Acid

by Elton Price and Ernest Grunwald

Bell Telephone Laboratories, Incorporated,
Murray Hill, New Jersey 07971 (Received July 3, 196J.)

Although the properties of ion pairs have been of 
theoretical interest for many years, thermodynamic 
data for metathetical reactions of ion pairs are rela
tively scarce. Such data can be obtained indirectly 
and with considerable labor from ion-pair dissociation 
constants.1 As far as we know, the only previously 
reported direct methods of measurement are based on 
the analysis of the solubility of sparingly soluble salts 
in the presence of other salts,la'lc or of the absorption 
spectra of the ion pairs when these depend on the nature 
of the counterions.2

We now wish to report a kinetic method that is 
based on nuclear magnetic resonance measurements of 
NH-COOH proton exchange in acetic acid.3 The 
metathetical reactions for which the equilibrium 
constants can be measured by our method are repre
sented by eq. 1, where BH+ is any suitable alkylam- 
monium ion and M+ is any cation that does not have 
rapidly exchangeable protons.

BH+Y- +  M+OAc- %% BH+OAc- +  M+Y~ (1)

(1) (a) E. Griswold, M. M. Jones, and R. K. Birdwhistell, J . Am.
Chem. Soc., 75, 5701 (1953); (b) M. M. Jones and E. Griswold,
ibid., 76, 3247 (1954); (c) R. K. Birdwhistell and E. Griswold, ibid., 
77, 873 (1955).
(2) M. M. Davis and H. B. Hetzer, ibid., 76, 4247, 6423 (1954).
(3) (a) E. Grunwald and E. Price, ibid., 86, 2965 (1964); (b) E. 
Grunwald and E. Price, ibid., 86, 2970 (1964).
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•
In the present note, we let BH + = (CH3)3NH + and 
M + = (CH3)4N + or N a+. The solvent is glacial 
acetic acid.

It has been shown3 that in acetic acid, at electrolyte 
concentrations above 0.01 M, the rate of proton ex
change of free BH + ions with the solvent is negligible 
compared to that of the acetate ion pairs, BH+OAc- . 
It has been shown, further, that the rate constant for 
proton exchange of BH+Y-  is related to that for BH+- 
OAc-  approximately as the ratio of the basicity of Y -  
relative to that of OAc- .4 It is therefore convenient, 
but not essential, that M+Y-  be the salt of an acid 
that is at least two orders of magnitude stronger than 
acetic acid. In that case, the concentrations of the 
solute components can easily be adjusted so that pro
ton exchange due to BH+Y-  is negligible, and the ob
served rate of exchange, R, is directly proportional to 
the concentration of BH+OAc-  in the equilibrium 
mixture. The relevant rate constant, k = R /  [BH+- 
OAc- ], is evaluated in a control experiment in which 
the only solute components are BH+OAc-  and BH+Y- . 
The equilibrium constant can then be derived from rate 
measurements on systems in which the solute com
ponents are BH+OAc-  and M +Y- .

The method is illustrated in Table I for some systems 
in which Y -  = Cl- . The equilibrium constant, 
K eq, is defined by

= [BH+OAc- HM+Y-] 
e<l [BH+Y-  ] [M +OAc-  ] 1 ;

where the brackets denote molar concentrations. The 
precision of the Aeq values obtained by this method is 
about 10%.

It should be noted that the scope of this method is 
much wider than suggested by eq. 1. Given the values 
of K eq for a series of salts M+Y- , further equilibrium 
constants for the ion-pair reactions among these salts 
can be derived by standard thermodynamic methods. 
Thus, the equilibrium constant for reaction 3, A3, is

(CH3)4N+C1-  +  Na+OAc-
(CH3)4N+OAc-  +  Na+Cl-  (3)

equal to the ratio of K eq for Na+Cl-  to Aeq for (CH3)4- 
N+Cl- . Using Hie data in Table I, the actual value 
obtained for K 3 is 0.170/0.510, or 0.33.

The present data, in agreement with earlier results,1 
indicate that equilibrium constants for metathetical 
reactions of ion pairs can differ appreciably from the 
purely statistical value of unity. The sensitivity of 
the present values of K cq to ion-pair structure is also 
qualitatively consistent with existing data for ion-pair

Table I : Equilibrium Constants for the M etathetical 
Reaction, (CH 3)3NH+C1-  +  M +OAc-  ;=± 
(CH 3)3N H+O Ac-  +  M +C1- , in Acetic Acid a t  25°

-Solute components, M-------------- Kt
(BH 4 = (CHj)jNH+) RO.b or k

(a) M easurement of k (sec.- ‘)°
BH+OAc- , 0.0207; BH+C1- , 0.0215 17.0 820
BH+OAc- , 0.0207; BH+C1- , 0.0492 16.5 796
BH+OAc- , 0.0207; B H +C l- , 0.0772 17.5 845

Av. 820

(b) M easurement of K eq
BH+OAc- , 0.0200; (C H 3)4N+C1- , 0.0199 6.94 0.536
BH+OAc- , 0.0200; (C H 3)4N+C1- , 0.0516 3.15 0.520
BH+OAc- , 0.0200; (C H 3)4N+C1- , 0.0816 1.89 0.469

Av. 0.510
Na+OAc- , 0.0180; B H +C l- , 0.0993 8.69 0.170

* S  =  rate of N H -CO OH  proton exchange, in g.-atom /l. sec.,
k = ß /[B H + O A c- ]. b Calculated using eq. 2 and 3 of ref. 3b.
The required n.m.r. param eters are Ô (radians/sec.) = 846pci +
690poAc, J = 330 radians/sec., \ / T l (sec.-1) = 400pCi + 660pOAc, 
pci =  fraction of chloride salt in the salt mixture and poAc = 
fraction of acetate salt; pci = 1 — poAo-

dissociation constants, K^. The latter are related to 
K cll according to eq. 4.

i/~ BH+Y" 7 7  M+OAc ~ v  _  Ad_____
~~  i s  B H + O A c - j ^  M + Y -  WxVd Ad

Bruckenstein and Kolthoff5 find large differences among 
K  a values for acetate salts but very small differences 
among the corresponding chlorides. On that basis, 
the deviation from unity of the K eq values in Table I 
may be ascribed largely to specific interactions in the 
acetate ion pairs rather than in the chloride ion pairs.

Experimental
Glacial acetic acid (Merck) was purified and dried 

as described previously.3a
Trimethylamine was obtained from Matheson and 

Co. in the form of a compressed gas. Trimethylam- 
monium chloride (Eastman) was recrystallized twice 
from absolute ethanol. Tetramethylammonium chlo
ride (Eastman) was recrystallized twice from absolute 
ethanol. Sodium acetate (Baker) was dried a t 120° 
for 36 hr.

Rates of NH-COOH proton exchange were de
termined by nuclear magnetic resonance techniques

( 4 )  K i n e t i c  d a t a  f o r  p r o t o n  e x c h a n g e  o f  a m m o n i u m  p i c r a t e ,  t r i -
c h l o r o a c e t a t e ,  a n d  a c e t a t e  i n  a c e t i c  a c i d  l e a d  t o  a  v a l u e  o f  0 . 9  f o r  t h e  
s lo p e  o f  t h e  B r 0 n s t e d  l o g  k vs. l o g  K b  p l o t :  E .  G r u n w a l d  a n d  E .
P r i c e ,  J . A m . Chem. Soc., 8 6 ,  4 5 1 7  ( 1 9 6 4 ) .

( 5 )  S . B r u c k e n s t e i n  a n d  I .  M .  K o l t h o f f ,  ibid., 78, 2 9 7 4  ( 1 9 5 6 ) .
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from the exchange broadening of the dominant n.m.r. 
line in the NH-COOH proton system. Experimental 
methods and rate calculations have been fully described 
elsewhere3 and need not be repeated here. Values 
for relevant n.m.r. parameters were taken from the 
previous work3b and are listed in Table I, footnote b. 
Solute concentrations were in the range 0.01 to 0.2 M.

The following salts, when present as single solutes 
in acetic acid, were found to give negligible (<0.02 
sec.-1) exchange broadening of the COOH proton 
resonance at 25°: (CH3)3NHC1, NaCl, NaOAc, (CHj)«- 
NC1, and (CH3)4NOAc. On the other hand, solutions 
of (CH3)3NHOAc, either as a single solute or in the 
presence of one of the previously mentioned salts, gave 
significant exchange broadening of the COOH proton 
resonance. The values of the exchange broadening 
permitted calculation of the exchange rate, R, which 
in turn permitted evaluation of [(CH3)3NHOAc] 
as described in the text.

The H eat of Decom position 

of Hydrogen Superoxide

by D. A. Csejka, F. Martinez, J. A. Wojtowicz, 
and J. A. Zaslowsky1

Olin M athieson Chemical Corporation , Organics D ivision ,
New Haven , Connecticut (Received Ju n e  26, 1964)

The preparation of a thermally unstable hydrogen 
superoxide has been recently confirmed.2'3 Although 
several values have been reported for its heat of de
composition,4'5 the techniques employed have been 
relatively crude and the samples were not of known 
assay. A more precise determination on the basis of 
samples of known assay is presented.

Experimental
Apparatus. An ice calorimeter similar to that de

scribed by Giguere, Morissette, and Olmos6 was em
ployed. It was modified as follows, (a) A weighed 
glass vessel was placed in the central tube which holds 
the ice mantle, (b) The space between the central 
tube and vessel was filled with aqueous sulfuric acid 
(for rapid heat transfer). Samples were dropped into 
the vessel. The calorimeter was calibrated electri
cally; a value of 64.67 ±  0.09 (std. dev.) cal./g. of Hg 
was obtained (1 cal. = 4.1840 joules).

Materials. Hydrogen Superoxide. (1) Ozone was 
condensed on the walls of a U-trap cooled to —196°

and exposed to hydrogen atoms as described.3 The 
product was warmed to —135° under vacuum to re
move unreacted ozone, recooled to —196°, and trans
ferred to glass sample holders. Trace quantities of 
ozone remained.

(2) Water vapor was passed through a glow dis
charge tube, dissociated, and condensed at —196°. 
A neon sign transformer rated at 15 kv. and 30 ma. 
was used as the power source. Flow conditions were 
maintained using a Welch Duo-seal vacuum pump (1-2 
mm. pressure).

Portions of each reaction product were decomposed 
by warming to —40°. The evolved oxygen was 
measured manometrically in a calibrated vacuum 
system. The residue was weighed and analyzed for 
hydrogen peroxide by permanganate titration.

Molar ratios of evolved oxygen to residual hydrogen 
peroxide were calculated. The amount of hydrogen 
superoxide in a calorimetric sample was determined 
from the molar ratio, the amount of residual hydrogen 
peroxide in the sample, and the equation

H2O4 — *• H2O2 T  O2

The molar ratio is the fraction of the residual hydrogen 
peroxide which was originally present as superoxide. 
In the case of the ozone-hydrogen atom product a 
ratio of 1.0 was used (1.0 ± 0 .1  experimentally).

Amorphous ice-hydrogen peroxide samples of similar 
composition to the superoxide residue were prepared 
by condensing water-hydrogen peroxide vapor at 
-196°.

Procedure. Reaction product was transferred at 
— 196° to thin-walled glass holders (5 X 0.5 cm.), 
warmed to —135° under vacuum for 30 min. to remove 
any liquid nitrogen or air, and recooled to —196° in a 
nitrogen atmosphere. The sample was transferred 
rapidly at —196° to the equilibrated calorimeter, and 
the heat evolved was determined by mercury weight. 
At the conclusion of the experiment the residue was 
weighed and analyzed for hydrogen peroxide; the 
amount of H20 4 was determined from the previous 
analyses. 1 2 3 4 5 6

( 1 )  A d d r e s s  i n q u i r i e s  t o  D .  A .  C s e j k a .  W o r k  s p o n s o r e d  b y  A i r  F o r c e  
O f f i c e  o f  S c i e n t i f i c  R e s e a r c h ,  C o n t r a c t  N o .  A F  4 9 ( 6 3 8 ) - 1 1 3 7 .

( 2 )  N .  I .  K o b o z e v ,  I .  I .  S k o r o k h o d o v ,  L .  I .  N e k r a s o v ,  a n d  E .  I .  
M a k a r o v a ,  Z h. Fiz. K h im .,  3 1 ,  1 8 4 3  ( 1 9 5 7 ) .

( 3 )  J .  A .  W o j t o w i c z ,  F .  M a r t i n e z ,  a n d  J .  A .  Z a s l o w s k y ,  J . P hys. 
Chem., 6 7 , 8 4 9  ( 1 9 6 3 ) .

( 4 )  J .  A .  G h o r m l e y ,  J . A m . Chem. Soc., 7 9 ,  1 8 6 2  ( 1 9 5 7 ) .

( 5 )  ( a )  L .  A .  R e s n i t s k i i ,  K .  G .  K h o m y a k o v ,  L .  I .  N e k r a s o v ,  a n d  
I .  I .  S k o r o k h o d o v ,  Z h. F iz. K h im .,  3 2 ,  8 7  ( 1 9 5 8 ) ;  ( b )  I .  I .  S k o r o k h o 
d o v ,  L .  I .  N e k r a s o v ,  L .  A .  R e z n i t s k i i ,  K .  G .  K h o m y a k o v ,  a n d  N .  I .  
K o b o z e v ,  ibid., 3 3 ,  2 0 9 0  ( 1 9 5 9 ) .

( 6 )  P .  A .  G ig u e r e ,  B .  G .  M o r i s s e t t e ,  a n d  A .  W .  O l m o s ,  Can. J .  Chem., 
3 3 ,  6 5 7  ( 1 9 5 5 ) .
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Table I :  H eat of Decomposition a t —196° of the Superoxide from Dissociated W ater

Total heat,
Residue eq. I + Heat, Heat, Heat of

Sample wt., Os(e)/ H2O2 wt., mo., II + HI, eq. II, eq. Ill, decomposition,
(mg.) mo. mg. mmole cal. cal. cal. kcal./mole
191.5 0.160 30.5 0.144 21.70 23.92 0 . 4 3 -18.4
208.4 0.160 31.4 0.148 24.02 26.07 0 . 4 4 -16.8
231.2 0.177 50.7 0.264 24.47 28.52 0 . 7 9 -18.3

Av. - 1 7 .8  ±  2 .2  
(95% certainty)

Table I I : H eat of Decomposition a t —196° of the Os-H Atom Reaction Product

Residue
Total heat, 

eq. I + Heat, Heat, Heat of
Sample wt., H2O2 wt., HiO,, II + III,“ eq. II, eq. Ill, decomposition,

mg. mg. mmole cal. cal. cal. kcal./mole
2 0 . 6 3 . 6 0.105 - 0 . 3 4 2 . 2 0 0.3o -27.1
23.3 4 . 4 0.129 - 0 . 4 3 2.46 0.37 -25.3
49.3 6.6 0.193 + 0 . 6 6 5.52 O. 5 7 -28.1

Av. -26.8 ±

° In  eq. I and II, x  =  0.
(95% certainty)

The transfers of aqueous hydrogen peroxide samples 
were conducted in a similar manner. All the samples 
were homogeneous since the peroxide assay was the 
same for samples from the same preparation.

To correct the observed heat for the heat capacity 
effect of the glass sample holders nine determinations 
using the holders were made. A value of 23.0 ±  1.1 
(std. dev.) cal./g. for the heat absorbed from —196° 
to 0 ° was obtained.

Results
Thermal data of the following reactions were used 

to determine the heat of decomposition of the super
oxide matrix at 196°

H2O4 • a:H20 2 • 2/H20 (s, -196°) —*•
(x +  1)H20 2-2/H20 (s, -196°) +

0 2(1, -196°) (I)

(x +  l)H 20 2 -yH20(s, -196°) —>
(x +  1 )H 20 2• yH20(soln., 0°) (II)

0 2(1, —196°) > 0 2(g, 0°) (III)

The heat absorbed from —196 to 0° of five amor
phous ice-hydrogen peroxide samples having the same 
composition as the superoxide residue was determined. 
A value of 128.0 ±  1.2 (std. dev.) cal./g. for samples 
between 17.4 and 20.1 wt. % hydrogen peroxide was 
determined for eq. II. Thermodynamic data7 were 
used to determine the heat absorbed in eq. III. The

contribution to the heat of reaction of H 0 2 radicals was 
neglected on the basis of their reported low concentra
tion (about 0.3-0.4 wt. %) as determined by e.p.r. 
studies. 8 Furthermore, we have shown that at —135° 
the H 0 2 radicals disappear rapidly. Samples were 
annealed at —135° for over 0.5 hr. prior to recooling 
to -196°.

Results for the decomposition of the hydrogen super
oxide matrix are summarized in Tables I and II.

Uncertainty. The following significant uncertainties 
arose in these determinations. (1 ) Enthalpy change of 
ice-peroxide and superoxide from —196 to 0° including 
phase changes (1%); this contributes a 15% uncer
tainty in the heat of decomposition in the case of dis
sociated water and about 6 % in the ozone reaction 
product; (2 ) molar ratio of oxygen evolved to hydrogen 
peroxide; in the dissociated water the error is about 
5%. This contributes a 5% uncertainty to the heat 
of decomposition.

Discussion
The difference in the heats of decomposition of the 

two superoxide matrices, about 9 kcal./mole, is beyond

(7) (a) “ Selected Values of Chemical Thermodynamic Properties,” 
National Bureau of Standards Circular 500, U. S. Govt. Printing 
Office, Washington, D. C., 1952; (b) H. W. Woolley, J. Res. Natl. 
Bur. Std., 4 0 ,  163 (1948).
(8) R. L. Livingston, J. A. Ghormley, and H. Zeldes, J. Chem. Phys., 
2 4 ,  483 (1956).
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the experimental error and is attributed to either: (a) 
a difference in the matrix (one containing hydrogen 
peroxide, the other little or none), or (b) more probably 
to traces of ozone or nitrogen oxides in the ozone- 
hydrogen atom product. There were traces of ozone 
visible in the product. The ozone can react with 
hydrogen peroxide or decompose to liberate 57 kcal. 
or 34 kcal./mole of ozone, respectively.

The heat of decomposition of H20 4 at —196° is
— 17.8 ±  2.2 kcal./mole. This differs considerably 
from the value of —44 kcal./mole reported by Ghorm- 
ley4 and —39 kcal. /mole reported by Skorokhodov, 
ei al.6

Ghormley assumed a superoxide assay without prod
uct analysis. Skorokhodov’s calculation of the heat 
of decomposition is not clear.

The heat of formation of H20 4 at —196° was esti
mated from data obtained in this research and those 
available in the literature.9 The heat capacity of 
H20 2 from —196 to 25° was obtained from Gigu&re’s 
data. The average Cp of H20 2 is 5.50 cal. mole-1 
deg.-1 from —196 to —173°, 6.85 cal. mole-1 deg.-1 
from —173 to —143°, 9.40 cal. mole-1 deg.-1 from 
-1 4 3  to -5 3 ° , 2.31 +  0.03967T (°K.) cal./mole from
— 53 to —2°, 21.36 cal. mole-1 deg.-1 from 0 to 25°. 
The heat of fusion of H20 2 at —0.43 is 2.9 kcal./mole. 
The average Cp of H2 is 6.25 cal. mole-1 deg.-1 from 
—196 to 25°. The average Cp of 0 2 is 6.98 cal. mole-1 
deg.-1 from —183 to 25° and 13.0 cal. mole-1 deg.-1 
from —183 to —196°. The heat of vaporization of 
0 2at —183° is 1.6 kcal./mole.

It is assumed that there is no interaction of the matrix 
with H20 4 or H20 2 upon decomposition at —196°. 
The heat of formation of H20 2 at —196° is —45.7 
kcal./mole. Using the value of —17.8 kcal./mole for 
the reaction

H20 4 • (zH20 2 • j/H20) (s) — >■
H20 2 • (xH20 2 • ?/H20) (s) +  0,(1)

at —196°, the heat of formation of H20 4 is —27.9 
kcal./mole.

The combination of H 0 2 radicals is thought to lead 
to the formation of H20 4.3 Using the data of Gray10 
for the heat of formation of gaseous H 0 2 radicals 
(+ 5  kcal./mole) and assuming this radical has the

(9) (a) P. A. Giguere, I. D. Liu, J. S. Dugdale, and J. A. Morrison,
Can. J .  Chem., 3 2 ,  117 (1954); (b) P. A. Giguere, B. G. Morissette, 
A. W. Oimos, and O. Knop, ibid., 3 3 ,  804 (1955); (c) "Selected Values 
of Chemical Thermodynamic Properties,” National Bureau of 
Standards Circular 500, U. S. Govt. Printing Office, Washington, 
D. C., 1952; (d) H. W. Woolley, J .  Res. N atl. B ur. Std., 40, 163 
(1948); (e) H. W. Woolley, R. B. Scott, and F. G. Brickwedde,
ibid., 41, 379 (1948). ■
(10) P. Gray, Trans. Faraday Soc., 55, 408 (1959).

same thermal properties as hydrogen peroxide, the 
heat of reaction at —196° of

2H02(s) — >■ H20 4(s)

is —4 kcal./mole H20 4.

Viscoelastic Properties of 

Plasticized G elatin  Film s

by J. B. Yannas1 and A. V. Tobolsky

Frick Chemical Laboratory, Princeton University ,
Princeton, New Jersey  (Received June 29, 1964)

Features of the molecular structure of gelatin have 
been studied by a great variety of physicochemical 
approaches. In particular, the related problems of 
chain conformation, chain aggregation, and crystal
linity of gelatin have received attention. Investiga
tions of such as yet unresolved questions have been 
performed on gelatin samples which have covered the 
entire concentration range—from dilute solutions 
through gels to glassy films.2 3

Our own effort has centered on the measurement of 
viscoelastic properties of plasticized gelatin sheets 
and sheets of pure, unplasticized protein. So far, 
these measurements have given us useful insight into 
the characteristics of this interesting biopolymer.

Experimental
Limed ossein gelatin in powder form and sheets was 

obtained through the courtesy of Dr. D. Tourtellotte of 
Kind and Knox Gelatin Co., Camden, N. J. (Lot 
4181-1). Gelatin prepared in identical fashion has 
been characterized by Scatchard, et al. (Knox Special 
Gelatin Type A).3 It is a relatively monodisperse 
grade, the value of M w/M n being 1.61. Gelatin of this 
type has M n = 45,700 and an isoionic point of 4.92. 
The moisture content is of the order of 10 wt. %  and 
the ash content is of the order of 1 wt. %.

Dimethyl sulfoxide (J. T. Baker Chemical Co., 
purity 99.9%) was the main plasticizer used. Glycerol

(1) National Institutes of Health predoctoral fellow, Department of 
Chemistry, Princeton University, Princeton, N. J.
(2) J. D. Ferry, Advan. Protein Chem., 4, 21 (1948); A. G. Ward 
and P. R. Saunders, "Rheology,” F. R. Eirich, Ed., Vol. 2, Academic 
Press, Inc., New York, N. Y., 1958; W. R. Harrington and P. H. 
von Hippel, Advan. Protein Chem., 1 6 ,  1 (1961).
(3) G. Scatchard, J. L. Oncley, J. W. Williams, and A. Brown, J . A m . 
Chem. Soc., 66, 1980 (1944).
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•
(J. T. Baker Chemical Co., purity 96.0%) was also 
used as an alternate plasticizer in several instances.

Plasticized gelatin films were obtained by weighing 
amounts of gelatin powder, previously pulverized 
finely and dehydrated in a vacuum oven at 65° for 
several days, into aluminum dishes containing an 
excess of plasticizer. The initial protein concentra
tion was of the order of 5 wt. %. The dishes were 
placed in a drying oven at 65 ±  10 and the plasticizer 
was allowed to evaporate slowly. Dishes were re
moved from the oven when the protein concentration 
in the films increased to the desired level (40-80 wt. %). 
Several films were also prepared using undried gelatin 
powder. In the undried form gelatin dissolved much 
more readily into the plasticizer giving films of superior 
clarity; these possessed identical viscoelastic proper
ties with films that were prepared using dried gelatin 
powder. Immediately after removal from the oven, 
the films were cut up into rectangular strips; these 
were immersed in silicone oil (polydimethylsiloxane, 
Dow Corning Corp.) wherein they were tested. Strips 
of unplasticized protein were prepared by cutting up 
sheet gelatin after brief heating on a hot metal surface 
to impart flexibility; strips so obtained were dehy
drated initially in a drying oven at 105° overnight and 
subsequently in a vacuum oven at 105° over a period 
of 4 days. Prolonged exposure of sheet gelatin to 105° 
(2 wk.) did not affect the magnitude of the properties 
measured.

The torsion modulus G of the strips measured after 
10 sec. was obtained by a Clash-Berg torsional creep 
apparatus4 in the region where the modulus exceeds 
109 dynes/cm.2. Below that level of the modulus, 
measurements were made in a modified Gehman ap
paratus.5 * Curves of log 3G vs. temperature were thus

Figure 1. Ten-second modulus vs. tem perature 
for gelatin-dim ethyl sulfoxide sheets.

obtained for the various specimens within the experi
mentally accessible temperature range from —80 to 
220°. The lower temperature limit was set by limi
tations of the apparatus used; the upper temperature 
range was imposed by the decomposition character
istics of the protein and by the volatility of the plasti
cizer.

The buoyant weight of specimens immersed in 
silicone oil was also measured over a considerable 
temperature range. A discontinuity in the slope of the 
buoyant weight vs. temperature curve indicated the 
presence of a glassy transition in the specimen. Such 
measurements of the glass transition temperature are 
entirely equivalent to those where a discontinuity in 
the slope of a specific volume vs. temperature curve is 
used as the criterion for the transition.

Results and Discussion
The log modulus vs. temperature curves for five 

specimens of gelatin plasticized with varying amounts 
of dimethyl sulfoxide (DMSO) are displayed in Fig.
1. The curve for the pure, unplasticized protein sheet 
is also shown; this curve is incomplete due to decom
position of the protein at ca. 220°. Arrows indicate 
the position of the glass transition temperature, Tg, 
as measured by the procedure illustrated in Fig. 2. 
The Tg of the pure protein is in the vicinity of 190°; 
its precise determination has eluded us so far owing to 
the experimental conditions which allow sufficient 
time for decomposition to occur and invalidate the 
data in that temperature region.

Values of Tg for the system gelatin-DMSO are 
listed in Table I. A tabulation of values of T, (the

TEMPERATURE, (°C>

Figure 2. Buoyant, weight vs. tem perature 
for gelatin-dim ethyl sulfoxide 80-20.

( 4 )  R .  F .  C l a s h  a n d  R .  M .  B e r g ,  In d . Eng. Chem., 3 4 ,  1 2 1 8  ( 1 9 4 2 ) .

( 5 )  S .  D .  G e h m a n ,  D .  E .  W o o d f o r d ,  a n d  C .  S .  W i l k i n s o n ,  J r . ,  ibid.,
3 9 ,  1 1 0 8  ( 1 9 4 7 ) .
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Table I :  Viscoelastic Param eters of Gelatin Films

Gelatin 
concn., 
wt. %

-̂----—-Gelatin -
Tg, °C.

-DMSO------- .
Ti, "C.

Gelatin- 
glycerol 
Ti, °C.

40 - 3 3
45 -3 1
50 -2 0
55 -1 3 - h

60 - 3 17 30
65 23
69 35 50 53
75 60
80 80 112 110

100 (180-200)“ (220)“ (220)“
“ D ata  uncertain owing to decomposition.

temperature at which 3(7 equals 109 dynes/cm.6 7 8 1 2) for 
the systems gelatin-DMSO and gelatin-glycerol is 
also given there.

The results of Fig. 2 display a discontinuity in the 
slope of specific volume vs. temperature, rather than a 
discontinuity of the specific volume itself. This is an 
indication of a glass transition rather than a first-order 
transition (melting). The shape of the modulus- 
temperature curve in the neighborhood of the transi
tion shows a change from glassy to leathery behavior, 
which is also indicative of a glass transition (see Fig. 1).

It is also observed (Fig. 1) that extended rubbery 
plateaus, where the modulus is relatively invariant 
with temperature, can be obtained even when the 
plasticizer concentration is as high as 55% wt. In no 
case was any melting or flow observed; instead, the 
specimens remained dimensionally stable and truly 
rubbery until loss of plasticizer started affecting the 
measurements.

The persistence of rubbery behavior in linear poly
mers over an extended temperature range is frequently 
evidence of the presence of a pseudo three-dimensional 
network structure. We believe that, in the case of 
plasticized gelatin, small protein crystallites are 
present even at very high plasticizer concentrations; 
these microcrystallites act as cross links which do not 
melt even at temperatures as high as 200° (Fig. 1). 
This interpretation is consistent with our belief that 
Tg for pure gelatin is in the vicinity of 190°.

In summary, we believe that gelatin plasticized 
with dimethyl sulfoxide and glycerol exhibits visco
elastic behavior typical of a plasticized microcrystal
line polymer such as polyvinyl chloride.6-8

(6) A. V. Tobolsky, D. Carlson, and N. Indictor, J. Appl. Polymer 
Sei., 7, 393 (1963).
(7) A. V. Tobolsky and R. B. Taylor, ibid., in press.
(8) M. Shen and A. V. Tobolsky, Ind. Eng. Chem., in press.

In frared  Spectral O bservation of Surface S ta tes

by George Blyholder and Edwin A. Richardson1

Department of Chemistry, University of Arkansas,
Fayetteville, Arkansas (Received July 15, 1964)

In the course of studies2 related to the surface inter
actions of a-Fe20 3 and polar adsorbates such as water 
and ammonia, a number of absorption bands in the in
frared region (2 to 15 fi) were noted. These bands ap
pear to be directly related to the solid adsorbent and 
only indirectly to the particular adsorbates employed. 
The purpose of this note is to describe the occurrence 
of these bands and their changes upon chemisorption 
and to propose several possible origins.

Experimental
A Perkin-Elmer Model 21 infrared recording spec

trometer is employed. To expand the low transmission 
range of the instrument, the reference beam is partially 
blocked off with screen wires. The sample disk is 
mounted in a modified gas cell as described by Blyholder 
and Neff.3 The effective range of the system is 2 to 13 
M- A conventional vacuum apparatus capable of 
maintaining 0.001 ix pressure is employed in degassing 
the disk.

Certified reagent grade iron(III) oxide obtained from 
Fisher Scientific Co. was employed without further 
treatment. Particle sizes are in the 5 n range and the 
material has a surface area of about 15 m.2/g. The far- 
infrared spectrum of this material indicates that, it is 
essentially a-Fe20 3.4

About 0.3 g. of a-Fe20 3  is transferred to a 2.5-cm. 
diameter die and pressed at 8000 p.s.i. Before pressing, 
the die is heated in an oven at 140° to prevent sticking 
of the disk to the die face. By careful handling, the 
disk can be removed from the die without breaking and 
transferred to the cell described above.

The disks as prepared above contain considerable 
water and thus are not active in chemisorption. The 
activation process consists of degassing the disk a t room 
temperature for several hours or until a pressure in the 
order of 0.05 m can be maintained. The disk is then 
heated to 375° in an atmosphere of 0 2 and maintained 
for several hours. This oxidizes any impurities which 
might cause subsequent reduction. The cell is then

(1) Abstracted in part from a thesis submitted in partial fulfillment 
of the Doctor of Philosophy degree, University of Arkansas.
(2) G. Blyholder and E. A. Richardson, J. Phys. Chem., 66, 2597 
(1962).
(3) G. Blyholder and L. D. Neff, ibid., 66, 1464 (1962).
(4) Shell Oil Co., Houston, Texas, private communication.
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evacuated and the temperature raised to 475° for the 
final activation step which is complete after about 16 
hr. when the absorption spectrum of the disk no longer 
indicates the presence of hydroxyl groups.

The activated a-Fe20 3 disks readily chemisorbed 
water, ammonia, ethyl alcohol, and hydrogen sulfide. 
These gases all produced similar changes in the disk 
spectrum in the 7 to 10 ¡j. range. The spectrum of the 
disk is obtained before and after addition of controlled 
amounts of adsorbate. Since water does not have any 
absorption bands in the 7 to 10 n region, the data 
for water and ammonia are selected in this note to 
illustrate the phenomena.

Results
Figure 1 shows the transmission of a-Fe20 3 disks in 

the 2 to 13 n region before and after activation.
Of special interest is the 6 to 9 yu region which is 

shown in detail in Fig. 2. The per cent transmission 
is given for a series of curves showing the changes in 
an activated disk of a- Fe20 3 which occur as increments 
of water are adsorbed on the surface. The range of 
water additions includes physical adsorption as well as 
chemisorption.

The spectrum of a-Fe20 3 in disk form shown in Fig. 
1 is in approximate agreement with that obtained pre
viously for a-Fe20 3 in powder form. The general in
crease in transmission in the 2 to 6 a region is inversely 
proportional to the square of the wave length as is 
typical of scattering by particles5 of the same order of 
magnitude in diameter as the wave length. In this 
region the adsorbed water exhibits two absorption 
bands, one at 3.0 and one at 6.2 a as shown. The other 
bands appear to be properties of the a-Fe20 3.

The changes in infrared absorption which occur 
upon adsorption of H20  are shown in Fig. 2. The 
temperature was maintained at 25° throughout and 
the spectrum obtained before and after increments of 
water were added to an activated disk. Similar data 
are obtained when ammonia, ethyl alcohol, or hydrogen 
sulfide are chemisorbed on the disk. Volumetric 
measurements indicated that additions of N2, 0 2, 
H2, CO, S02, and Cl2 were not adsorbed and these 
gases had no effect on the disk spectra. The first two 
curves for H20  additions shown in Fig. 2 indicate the 
presence of only chemisorbed water. It is seen that 
the 6.6 and 7.88 yu bands remain unchanged. The 
strong 7.42 n band and the weak 7.75 n band are 
gradually diminished in intensity by the additions of 
water, bands at 7.62 and 8.2 n appear and the 8.87 
band increases in intensity. The addition of water 
also causes a slight general decrease in transmission 
in the 10 to 13 a region.

Figure 1. Transmission of 0.3-g. disk of a-Fe20 3: 
--------- , raw disk; --------- , activated disk.

Figure 2. H 20  adsorbed on 0.3-g. activated disk of <*-Fe20 3:
--------- , activated disk; ..........., 0.051 cc. (STP) of H20
a d so rb e d ;--------- , 0.065 cc. (STP) of H 20  adsorbed;
---------, 0.181 cc. (STP) of H20  adsorbed.

After the adsorption of 0.181 cc. (STP) of H20, 
the band at 6.2 ¿x in Fig. 2 indicates the presence of 
physically adsorbed water. With the appearance of 
physically adsorbed water, the band at 7.88 n disap
pears and the same general trends established for 
the other bands continue for the physically adsorbed 
water as for the chemisorbed water. It is interesting 
to note that at about 7.54 and 7.7 a, approximate isos- 
bestic points appear. This indicates that the 7.42, 7.62, 
and 7.75 p. bands are related in some consistent manner 
to each other.

( 5 )  D .  H .  Clewell, J . Opt. Soc. A m ., 3 1 ,  5 2 1  ( 1 9 4 1 ) .
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The spectral changes upon chemisorption of NH3 on 
an activated disk are shown in Fig. 3. While the 
changes are similar to those produced by H20  in that 
the 7.42 ix band disappears and new bands between 7.6 
and 9.5 ¡x appear, there are some differences. One 
principal difference is that while H20  produced very 
definite new bands, NH3 smears out the new bands to 
create continuous absorption between 7.7 and 9.5 n- 
The other principal difference is that whereas H20  
produced a new band at 7.62 ¡x, NH3 increases the ab
sorption between 7.8 and 8.0 fx where there already is an 
absorption band. Similarly to the behavior with H20, 
when enough NH3 is present to produce an appreciable 
amount of physically adsorbed material the band at 7.9 
ix diminishes.

WAVELENGTH (MICRONS)
Figure 3. N H 3 adsorbed on 0.3-g. activated disk of
a-Fe20 3: --------- , activated disk; ..........., 0.051 cc.
(STP) of N H S a d so rb e d ;--------- , 0.141 cc. (STP) of
N H j adsorbed.

Measurements of the net change in area under the 
absorption bands relative to that obtained for the 
original activated disk in the 7 to 10 ix region are es
sentially zero for all adsorbates. If the oscillator 
strength is assumed to be constant, this indicates that a 
fixed number of oscillators are involved,6 and thus the 
adsorbate does not create any new oscillators.

Discussion
Vibrational bands of the adsorbate are not expected 

to occur in the range 7 to 10 n- The absence of an OH 
stretching band in the 2.7 to 3 ¡x region for the activated 
disk indicates that the original bauds in the 7 to 9 /x 
region are not OH deformation bands. The absence of 
an OH stretching band after NH3 chemisorption2 in
dicates that the bands developed after gas adsorption 
are not OH deformation bands.

In this case chemisorption does not simply perturb 
surface levels in a continuous manner because as the

•
surface coverage changes the energy levels do not 
change. Rather, the number of species giving rise to a 
particular transition changes. Since definite bands 
are observed, the species giving rise to them are pre
sumed to have reasonably definite compositions and 
geometry. From the fact that different adsorbates 
give nearly the same bands, the surface states are pre
sumed to arise from atoms already on the surface when 
it is “clean.” The adsorbates used here all are similar 
in that they contain peripheral dipoles and hydrogen 
atoms capable of forming hydrogen bonds. When 
H20  and NH3 chemisorb on Fe20 3 it has been shown2 
that they probably occupy lattice positions on the sur
face and form hydrogen bonds. A lattice site has the 
definite composition and geometry necessary for the 
definite bands observed. When H20  chemisorbs, it pro
duces a OH-  ion and converts a surface 0 ~ 2 ion to a 
OH-  ion. These OH~ ions would be expected to oc
cupy lattice positions on the surface quite well and it is 
seen that definite bands are produced. XH3 would 
not be expected to fit so perfectly in an oxide lattice as 
OH~ ions do and so the bands are less well defined. 
H2S gives bands quite similar to those of H20. In 
physical adsorption, formation of hydrogen bonds on 
adsorption at definite sites could furnish the required 
definite interaction. Since the surface is heterogeneous, 
these bands would be expected to be rather broad as 
they are indeed observed to be in Fig. 2.

While the observed bands may be due to vibrations 
of the adsorbent, Fe20 3, the possibility of the bands in 
the 7 to 9 ¡x region being due to electronic transitions 
must be considered. The presence of surface electronic 
states is well known.6’7

One possible contributor to surface states is the Fe+2 
ion. The presence of Fe+2 ions near the surface might 
be expected as a result of the prolonged evacuated heat
ing process during activation. If the 0 2 treatment at 
375° is left out of the activation process, during the 
subsequent heating under vacuum at 475° the surface 
of the disk becomes covered with a layer of magnetite 
which renders the disk almost completely opaque. We 
suspect that some Fe+2 ions are produced in the activa
tion process after the 0 2 treatment.

Acknowledgment. This work was supported in part, 
by a grant from the American Oil Company and in part 
by a grant from the Monsanto Chemical Company. 
Acknowledgment is made to the donors of the Petro
leum Research Fund, administered by the American 
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( 6 )  F .  S e i t z ,  “ M o d e r n  T h e o r y  o f  S o l i d s , ”  M c G r a w - H i l l  B o o k  C o . ,  
N e w  Y o r k ,  N .  Y . ,  1 9 4 0 ,  p p .  3 2 0  - 3 2 6 .

( 7 )  J .  K o u t e c k y ,  Phys. Rev., 1 0 8 ,  1 3  ( 1 9 5 7 ) .
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%
Direct Observation of T ran sien t In te rm ed ia tes 

in the  Pulse Radiolysis of Isobutylene

by E. J. Burrell, J r .1 2 3 4

Radiation Physics Laboratory, Engineering Department,
E. I. du Pont de Nemours and Company,
Wilmington, Delaware (Received July 6, 1964)

An ionic mechanism has been postulated for the 
radiation-induced polymerization of liquid isobutyl
ene.2-4 This note presents the results of the direct 
observation of the transient ionic species in this reaction 
and the determination of the absolute rate constant for 
termination.

Two principal methods of observation were em
ployed: transient ultraviolet absorption spectroscopy 
and transient dielectric constant measurements. The 
radiation source was a Varian linear electron accelera
tor (Lineac) which introduces about 3 joules of energy/
5-fxsec. pulse of 6-Mev. electrons into the cold iso
butylene sample.

A transient absorption at 2970 A. in the isobutylene 
sample, which disappeared by a first-order process, was 
induced by the Lineac pulse. Trimethylcarbonium 
ions are thought to absorb in this region.5 The life
time and intensity of the absorption depend on tem
perature and various additives, such as 0 2 and N20. 
These results are shown in Table I.

Table I : Radiation-Induced Transients a t
2970 A. in Liquid Isobutylene

Temp.,
°C.

Max.
absorp

tion,
% Additive

h/i;
Bee.

t̂erm>
sec. -1

-60 10 None 0.1
-15 10 None 0.05
-59 5 02 0.1
-55 20 n 2o 0.10 7.0
-10 8 n 2o 0.040 17.0

The best data were obtained when N20  was present 
at its saturation concentration. The N20  molecule is 
known to attach electrons very efficiently at any low 
energy and apparently allows the ionic polymerization 
to proceed more efficiently. On the other hand, no 
signal as long as 1 msec, was observed for a saturated 
solution of N20  in methylcyclohexane.

When oxygen-saturated isobutylene is irradiated, a 
rather weak signal with a first-order decay is observed

°at 2970 A. This is in marked contrast to the very 
strong absorption with second-order decay observed in 
oxygen-saturated methylcyclohexane. The latter sig
nal is due to the well-known termination of two peroxy 
radicals.6

Polymer was formed in the Lineac runs and typically 
had a molecular weight of 10,000 to 35,000 depending 
on temperature. These molecular weights were un
doubtedly governed by chain transfer and are significant 
only in that polymer was formed.

The second method of observation consists in meas
uring the change in dielectric constant of liquid iso
butylene induced by a Lineac pulse. A 12-leaf capaci
tor was constructed in a small Pyrex irradiation cell. 
The cell was filled with isobutylene at —78° and the 
cell capacitance balanced by means of a General Radio 
capacitance bridge, Type 716-CS1, energized by a
1.000-Mc. oscillator. The unbalance in the capacitance 
cell induced by the Lineac pulse was amplified by a fac
tor of 106 and mixed with a 1.0-v. signal from a 1.001- 
Mc. oscillator, producing a 1-kc. beat. The resulting 
signal was fed through a tuned amplifier and presented 
on an oscilloscope whose sweep was triggered by the 
Lineac pulse.

The shape of such a signal implies that the forma
tion of polymer (of different dielectric constant) is be
ing observed rather than the direct observation of ion 
pairs. However, the signal is a measure of the same 
termination rate constant, being of the form 1 — e-fa. 
The first-order rate constant for termination measured 
in this way is 0.07 sec.-1 at —78°. This is qualita
tively consistent with optical runs at higher tempera
tures. This variation in termination rate constant 
with temperature is characteristic of ionic polymeriza
tions, whereas the lifetimes of the transients observed 
are much too long for radiation-induced free radical 
reactions.

The dielectric constant cell could not be conveniently 
stabilized against temperature drift at any low tem
perature other than —78°. When optical runs were 
made at this temperature an insoluble polymer formed 
which scattered light. However, the transient signal

( 1 )  C h e m i s t r y  D e p a r t m e n t ,  L o y o l a  U n i v e r s i t y ,  C h i c a g o ,  111.

( 2 )  W .  H .  T .  D a v i s c n ,  S .  H .  P i n n e r ,  a n d  R .  W o r r a l l ,  Chem. In d  
( L o n d o n ) ,  1 2 7 4  ( 1 9 5 7 ) .

( 3 )  E .  C o l l i n s o n ,  F .  S .  D a i n t o n ,  a n d  H .  A .  G i l l i s ,  J . Phys. Chem., 6 3 ,  
9 0 9  ( 1 9 5 9 ) .

( 4 )  F .  W .  L a m p e ,  ibid., 6 3 ,  1 9 8 6  ( 1 9 5 9 ) .

( 5 )  J .  R o s e n b a u m  a n d  M .  C .  R .  S y m o n s ,  Proc. Chem. Soc., 9 2  
( 1 9 5 9 ) ;  Mol. Phys., 3 ,  2 0 5  ( 1 9 6 0 ) ;  c / . ,  h o w e v e r ,  N .  C .  D e n o ,  D .  B .  
B o y d ,  J .  D .  H o d g e ,  O .  U .  P i t t m a n ,  J r . ,  a n d  J .  O .  T u r n e r ,  J . Am . 
Chem. Soc., 8 6 ,  1 7 4 5  ( 1 9 6 4 ) .

( 6 )  R .  L .  M c C a r t h y  a n d  A .  M a c L a c h l a n ,  J . Chem. P hys., 3 5 ,  1 6 2 5  
( 1 9 6 1 ) .
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observed in this case is still consistent if one assumes a 
transient form, 1 — e~kt\  to take into account light 
scattering as a function of molecular weight of the grow
ing polymer.

It was also noted that a Lineac pulse induced ion 
pairs in the liquid isobutylene as determined by collect
ing charge between the plates of a capacitor under an 
electric field of 4000 v./cm. An oscilloscope triggered 
by the Lineac beam monitored the charge collected. 
The current flowed only during the Lineac pulse and 
therefore consisted of electrons which were collected in 
times short compared to 5 jusec. and positive ions which 
did not move appreciably in this time. The charge 
collected from the sample was typically 6.5 X 10-6 
coulomb as compared to the Lineac beam current 
which gave only 2.0 X 10-7 coulomb, thus establishing 
the presence of induced ion pairs as distinct from the 
Lineac beam current.

Acknowledgment. I t  is a pleasure to acknowledge
P. C. Hoell and A. van Roggen for designing the ap
paratus for the transient dielectric constant measure
ments and V. F. Damme for constructing some of the 
equipment.

C onductance of th e  Alkali Halides. X.

The L im iting C onductance of the  

C esium  Ion in  W ater a t 25°

by Claude Treiner,1 Jean-Claude Justice, 
and Raymond M. Fuoss2

Contribution No. 1764 from the Sterling Chemistry Laboratory of 
Yale University, New Haven, Connecticut (Received July 14, 1964)

Several recent determinations of the conductance of 
cesium salts in water lead to values for the cesium ion 
conductance which disagree by more than the esti
mated errors of measurement: 77.20 from cesium io
dide3 and 77.33, 76.46, and 76.92 from cesium chlo
ride.4-6 We present here data for cesium bromide, 
which give X0(CS+) = 76.77, which is in excellent agree
ment with the weighted average of the other determina
tions.

The cesium bromide was used as received from the 
Harshaw Chemical Co. (“random cuttings,” from fused 
salt). I t  was stored over phosphorus pentoxide in an 
evacuated desiccator. Analysis by the flame photom
eter showed trace impurities as follows: 0.037% LiBr, 
0.076% NaBr, 0.003% KBr, and 0.032% RbBr.

These give a total correction7 of —0.148 A-unit. All 
solutions were made up by weight. The water used 
had a conductance of 1.65 X 10 6; the maximum sol
vent correction was 0.65%. The cell had a constant 
equal to 1.0115 ± 0.0001. Bridge, cell, and methods 
have been described previously.8

The conductance data (3 runs) are summarized in 
Table I. In order to obtain limiting conductances,

Table I : Conductance of Cesium Bromide in W ater a t  25°

104c A 104c A

82.824 146.85 24.447 150.46
65.955 147.64 13.136 151.66
41.442 149.12 99.290 146. ~_9
24.924 150.41 71.182 147.42
14.540 151.50 48.769 148.65
78.639 147.06 27.465 150.21
56.192 148.21 15.101 151.41
40.152 149.20

extrapolation was made on a A'-c plot by the method of 
least squares, using the equations9 10

A' = A (obsd.) +  S c '1 — Ec log c (1)

A' = Ao -h Jc (2)

For the three runs, the values A0 = 155.157 ±  0.013, 
155.135 ±  0.009, 155.143 ±  0.017 and /  = 180 ±  2, 
186 ±  2, 186 ±  3 were found. These average to A0 = 
155.15 ± 0.02 and J  = 184 ±  2. Correcting for the 
impurities, A0(CsBr) = 155.00 ±  0.02.

Using Longsworth’s value10 of 0.4906 for the trans
ference number of potassium in potassium chloride, and 
Lind’s value8 of 149.89 for A0(KC1), we obtain X0 
(K+) = 73.54. From Kay’s extrapolations11 12 of the data 
for potassium bromide,12-14 we have A0(KBr) = 151.77;

( 1 )  D u P o n t  P o s t d o c t o r a l  R e s e a r c h  F e l l o w ,  1 9 6 3 - 1 9 6 4 ;  o n  l e a v e  o f  
a b s e n c e  f r o m  t h e  U n i v e r s i t y  o f  P a r i s .

( 2 )  G r a t e f u l  a c k n o w l e d g m e n t  i s  m a d e  t o  t h e  d o n o r s  o f  t h e  P e t r o l e u m  
R e s e a r c h  F u n d ,  a d m i n i s t e r e d  b y  t h e  A m e r i c a n  C h e m i c a l  S o c i e t y ,  
f o r  p a r t i a l  s u p p o r t  o f  t h i s  w o r k .

( 3 )  J .  E .  L i n d ,  J r . ,  a n d  R .  M .  F u o s s ,  J. Phys. Chem., 6 5 ,  1 4 1 4  
( 1 9 6 1 ) .

( 4 )  W .  E .  V o i s i n e t ,  T h e s i s ,  Y a l e  U n i v e r s i t y ,  1 9 5 1 .

( 5 )  J .  C .  J u s t i c e  a n d  R .  M .  F u o s s ,  J. Phys. Chem., 67, 1 7 0 7  ( 1 9 6 3 ) .

( 6 )  F .  A c c a s c i n a  a n d  M .  G o f f r e d i ,  U n i v e r s i t y  o f  P a l e r m o ,  p r i v a t e  
c o m m u n i c a t i o n .

( 7 )  R .  W .  K u n z e  a n d  R .  M .  F u o s s ,  J. Phys. Chem., 67, 9 1 4  ( 1 9 6 3 ) ;  
s e e  e q .  1 1 .

( 8 )  J .  E .  L i n d ,  J r . ,  a n d  R .  M .  F u o s s ,  i b i d . ,  6 5 ,  9 9 9  ( 1 9 6 1 ) .

( 9 )  R .  M .  F u o s s ,  J. Am. Chem. Soc., 8 1 ,  2 6 5 9  ( 1 9 5 9 ) .

( 1 0 )  L .  G .  L o n g s w o r t h ,  ibid., 5 4 ,  2 7 4 1  ( 1 9 3 2 ) .

( 1 1 )  R. L. K a y ,  ibid., 8 2 ,  2 0 9 9  ( 1 9 6 0 ) .

( 1 2 )  B .  B .  O w e n  a n d  H .  Z e ld e s ,  J. Chem. P hys., 1 8 ,  1 0 8 3  ( 1 9 5 0 ) .
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•
subtracting the conductance of potassium gives X0 

(Br_) = 78.23. Finally, from the corrected conduct
ance of cesium bromide, we find X0(Cs+) = 76.77.

A repeat run was also made on the cesium chloride 
used by Justice , 5 this time after fusing the salt in a 
platinum boat in a muffle furnace. The salt was kept 
molten for several minutes and then allowed to cool. 
Evidently the earlier samples still contained a little 
water after vacuum drying, because we now obtain 
A0 = 153.31 by extrapolation of the data of Table II,

Table II : Conductance of Fused Cesium
Chloride in W ater a t 25°

10 4C A ÔA

118.044 143.164 -0.017
87.936 144.496 0.028
67.898 145.480 - 0 . 0 0 1

47.206 146.724 -0.006
23.859 148.587 -0.004

where the last column gives the difference between the 
observed conductances and those calculated by the 
equation

A = 153.310 -  95.65c’/! +
26.25c In c +  138.8c (3)

Applying the same correction ( — 0.258) as before for 
impurities gives A0(CsCl) = 153.05; subtracting the 
chloride ion conductance13 14 15 of 76.35 gives X0(Cs+) = 
76.70, in excellent agreement with the value from the 
bromide.

Averaging 77.20 from the iodide, 3 76.92 from the 
chloride, 6 and our present values of 76.70 and 76.77 
from the chloride and bromide, respectively, we obtain 
X„(Cs+) = 76.90 ±  0.16.

( 1 3 )  G .  C .  B e n s o n  a n d  A .  R .  G o r d o n ,  J . Chem. P hys., 1 3 ,  4 7 3  ( 1 9 4 5 ) .

( 1 4 )  G .  J o n e s  a n d  G .  F .  B i c k f o r d ,  J . A m . Chem. Soc., 5 6 ,  6 0 2  ( 1 9 3 4 ) .

( 1 5 )  C o r r e c t i o n  t o  l i n e  5  b e l o w  T a b l e  I I  o f  r e f .  5 :  r e p la c e  7 3 . 5 2  b y  
7 6 . 3 5  ( o r  C l  b y  K + ) .

The Use of Sodium  Borohydride in  C ataly tic  

D euterium  Exchange R eactions1 2 3 4 5 6 7 8 9 10

by G. E. Calf and J. L. Garnett

School o f Chem istry , The University o f New South Wales,
Kensington , N . S. W ., A ustralia  (Received December 23, 1963)

The problems associated with hydrogen reduction 
and activation of platinum oxide2 and other transition

metal oxides3a'b have already been discussed in the de
velopment of the associative and dissociative 7r-complex 
substitution mechanisms4 for the metal catalyzed ex
change of organic compounds with heavy water.5'6 A 
different type of procedure for the reduction and activa
tion of platinum oxide using organic compounds has 
also been reported .7 This “self-activated” catalyst 
possesses certain advantages in isotopic hydrogen 
exchange experiments especially when combined with 
either ultraviolet or 7 -radiation .8

It is the purpose of this present publication to report 
the use of a new method for the preparation of active 
transition metal catalysts for exchange reactions, 
namely, reduction in aqueous media with sodium boro
hydride. Brown and Brown9-10 have already mentioned 
that the treatment of platinum metal salts with aqueous 
sodium borohydride yields finely divided black precip
itates which are active catalysts for the hydrogenation 
of olefins. However, the exchange properties of these 
catalysts have not been investigated but should be 
important since the activity of the catalyst, particularly 
the site effect, depends markedly on the method of re
duction and activation . 2

Two types of metal catalyst systems have been 
studied, the water-soluble transition metal oxides and 
the soluble chloride salts. Benzene and ethylbenzene 
have been used as representative aromatic systems while 
hexane and cyclohexane were examined as examples of 
aliphatic reactivity.

Experimental
Apparatus, general procedures, and low voltage mass 

spectrometric analytical techniques have been outlined 
in an earlier publication. 2 For the hydrogen runs, reac
tions were performed with metallic oxide ( 1 0 0  mg.) 
prereduced with hydrogen or deuterium, benzene (4.0 
X 10- 2  mole), ar.d heavy water (12.0 X 10- 2  mole) at a 
temperature of 130° for 48 hr. as previously described. 2-5 

In the hydride reductions, sodium borohydride (400 
mg.) was added slowly to a suspension of the oxide ( 1 0 0

(1) Part XI of a series entitled “Catalytic Deuterium Exchange 
with Organics.”
(2) J. L. Garnett and W. A. Sollich, J. Catalysis, 2, 339 (1963).
(3) (a) J. L. Garnett, and W. A. Sollich, N ature, 201, 902 (1964); .(b)
J. L. Garnett and W. A. Sollich, to be published.
(4) J. L. Garnett and W. A. Sollich, J. Catalysis, 2, 350 (1963).
(5) J. L. Garnett and W. A. Sollich, A ustra lian  J. Chem., 14, 441 
(1961b
(6) J. L. Garnett and W. A. Sollich, ibid., 15, 56 (1962).
(7) J. L. Garnett and W. A. Sollich, J. Phys. Chem., 68, 436 (1964).
(8) W. G. Brown and J. L. Garnett, submitted for publication.
(9) H. C. Brown and C. A. Brown, J. A m . Chem. Soc., 84, 1493 
(1962).
(10) H. C .  Brown and C. A. Brown, ibid., 84, 1494 (1962).
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mg.) in water (50 ml.), hydrolysis of the excess sodium 
borohydride was completed by warming the reaction to 
70°, the prereduced catalysts were washed free from 
salts with water, the water was decanted, and the re
maining reagents were added. Pumping off excess 
water prior to the last step resulted in appreciable loss 
in catalyst activity, presumably due to thermal sinter
ing. For the soluble metal salts, the following modified 
hydride activation procedure was used. Sodium boro
hydride (400 mg.) was added slowly to a solution of the 
metallic chloride (containing the equivalent of 1 0 0  mg. 
of metal) in water (50 mi.). A finely divided black pre
cipitate immediately formed with all salts except irid
ium, which necessitated warming to 70° for reaction 
completion. The precipitate was washed free from 
salts with water, the remaining reagents were added, 
and exchange was performed as previously, without 
shaking to accentuate differences in reactivity . 2

Results and Discussion
The significant feature of the results (Tables I and 

II) is the general improvement in isotope incorporation 
of the aromatics from the hydride technique for almost 
all catalysts studied, the effect being particularly 
marked for ruthenium, rhodium, and iridium in Table 
I and for all metals in Table II. With the soluble 
metal chlorides, the only salts readily reduced by hydro
gen were those of rhodium, palladium, and platinum, 
whereas all chlorides yielded active catalysts in borohy-

Table I : Exchange Reactions with M etal Oxides
Activated by Reduction with Hydrogen or Sodium 
Borohydride

Cyclo-
Ben Ethyl hex

zene,a Benzene, benzene, b ane,6
atom % atom % atom % Hexane,1" atom

Metal Catalyst D D D atom % D % D

Fe Fe2Q3 0.05 0.08 0.02 <0.01 0 . 0 2

Co Cop )„ 0.03 0.08 0.02 <0.01 0.04
Ni NiO 0.04 0.05 0.01 <0.01 0.03

NÌ2O3 0.04 0.20
Ru R u 0 2 H20 0.13 8.1 1 10 <0 01 0.04
Rh Rh20 3 2.13 8 .4 9 .6 <0.01 0.09
Pd PdO 11.8 2.0 11.3 <0.01 0.04
Os O s04 0.04 0.06 0.07 <0.01 0.04
Ir I r 0 2 2H20 0.09 9.4 1.00 <0 01 0.90

Ir2Os 0.01 0.1
P t P t0 2-2H20 46.4 45.7 20.7 <0.05 0.20

“ Method of catalyst preparation—-hydrogen a t 30°.2 Equi
librium % D = EE = 50.0 To- h Method of catalyst prepara
tion—sodium borohydride at 70°. Deo = 50.0% for benzene; 
37.5% for ethylbenzene; 35.6% for hexane; 45.5%. for cyclo
hexane.

Table I I :  Exchange Reactions with M etal Chlorides
Activated by Reduction with Hydrogen or 
Sodium Borohydride

Benzene,® Benzene,1" Benzene,1"
Metal Catalyst atom % D atom % D atom % D

Fec FeCl, 0.04 0.01
Co” CoCh 0 10 0.06
Ni” NiCh 8.0 18.1
Ru” RuCls 3.0 1.0

KjRuChOH 12.9
Rh RhCh 4.5 38 0 25.0
Pd K 2PdCl4 0 . 7 38 4 25.1
Ir” (N H 4)2IrC l6 6.1
P t HoPtCb 13.9 46.1 25.9
" Method of catalyst preparation—hydrogen a t 30°. =

50.0%. 6 Catalyst preparation—N aBH 4. D „  = 50.0% for
benzene, 37.5% for ethylbenzene. ” Since lithe or no reduction 
of these aqueous chlorides was observed with hydrogen, there 
was correspondingly insignificant exchange in benzene.

dride reduction. For platinum oxide, accurate kinetic 
studies would be necessary before a decision as to 
whether sodium borohydride reduction was better than 
hydrogen could be substantiated since the benzene 
samples from hydrogen and hydride reduction proce
dures had both virtually reached equilibrium.

With nickel, rhodium, and palladium, reduction, of 
the soluble salts yields a catalyst which is more active 
for deuterium exchange in both benzene and ethyl
benzene than the corresponding oxide. The same re
sult is obtained with ruthenium catalysts for the deu
tération of benzene only. From Table I, sodium boro
hydride reduction of all catalysts is no better than hydro
gen reduction for the exchange of aliphatic hydrocarbons 
as predicted by r-complex chemisorption theory. 6' u ~ 13 

A consistent predominance of ring deuteration in the 
ethylbenzenes is observed for all catalysts except nickel 
where the orientation effect, favors the aliphatic side 
chain. Distribution studies with the labeled benzenes 
show that both stepwise and multiple exchange proc
esses2 occur with the two types of systems, i.e., both hy
drogen and borohydride activated catalysts.

As a synthetic tool for general deuterium and tritium 
labeling, 14 the sodium borohydride technique possesses 
several most important advantages. Reductions may 
now be performed very quickly and efficiently in min
utes at 30° without the necessity for using vacuum line

( 1 1 )  J .  L .  G a r n e t t .  Proc. Roy. A ustralian  Chem. Inst., 28, N o .  S , 3 2 8
( 1 9 6 1 )  .

( 1 2 )  E. C r a w f o r d  a n d  C. K e m b a l l ,  Trans. Faraday Soc., 5 8 ,  2 4 5 2
( 1 9 6 2 )  .

( 1 3 )  J .  J .  R o o n e y ,  J . Catalysis, 2, 5 3  ( 1 9 6 3 ) .

( 1 4 )  J .  L .  G a r n e t t ,  Nucleonics, 2 0 ,  N o .  1 2 ,  8 6  ( 1 9 6 2 ) .
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techniques which hydrogen requires. Since relatively 
low temperatures are used in the hydride reduction 
process, the final catalyst suffers a minimum of deactiva
tion from thermal sintering. This is an observation of 
value for the activation of catalysts such as nickel oxide 
which normally may only be prepared by hydrogen re
duction at 300-400°. Since compounds exchanged in 
the presence of nickel exhibit a predominance of isotope 
incorporation in the aliphatic side chain, nickel is a 
valuable catalyst for specific labeling work and conse
quently rapid sodium borohydride reduction should be 
most useful.
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E lectron Spin Resonance Studies on the  

Photolysis of Azo Com pounds a t —196°

by P. B. Ayscough, B. R. Brooks, 
and H. E. Evans

Department o f P hysical C hem istry , The U niversity, Leeds 2, England  
(Received M a y  4< 1964)

The thermal and photochemical decomposition of 
azo compounds may, in general, be represented by the 
equation

R—N = N —R' —> R +  N 2 +  R'
where R and R ' may be alkyl or aryl, substituted or 
unsubstituted. The reactions are kinetically first 
order with unusually high pre-exponential factors, and 
it has been suggested that the three fragments are pro
duced simultaneously. 1 There is no evidence in the 
products2-3 to suggest even the transient existence of 
radicals of structure R—N = N  in the gaseous or liquid 
phase. However, in the solid, the chance of trapping 
such intermediates is greatly enhanced and c.s.r. 
methods provide a means of identification.

Six disubstituted azo compounds were examined 
during and after ultraviolet irradiation at —196°, 
namely, azomethane (I), azobenzene (II), phenyl- 
azoisobutyronitrile (III), azobisisobutyronitrile (IV),
2,6-dimcthyl-4-cyano-4-phenylazoheptane (V), and di- 
methylazodiformate (VI). With the exception of azo

benzene, all gave characteristic and readily identi
fiable spectra after 1 0 - 2 0  min. of irradiation in the 
e.s.r. cavity with light from a 2 ,r)0 -w. medium-pressure 
mercury lamp (mainly 2537 A.). I gave methyl 
radicals only, and VI gave methyl radicals, plus a 
narrow asymmetric singlet peak, probably due to 
C 11 :iO • or CH3OCO • radicals. The spectrum observed 
during irradiation of III is shown in Fig. 1 while Fig. 
2  shows the spectrum recorded during the photolysis of
IV. V gave only the H atom doublet.

Figure 1.

The spectrum of ultraviolet-irradiated III has 
seven principal peaks, separated by 2 1  gauss, each 
with some subsidiary splitting; we suggest that it may 
be attributed to the radical (CH3J2C-CX. The methyl 
proton splittings are rather smaller than those observed 
in the isopropyl radical, while the minor splittings are 
in accord with the estimated values for nitrogen inter
action in -CN (about 6  gauss, based on the observed 
values in aromatic nitriles) . 4 The spectrum recorded 
during the photolysis of azobisisobutyronitrile (IV) is, 
however, quite different. Under low resolution, it 
consists of five broad peaks each separated by 65-70 
gauss. The intensity ratios are approximately 1 :2 :2 :

( 1 )  B .  G .  G o w e n l o c k ,  Quart. Rev. ( L o n d o n ) ,  1 4 ,  1 3 3  ( 1 9 6 0 ) .

( 2 )  J .  C .  B e v i n g t o n ,  J . Chem. Soc., 3 7 0 7  ( 1 9 5 4 ) .

( 3 )  D .  H .  G r a n t  a n d  N .  G r a s s ie ,  J . Polymer Sci-, 4 2 ,  5 8 8  ( 1 9 6 0 ) .

( 4 )  P .  H .  R ie g e r  a n d  G .  K .  F r a e n k e l ,  J . Chem. Phys., 3 7 ,  2 8 1 1  ( 1 9 6 3 ) -
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2 :1 , suggesting interaction with two approximately 
equivalent nitrogen atoms. Under higher resolution, 
additional structure appears; the average peak separa
tion is about 9 gauss (see Fig. 2). The magnitude of 
the major hyperfine interaction is compatible with a 
radical such as N = N —C(CH3)2CN in which the un
paired electron has substantial 2s character. The 
subsidiary splitting would then be attributed to inter
action with the methyl protons. Lack of resolution 
in the center of the spectrum is probably due to the 
presence of other radicals which become more significant 
on standing, so that after a few days at —196° the 
spectrum resembles that shown in Fig. 1. The change 
is accelerated by further photolysis. We therefore 
conclude that the primary decomposition may be repre
sented by the equation

NC—C(CH3)2N =N C (C H 3)2—CN '
NC-C(CH 3) 2 +  N =N C (C H 3)2CN

but that the N = N —R radical decomposes readily 
even at —196°. I t  appears that N = N —C-H3 and 
N = N —C6H 5 are even less stable, if formed at all.

These conclusions are in accord with the known exo- 
thermicity of the decomposition of alkylazo radi
cals.5 6 Despite the difficulty of extracting reliable 
hyperfine splitting constants from spectra obtained 
from polycrystalline systems, the near-equivalence of 
the two nitrogen atoms supports the view of Gowen- 
lock, et al.,s that the structure of the radical is not 
adequately represented as N = N —R. Structures such 
as N = N -R  and N = N—R with one- and three- 
electron bonds, respectively, must be important.

The behavior of V appears anomalous since only 
trapped hydrogen atoms were found, and these were 
not observed in the other systems. This difference 
is probably associated with the considerable strain in 
the bonds of the carbon atom adjacent to the azo 
nitrogens, which is apparent in molecular models. 
Not only is C-N fission facilitated (the rate of de
composition in solution is also greater than that of the 
other aromatic azonitriles examined) 6 but the possibility 
of the rupture of the radical (CH3)2CHCH2C(CN)CH2- 
CH(CH3) 2 is enhanced. Breakdown to give hydrogen 
and isobutene or other unsaturated molecules is, thus, 
quite probable. The products of the pyrolysis of (V) 
also suggest that the reactions of the radicals are dif
ferent from those of the other azonitriles6 although the 
primary processes may well all be identical.

( 5 )  B .  G .  G o w e n l o c k ,  J .  R .  M a j e r ,  a n d  D .  R .  S n e l l i n g ,  Trans. Faraday 
Soc., 5 8 ,  6 7 0  ( 1 9 6 2 ) .

( 6 )  B .  R .  B r o o k s  a n d  K .  J .  I v i n ,  u n p u b l i s h e d  r e s u l t s .
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A M ethod for th e  D eterm ination  of R ank 

in  the  Analysis of A bsorption Spectra 

of M ulticom ponent System s1 2

by R. M. Wallace and S. M. Katz

Savannah River Laboratory, E . I . du Pont de Nemours and Company, 
A iken, South Carolina  (Received M a y  22, 1964)

A method for the determination of the number of 
components in a series of solutions from their absorp
tion spectra was developed by Wallace28-; a similar 
method was reported later by Ainsworth.2b The 
method is briefly the following. The absorption 
spectra of a series of solutions are measured in which 
exist a number of absorbing species whose relative 
concentrations change from one solution to the next. 
The absorbances A tj measured at wave length i in the 
jth  solution are arranged in a rectangular matrix and 
the number of components is determined from the rank 
of the matrix. The method for determining rank, 
which involved examining a number of submafrices 
for singularity based on a statistical criterion, proved 
to be quite cumbersome when large matrices were in
volved. We have developed an alternative method 
for determining rank that has proved easier to use and 
is ideally suited for machine computation.

The method consists of setting up, in addition to the 
absorbance matrix A, a companion matrix S, whose 
elements, S tJ, are the estimated errors of A {}. A is 
then reduced by a series of elementary operations to 
an equivalent matrix, whose elements below the 
principal diagonal are all zero. S  is also continually 
transformed during the reduction of A by computing 
new values of S (j based on the propagation of errors 
in transforming A. The rank of A is then found 
from the number of nonzero rows in the reduced 
matrix . 3 The statistical criterion for a zero element

( 1 )  T h e  i n f o r m a t i o n  c o n t a i n e d  i n  t h i s  a r t i c l e  w a s  d e v e l o p e d  d u r i n g  
t h e  c o u r s e  o f  w o r k  u n d e r  C o n t r a c t  A T ( 0 7 - 2 ) - l  w i t h  t h e  U .  S . A t o m i c  
E n e r g y  C o m m i s s i o n .

( 2 )  ( a )  R .  M .  W a l l a c e ,  J . Phys. Chem., 6 4 ,  8 9 9  ( 1 9 6 0 ) ;  ( b )  S .  A i n s 
w o r t h ,  ibid., 6 5 ,  1 9 6 8  ( 1 9 6 1 ) .

( 3 )  S .  P e r l i s ,  “ T h e o r y  o f  M a t r i c e s , ’ ’. A d d i s o n - W e s l e y  P u b l i s h i n g  
C o . ,  R e a d i n g ,  M a s s . ,  1 9 5 2 ,  p .  4 5 .
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Table I

Original A  M atrix
0.017 0.045 0.062 0 110 0.197 0.278 0.332 0.377
0.058 0.080 0.100 0.152 0.238 0.320 0.372 0.417
0.167 0.180 0.187 0.222 0.282 0.330 0.368 0.400
0.420 0.402 0.395 0.365 0.342 0.310 0.300 0.292
0.770 0.735 0.690 0.565 0.437 0.278 0.192 0.131
1.015 0.990 0.922 0.742 0.528 0.282 0.147 0.051
0.935 0.940 0.875 0.702 0.488 0.255 0.118 0.032
0.443 0.480 0.462 0.342 0.235 0.108 0.049 0.015

Reduced A  M atrix
1.015 0.051 0.922 0.742 0.528 0.282 0.990 0.147
0 0.414 0.047 0.110 0.208 0.304 0.023 0.364
0 0 0.060 0.020 0.008 -0.010 0.048 0.009
0 0 0 -0.016 -0.007 -0.007 -0.005 -0.003
0 0 0 0 -0.006 -0.005 -0.006 0.001
0 0 0 0 0 0.005 0.003 -0.003
0 0 0 0 0 0 0.006 -0.004
0 0 0 0 0 0 0 0.004

Reduced S  M atrix
0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003
0 0.003 0.004 0.004 0.003 0.003 0.004 0.003
0 0 0.004 0.004 0.004 0.004 0.005 0.004
0 0 0 0 005 0.005 0.005 0.007 0.005
0 0 0 0 0.006 0.006 0.008 0.006
0 0 0 0 0 0.010 0.013 0.008
0 0 0 0 0 0 0.017 0.012
0 0 0 0 0 0 0 0.021

in the reduced matrix on or above the principal diagonal 
is furnished by the transformed S matrix.

Details of the method follow. The A matrix is 
pivoted by an interchange of rows and columns to 
place the element whose absolute value is the largest 
in position 1 ,1 ; S  is transformed by the same row- 
column interchanges used in A. The resulting A 
matrix is transformed to A 1 by the operation

A'ij = A{j — — Aij (1 )
A H

performed on all except the first row. This operation 
makes all elements in the first column identically zero 
except for the first one. S is transformed to S ' by 
the equation for the propagation of errors in ( l ) 4

S \ Si,2 +

1/1
(2 )

The submatrices formed by deleting the first row 
and column of A ' and S ' are then treated similarly to 
give A "  and S "  and so on until all the elements of the

transformed A matrix below the principal diagonal 
are identically zero. I t  is then only necessary to com
pare elements on the principal diagonal of the trans
formed A and S  matrices to determine how many 
rows are statistically nonzero, and therefore to find the 
experimental rank.

The main reason for pivoting the matrix to place the 
largest elements on the diagonal is to minimize the rate 
of propagation of errors. With this arrangement the 
coefficients of S i/, Sn2, and Su2 on the right of eq. 2 
can never exceed 1 , and the value of an element in 
S ' after an operation therefore cannot exceed twice 
the value of the largest of the elements in S  that goes 
into its calculation. If the matrix A contains n rows 
and all the elements in the original S  matrix are iden
tical and equal to So, the largest possible value of S  in 
the reduced matrix will be 2 ”_ 1S0, but it will usually 
be much smaller.

We have written a “Fortran” program for the above 
procedure for the IBM 704 computer which will accept 
a 50 X 20 matrix. The only additional feature of this

( 4 )  H .  M a r g e n a u  a n d  G .  M .  M u r p h y ,  “ T h e  M a t h e m a t i c s  o f  P h y s i c s  
a n d  C h e m i s t r y , ”  2 n d  E d . ,  D .  V a n  N o s t r a n d  C o . ,  P r i n c e t o n ,  N .  J . ,  
1 9 5 6 ,  p .  5 1 5 .  "
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program is that after each step in the reduction of A, 
each element is compared with the product of the cor
responding element in <S and some preselected criterion. 
If the absolute value of the element in A is less than or 
equal to that product, it is set identically equal to zero. 
If desired, the computer can be instructed to write 
only the rank of the matrix subject to the criterion.

The program has been tested successfully with several 
systems. The following example shows the appli
cation of the procedure to solutions containing methyl 
red at various values of pH. The original 8  X 8  A 
matrix and the reduced A and S matrices are shown in 
Table I. The original <S matrix has been omitted 
because all its elements are identical and equal to 
0.003, a reasonable estimate of the errors in absorbance 
measurements. Computations were carried out sub
ject to a very small criterion so that elements were 
never arbitrarily set equal to zero.

The results show the definite existence of three 
colored components and perhaps a fourth, since the 
element 4,4 in the reduced matrix is three times its 
estimated error. This result agrees with that of 
Reilley and Smith , 5 who found three colored compo
nents in methyl red by another method. The failure 
to find more than two components previously by the 
matrix method1 probably arose from the necessity to 
restrict the size of the matrix because of difficulties 
in computation introduced by the former method of 
determining rank.

( 5 )  C. N . R e i l l e y  a n d  E .  M .  S m i t h ,  A nal. Chem.. 3 2 ,  1 2 3 3  ( 1 9 6 0 ) .

Studies on Solutions of High Dielectric C onstan t.

V. T ransport N um ber of Potassium  Chloride 

in Form am ide a t Different T em pera tu res 1

by Ram Gopal and OM Narain Bhatnagar2

D epartm ent o f  Chemistry. Lucknow University.
Lucknow , Indi-a  (Received Ju n e  3, 196JJ)

Studies on the transport numbers of ions in non- 
aqueous solutions are comparatively rare and are more 
so in solvents of high dielectric constant, other than 
water, such as formamide, N-methylformamide, N- 
methylacetamide, etc. This has blocked our under
standing of the ionic conductance in nonaqueous 
solutions in which electrolytic conductance data are 
now available. Almost complete lack of experimental 
data on the effect of temperature on the transport

numbers of ions, except in aqueous solutions, has 
restricted our knowledge of the ion-solvent interaction 
in nonaqueous solutions. An approximate cationic trans
port number of KC1 in formamide at 25° has been 
reported by Dawson and Berger. 3 It is, therefore, 
considered desirable to determine the transport numbers 
of electrolytes in formamide more accurately and at 
different temperatures for a fuller understanding- of 
the ion-solvent interaction. The present communi
cation reports the cationic transport numbers of KC1 
in formamide at different temperatures and concentra
tions.

Experimental
A.R. grade potassium chloride, recrystallized and 

thoroughly dried, was used in making the solutions. 
Formamide (specific conductivity «  10“ 4 mho) was 
dried over freshly ignited quicklime and distilled under 
reduced pressure until its conductivity fell to 1 0  ~ 5 

mho or less and then was used immediately afterward. 
A Hittorf-number cell, similar to that used by Maclnnes 
and Dole4 with slight modifications to facilitate the 
taking out of the anode solution from the cell, was 
used in the experiments. The cathode of the cell was 
a silver chloride electrode and was prepared in the 
following manner. A silver wire was wound on a 
stout silver rod and the whole was made the anode and 
a platinum wire was the cathode of an electrolytic 
cell containing 1 N  HC1 as the electrolytic liquid. A 
current of 12-15 ma. was passed through the cell for 
3 to 4 hr. The anode was taken out, washed carefully, 
dried, and used subsequently in the transport cell.

The anode of the transport cell was made from a 
silver wire, about 50 cm. long and 0.5 mm. in diameter. 
It was wound in the form of a spiral of about 6 -mm. 
diameter. This size and shape of the anode was found 
to be appropriate to fit in the left arm of the cell and 
stout enough to stand mild jerks which are sometimes 
unavoidable in these experiments of long duration.

The solution of any desired concentration was pre
pared in a freshly distilled sample of formamide stored 
in a dry nitrogen box. The required amount of the 
electrolyte was taken in a 250-ml. graduated flask and 
its air was then replaced by dry nitrogen. Formamide 
was taken out of the dry nitrogen box and the solu
tion was made as quickly as possible. The complete 
cell, filled with the solution and electrodes properly

( 1 )  W o r k  s u p p o r t e d  b y  t h e  C o u n c i l  o f  S c i e n t i f i c  a n d  I n d u s t r i a l  
R e s e a r c h  ( C S I R ) ,  I n d i a .

( 2 )  C S I R  J u n i o r  R e s e a r c h  F e l l o w .

( 3 )  L .  R .  D a w s o n  a n d  C .  B e r g e r ,  J . A m . Chem. Soc., 7 9 ,  4 2 6 9  
( 1 9 5 7 ) .

( 4 )  D .  A .  M a c l n n e s  a n d  M .  D o l e ,  ibid., 5 3 ,  1 3 5 7  ( 1 9 3 1 ) .
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fitted, was lowered in a thermostat running at the re
quired temperature and was fixed on a stand. When 
the solution had attained the temperature of the bath, 
the electric current was switched on . 5 A current of 
2-5 ma. was passed for 10-15 hr. from a battery of dry 
cells. After the experiment, the potassium content 
of the solution around the anode was estimated gravi- 
metrically as dipotassium sodium cobaltinitrite. The 
potassium content of the original solution, as well as 
of the solution in the middle compartment of the cell, 
was checked gravimetrically. The transport number 
of the K+ was calculated by the usual procedure. The 
experiment was repeated and the results were found to 
be reproducible within experimental error. The ex
periments were carried out at different temperatures 
and concentrations and the results obtained are sum
marized in Table I.

Table I :  Transport Numbers of K+ in Formamide
at Different Temperatures and Concentra.tions

Figure 1. Plot of i_0' vs. C  at different temperatures.

Conen. C, 
mole/1.

Transport number at ¿°C. (±0. 
25° 30° 40°

.05°)—
50°

0.1 0.4050 0.4150 0.4230 0 4312
0 . 2 0.3990 0.4070 0.4180 0 .4259
0.25 0.3968 0.4040 0.4153 0 .4228
0.3 0.3920 0.4015 0.4117 0 4214
0.4 0.3853 0.3959 0.4074 0 4174
0.5 0.3810 0.3901 0.4010 0 4120
0 . 0 0 0.4190 0.4265 0.4332 0 4400

In view of the very high resistance offered by the 
cell as well as the difficulties of accurate estimation of 
small quantities of potassium, investigations were 
confined to moderately higher concentrations. In 
order to evaluate the transport number of K+ at 
infinite dilution, t+°, the procedure suggested by 
Longswort.h6 was followed. From the experimental 
values of transport numbers, t+, at different concentra
tions at a fixed temperature, the Longsworth function 
i+°' was calculated from the relation

i+0' =
t+y  +  Va8 Vc

X' +  ß V c
t+<> +  BC (1 )

The terms used have their usual significance. The 
values of X°, needed to obtain X' at various tempera
tures, were obtained from the values of equivalent 
conductances at infinite dilution at 3, 20, 25, and 40°, 
given by Dawson and co-workers,7 in the usual manner. 8 

The values of hr0' at various concentrations at a fixed 
temperature, calculated from eq. 1 , were plotted 
against C. The curve was found to be approximately 
a straight line as can be seen from Fig. 1.

The interpolation of the t+0' vs. C curve to zero concen
tration gives £+°, the cationic transport number at 
infinite dilution, at the corresponding temperature. 
The values of t+° thus obtained at different tempera
tures are also given in Table I.

Discussion
From the data given in Table I, it may be observed 

that the transport number at infinite dilution, t+°, 
of K+ in formamide at 25° is slightly higher than that 
reported by Dawson and Berger. 3 The transport 
numbers at different concentrations differ from those 
in water in two respects. First, in formamide at any 
particular concentration, say 0 . 1  M, t+ increases with 
rise in temperature, a behavior similar to that of Li + 
or N a+ in water but opposite to that of K+ in aqueous 
solutions. 8 Secondly, in formamide, at any tempera
ture, the transport number decreases appreciably 
with increase in concentration whereas in water it 
remains almost a constant with only a very slight 
tendency to decrease. These marked differences in 
the behavior point to a difference in ion-solvent inter
action in the two solvents. In water, as well as with

( 5 )  B e f o r e  s w i t c h i n g  o n  t h e  c u r r e n t ,  a  s t r e a m  o f  d r y  n i t r o g e n  w a s  
b u b b l e d  t h r o u g h  t h e  s o l u t i o n  i n  t h e  t w o  c o m p a r t m e n t s  o f  t h e  c e l l .  
T h e n  t h e  n o z z le s  o f  t h e  n i t r o g e n  i n l e t s  w e r e  t a k e n  o u t  o f  t h e  s o l u t i o n  
a n d  a  s lo w  c u r r e n t  o f  d r y  n i t r o g e n  w a s  a l l o w e d  t o  s w e e p  o n  t h e  s u r 
f a c e  c o n t i n u o u s l y  d u r i n g  t h e  e x p e r i m e n t s .

( 6 )  L .  G .  L o n g s w o r t h ,  J . A m . Chem. Soc., 5 4 ,  2 7 4 1  ( 1 9 3 2 ) .

( 7 )  L .  R .  D a w s o n ,  T .  M .  N e w e l l ,  a n d  W .  J .  M c C r e a r y ,  ibid., 76, 
6 0 2 4  ( 1 9 5 4 ) .

( 8 )  H .  S .  H a r n e d  a n d  B .  B .  O w e n ,  “ P h y s i c a l  C h e m i s t r y  o f  E l e c t r o 
l y t i c  S o l u t i o n s , ”  R e i n h o l d  P u b l i s h i n g  C o r p . ,  N e w  Y o r k ,  N .  Y . ,  
1 9 5 8 ,  p .  2 2 3 .
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rise in temperature, the open tetrahedral structure9 in 
the presence of large inorganic ions like K+, Rb+, 
Cs+, Cl", Br_, I" , etc., breaks down whereas this struc
ture-breaking effect is of no importance for ions like 
Li+ and N a+ which have a much larger ion-dipole 
interaction resulting in appreciable solvation. In 
formamide, this structure is altogether missing and only 
some molecular association is present. Hence, all 
the ions in this solvent behave in the same manner 
irrespective of their sizes.

According to Kohlrausch, 10 the faster the ion, the 
smaller the temperature coefficient of its mobility and 
all the ions try to attain a transport number as close as 
possible to 0.5. This general rule is obeyed by KC1 
in formamide although, in aqueous solutions, it is an 
exception to the rule. I t  is obvious that the decrease 
in viscosity with rise in temperature cannot explain 
the general rule since both the ions will be affected in 
the same manner. According to Bredig, 11 due to the 
difference in the solvation of different ions, their 
effective volumes (in solution) are different and, 
generally, the smaller the ion (i.e., the smaller the 
crystal radius), the larger its solvated ionic volume, 
the slower the movement, and the smaller the transport 
number. The effect of temperature on the transport 
numbers of cations and anions is, however, difficult to 
explain since both the increase12" 16 and decrease17 

in solvation with rise in temperature have been postu
lated. Further, relative changes in the sizes of cations 
and anions, with rise in temperature, are completely 
unknown. I t  is usually believed that in electrical 
conductance, it is only the “primary or chemical” 
solvation sphere, which is independent of temperature, 
that moves with the ion, leaving behind the “secondary 
or physical” solvation part, which is assumed to be 
temperature-dependent. 12' 18 This concept fails to 
explain the temperature variation of the transport 
numbers because the moving ionic volume due to 
“primary” solvation remains unaltered with rise in 
temperature and hence the transport numbers of cations 
and anions should be independent of temperature, 
which is against the experimental facts. Assuming that 
the “primary” solvation is not affected at all by tem
perature changes, one is forced to conclude that the 
“secondary” solvation must be, partly at least, in
volved in the transport process, perhaps producing 
different amounts of drags on different ions when 
the temperature is raised. Beyond this it will be un
safe to speculate, since the variation of the total 
solvation (the primary plus secondary) with tempera
ture is, more or less, an open question at present.

According to Eyring’s theory of rate processes19 

as applied to the ionic transport, 20 the tangent to the

log t+°/t-° vs. l / T  curve gives the difference in the 
activation energies of K+ and Cl" ions according to 
the equation

t+o _ AA(C1--K +)
°g tJ  ~ 2.303Æ77

In formamide this plot is almost a straight line with a 
negative slope and the difference in the activation 
energies is about —450 cal., i.e., the activation energy 
for the transport of K+ is larger than for Cl" by about 
450 cal. This difference will, presumably, slowly level 
off at higher temperatures. In water it is positive 
and smaller. 21

( 9 )  J .  D .  B e r n a l  a n d  E .  H .  F o w l e r ,  J. Chem. Phys., 1 ,  5 1 5  ( 1 9 3 3 ) .

( 1 0 )  F .  K o h l r a u s c h  a n d  L .  H o l b o r n ,  “ D a s  L e i t v e r m ö g e n  d e r  E l e k t r o -  
l y t e , ”  T e u b n e r ,  L e i p z i g ,  1 9 1 6 .

( 1 1 )  G .  B r e d i g ,  “ T e x t b o o k  o f  P h y s i c a l  C h e m i s t r y , ”  S .  G l a d s t o n e ,  
E d . ,  M a c m i l l a n  a n d  C o . ,  L o n d o n ,  1 9 4 8 ,  p .  9 2 0 .

( 1 2 )  F .  S. F e a t e s  a n d  D .  J. G .  I v e s ,  J. Chem. Soc., 2 8 0 9  ( 1 9 5 6 ) .

( 1 3 )  S .  R .  G u p t a ,  G .  J. H i l l s ,  a n d  D .  J. G .  I v e s ,  Discussions Faraday 
Soc., 2 4 ,  1 5 0  ( 1 9 5 7 ) .

( 1 4 )  M .  K a m i n s k y ,  ibid., 2 4 ,  1 7 7  ( 1 9 5 7 ) .

( 1 5 )  E .  R .  N i g h t i n g a l e ,  J. Phys. Chem., 63, 1 3 8 4  ( 1 9 5 9 ) .

( 1 6 )  L .  R .  D a w s o n ,  P .  G .  S e a r s ,  a n d  R .  H .  G r a v e s ,  J. Am. Chem. 
Soc., 7 7 ,  1 9 8 9  ( 1 9 5 5 ) .

( 1 7 )  J .  O ’ M .  B o c k r i s  a n d  B .  E .  C o n w a y ,  “ M o d e r n  A s p e c t s  o f  E l e c 
t r o c h e m i s t r y , ”  B u t t e r w o r t h s  P u b l i c a t i o n s ,  L o n d o n ,  1 9 5 4 ,  p .  9 4 .

( 1 8 )  J. O ’ M .  B o c k r i s  a n d  B .  E .  C o n w a y ,  Quart. Rev. ( L o n d o n ) ,  3, 
1 7 3  ( 1 9 4 9 ) .

( 1 9 )  H .  E y r i n g ,  J. Chem. Phys., 4 ,  2 8 3  ( 1 9 3 6 ) .

( 2 0 )  H .  S .  S l a t e r ,  ibid., 6 ,  3 3 1  ( 1 9 3 8 ) .

( 2 1 )  R .  W. A l l g o o d ,  D. J. L e  R o y ,  a n d  R. G o r d o n ,  ibid., 8 ,  4 1 8  
( 1 9 4 0 ) .

The T herm al D ecom position of 

M ethylcyclobutane a t  Low Pressures12

by A. F. Pataracchia and W. D. Walters

Department o f Chemistry, U niversity o f Rochester, Rochester,
New York {Received Ju n e  80, 1964)

The thermal decomposition of cyclobutane near 
450° has been found to be a unimolecular ring cleavage 
reaction which exhibits a falloff in the first-order rate 
constant in the pressure region below 20 mm . 3 Several 
comparisons of the low-pressure experimental results 
with unimolecular reaction rate theory have been 
made.3b'°'d The present study was undertaken to 1 2

( 1 )  T h i s  w o r k  w a s  s u p p o r t e d  b y  a  g r a n t  f r o m  t h e  N a t i o n a l  S c ie n c e  
F o u n d a t i o n  t o  t h e  U n i v e r s i t y  o f  R o c h e s t e r .

( 2 )  A b s t r a c t e d  f r o m  t h e  M . S .  T h e s i s  o f  A .  F .  P a t a r a c c h i a ,  U n i v e r 
s i t y  o f  R o c h e s t e r ,  1 9 6 1 .
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•
determine the influence of a change in structure from 
cyclobutane to methylcyclobutane upon the fall-off 
behavior. The effect of methyl substitution has al
ready been studied for the case of the unimolecular 
isomerization of cyclopropane. 3 4 The homogeneous 
thermal isomerization of methylcyclopropane which 
yields four isomeric butenes was studied in the region 
440-490° at pressures of 0.6 to 200 mm. A decrease 
in the over-all first-order rate constant was observed 
at about l/ m the pressure at which the same effect 
occurred in the isomerization of cyclopropane. 4 Thus 
an investigation of the effect of a methyl substituent 
upon the fall-off behavior of cyclobutane would be of 
interest also for comparison with the data for cyclo
propane and methylcyclopropane. Earlier results 
on the pyrolysis of methylcyclobutane indicated that 
it should be suitable for such a study . 6

Experimental
Materials and Apparatus. The methylcyclobutane 

used in this work was a sample which had been pre
pared in this laboratory by Das . 6 The methylcyclo
butane had been obtained by the hydrogenation of 
methylenecyclobutane over Raney nickel at 50 p.s.i. 
with the temperature kept below 60°. Subsequent 
purification of the sample was carried out by gas 
chromatography with a 2-m. Perkin-Elmer column A 
(diisodecyl phthalate) at 33°. The purified sample 
after drying over Linde 4A Molecular Sieve had a mini
mum purity of 99.9%. The cyclobutane from a 
previous study3a which was used for some experiments 
was found to be 99.9% pure by a gas chromatographic 
analysis on a tetraisobutylene-firebrick column.

The reaction vessel and furnace were modifications 
of the apparatus used for several earlier experiments.3a 
The reactor was a 12-1. spherical Pyrex glass bulb 
with a thermocouple well extending into its center. 
For temperature uniformity the vessel was enclosed 
in a spherical aluminum shell 2.5 cm. thick (in the form 
of two separable hemispheres). The temperature of 
the reaction vessel was measured with five standardized 
platinum, platinum-13% rhodium thermocouples (one 
at the center of the vessel and four at various points 
on the surface of the glass vessel) which were con
nected to a Gray Model E3040 potentiometer. The 
average of the five values (with a mean deviation of 
about 0.25°) was taken as the reaction temperature.

The grease-free system for measurement, introduc
tion, and removal of samples was connected to the re
action vessel through a 15-mm. mercury cutoff float 
valve, and the various parts were connected by 14- 
mm. tubing to permit rapid transfer of gases and ef
ficient. pumping. Before each experiment a pressure of

less than 10~ 5 mm. was obtained. Prior to a series 
of experiments the surface of the reaction vessel was 
treated by decomposing the reactant in the vessel. 
For removal of the reaction mixture a trap adjacent to 
the first mercury float valve was fitted with a special 
dewar flask so that the coolant (liquid nitrogen) could 
be brought to a lower temperature by pumping with a 
mechanical-type oil pump. The pumping on the ni
trogen coolant was begun at least 30 min. before the 
time of removal which usually corresponded to 25-37% 
decomposition. The pressure in the reaction vessel 
after product removal was less than 1 0 - 5  mm.

Analyses. The reaction mixtures were analyzed on 
a Perkin-Elmer Model 154D vapor fractometer 
equipped with a Model 194 printing integrator. The
2.7-m. chromatographic column (5-mm. i.d.) was 
packed with tetraisobutylene on 60-80 mesh Chromo- 
sorb. The column was operated at a temperature 
near 26° with a flow rate of 56 cc. of helium/min. 
To keep the vapor samples (which were expanded into 
the gas chromatograph) within definite limits attach
ments of different sizes were used with the gas sampling 
valve. Major peaks for ethylene, propylene, and 
methylcyclobutane were observed. From the size 
of the ethylene peak the proper attenuation could be 
selected to give the optimum size for the propylene 
peak for the comparison of its area with the area under 
the methylcyclobutane peak. A technique was de
veloped in order to obtain for each reaction mixture 
a number of such area ratios which upon averaging 
would give a more reliable value than that from a 
single determination. The peaks for ethylene (1.5 
min.) and propylene (3.7 min.) appeared during the 
first 4 min., but the peak for methylcyclobutane did 
not appear until about 40 min. later. With standard 
mixtures it was found that additional portions of the 
mixture could be expanded into the gas chromatograph 
after the ethylene and propylene had been detected 
and before the first methylcyclobutane peak was re
corded. The successive expansions (2 to 7) gave a 
series of pairs of ethylene and propylene peaks followed 
by a series of methylcyclobutane peaks. The area 
under each propylene (or ethylene) peak was then com
pared with the area under the corresponding methyl-

(3) (a) C. T. Genaux, F. Kern, and W. D. Walters, J. Am. Chem. 
Soc., 75, 6196 (1953); F. Kern and W. D. Walters, Proc. Natl. Acad. 
Sci. U. S., 38, 937 (1952); (b) H. O. Pritchard, R. G. Sowden, and 
A. F. Trotman-Dickenson, Proc. Roy. Soc. (London), A218, 416 
(1953); (c) J. N. Butler and R. B. Ogawa, J. Am. Chem. Soc., 85, 
3346 (1963) ; (d) R. W. Vreeland and D. F. Swinehart, ibid., 85, 3349 
(1963); R. W. Vreeland, Ph.D. Thesis, University of Oregon, 1961.
(4) J. P. Chesick, J. Am. Chem. Soc., 82, 3277 (1960).
(5) M. N. Das and W. D. Walters, Z. pkysik. Chem. (Frankfurt), 15,
22 (1958).
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cyclobutane peak. With proper attenuation there was 
no trend in the variation of the area ratio for the suc
cessively expanded portions. The average ratio for 
each reaction mixture was compared with a calibration 
curve prepared from samples of known compositions. 
When the peaks were not suitable for accurate measure
ment by the integrator, areas were determined in other 
ways and compared with standard samples measured 
in the same manner. Since C5H10 C2H4 +  C3H6, 
the gas chromatographic ratios could be used to ob
tain the percentages of decomposition.

On the assumption that two molecules of products 
are formed from one reactant molecule, the per cent 
decomposition was calculated also from a comparison 
of the total moles removed from the reaction vessel 
and the moles introduced. For 27 of the 30 experiments 
in which both P V T  and g.c. results were available, 
the values from the P V T  data (after 30% decompo
sition) averaged slightly higher than the g.c. values by 
an amount corresponding to +0.9% decomposition. 
The agreement seems satisfactory; it is to be noted 
that the per cent decomposition from P V T  results 
will reflect the presence of all types of product mole
cules. The first-order rate constants were calculated 
from the propylene formed with the exception that the 
point at the lowest pressure in Fig. 2 was obtained 
from P V T  results and the next point was based on the 
average for propylene and ethylene. In the calcula
tions of the rate constants in this work the effect of a 
small dead space (0.3%) was taken into account and 
a small correction was applied for the time of removal 
of the reaction mixture.

In the present study prior to the work on methyl- 
cyclobutane, experiments were carried out with cvclo- 
butane at initial pressures from 0.32 to 0.016 mm. near 
449° in the same apparatus. A qualitative g.c. analy
sis of the products showed that ethylene was essentially 
the only product formed. Three preliminary experi
ments with P 0 = 0 . 0 2  mm. gave an average value of
2.05 for the (P„/P0) ratio indicating the formation of 
two product molecules. The gas noncondensable in 
pumped liquid nitrogen was found to be only ~0.03% 
of the final products (after 24 hr.). Since the stoichi
ometry corresponded to that found at higher pressures 
(C4Hs —»■ 2C2H4), the per cent decomposition was 
determined from the ratio (moles removed from 
reaction bulb/moles introduced). The rate constants 
will be presented in the Results section, but after the 
report of the comprehensive low-pressure study of 
cyclobutane by Vreeland and Swinehart work with 
cyclobutane was discontinued.

Results
Experiments were performed to find out whether 

the decomposition at low pressures proceeds according 
to the equation

CH3—CH— CH2 CH3—CH=CH 2

I I — ► (1)
CH*-CHS CH2= C H 2

which represented 98-99% of the pyrolysis at 7-417 
mm. and 410-450°.6 The course of the reaction at 
pressures of 0.0026-0.45 mm. was indicated by the 
following results. With 0.3 mm. initial pressure at 
450° the ratio of P „ /P 0 was observed to be 2 .0 2 . In 
a test for side or subsequent reactions, the amount of 
gas noncondensable at ~  —2 1 0 ° from an experiment 
with 0.28 mm. initial pressure carried to 23% reaction 
was found to be less than 2.5 X 10~ 6 mm. From the 
chromatographic analyses of the reaction mixtures it 
was possible to compare the amounts of ethylene and 
propylene in experiments at various pressures. The 
data summarized in Table I indicate that over the pres-

Table I : Comparison of the Amounts of Ethylene and
Propylene Formed in the Pyrolysis of Methyleyclobutane 
at Low Pressures“

Pressure Number of
range, mm. experiments P c 2h 4/ p c3h 6

0 .2- 0 . 4 5 8 1.004 ±  0.006
0.05-0.20 8 1.016 db 0.014
0.01-0.05 7 1.005 ±  0.023
0.0027-0.01 6 0.980 ±  0.020

“ Temp., 400-440°; decomposition, 25-36%.

sure range studied the ethylene and propylene are
present in equivalent amounts. These findings pro-
vide evidence that under the conditions of this study 
the stoichiometry of the decomposition is in agreement 
with eq. 1 .

The chromatograms for experiments at the lowest 
pressures ()~0.003 mm.) revealed three very small 
peaks at 2 .2 , 2.5 (between C2H4 and C3H6), and 4.8 
min. (after CsFF). The substances were not, identi
fied, but the total of their areas amounted to only 0.03 
± 0 . 0 1  times the combined areas under the ethylene 
and propylene peaks. Of lesser importance was a 
small shoulder (sometimes a peak) near the beginning 
of the ethylene peak. In experiments at, pressures of 
0.3-0.4 mm. all of these minor features became less 
distinct (the curve between 2.2 and 2.5 min. being only 
slightly different from zero) and a maximum estimate
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for them would be 0.001-0.008 times the combined 
areas of ethylene and propylene. Under the condi
tions used in this work, reactions other than (1) do 
not seem to occur to an extent that will significantly 
affect the rate constants calculated for (1). The ab
sence of a peak near that of methylcyclobutane indi
cates that no appreciable isomerization takes place.

The decrease in the first-order rate constant as the 
initial pressure of methylcyclobutane is lowered to 
0.0027 mm. at 420° is shown in Fig. 1, in which log k 
is plotted against log P 0. The data at 430° are shown 
in the form of a log {k/k„)  vs. log P 0 plot. The values 
of /c„ at 420 and 430° were taken to be 1.27 X 10~4 
and 2.38 X 10~4 see.^1, respectively. In each case 
k„ was evaluated by the use of plots of k ~ l vs. Po“ 1 
and fc"1 vs. P 0~°-5 for the present data plus some ex
periments from the earlier work.

- 2 . 8 0  - 2 . 0  - 1 . 0  0.0 1.0 1.5
L o g  Po, m m .

Figure 1. Change of first-order rate constant for 
methylcyclobutane with decreasing initial pressure 
at 420°: O, this study; ©, data of Das.6 Curves 
calculated from quantum form of Kassel theory: curve 1, 
s = 28; curve 2, s = 27; <r = 5.9 A., E = 62 
kcal./mole, A = 4.46 X 1015 seem1, „ = 2.96 X 10” sec.“1.

Although the effect of the initial pressure upon the 
activation energy was not studied in detail, some in
formation was obtained from a few experiments at 
P0 = 0.4 mm. and at P0 = 0.06 mm. for the region 
400-430° and from four experiments with P0 near 
0.0028 mm. at 410-440°. The activation energy at 
0.4 mm. was 62 ± 1 kcal./mole. These preliminary 
results indicated that the activation energy probably 
decreases for pressures of 0.06 and 0.0028 mm. by 
about 3-4 and 5-6 kcal./mole, respectively.

Both the quantum and classical forms of the Kassel 
theory6 were used for the calculation of fall-off curves. 
In Fig. 1 are shown the curves at 420° from the quan
tum form of the Kassel theory for the number of oscil
lators s = 27 and s = 28 (and with other parameters

-2.8 -2.0 -1.0 0.0 1.0
L o g  Po, m m .

Figure 2. Comparison of the decrease in the first-order rate 
constant for methylcyclobutane at 430° with Kassel classical 
theory and with fall-off data for cyclobutane. Rate constant 
for methylcyclobutane at 430°: O, this work; o , data of 
Das.5 Curve 1, s = 24. Curve 2, s = 23, a = 5.9 A., b =
44.4 (b = E / R T ) ,  A  = 4.4 X 1015 seem1. Curve 3, 
cyclobutane at 430° from ref. 3d. Curve 4, cyclobutane 
at 449°: 9, Vreelar.d and Swinehart3d corrected 
to 449°; ©, Kern, ref. 3a; ©, this work.

as given below Fig. 1). These curves are in reasonable 
accord with the experimental results a t 420° and a 
similar curve for s =  28 (not shown) agreed with the 
data at 430°. W ith the classical form of the Kassel 
theory the fall-off curves for s = 24 and s = 23 were 
obtained with the program of Schlag7 for the Bendix 
G-15 computer (see curves 1 and 2, Fig. 2). The curve 
for s = 24 is slightly higher than the experimental 
data, but the curve for s = 23 fits the data well. The 
lower value of s for the classical form8 compared to 
the quantum  form would have been anticipated.

The effect th a t methyl substitution on cyclobutane 
produces upon the fall-off curve can be seen in Fig. 2. 
Curve 4 shows the decrease in the first-order rate con
stants obtained for cyclobutane at 449° from various 
studies. The results for cyclobutane in our apparatus 
a t 449° seem to be in satisfactory agreement with the 
data of Vreeland and Swinehart a t 449°.3d In the 
lower pressure region our methylcyclobutane fall-off 
curve at 430° is shifted toward lower pressures by 1.15-

(6 ) L. S. Kassel, “ The Kinetics of Homogeneous Gas Reactions,” 
Chemical Catalog Cc., Reinhold Publishing Corp., New York, N. Y., 
1932, p p . 100-103.
(7) E .  W .  Schlag, B. S. Rabinovitch, and F .  W .  Schneider, J . Chem. 
P h y s ., 32, 1599 (1960).
(8 ) The situation with respect to the classical form has been dis
cussed by B. S. Rabinovitch and J. H. Current, ibid., 35, 2250 (1961); 
E. W. Schlag, ibid., 35, 2117 (1961); M. Vestal, A. L. W ahrhaftig, 
and W. H. Johnston, ibid., 37, 1276 (1962); G. M. Wieder and R. A. 
M arcus, ibid., 37, 1835 (1962).
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1.2 log P0 units compared to curve 3 for the cyclobu
tane fall-off at 430° observed by Vreeland and Swine- 
hart.311 As would be expected, the difference (at the 
lower pressures) between the methylcyclobutane fall- 
off data at 430° and curve 4 for cyclobutane at the 
higher temperature (449°) is somewhat larger (1.25-
1.4 log P 0 units). The value of s = 23 (Kassel classi
cal) for methylcyclobutane may be compared with 
Vreeland and Swinehart’s cyclobutane value of s = 
18.3d In each case s is approximately 60% of the total 
number of vibrational degrees of freedom and on this 
basis the vibrational degrees of freedom of the added 
methyl group appear to participate almost as effectively 
in the activation process as the rest of the molecule. 
This finding would seem to be in accord with the con
cept of intramolecular energy transfer during the life
time of the activated molecule. For methylcyclo- 
propane4 the value of s = 19 which gives a suitable 
Kassel classical fall-off curve represents an increase 
of 6 or 7 over the s appropriate for cyclopropane. 
Moreover, Flowers and Frey9 found that the curve 
for s = 23 reproduces their fall-off data for 1,1-di- 
methylcyclopropane (which has the same number of 
vibrational degrees of freedom as methylcyclobutane). 
Also of interest is that the fall-off curve obtained by 
Chesick10 for methylenecyclobutane lies between the 
curves for methylcyclobutane and cyclobutane.

In the low pressure work on cyclopropane11 and cy
clobutane, 3o'd it has been observed that the curve for 
the decrease in rate constant tends to level off at pres
sures in the region 10-3 mm. and below. The data in 
Fig. 1 and 2 for methylcyclobutane do not extend to a 
pressure of 10~3 mm. and do not exhibit a noticeable 
leveling off.
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Solvent Dipole C om petition  for In teram ide  
Hydrogen B onds1

by James S. Franzen and Barbara C. Franzen
Department of Biochemistry and Nutrition,
Graduate School of Public Health, University of Pittsburgh,
Pittsburgh, Pennsylvania (Received June 29, 1964)

It has been demonstrated that the hydrogen-bonding 
interaction between amides is weakened by a dipolar

solvent.2 This earlier study has now been extended to 
another solvent system of varying dipolar character. 
By using either carbon tetrachloride, g = 0.0 D., or 
1,1,1-trichloroethane, g = 1.6 D., or mixtures of the 
two, a range of solvent dielectric constants from 2.25 
to 7.0 can be covered. This system is more appropriate 
than the eis-b'tms-dichloroethylene system used pre
viously because no type of solvent-solute hydrogen 
bonding is possible. The extensive studies of Allerhand 
and Schleyer3 have revealed no evidence for the par
ticipation of methyl groups in hydrogen bonding, and, 
therefore, any competitive effects by the solvent must 
be due to dipole-dipole interaction.

e-Caprolactam was chosen as the hydrogen-bonding 
solute since it forms dimers only,2'4 thus eliminating the 
need for making assumptions about relative magnitudes 
of equilibrium constants as is required for multiple 
equilibrium systems.6 The extent of association was 
determined from the variation of the apparent extinc
tion coefficient of the first overtone of the free N -H  ab
sorption according to the treatment of Lord and Porro.4

Experimental
The solvents employed were obtained from Fisher 

Scientific Co. Spectroanalyzed grade carbon tetra
chloride was used without further treatment. The 
trichloroethane, however, exhibited a strong absorp
tion band at about 275 mg which was probably due to 
aromatic contamination. This solvent was, therefore, 
distilled through a 90-cm. electrically heated column 
packed with Berl saddles. Using a reflux ratio of 8:1, 
the fraction boiling at 72-73° and having no absorption 
band at 275 mg was used for the hydrogen-bonding ex
periments. «-Caprolactam from K and K Laboratories 
was dried overnight in vacuo at room temperature and 
used directly.

The spectral measurements of the un associated N -H  
group in the near-infrared region were carried out as 
described in the earlier paper2 except for a few minor 
changes. Since the Cary 14-R spectrophotometer was 
available, the reverse beam feature of this instrument 
was exploited. Thus instead of passing the entire wave 
length range of the source through the sample, only 
monochromatic radiation traversed the solutions. As a 
result, heating of the sample by the beam was reduced to

( 1 )  T h i s  w o r k  w a s  s u p p o r t e d  i n  p a r t  b y  a  P u b l i c  H e a l t h  S e r v i c e  
R e s e a r c h  G r a n t  ( G M - 1 0 1 3 3 - 0 2 )  f r o m  t h e  D i v i s i o n  o f  G e n e r a l  
M e d i c a l  S c ie n c e s .

( 2 )  J .  S .  F r a n z e n  a n d  R .  E .  S t e p h e n s ,  Biochemistry, 2 ,  1 3 2 1  ( 1 9 6 3 ) .

( 3 )  A .  A l l e r h a n d  a n d  P .  v o n  R .  S c h l e y e r ,  J. Am. Chem. Soc., 8 5 ,  
1 7 1 5  ( 1 9 6 3 ) .

( 4 )  R .  C .  L o r d  a n d  T .  J .  P o r r o ,  Z. Elektrochem., 64, 6 7 2  ( 1 9 6 0 ) .

( 5 )  M .  D a v i e s  a n d  D .  K .  T h o m a s ,  J. Phys. Chem., 60, 7 6 3  ( 1 9 5 6 ) .
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•___________
Table I: Values of Thermodynamic Functions for the Association of e-Caprolactam

A G°, A B°, AS°,  c a l .
K, 1. k c a l . k c a l . m o le

S o l v e n t T, ° K. D. m o l e  - I m o l e  -1 m o le d e g .

COL, 276 2.26 146 ±  6
298 2.22 74.2 ±  2.8 -2 .5 3 - 5 .4 - 9 .8
313 2.20 46.5 ±  1.9

CCU-TCE (2:1) 276 3.54 58.0 ± 2 .3
298 3.38 32.8 ±  1.3 -2 .0 7

CCh-TCE (1:1) 29S 4,01 22.9 ± 0 .9 -1 .8 6

TCE 276 7.67 23.8 ± 0 .9
298 6.89 13.4 ±  0.5 -1 .5 4 - 4 .9 - 1 1 .4
313 6.38 8.7 ±  0.3

l / D .

Figure 1. Dependence of the free energy of caprolactam 
association on the reciprocal of the solvent dielectric 
constant. The closed circles represent the data of this 
paper. The open circles represent data for the association 
of caprolactam in solvents composed of cis- and/or trans- 
dichloroethylene taken from the previous study.2

a negligible amount, and temperature control was cer
tain to within ±0.5°. The temperature within the 
cell was monitored directly by the use of a thermocouple 
sealed in a glass capillary and press-fitted into the 
Teflon stopper supplied with the cell. An optical path 
of 10 cm. was used in all cases, since at the higher con
centrations required for shorter cells the monomer-di
mer equilibrium becomes complicated by the formation 
of larger aggregates.4 The estimated maximum error 
in the reported equilibrium constants is 4%.

Dielectric constants of the solvents were determined 
by the resonance method with the apparatus described 
by Bender.6

Results and Discussion
As can be seen from Table I, the caprolactam dimer 

hydrogen bonds are quite sensitive to the composition 
of the solvent. This is also evident from Fig. 1, which 
shows that trichloroethane, /j, = 1.6 D., is less effective 
in disrupting the dimer complex than c/s-dic.hloroethyl- 
ene, p = 1.89 D Such a relation is expected in view of 
the propensity of the x-electron cloud and of the C-H 
groups3 of dichnroethylene for hydrogen-bonding to 
caprolactam monomers. The explanation of the linear 
relations in Fig. 1, however, is not fully established. 
Although the free energy of the association reaction 
varies directly with the reciprocal of the solvent dielec
tric constant, a theoretical description of the system in 
which the region between the hydrogen-bonded mole
cules is treated as a continuum2 is not realistic. The 
observed linear relations may just be fortuitous since 
from a microscopic point of view there is no evident 
reason at present for expecting such behavior. It is 
more likely that, the reduction in the extent of associa
tion with increasing dipolar nature of the solvent is due 
to solvent-solute dipole dipole interactions.

In conclusion, it can be stated that there is a close 
relationship between hydrogen-bond strength and the 
molecular environment provided by the solvent. Ac
cordingly, the recent studies of Ritchie and P ratt7 em
phasize the significance of solvation effects of this 
sort.

( 6 )  P .  B e n d e r ,  J. Chem. Edite., 23, 1 7 9  ( 1 9 4 6 ) .

( 7 )  C .  D .  R i t c h i e  a n d  A .  L .  P r a t t ,  J . A m . Chem. Soc,., 8 6 ,  1 5 7 1  
( 1 9 6 4 ) .
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Vapor ization Energy and  D ensity Relations 

in  Nonpolar Liquids

by A. A. Miller

General Electric Research Laboratory,
Schenectady, New York  (Received J u ly  3, 1964)

The vaporization energy is important for the inter
pretation of liquid-vapor equilibrium. Also, the de
rived quantities, “cohesive energy density,” e/v, and 
“solubility parameter,” (e/v) '^,  have been suggested 
as empirical measures of intermolecular attraction in 
liquids.1 This paper presents a simple relationship 
between vaporization energy and density which ap
parently has not yet been reported, and certainly 
not emphasized, in the literature.2 The examples of 
nonpolar liquids which are considered are benzene, 
carbon tetrachloride, and six normal alkanes in the 
C6 to C12 range.

Liquid densities were taken from A.P.I. Tables3 
and from Timmermans.4 The latter was also the 
source of the orthobaric vapor densities. For benzene 
and w-heptane, the vaporization energies up to the 
boiling points, T b, were computed from Haggen- 
macher’s5 values of the heat and external work of 
vaporization: e = h — pAv. Between TB and T c, 
the Clapeyron equation was used

« = p(ve -  v/)[(T/p) (dp/dT) -  1]

with the dp/dT  — ya values reported by Rowlinson.6 
For carbon tetrachloride, the vaporization energies 
tabulated by Moelwyn-Hughes7 between 0° and Tc 
were used directly.

Figure 1 shows that for each of these three liquids, 
the vaporization energy is a linear function of the liquid 
density over the entire liquid range. Extrapolation 
to e = 0, the critical point, gives the proper values of 
the critical densities, p0.8 Hence

t  =  k ( p  —  p 0)  ( 1 )

where k  = de/dp. The values of k  (cal. cc./g.2) are 
169, 43.5, and 185, for C6H6, CC14, and C7H i6, re
spectively.

When extrapolated in the direction of higher densities, 
the lines in Fig. 1 should terminate at e0, p0 for the 
hypothetical liquid at 0 °K , where e0 = h0, the heat of 
vaporization. The latter can be derived from accurate 
vapor pressure equations, such as the Kirchoff- 
Rankine (K-R) equation, of the form: log p = A +  
B /T  +  C log T, where ho = -2 .3 R B /M  cal./g.9

Figure 1. Vaporization energies vs. liquid densities for 
benzene, carbon tetrachloride, and n-heptane. Arrows 
indicate boilir.g points.

By an additional semiempirical term, Frost and Kalk- 
warf10 extended the K -R  equation to the critical 
point. The F -K  constants have been reported by 
Thodos and co-workers for saturated aliphatic11 and 
aromatic hydrocarbons,12 and for C014.13 As should 
be expected, the F-K  and the K -R 9 constants have 
similar values.

In the present context, the derivation of the K -R  
vapor pressure equation differs somewhat from the 
conventional method.9 Starting with the exact Clapey
ron equation, d p / d T  = h/TAv, with h = e +  pAv 
and with the usual simplifications, applying up to 
approximately the boiling point (Av =  ve and p v g =  

R T ) ,  we obtain d In p / d T  =  t / R T 2 +  l / T ,  but d«/dT 
= (de/dp)(dp/d7’) = k { d p / d T ) by eq. 1. Plots 
of p vs. T  show that with nonpolar liquids for the small 1 2 3 4 5 6 7 8 9 10 11 12 13

( 1 )  J .  H .  H i l d e b r a n d  a n d  R .  L .  S c o t t ,  “ T h e  S o l u b i l i t y  o f  N o n e l e c 
t r o l y t e s , ”  R e i n h o l d  P u b l i s h i n g  C o r p . ,  N e w  Y o r k ,  N .  Y . ,  1 9 5 0 .

( 2 )  J .  R .  P a r t i n g t o n ,  “ A d v a n c e d  T r e a t i s e  o n  P h y s i c a l  C h e m i s t r y , ”  
V o l .  I I ,  L o n g m a n s ,  G r e e n  a n d  C o . ,  L o n d o n ,  1 9 5 1 .

( 3 )  F .  D .  R o s s i n i ,  “ P h y s i c a l  a n d  T h e r m o d y n a m i c  P r o p e r t i e s  o f  
H y d r o c a r b o n s , ”  A . P . I .  4 4 ,  C a r n e g i e  P r e s s ,  P i t t s b u r g h ,  P a . ,  1 9 5 3 .

( 4 )  J .  T i m m e r m a n s ,  “ P h y s i c o - C h e m i c a l  C o n s t a n t s  o f  P u r e  O r g a n i c  
C o m p o u n d s , ”  E l s e v i e r  P u b l i s h e r s ,  N e w  Y o r k ,  N .  Y . ,  1 9 5 0 .

( 5 )  J .  E .  H a g g e n m a c h e r ,  In d . Eng. Chem., 4 0 ,  4 3 6  ( 1 9 4 8 ) .

( 6 )  J .  S .  R o w l i n s o n ,  “ L i q u i d s  a n d  L i q u i d  M i x t u r e s , ”  B u t t e r w o r t h s ,  
L o n d o n ,  1 9 5 9 ,  T a b l e s  2 . 3  a n d  2 . 4 .

( 7 )  E .  A .  M o e l w y n - H u g h e s ,  “ P h y s i c a l  C h e m i s t r y . ”  P e r g a m o n  P r e s s  
N e w  Y o r k ,  N .  Y . ,  1 9 6 1 ,  T a b l e  X V I - 1 0 .

( 8 )  K .  A .  K o b e  a n d  I I .  E .  L y n n ,  J r . ,  Chem. Rev., 5 2 ,  1 1 7  ( 1 9 5 3 ) .

( 9 )  S e e  E .  A .  M o e l w y n - H u g h e s ,  r e f .  7 ,  p .  6 9 6  f f .

( 1 0 )  A .  A .  F r o s t  a n d  D .  R .  K a l k w a r f ,  J . Chem. P hys., 2 1 ,  2 6 4  
( 1 9 5 3 ) .

( 1 1 )  N .  E .  S o n d a k  a n d  G .  T h o d o s ,  A .I.C h .E . J ., 2 ,  3 4 7  ( 1 9 5 6 ) .

( 1 2 )  D .  L .  B o n d  a n d  G .  T h o d o s ,  J . Chem. Eng. Data, 5 ,  2 8 8  ( 1 9 6 0 ) .

( 1 3 )  E .  C .  R e y n e s  a n d  G .  T h o d o s ,  In d . Eng. Chem. {Fundam entals) , 
1 ,  1 2 7  ( 1 9 6 2 ) .
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expansions up to T n ,  p  is very nearly linear in T .  
Under these conditions, 14 t = e0 +  a T .  Substitution 
in the Clapeyron equation and integration gives the 
Ivirchoff-Rankine equation

In p = A — e0/ R T  +  [1 +  a / R ]  In T  (2)

For C6H6, e0 (cal./g.) = 140,153 (K -R),9144 (F-K ) , 12 

and 150, from latent heats determined in the 20-50° 
range16 and extrapolated linearly to 0°K. A mean 
value, 147 ( ± 6 ) cal./g., gives, by Fig. 1, p0 = 1.17 
(±0.04) g./cc. For CC14, e0 = 73 (K-R ) 9 and 70.5 
(F-K ) 13 giving po = 2.15 (±0.04) g./cc. These values 
are consistent with p0 — 4pc = 1.22 and 2.22 g./cc., 
respectively, which were found to apply in a free volume 
treatment of liquid viscosities for C6H 6 and CC14. 16 

For C7H16, to = 126 cal./g . , 11 and by Fig. 1, p0 = 0.92 
g./cc.

By eq. 1 and Fig. 1, we obtain the further relations 

e2 — ei = fc(p2 — pi); k = eo/(po — Pc);

€ = e0 +  (de/dp)(p — Po) (3)

The parameters for six normal alkanes are listed in 
Table I. The slopes, de/dp, were derived from the 
linear e vs. p plots based on the Haggenmacher values. 6 

The B  constant in the F-K  equation11 was used to 
obtain e0. As a convenient reference point, the e, 
p data at 20° are listed . 17 With these data and eq. 3,

Table I: Vaporization Energy-Density
Parameters for re-Alkanes, C„H2„+2

dt/dp, -20°------ -
cal. €0, e, P, P0, «opo,

cc./g.! cal./g. cal./g. g./cc. g./cc. cal./cc.
c 6 200 133 80.0 0.626 0.891 118
c 6 193 129 81.6 0.660 0.906 117
c, 185 126 82.0 0.684 0.922 116
c 8 181 124 82.5 0.703 0.941 117
C,0 174 121 83.0 0.730 0.948 115
Cl2 162 120 83.0 0.749 0.977 117

the values of p0 were derived. For this series of n- 
alkanes, the “cohesive energy density” at 0°K., given 
by (t/v ) 0 = eupo, appears to be constant, 117 (±1) 
cal./cc. For the same series at 20°, the c.e.d. increases 
regularly from 50.2 to 62.1 cal./cc . 17

The critical densities, p0, calculated by eq. 1, are 
within 3 % of the literature values,8 and the ratio 
Pc/po decreases slowly from 0.260 for C5H 12 to 0.243 
for C12H 26, paralleling the trend in the critical compress
ibility factor, (P V /R T )C.M The p0-values in Table 
I are within 1 % of the zero-point densities for the crys

talline solids.18 However, they are consistently 2% 
higher than values given by the Doolittle relation , 19 

Po = e~10/M, which, in turn, are about 1% above values 
derived by Riedel. 20

In an earlier paper, 16 the liquid viscosities of C6H 6 

and CCh were related to the free volume fraction, 
defined as /  = (v — v0)/v = (p0 — p)/pn. From the 
present work, ///„ = (e0 — e)/e0, where /<, refers to the 
critical point. For the nonpolar liquids considered 
here, pc/p 0 0.25 and / c ~  0.75, with the values dif
fering slightly for each liquid.

(14) Direct e vs. T  plots of the Haggenmacher values up to T b show 
very little curvature. Since h — e +  R T , for the conditions cited, 
h is also linear in T. which is the basis for usual derivation of the 
K -R  equation.
(15) See J. R. P a r tirgton, ref. 2, p. 315.
(16) A. A. Miller, J . P hys. Chem., 67, 2809 (1963).
(17) G. Allen, G. Gee, and G. J. Wilson, Polym er, 1 , 458 (1960).
(18) See E. A. Moelwyn-Hughes, ref. 7, p. 320.
(19) A. K. Doolittle, J . A pp l. P hys., 2 2 , 1471 (1951).
(20) L. Riedel, Chem.-Ingr-T ech ., 26, 257 (1954).

The C onductance of Some Q uaternary  

A m m onium  Electrolytes in  

Hydrogen Cyanide

by R. H. Davies
Department of Chemistry, University College, Swansea, Wales

and E. G. Taylor
Thompson Chemical Laboratory, W illiam s College,
W iUiamstown, Massachusetts (Received J u ly  IS , 196If)

The fact that earlier work in hydrogen cyanide1 

indicated unusual behavior of salts containing large 
ions has led us to reopen the investigation. Further
more, the recent extension of the Onsagcr conductance 
equation, in addition to providing a reason for the 
anabatic behavior previously observed, may be 
applied to conductance data at higher concentrations 
than formerly used. We have also, therefore, taken 
the opportunity to show that the long-chain quater
nary ammonium salts behave as normal electrolytes 
in hydrogen cyanide.

Experimental
Materials. Hydrogen cyanide as supplied (Imperial 

Chemical Industries, Ltd.) contained up to 1.8%

(1 ) J. E. Coates and E. G. Taylor, J . Chem. Soc., 1245, 1495 (1936).
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Table I : Preparation, Purification, and Melting Points of Salts

R e c r y s t a l l i z i n g M . p . ,
S t a r t i n g  m a t e r i a l s P r o d u c t s o l v e n t ° C .

(C2H5)3N, C Ä I Et4NI Water-ethanol 300 dec.
Et4NPi Water-ethanol 261

(ra-C4H 9)3N, n-C4H 9I ra-Bu4NI Water 144
n-Bu4N N 0 3 Benzene 120
n-Bu4NPi Ethanol 85

(CH3)3N, ra-C18H3,I n-OctdMe3NI (OTM) 95% ethanol 252
ra-OctdMe„NCl Methanol-acetone 225 dec.
n-OctdMe3NBr Ethanol-acetone 248

(C2H5)3N, n-CisHM ra-OctdEtsNI (OTE) Ethanol-acetone 196
n-OctdEtsNCl Acetone 153
n-OctdEt3NBr Acetone 186
n-0ctdEt3N N 0 3 Acetone 160
ra-OctdEt3NPi Ethanol 58

0 -C I2H25)(CH3)2N, n-CI2H26I (Dod)2(M e)2NI (DDM ) Ligroin 138
(Dod)2(Me)2NCl Acetone 130
(Dod)2(M e)2NPi Ethanol 47

(n-C12H25)(CH3)2N, rc-C18H37I (Octd)(Dod)(Me)2NI Acetone 146
(Octd)(Dod)(Me)2NPi Ethanol 48

water together with 0.3% oxalic acid as a stabilizing 
agent. It was distilled to remove the oxalic acid and 
then shaken with P 20 5 for several hours before being 
fractionated from fresh P 2O5. A final distillation from 
magnesium perchlorate resulted in a product possessing 
a specific conductance of 3-5 X 10-7, n.b.p. 25.7°. 
Later it was found that hydrogen cyanide recovered 
by distillation from the salt solutions was effectively 
purified by distilling from anhydrous sodium thio
sulfate, the conductance falling to 5 X 10~ 8 and lower. 
All starting materials were carefully fractionated or 
recrystallized and the salts were subjected to multiple 
recrystallizations before use. The first step was the 
combination of the tertiary amine with the alkyl 
iodide to yield the quaternary ammonium iodide, which 
was converted into the other derivatives by metathesis 
with the appropriate silver compound. n-Dodecyl- 
dimethylamine (b.p. 118-119° at 5 mm.) was prepared 
by the méthylation of n-dodecylamine2; n-octadecyl 
iodide (m.p. 35°) and n-dodecyl iodide (m.p. —2°) 
were obtained by iodination of the long-chain alcohols 
using phosphorus and iodine. Table I summarizes 
the procedures adopted. The salts were heated for 
several hours under vacuum at elevated temperature 
to constant weight.

Methods. Resistances were measured using a bridge 
similar to that described by Edelson and Fuoss. 3 The 
cells were of the flask type, fitted with small side 
chambers carrying the electrodes, which were lightly 
platinized. Cell constants were between 2  and 3 for 
the more concentrated solutions and about 0.5 for the 
dilute range. Runs were made using both the dilution

and the concentration methods. Resistances were 
made with the cell immersed in an oil bath whose tem
perature was controlled to ±0.01°. Most measure
ments were made at 18° although 25° was used in 
several instances.

Solution densities were obtained using the dilato
metrie procedure described by Coates and Davies. 4 

For concentrations up to 2% by weight at 18° the 
densities are given by the expression

p = 0.6900 +  aw

where w is the salt concentration in grams per kilo
gram of solution. Values of a (X 104) are: E t4NI, 
4.35; E t4NPi, 4.45; Bu4NI, 3.35; Bu4N N 03, 2.75; 
Bu4NPi, 3.60; OTMI, 2.95; OTMBr, 2.85; OTMC1; 
2.40; OTMNO3, 2.50; OTEI, 2.95; OTEBr, 2.75; 
OTEC1, 2.30; OTEN03, 2.60; OTEPi, 3.35; DDMI, 
2.85; DDMC1, 2.25; DDMPi, 3.20; ODDPi,
3.00. At 25° it was found that the densities could be 
represented by the relation

P  —  0.6797 +  aw

The conductances of the salts in hydrogen cyanide are 
summarized in Tables II-V. At least two independent 
runs were made on each salt and the data given are 
for the more concentrated solutions. Where fewer 
than four points are given, these refer to individual

(2) R. A. Reck, H. J. Harwood, and A. W. Ralston, J. Org. Chem., 
12, 517 (1947).
(3) D. Edelson and R. M. Fuoss, J. Chem. Educ., 27, 610 (1950).
(4) J. E. Coates and R. H. Davies, J. Chem. Soc., 1194 (1950).
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Table II: Conductance of Tetraethyl- and
Tetra-n-butylammonium Salts in HCN at 18° 
(25° where Indicated)

1C)4c

Et*NI

A I04c A

Et4NPi
112.00 333.3 87.43 260.8
71.19 337.6 52.90 265.3
40.49 342.4 27.12 270.1
22.15

Bu4NI

346.5 18.20 272.1 

Bu4N N 03
110.1 281.1 124.7 272.4
66.22 286.9 90.07 275.6
37.07 292.0 59.20 279.7
23.10

Bu4NPi

295.0 30.92 284.2 

Et4NPi (25°)
90.03 209.2 86.14 277.9
56.78 213.6 52.1.4 282.5
34.60 217.2 26.73 287.3
20.28 220.5 17.93 289.5

Et4NI (25°) Bu4NI (25°)
21. S3 367.6 36.53 310.3

2.480 376.8 23.07 313.2

Bu4N N 03 (25°) Bu4NPi (25°)
30.46 301.7 55.95 228.0
27.04
19.12

302.9
305.1

19.89 235,2

Table IV: Conductance of ?i-Octadecyltriethylammonium
Salts in HCN at 18 and 25°

toy A 104c A

n-OctdEtjN Cl n-OctdEtjNBr

99.59 262.6 100.9 262 (9
59.20 267.0 65.12 267.3
36.43 270.5 35.93 271.8
19.19 274.4 20.44 275.1

w-OctdEtsNI n-OctdEtäNNOä
108.1 263.1 58.02 259.2
69.00 267.3 33.76 263.0
39.23 271.8 19.40 266.0
21.46 275.5 9.247 269.3

ra-OctdEtjNPi n-OctdEt3NCl (25°)
71.97 191.2 98.13 279.1
39.42 196.0 25.53 289.3
19.47 200.1 18.91 291.2
9.679 202.9 10.80 294.0

n-OctdEt3NI (25°) «.-OctdEtjBr (25°)
30.24 290.7 19.90 291.9
21.15 292.6 13.74 293.4

ra-OctdEtaNNO3 (25°)
19.12 282.8
9.113 286.5

Table III: Conductance of n-Octadecyltrimethylammonium

Table V: The Conductance of Quaternary Ammonium Salts
Containing Two Long Chains in HCN at 18 and 25°

S a l t s  i n  H C N  a t  1 8  a n d  25° 10 4c A 104c A

I 0 4c A D o d 2M e 2N C l D o d 2M e 2N I

5 9 . 6 7 2 6 3 . 1 7 3 . 4  2 6 1 . 6
n - O c t d M e 3N C l n - O c t d M e 3N C l  ( 2 5 ° ) 3 0 . 0 8 2 6 7 . 9 4 5 . 1 7  2 6 6 . 1

8 0 . 3 0 2 7 0 . 0 7 9 . 1 2 2 8 7 . 0 1 4 . 2 9 2 7 1 . 5 2 3 . 8 6  2 7 0 . 5

5 3 . 8 6 2 7 3 . 8 5 3 . 0 8 2 9 0 . 8 7 . 1 1 2 2 7 4 . 4 1 1 . 4 3  2 7 4 . 1

3 5  4 5 2 7 6 . 3 3 4 . 9 3 2 9 3 . 5

1 8 . 1 4 2 8 0 . 1 1 7 . 8 7 2 9 7 . 4
D o d 2M e 2N P i ( O c t d ) ( D o d ) M e 2N P i

5 8 . 8 8 1 8 8 . 1 9 3 . 7  1 7 3 . 8
n - O c t d M e 3B r ? i - O c t d M e 3I 3 3 . 8 9 1 9 2 . 4 5 9 . 5 0  1 7 8 . 4

7 6 . 7 9 2 7 0 . 3 1 3 6 . 4 2 6 5 . 3 1 7 . 0 7 1 9 6 . 5 3 0 . 2 1  1 8 3 . 4

4 4 . 8 7 2 7 5 . 0 8 9 . 3 5 2 7 0 . 2 7 . 4 2 5 2 0 0 . 2 1 9 . 1 5  1 8 6 . 1

21 5 6 2 7 9 . 7 4 9 . 6 1 2 7 5 . 6

1 0 . 5 4 2 8 3 . 0 2 7 . 5 8 2 7 9 . 8 ( O c t d ) ( D o d ) M e 2N P i  ( 2 5 ° ) D o d 2M e 2N C l  ( 2 5 ° )

9 2 . 3 3 1 8 5 . 4 1 4 . 0 8  2 8 8 . 4

n - O c t d M e 3N I  ( 2 5 ° ) n - O c t d M e 3N B r  ( 2 5 ° ) 5 8 . 6 3 1 9 0 , 3 3 . 2 5 4  2 9 3 . 6

134  5 2 8 1 . 5 2 1 . 2 5 2 9 6 . 7 2 9 . 7 6 1 9 5 . 7

4 8 . 8 9 2 9 2 . 4 5 . 6 2 7 3 0 2 . 9 1 8 . 8 7 1 9 8 . 5
D o d 2M e 2N I  ( 2 5 ° )

2 7  17 2 9 6 . 8 2 3 . 5 1  2 8 7 . 1

5 . 9 1 7 3 0 4 . 6
D o d 2 M e 2N P i  ( 2 5  ) 4 . 6 9 8  2 9 4 . 9

1 6 . 8 2 2 0 9 . 9

3 . 5 4 4 2 1 6 . 3

c a s e s  i n  w h i c h  c e r t a i n  o f  t h e  s o l u t i o n s , a f t e r  m e a s u r e -

m e n t  a t  1 8 ° . , w e r e  p l a c e d i n  t h e  2 5 °  b a t h . n o t  b e t t e r t h a n  0 . 1 % ,  t h e O n s a g e r - F u o s s  e q u a t i o n

D e s p i t e  t h e  f a c t  t h a t  t h e  p r e c i s i o n  o f  t h e  r e s u l t s  is f o r  u n a s s o c i a t e d  e l e c t r o l y t e s
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A = A0 — S c /! +  Ec In c +  Jc

has been used to establish A0 values by extrapolating 
plots of A' (A +  Sc'f1 — Ec hi c) vs. c to c = 0. The 
viscosity of hydrogen cyanide at 18° is 1.955 X 10-3 
and at 25° it is 1.834 X 10”3.4 The dielectric constants 
at 18 and 25° were taken as 118.3 and 106.8, respec
tively.5

The slopes of the A'-c plots vary between 150 and 
600 but because of the low precision and since both 
slight association and as yet uninvestigated viscosity 
corrections are undoubtedly included in the J  value 
(A' = A0 +  Jc) it seemed pointless to calculate “a” 
values. I t  can however be stated that the slopes do 
correspond to center-to-center distances that are not 
totally unreasonable.

The values of A0 are given in Table VI and are esti-

Table VI : Limiting Equivalent Conductances of
Salts in HCN at 18 and 25°

S a l t Ao S a l t Ao

Et4NI 358.8(382) Bu4NI 307.5(325)
Et4NPi 282.9(301.1) Bu4NPi 231.6(246)
OTMC1 290.6(309.4) B114NNO3 297.9(317)
OTMBr 291.4(310) OTEC1 285.2(302)
OTMI 293.0(311.6) OTEBr 286.5(303)
DDMC1 281.0(299) OTEI 2S7.1 (303)
DOMI 283.0(302) OTENCL 276.8(295)
DDMPi 206.7(222) OTEPi 210.9
ODDPi 197.0(210.5)

mated to be good to within ±0.3. The values at 25° 
are given in parentheses and where only three figure 
numbers appear, these are to be regarded as good to 
about ±1.5 since they have been obtained by crude 
free-hand extrapolation from as few as two points on a 
A- c h plot.

Limiting equivalent ion conductances (Table VII)

Table VII: Limiting Equivalent Ion Conductances
in Hydrogen Cyanide at 18 and 25° (Values 
at 25° in Parentheses)

Ion Xo + Ion Xq

Et„N + 141 (151) c i - 216(229)
Bu4N + 90(96) . B r- 216(229)
OctdMe3N + 75(81) I - 218(231)
OctdEtjN + 69(73) NO3 - 208(221)
Dod2Me2N + 65(72) P i- 142(150)
(Octd)(Dod)Me2N + 55(61)

have been calculated based on the expression given 
for the tetra-n-butylammonium ion6

R+D = 21.484 +  4.4617)

and the Stokes relation A0+ = 0.82/7?^, giving for the 
Bu4N+ ion at 18 and 25° values of 90 and 96, respec
tively.

( 5 )  G .  E .  C o a t e s  a n d  J .  E .  C o a t e s ,  J. Chem. Soc., 7 7  ( 1 9 4 4 ) .

( 6 )  R .  M .  F u o s s ,  Proc. Natl. Acad. Sci. U. S., 4 5 ,  8 0 7  ( 1 9 5 9 ) .

M utual Solubility of Perfluoroheptane w ith  

Carbon T etrachloride and w ith  Carbon 

Disulfide a t  25°

by Ivozo Shinoda and Joel H. Hildebrand

Department of Chemistry, University of California,
Berkeley, California (Received July IS, 1964)

Fujishiro and Hildebrand,1 in 1962, reported on the 
liquid-liquid solubility of cyclohexane and perfiuoro- 
tributylamine at 25°. They pointed out the advantage 
of such measurements for systematic studies of solubility 
over the usual method of observing the temperature at 
which separation into two liquid phases occurs, saying: 
“This can be done accurately only in the region around 
the critical point, and most composition-temperature 
curves have not been carried very far down the descend
ing branches. The reliable portions of available curves 
for different liquid pairs extend over different ranges of 
Temperature, and it is difficult to make a systematic 
comparison of such systems at a common temperature. 
Parameters calculated from critical temperatures are 
unsatisfactory also because the structure of mixtures 
near the critical point is extremely complex, and not 
amenable to model treatments that are reasonably 
applicable outside this region. It is very desirable 
to have figures for liquid-liquid solubilities at a stand
ard temperature, preferably at 25°, by determining 
the composition of both phases by analysis.”

Such data offer the further advantages for systematic 
tests of theory that they are free, on the one hand, from 
the uncertainties of gas law deviations that are in
volved in studies by measurement of vapor pressures, 
and free, on the other hand, from the uncertainties in
volved in extrapolating liquid properties far below melt
ing points when dealing with the solubility of solids.

( 1 )  R .  F u j i s h i r o  a n d  J .  H .  H i l d e b r a n d ,  J. Phys. Chem., 6 6 ,  5 7 3  
(1962).
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Table I: Liquid-Liquid Solubilities, x, and Mole Fractions in Phases A and B at 25°

-----------A-----------. —---------- B-------------v
ZA V A ZA V A <5i —  Ô2 5i 5î

1. C C 1 4 0 . 3 0 2 6'6 0 . 1 5 7 0 . 9 7 0 0 . 9 3 3 Ì
8 . 6

2. C7F16 0 . 6 9 8 0 . 8 4 3 0 . 0 2 9 9 0 . 0 6 7 /
3 . 0 8 5 . 5

1. c s 2 0 . 1 4 0 0 . 0 4 2 ~ 1 . 0 0 0 . 9 9 8 /
4 . 4 82. C7F16 0 . 8 6 0 0 . 9 5 8 5 . 4  X  I O - 4 0 . 0 0 2 J

1 0 . 0 5 . 5

Experimental
n-Perfluoroheptane was purified by the method 

described by Glew and Reeves. 2 Carbon tetrachloride 
and carbon disulfide were Spectro-quality reagents. 
They were distilled shortly before the experiments.

The solubility of C7F i6 in CS2 and in CC14 is very 
small, so we applied the method devised by Reeves and 
Hildebrand3 that measures the diminution in volume of 
the fluorocarbon after equilibrating with the other 
liquid, taking advantage of the fact that the latter 
wets glass preferentially.

Calibrated tubes were sealed to bulbs of about 130- 
cc. capacity. The volumes of these tubes, chosen after 
preliminary experiments, were 0.45 cc. for the CS2 

system and 2  cc. for the CC14 system. Measured 
volumes of the components were introduced into their 
respective vessels, which were then sealed and rocked 
in a thermostat. After saturation was reached, the 
remaining C7F 16 was collected in the calibrated side 
tube and its volume read. Corrections were made for 
the CCI4 and CS2 dissolved in the C7F i6.

Concordant figures for the solubility of CC14 in C7F i6 

were obtained by Hildebrand, Fisher, and Benesi4 and 
by Kyle and Reed . 6

Results and Discussion
Our results, together with those on CC14 in C7F 16 

from ref. 5 and 6 , are given in Table I, together with 
values of the difference between the solubility parame
ters that are calculated from the measurements by the 
equation used by Fujishiro and Hildebrand

R T  ,(1 , XlB 1 , X2A
AT - In — H---- In —
2 \Vl XlA y2 £2b.

(<£TB <?ia)((Si — S2)2 (1)

The molal volumes of the components at 25° are: 
CC14, 97.1 cc.; CS2, 60.7 cc.; C7F i6, 225.6 cc. Equation 
1 is obtained by combining the standard equation

R T  In (a2/xi) = \ 2<pA{8, — 52) 2 (2)

with the corresponding equation for the other compo
nent.

The concordant values for <52 = 5.5 for C7F i6 agree 
well within the usual limit of accuracy with the value
5.6 obtained for the system Br2 +  C7F i6 by Reeves and 
Hildebrand,3 calculated from the solubility of Br2 
in C7F16. These values of the solubility parameter of 
C7F 16 are distinctly less than the value, 5.85, derived 
from its energy of vaporization, a difference not unusual 
among systems departing appreciably from the simple 
model used in deriving eq. 2. However, the value here 
calculated agrees well with that found from the solu
bility of iodine, where 52 — 5i = 8.6, which with the 
standard value for I2, 14.1, gives 8, = 5.5. In this 
case, as in many others, a solubility parameter de
termined directly from solubility data is to be pre
ferred, for practical purposes, over one based upon the 
heat of vaporization.6

Acknowledgment. This work has been supported by 
the Atomic Energy Commission. 2 3 4 5 6

(2) D. N. Glew and L. W. Reeves, J. Phys. Chem., 60, 615 (1956).
(3) L. W. Reeves and J. H. Hildebrand, ibid., 60, 949 (1956).
(4) J. H. Hildebrand, B. B. Fisher, and H. A. Benesi, J. Am. Chem: 
Soc., 72, 4348 (1950).
(5) B. B. Kyle and T. M. Reed, III, ibid., 80, 6170 (1958).
(6) For other examples, see R. L. Scott and J. H. Hildebrand, 
“ Regular Solutions,” Prentice-Hall, Englewood Cliffs, N. J., 1962, 
p p .  145-147.

The Production  of M olecular Beam s in  

th e  Mass Spectrom eter1

by Benjamin P. Burtt and Jay M. Henis

Department of Chemistry, Syracxise University, 
Syracuse, New York 18210 (Received July 17, 1964)

In the course of studies of negative ion-molecule 
reactions in N20  and CCfiF at relatively high pressure 
in the mass spectrometer, evidence has been obtained 
to indicate that many of the accelerated negative ions 
lose their charge by collision in the analyzer tube.
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The beam of particles impinging upon the collector 
plate contains more neutral atoms than negative 
ions.

The phenomenon of electron loss is not new, for 
Thomson1 2 was one of the first to clarify some confusing 
observations made with early cathode ray tubes where 
the vacuum was poor. He showed that the charges 
on high-energy ions changed during their passage 
through the gas.

Physicists, using special equipment, have studied 
the charge-changing cross section using positive or 
negative ions of various types with energies of from 0.2 
to 8000 kev. An excellent review is available by Allison 
and Garcia-Munoz.3 However, the phenomenon 
should be called to the attention of those chemists 
who use mass spectrometers at relatively high pressure 
for the study of ion-molecule reactions (particularly 
where reactions of negative ions are concerned).

Since most modern spectrometers have differential 
pumping and the ions make no collisions in the analyzer 
tube, and since they usually are equipped with second
ary electron repeller plates at the collector end of the 
tube, the phenomenon would not normally be observed.

At pressures of the order of 0.3 mm. in the ion source, 
the Cl" peak in CC13F, for example, showed a valley 
on either side that dipped below zero current (i.e., 
as if positive ions were being collected or as if the 
number of secondary electrons being ejected from 
the collector plate was greater than the number of 
Cl-  ions striking it). Curves of the form shown in 
Fig. 1 were obtained for O" from N20  as well as for 
F "  and Cl" from CC1,F.

As the pressure is raised, many Cl" ions, after passing 
through the magnetic field, lose their charge on collision 
but are scattered only slightly from the original path 
(those that lose charge before reaching the magnetic 
field are not detected). These neutral particles with 
energies of 500 to 1000 v. eject secondary electrons 
from the grounded collector plate producing an ap
parent positive current. Application of a negative 
potential of 20 v. to the collector slit with respect to 
ground eliminates the effect and produces a normal 
peak with an intensity as much as 1000 times that ob
tained without the small electrostatic field.

That the secondary electrons are not all produced 
upon collision of Cl" ions with the collector plate and 
that Cl atoms must be present are clear from the fol
lowing experiment. At low pressure, when the Cl" 
makes no collisions in the analyzer tube, the ion 
current increases by about 28% to a saturation value 
as the bias voltage on the collector slit is increased up 
to 20 v. In other words, 100 Cl" ions striking the 
collector plate produce about 22 secondary electrons.

P * 17 mm. 
Bias * 0 v.

P c 14 mm. 
Bias = 0 v.

P = !0 mm. 
Bias * 0  v.

Cl

- 50 w w

y v £ a>3 k.
o  o

c2
_I___ I_

4 0  3 0

m/e
P •  10 mm. 

Bios = 2 0  v.

Figure 1. Io n  cu rren t for th e  C l"  peak  in CC13F  as a 
function  of reservoir pressure. In  graph  C2 th e  collector 
slit has a  negative bias of 20 v. w ith  respect to  th e  
collector p late . N ote  the  change in scale in C 2.

C1+ ions are equally effective in producing secondary 
electrons (in that case the current decreases as the bias 
voltage is applied).

At a high pressure in the analyzer tube (0.010 mm.), 
there will be almost no observed Cl" peak. However, 
when the collector slit is biased to 20 v., a large peak 
is obtained and the increase in ion current cannot be 
accounted for by secondaries from the Cl" ions alone. 
However, the increase is explained if the bias voltage 
collects secondary electrons produced by Cl atom 
collision with the plate. Assuming that the Cl pro
duces the same number of secondary electrons as the 
Cl" and C1+ are observed to produce, it is possible 
to calculate the initial number of Cl" ions that survive 
their passage through the magnetic field and the 
number of Cl atoms and Cl" ions that eventually arrive 
at the plate. From these data, one can calculate the 
cross section <r in the usual manner

I  = I0e~"Nvx

where N  is molecules/cc. at 1 mm., p is pressure in 
mm., x is the path length, and I  and 70 are, respectively, 
the ion current reaching the plate and the ion current 
entering the analyzer tube after passing through the 
magnetic field.

For example, in CC13F the electron detachment cross

(1) Supported in pa rt by the U. S. Atomic Energy Commission.
(2) J. J. Thomson, “ Rays of Positive E lectricity,” Longmans, 
Green and Co., London, 1921, pp. 134-142.
(3) S. K. Allison and M. Garcia-Munoz, “Atomic and Molecular 
Processes,” D. R. Bates, Ed., Academic Press, New York, N. Y., 
1962, pp. 722-782.
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•
section at an ion energy of 1.0 ke.v. for F "  is 2.5 X 
10-17 cm.1 2 while that for Cl-  is 5.5 X 10“ 17 cm.2. 
These are rough values since the pressure of CC13F 
in the analyzer tube was known only approximately. 
The ratio of the two cross sections, 2.2, has greater 
validity and it can be compared to the ratio of 2.0 for 
Cl -  and F -  in krypton.4

The cross section for electron detachment for 0 “ in 
N20  is found to be about 2.2 X 10" l7 cm.2. Of the 
three ions at 1.0 kev., O-  was most effective in produc
ing secondary electrons, possibly because of its higher 
velocity. One O-  ion produced 0.55 electron, on 
the average; one F -  produced 0.46, and one Cl-  
produced 0.22.

Kerwin and McGowan6 have pointed out how a mass 
spectrometer can be used to study charge exchange of 
positive ions at high pressure, but they did not use 
the secondary electron emission as a tool. With 
equipment designed specifically for this purpose, it 
should be possible to use this method to obtain accurate 
values for cross sections for charge exchange.

Electron loss from negative ions produces a beam of 
neutral particles which might also be useful to studies 
of the chemistry of high energy molecular beams using 
the proper negative ion as a precursor. Equipment 
could be patterned after some of that used for the 
charge-changing cross section measurements described 
by Allison,3 but ions could be fed into it from a mass 
spectrometer. In this way, the proper ion can be 
selected and a gas may be used that is easy to handle. 
For example, the CC13F is easier to use as a source of 
Cl -  or F -  than would be Cl2 or F2 or the corresponding 
hydrogen halides.

Negative ions would seem preferable to positive ions 
for the production of molecular beams for two reasons. 
First, the production of a neutral atom from a positive 
ion is a resonant process, and the electron must be 
captured into a particular state of the atom. The 
stripping of an electron from a negative ion should be 
more probable.

Secondly, many negative ions can be produced in 
large amounts by very low energy electrons. Only 
one or perhaps two types of ions will be produced, 
and these usually are in their ground state. To 
produce positive ions, greater ionizing energies are 
required, and a multitude of positive fragments is 
produced. The latter may have to be separated out, 
and the excited states of some ions may introduce 
complications.

In CC13F, for example, Cl-  and F are produced 
by a resonant process at 2.5 and 5.0 e.v., respectively.6 
O-  is produced efficiently from N20  at 2.2 e.v.7

Acknowledgment. The writers are indebted to Pro
fessor Herbert Berry of the physics department of 
Syracuse University for his helpful comments and 
suggestions.

(4) J. B. Hasted, Pros. Roy. Soc. (London), A212, 235 (1952).
(5) L. Kerwin and W. McGowan, Can. J .  Phys., 41, 316 (1963).
(6) Unpublished work from this laboratory; m anuscript in prepara
tion.
(7) R. K. C urran and R. E. Fox, J . Chem. P hys., 34, 1590 (1961).

Param agnetic  Resonance S tudy of Ferm i Level 

M otion and Defect F o rm ation  in  High- 

Resistivity C adm ium  Sulfide Crystals

by G. A. Somorjai and R. S. Title

I B M  W atson Research Center, Yorktow n Heights,
New York  (Received August 27 , 1964)

In this Note we wish to report how paramagnetic 
resonance measurements may be used to monitor 
Fermi level motion and the kinetics of defect formation 
in high-resistivity crystals and illustrate the technique 
with measurements on high-resistivity, sulfur-doped 
CdS crystals.

Electrical measurements in crystals with resistivities 
greater than about 108 ohm-cm. are difficult to make 
because of the low current levels involved. Changes 
in the resistivity, however, imply a change in the 
position of the Fermi level that can drastically affect 
other physical and chemical properties such as photo
conductivity1 or evaporation.2

A high resistivity implies that the Fermi level is 
close to the center of the band gap. A defect whose 
energy is near the center of the band gap will gain or 
lose electrons as the Fermi level passes through the 
level. If any of the charged states of the defect are 
paramagnetic, e.p.r. techniques can be used to monitor 
the motion of the Fermi level in the vicinity of the de
fect. We have found iron to be a suitable defect to 
monitor the motion of the Fermi level in sulfur-doped, 
high-resistivity CdS. Iron is present in the crystals 
(supplied by Eagle-Picher Co., Miami, Okla.) we 
studied in concentrations of ~ 5  X 1016/cm .3. In 
untreated crystals no paramagnetic resonance spectrum 
was observed at 77°K. In crystals fired in a sulfur

(1) R. H. Bube, “ Photoconductivity of Solids,” John Wiley and Sons, 
Inc., New York, N. Y., 1960.
(2) G. A. Somorjai, Proceedings of the International Conference on
the Physics and Chemistry of Solid Surfaces, Providence, R. I., 1964.
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atmosphere a resonance characteristic of Fe3+ was 
measured.3 Samples fired in Cd vapor showed no 
Fe3+ spectrum. The heat treatment in sulfur vapor 
causes iron, which is present in CdS as Fe2+, to con
vert to Fe3+. The intensity of the Fe3+ paramagnetic 
resonance spectrum is found to be dependent on the 
sulfur pressure and on the temperature at which the 
sample is doped. The heat treatment in sulfur vapor 
results in a motion of the Fermi level through the 
Fe2+ level converting it to Fe3+. The resonance de
tection of Fe3+ is therefore a convenient method of 
monitoring the Fermi level motion in high-resistivity, 
sulfur-doped CdS crystals. Besides the merit of being 
able to monitor Fermi level motion when other tech
niques are difficult to employ, this method is nonde
structive and requires no electrodes on the sample. 
The technique, by careful choice of paramagnetic 
impurity, should be of general use in studying the 
kinetics of defect formation in high-resistivity solids.

Experimental

The ultra-high-purity grade crystals were cut (3 X 
3 X 6  mm.) so that the c-face (0001) was perpendicular 
to the direction of the long axis. These samples were 
fired at 700-1100° in 5-30 atm. of sulfur for 48-72 hr.4 5 
to assure uniform dopant distribution throughout the 
crystal and were quenched to room temperature in 
order to freeze in the defect concentrations character
istic of the firing temperature. The doped crystals 
were orange in color in contrast to the yellow color of 
the untreated specimens. The band gap at room 
temperature is 2.42 e.v. The resistivities of the 
treated samples were, as mentioned previously, high, 
ranging to beyond 1010 ohm-cm.

The paramagnetic resonance measurements were 
carried out at 77 and 300°K. The only spectrum ob
served in any of the crystals was due to Fe3+, and this 
appeared only in crystals heat-treated in sulfur. The 
resonance spectrum of Fe3+ in CdS has been observed 
by Lambe, et al.3 They found that the resonance was 
observable at 4.2°K. and only with light of wave 
length 550 ni/x irradiating the crystal. They could ob
serve no resonance at 77 or 300°K. We find similar 
results in untreated crystals. However, in crystals 
treated in a sulfur atmosphere the resonance due to 
Fe3+ is observable at 77 and 300°K. The resonance is 
not photosensitive at these temperatures. The pa
rameters characterizing the resonance are as reported 
by Lambe, et al.3 The intensity of the resonance ab
sorption due to Fe3+ was found to depend on both the 
temperature and the pressure of the sulfur atmosphere 
in which the crystals were treated.

Figure 1. F e3+ resonance intensity of sulfur-doped CdS 
single crystals as a function of the temperature of heat 
treatment at a constant sulfur pressure (20 atm.).

Results and Discussion
The dependence of the intensity of the Fe3+ reso

nance absorption on the temperature of the heat treat
ment for a constant sulfur pressure of 20 atm. is shown 
in Fig. 1. The intensity of the Fe3+ resonance signal 
is expressed in terms of the number of Fe3+ centers/ 
cm.3 that give rise to the signal. The logarithm of 
the intensity is plotted against the reciprocal of the 
temperature. At the highest temperatures there is 
an indication that the intensity of the Fe3+ absorption 
approaches a constant value. The other points fall 
more or less on a straight line. The slope of the 
straight-line portion may be used to determine an 
activation energy, AE = 1.2 ±  0.1 e.v. This acti
vation energy is the net energy required for the over-all 
reaction that occurs during firing. It involves the 
sums of many energies such as the energy to remove 
an electron from Fe2+ in the CdS lattice, the energy 
involved in incorporating sulfur atoms into the lattice 
(energy gain), the energy required to create a Cd 
vacancy, as well as other energies. None of these

(3) J. Lambe, J. Baker, and C. Kikuchi, Phys. Rev. Letters, 3, 270 
(1959).
(4) G. A, Somorjai and D. W. Jepsen, J . Chem. P hys., in press.
(5) F. A. Kroger, H. J. Vink, and J, vonden Boomgaard, Z. physik. 
Chem., 203,1 (1954).
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energies has been measured in CdS. Mandel6 has 
estimated the energy required for vacancy formation 
in CdS to be 4.0 e.v. However, the accuracy is 
probably no better than ±0.5 e.v. Even if all the 
energies were known, a knowledge of the relative con
centrations of the various defects involved would be 
required in order to separate the net activation energy 
into its various components. One can, however, state 
that, since the valence state of iron does change, the 
energy level of Fe2+ must be near the Fermi level which, 
in these high-resistivity samples, is close to the center 
of the band gap.

The intensity of the Fe3+ absorption at the highest 
temperatures, ~ 5  X 1016/cm .3, corresponds to all 
iron in the lattice being present as Fe3+. Spectro
scopic analyses of the samples, both in our laboratory 
and by the Eagle-Picher Co., indicate an iron con
centration of about 1 p.p.m. which corresponds to 5 X 
1016/cm .3.

The dependence of the Fe3+ intensity on the sulfur 
pressure at a firing temperature of 900° is given in 
Fig. 2. The number of Fe3+ centers shows a maximum 
at 10 atm. and drops off to almost zero at 30 atm. 
The maximum value of 3 X 1016/cm .3 is less than the 
total iron concentration in the lattice. This is known 
both from the results given in Fig. 1 and from the 
result given in Fig. 2 on a sample heat-treated in 10 
atm. of sulfur, but at a higher temperature, 1100°. 
The maximum in the number of Fe3+ centers in the 
900° curve of Fig. 2 cannot, therefore, be correlated 
with the exhaustion of the number of Fe2+ centers 
available for ionization. I t is indicative of the forma
tion of a new defect.

The qualitative model we use to understand the 
results of Fig. 1 and Fig. 2 is given in Fig. 3. In Fig. 3 
the band gap of CdS is drawn, and the approximate 
positions of the various defects are indicated. In 
untreated crystals the concentration of sulfur vacancies 
Fs is assumed to be in excess of the concentration of 
cadmium vacancies Fed- In CdS a sulfur vacancy 
acts as a double donor and a cadmium vacancy as a 
double acceptor. At room temperature, the energy 
levels of Fs and Fed are such that almost all of these 
centers are ionized. The excess of Fs centers over 
Fed centers will therefore give rise to high conductivity 
n-type samples as observed.6 The Fermi level in this 
material is near or in the conduction band. Heat 
treatment of the sample in cadmium vapor can only 
increase the ratio of Fs to Fed and make the material 
more n-type.7 On the other hand, heat treatment of 
the samples in sulfur vapor will decrease the ratio of 
Fs to Fed and make the material less n-type, as is 
observed. In the high-resistivity samples, the Fermi

Figure 2. Fe3+ resonance intensity in sulfur-doped CdS 
single crystals as a function of sulfur pressure at a 
constant temperature (900°) of heat treatment.

Figure 3. A model for the qualitative interpretation 
of the paramagnetic resonance experiments in 
sulfur-doped CdS single crystals.

level approaches the middle of the gap. Iron is as
sumed to be present as Fe2+ in the untreated crystals 
with an energy level close to the center of the band 
gap. As the Fermi level approaches the middle of the 
gap in the sulfur-doped samples, Fe2+ is converted to 
Fe3+ which accounts for our resonance observations.

The decrease in the intensity of the Fe3+ resonance 
absorption at sulfur pressures above 10 atm. (Fig. 2), 
even before all Fe2+ has been converted to Fe3+, indi
cates that a new defect is formed. The decrease in 
the Fe3+ intensify in this case is not accompanied by 
a decrease in the resistivity, indicating that the defect 
is not electrically active. I t  is likely the product of a

( 6 )  G .  M a n d e l ,  P hys. Rev., 1 3 4 ,  A 1 0 7 3  ( 1 9 6 4 ) .

( 7 )  F .  A .  K r o g e r  a r . d  H .  J .  V i n k ,  “ S o l i d  S t a t e  P h y s i c s , ”  V o l .  3 ,  
F .  S e i t z  a n d  D .  T u r n b u l l ,  E d . ,  A c a d e m i c  P r e s s .  N e w  Y o r k ,  N .  Y . ,  
1 9 5 6 ,  p .  3 1 0 .
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chemical reaction between Fe3+ and sulfur in the CdS 
crystal lattice at high sulfur pressures. Further work 
is required to clarify the detailed mechanism of this 
interaction.

The use of paramagnetic resonance of a deep-lying 
impurity to study Fermi level motion in high-resistivity 
materials should have general applicability and can 
take over when other electrooptical measurements

of transport properties become difficult. I t  can be 
used to monitor the kinetics of defect formation in 
these materials in a nondestructive relatively simple 
manner.
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ADDITIONS AND CORRECTIONS

1963, Volume 67

Bernard J. Wood, James S. Mills, and Henry Wise: Energy
Accommodation in Exothermic Heterogeneous Catalytic Re
actions.

Pages 1463-1465. Two errors, perpetrated in the derivations 
of the expressions relating the number densities of oxygen mole
cules and hydrogen atoms to their respective e.p.r. line intensities, 
affect the numerical values of the reaction energy accommodation 
coefficient, /3. These errors were revealed to us by the analysis 
of Westenberg and de Haas in a recent paper [J.  Chem.  
P h y s . ,  40, 3087 (1964)]. We are grateful to these au
thors for their courtesy in providing us with a preprint of their 
contribution.

The term geu  in the denominator of eq. 1 is incorrect as it 
stands and should be replaced by g 2/ g eu  where g, the Lande 
factor, is 2.0023. Then, in eq. 3, gen / g  becomes g / g eu.

Because of an erroneous evaluation of the appropriate matrix 
element for atomic hydrogen, the right-hand side of eq. 2 is too 
large by a factor of 2. Hence, a 2 should appear in the de
nominator in eq. 3.

The value of greff = ( h / B ) ( d p / d H )  is 1.40 for the particular 0 2 
transition observed in this study. In the paper, the quotient 
k / B  was inadvertently omitted from the definition of geti, which 
led to the use of an incorrect value of 1.96 for ge„.

Inserting the correct value for geti into the correct form of 
eq. 3 changes the values of the numerical coefficients in eq. 4 and 
5 to 1.96 X 10-2 and 6.33 X 1014, respectively. Since A h 
appears in the denominator of eq. 13, the values of /3 reported in 
the paper should be increased by a factor of 2.68/1.96 = 1.37. 
The corrected values are tabulated below.

Table I: Corrected Values of Reaction Energy Accommodation
Coefficient, 0,  for Hydrogen Atom Recombination on Metals

Catalytic surface Temp., °K. g (average)

Nickel 423 0.82 ±  0.15

Tungsten 443 1.08 ±  0 11
480 1.11 ±  0.07
773 1.17 ±  0.18

Platinum 376 0.67 ±  0.10
378 0.78 ±  0.10
588 0.34 ±  0.04
813 0.26 ±  0.03

Page 1463. In footnote 8, the page number and year should be 
1196 (1959) instead of 1788 (1961).

Page 1464. In eq. 9, the term D l2 in the denominator should 
be deleted.—Bernard J. Wood.

Richard A. Holroyd and George W. Klein: Mercury-Photo
sensitized Decomposition of Aliphatic Hydrocarbons—Radical 
Detection with Ethyl-Carbon-14 Radicals.

Page 2274. The numbers on the ordinates of Fig. 1 and 2 are 
incorrect and should start from the origin 0, 1 , 2 , . . .  instead of 
1, 2, 3, . .

Page 2275. In footnote 8, the coefficients of (Ah) in the sum
mation in the denominator are «¡¿mi/fonE.—Richard A. Holroyd.

A. Chakravorty and F. A. Cotton : Stability Constants and 
Structures of Some Metal Complexes with Imidazole Deriva
tives.

Page 2879. Line 9 should read: Each solution was initially
0.001 M  in metal ion, 0.002 M  in ligand, 0.005 M  in HC104, and 
0.2 M in K N 0 3. Lines 26-29 should read : Further, the present 
titrations were done in complete absence of chloride ions, so that 
any possible formation of chloro complexes was completely 
avoided.— A. Chakravorty.

1964, Volume 68

Peter J. Dunlop : Frictional Coefficients for Binary and
Ternary Isothermal Diffusion.

Page 27. The second line above eq. 9 should read: . . . but 
that only q are independently since . . . .  Equation 9 should read

l(vi)s -  (»k)s] = [(l'iis — ("j)s] +  [(t'i)s -  (»k)s]

Peter J. Dunlop

H. David Ellerton, Gundega Reinfelds, Dennis E. Mulcahy, 
and Peter J. Dunlop: Activity, Density, and Relative Viscosity
Data for Several Amino Acids, Lactamide, and Raffinose in 
Aqueous Solution at 25°.

Page 400. In Table II, heading, . . . vs. molarity at 25° 
should read . . .  vs. molality at 25°. Column 2, next to last line: 
combining eq. 1 and 2 . . . should read combining eq. 3 and 4 . . . .

Page 401. Column 1, eq. 5 should read

2
4>i = 4>i° +  E  DiC

i = 1

Peter J. Dunlop

Thomas B. Hoover: Conductance of Potassium Chloride in
Highly Purified N-Methylpropionamide from 20 to 40°.

Page 877. In the paragraph headed “Dielectric Constant,” 
the phrase in parentheses should read (the conductance cell 
constant corresponds to 8.24 pf.).

Page 878. In Table II, columns headed A are actually A,', as 
defined by eq. 6. A corrected table of molar conductances will 
be supplied by the author upon request.—Thomas B. Hoover.

Maurizio Cignitti and Thomas L. Allen: Nonbonded Inter
actions and the Internal Rotation Barrier.

Page 1292. K. S. Pitzer has pointed out to us that the con
clusion of Blade and Kimball (mentioned in the Introduction) 
concerning the uncertainty about the shape of the ethane internal 
rotation barrier was erroneous, as explained by him in the follow
ing year [Discussions Faraday Soc., 10, 66 (1951)]. None of the
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discussions or conclusions in the paper is affected by this addi
tion.—Thomas L. Allen.

J. P. Chan and W. F. Giauque: The Entropy of NH3'2H20 .
Heat Capacity from 15 to 300°K.

Page 3053. Lines 5 and 6 of the abstract have incorrect signs 
for A F  and A H  of the reaction 2H20(1) +  NH3(sat. 1) = N H 3l 
2H20(sat. 1). They should be A F 26<> = —2123 cal./mole and 
Aff25° =  —2842 cal./mole. The values were given and used
correctly in the text of the paper.—W .  F. Giauque
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of alkyl alcohols and sulfates, 3465; of sodium dodecyl sulfate 
in submicellar concentration range, 3581 

Association constant, of AgCl in molten salts, 957 
Autophobicity, study of liquids on Pt by contact potential 

method, 1336
3-Azobicyclo[3,2,2]nonane, melting of, 430
Azo compounds, e.s.r. studies of photolysis of, 3889
Azomethane, as source of methylamine, 2725

Barium, liquid, density ar.d temperature coefficient, 414; oxygen 
stoichiometry in compounds B aFe03 — x , 3786 

Barium citrate, structural study of complex by ultrasonic waves, 
3078

Bead copolymers, from polystyrene cross linked with pure divinyl 
monomers, 1776

Benzene, production in radiation chemistry of acetylene, 1039; 
-cyclohexane mixtures, H atom scavenging in radiolysis of, 
2014; deuterium exchange between water and, irradiation 
effects, 3064; formation in radiolysis of acetylene, 3081;- 
tetra-ra-butylammonium nitrate complex, 3426; surface ten
sions of binary mixtures of isooctane with, 3433; micellar 
weights and solubilization of, by series of tetradecylammonium 
bromides, 3498

Benzenethiol, mass spectra of, and deuterated benzenethiol, 295 
Benzocyclobutadienoquinone, anion radical of, e.s.r. study, 3423 
Benzonitrile, conductance of HC1 in, 889
Benzophenone, limiting quantum yield for photoreduction with 

isopropyl alcohol, 214; quenching of excited singlet states of, 
3739; quenching of excited states of, by metal chelates, 3747 

Benzyl chloride, self-interaction coefficients and Henry’s law con
stants in several solvents, 1285

Beryllium, heat of formation and entropy of BeCl(g), 791; heat 
of formation of beryllium nitride, 2682; crystalline phase 
B eSO vH A  3057

Biacetyl, -oxygen mixtures, photolysis of, 464 
Bicyclo[2.2.1]hept-2-ene, gas phase thermal decomposition of, 

2016
1,1'-Binaphthyl, racemization of, 651
Bismuth, densities of liquid solutions of, 537; magnetic suscepti

bilities of molten Bi-BiBr3 solutions, 851; kinetic study of bis
muth electrodes in molten LiCl-KCl, 2538 

Bismuth chloride, critical temperature and coexistence curve, 
2235

Bisulfate ion, dissociation of, 1579
Bond dissociation energy, correlation of, with ionization potential 

and electron affinity, 143; C-H, in CF3H, C2F5H, and C3F7H, 
568; C-H, of neopentane and other hydrocarbons, 1226; in 
bromopropadiene and 3-bromopropyne, 1533; of ions of 
saturated hydrocarbons, 2656; relation to ionization potentials 
and electron affinities of organic or inorganic radicals, 3155 

Bond energies, Ge-C, enthalpy of formation of tetraethylger- 
mane, 806; in octahedral Fe(III) complexes with /3-diketones, 
1717; in alkanes by least-square analysis of thermochemical 
data, 1801; zeroth-order approximation for diatomic molecules 
and A’-B 1 crystals, 2240

Bond magnetic anisotropy, effect on methyl group in cyclo
hexanes, 1572

Bone mineral, heats of adsorption on, by chromatography, 555 
Boron, n.m.r. spectra of bromodiborane, 955; n.m.r. spectra of 

BF3 addition compounds, 976; heat of sublimation, 983, 989;

heat and entropy of formation of boron(I) fluoride(g), 2332; 
heat of formation of (HOBO)3, 2357; kinetics of fluorination 
of, 2671 ; heats of formation of gaseous H2BOH and HB(OH)2, 
2732

Boron carbide, high temperature vaporization properties, 983; 
decomposition pressure of, 989

Boron fluoride complex, relation between equilibrium constant of 
isotopic exchange reaction, stability, and catalytic activity, 
2876

Boron hydride, polarizability of closed-cage B,<,Hio-2, 1227 
Boron trioxide, changes in heat capacity during glass transforma

tion, 3082
Boroxine, gaseous, stabilities and reactivities of, 280; gaseous, in

frared spectrum and structure, 1443 
Bovine serum albumin, monolayer interfacial viscoelasticity, 

2826
Bromide ion, -diphenylpicrylhydrazyl reaction, coulometric 

study, 1144
Bromine, kinetics for reaction with acetyl bromide, 469; gold- 

equilibria in fused salts, 847; continuous absorption spectra of 
Br2, BrCl, and IBr, 2263; kinetics of exchange between bromide 
and bromoacetate ions, 2370; chemical effects of nuclear iso
meric transition of Br8ilm in glassy and polycrystalline alkyl 
bromides, 2582

Bromopentaammineoobalt(III), reaction with hydroxyl ion, 
kinetic salt effects, 3307

3-Bromopropyne, bond dissociation energies and conjugation 
effects, 1533

Bromopropadiene, dissociation energies and conjugation effects, 
1533

1.3- Butadiene, mass spectral fragmentation of, 1409
1.3- Butadiene-l,l,4,4-ei, mass spectral fragmentation of, 1409 
d,i-Butadienediepoxide, hydrolysis rates and distribution coeffi

cients between CCli and aq. NaOH, 158
1.3- Butadienes, substituted, free electron study of, 1768 
ra-Butane, limiting isosteric heat of adsorption, 2377 
cis-Butene-2-d8,-methylene radical-cts-l,2-dimethylcyclopropane-

ds system, secondary intermolecular kinetic isotope effects in, 
1322

3-Butenoie acid, kinetic study of vapor phase thermal decar
boxylation of, 1231

(n-Butylaminooxy)di-ra-butylborane, electric, dipole moment and 
molecular conformation of heterocycle B -O -N -B -O -N , 421 

n-Butylmalonic acid, kinetics of decarboxylation, 587 
¿-Butyl nitrite, nitrosomethane formation in photolysis of, 116

Cadmium, mass spectra study of nonsloichiornelric vaporization 
of cadmium arsenide, 606; spectrophotometric study of 
gaseous equilibrium between Cd and CdCl2, 1115; p.m.r. study 
of Fermi level motion and defect formation in high-resistivity 
CdS crystals, 3907

Calcium, liquid, density and temperature coefficient, 414
Calcium palmitate, influence of detergents on dewetting of, 3556
Calorimetry, study of molten salt systems, 387 ; studies of hydro- 

phobic nature of protein constituents and ovalbumin in water 
and aqueous urea, 2476; enthalpy of formation of magnesium 
difluoride, 2978; study of transformation of melastable modi
fications of alumina to a-alumina, 3246; study of micellization 
of dimethyl-n-alkylamine oxides, 3575

Capacity data, double layer, in presence of leucoriboflavin, 2374
Carbamoylpyridinium compounds, ionic decomposition in non- 

hvdroxylic organic solvents, 3149
Carbon, surface area of active carbon and carbon black by B.E.T. 

method, 217; enthalpy of formation of tetraethylgermane and 
Ge-C bond energy, 806; I'H’OjpjC14 hot atom chemistry of, 
2497

Carbon-11, production of methyl radicals in recoil chemistry of, 
1618

Carbon-13, chemical shifts and intramolecular hydrogen bonding, 
437; isotopic fractionation in pyrolytic decomposition of zinc 
oxalate, 1275; chemical shifts in unsubstituted hydrocarbons, 
1956; proton spin coupling constants in heteroaromatic mole
cules, 3163

Carbon black, heats of adsorption on, and bone mineral by chro
matography, 555

Carbon-carbon bonds, in long-chain molecules, torsional oscilla
tion, 2043

Carbon dioxide, gas phase reactions of recoil S atoms with, 318: 
formation cell, 1536
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Carbon disulfide, second virial coefficient of, 2029; mutual solu
bility of perfluoroheptane with carbon tetrachloride and with, 
3904

Carbon-fluorine radicals, reactions of C2F6 and C3F7 radicals 
with hydrogen and deuterium, 1016 

Carbon monoxide, photooxidation on zinc oxide, 17; mechanism 
of electrochemical oxidation of, on Pt, 70; gas phase reactions 
of recoil S atoms with, 318; chemisorbed, oxygen exchange be
tween, on catalytic Ni, 1245; oxidation on thin metal films, 
1614; energies of disorientation, 2301; chemisorbed, molecular 
orbital view, 2772

Carbon tetrachloride, reaction of F atoms with, 2018; mutual 
solubility of perfluoroheptane with, 3904 

Carbon tetrafluoride, adsorption on polypropylene, 2788 
Carbonyl compounds, reactions with amines and derivatives, 

1369
Catalysis, application of flash-desorption method to adsorption 

of NH3 on alumina, 52; deactivation of Pd-alumina catalyst, 
420; catalytic exchange of methane and deuterium on Pt, Ru, 
and Pt-R u alloys, 481; Al-27 n.m.r. studies on Ziegler catalyst 
systems, 551; stability of ethylene palladium chloride, 645; 
ammonia adsorption on metal-promoted catalyst systems, 655; 
effect of support on activity of nickel for ethane hydrogenolysis, 
2962; use of sodium borohydride in catalytic deuterium ex
change reactions, 3887

Cations, monovalent, binding with a tetrabasic acid, 640 
Cerium, effect of SO-t~! on oxidation kinetics of ceric sulfate- 

ethylene glycol system, 522; formal oxidation-reduction poten
tials of Ce(IY)-Ce(III) system in acetonitrile, 1573; reaction 
of hydrogen with Ce metal, 2569 

Cesium, limiting conductance of cesium ion in water, 3886 
Chemical binding, of water molecule, 1628; in diatomic hydride 

molecules, 1654; in homonuclear diatomic molecules, 1676 
Chemical shifts, C-13, in unsubstituted hydrocarbons, 1956; 

interchange of c is  and irons in symmetrically substituted 
amides, 3431

Chemiluminescence, chain reactions in oxidation of phthalazine- 
diones by peroxydisulfate, 752

Chemisorption, of amines, effect on subsequent oxidation of Fe 
surfaces, 101; molecular orbital view of chemisorbed CO, 2772; 
infrared spectra study of trimethylamine and pyridine, 3197; 
of oxygen monolayer on Pt black, heat capacity entropy 
change, 3240; infrared spectral observation of surface states, 
3882

Chemorheology, of urethane elastomers containing disulfide and 
tetrasulfide linkages, 784; relaxation of disulfide and tetrasul- 
fide polymers, 787

Chloranil, molecular complexes of anilines with, 477 
Chloride ion, kinetics of adsorption on Pt, 2098; desorption and 

equilibrium surface concentrations at constant potential, 2112 
Chlorine, abstraction of Cl atoms by methyl radicals, 541; gold-, 

equilibria in fused salts, 847; continuous absorption spectra of 
Cl2, BrCl, and ICI, 2263; association between silver and chlo
ride ions in aqueous solution, 2372; -copper chloride system, 
vaporization reactions in, 3229

4-Chloro-l,2-butadiene, p.m.r. spectra, 1594 
Chloroform, association with primary and secondary amines, 

1 0 1 0
Chromatography, gas, general combination law for Ci terms, 184; 

gas, contribution of interfacial resistance to theoretical plate 
height, 1725

Chronoamperometric constant, derivation of, for unshielded, 
circular, planar electrodes, 3821

Chronopotentiometry, in study of anionic diffusion in potassium- 
liquid NHj system, 3347

Cloud point, in solution of nonionic emulsifier, correlation be
tween phase inversion temperature in emulsion and, 3485 

Cobalt, activity coefficients for nitropentaamminecobalt(III) 
chloride, chloropentaamminecobalt(III) perchlorate, and fluo- 
ropentaamminecobalt(III) chloride, 14; radiolysis of acid aque
ous solutions of aquopentaammine- and hexaammine cobaltic 
ions, 1359; far-infrared spectra of mono- and polynuclear 
aqua-substituted cobalt-ammine complexes, 1496; cobaltous 
ion in alumina, 1569; heat capacity of CoBr2 (s) and structural 
change, 3249

Collisions, molecule-wall, in porous media at low gas pressure, 
2278

Colloids, determination of size distribution curves by turbidity 
spectra, 924; resolving power of <r-spectra method for deter

mining size distribution curves, 931; dielectric dispersion of 
spherical particles in electrolytes, 2407; logarithmic distribu
tion function for colloidal particles, 3093; soap films, 3441; 
three-component light scattering theory for surfactant solu
tions, 3490; viseoelectric effect in colloidal solutions, 3600; 
interaction between macromolecules and colloidal electrolytes, 
3624

Complexes, study of, using ion exchange properties in Job's 
method of continuous variations, 258; charge-transfer, of 
oxygen and inorganic anions, 969 

Complex ion electrolytes, 2:1, activity coefficients of, 14 
Complex ions, inorganic, induced dipole moments, 2052 
Compressibility factors, for gaseous mixtures, validity of Ama- 

gat’s law, 2021
Condensation, of spherical bodies in noncontinuum regimes, 

2857
Conductance, of symmetrical electrolytes, relaxation field, 1; of 

alkali metals in ethylenediamine, 128; electrical, success of 
free volume model for transport in fused salts, 218; of amine 
pi crates in ethylene chloride, 434; of KC1 in highly purified N- 
methylpropionamide, 876; of HC1 in benzonitrile, 889; cali
bration of high-resistance cells for studies of, 903; of triisoamyl- 
butylammonium tetraphenylboride, picrate, and iodide in 
acetonitrile and triisopropanolamine borate mixtures, 907; of 
lithium-7 chloride in dioxane-water, 971; of rubidium iodide 
in dioxane-water mixtures, 974; single ion, in nonaqueous 
solvents, 1177; of triisoamyl-n-butylammonium salts in isodi
electric media, 1181; electrical, and density in molten molyb
denum! VI) oxide-alkali molybdate systems, 1194; of salt 
solutions in anhydrous ethylenediamine and propylenediamine, 
1342; of tetra-re-butylammonium picrate, 1581; of triisoamyl- 
butylammonium and tetraphenylboride ions, 1882; electrical, 
of superheated alcohols, temperature coefficients of, 2007; 
study of model hydrogen bonding solutes, 2126; specific, in 
fused alkali metal nitrate systems, 2424; specific, in fused 
alkali metal nitrate systems, conductometric titrations, 2433; 
of sodium aluminum alkyls in toluene and diethyl ether, 2595; 
of alkali metal sulfonates in polar organic solvents, 2709; of 
copper m-benzenedisulfonate hexahydrate in N-methylpro- 
pionamide, 3003; limiting, of cesium ion in water, 3886; of 
quaternary ammonium electrolytes in hydrogen cyanide, 3901 

Conductive plugs, porous, radiofrequency measurements of, 
1214

Conductivity, electrical, of cation exchanger Amberlite IR.-120 
in calcium form, 1214; electrical, of aqueous electrolytic solu
tions near freezing point, 1258; of fused salts in fritted disks, 
1266; thermal, of hydrogen-helium mixtures, 2028; elec
trical, of polyazophenylenes, 2661; of lithium cyclohexylamide, 
fluorenyllithium, and lithium perchlorate in cyclohexylamine, 
2922; electrical, of liquid ammonia during 7-ray irradiation, 
2947; thermal, o:' liquids, 3017 

Conductivity measurements, on molten antimony sulfide, 9 
Conjugation theory, extension of, for electron-transfer reactions, 

265
Contact angle, variation -with interfacial tension between organic 

liquid and water, 1586
Contact angle hysteresis, on heterogeneous surface of simple, 

idealized geometry, 1744
Copper, effusion study of decomposition of copper(II) bromide, 

314
Copper m-benzenedisulfonate hexahydrate, conductance in N- 

methylpropionamide, 3003 
Copper chelates, nitrogen-bonded, e.p.r. study, 2316 
Copper chloride, -chlorine system, vaporization reactions in, 

3229
Coulometry, study of diphenylpicryIhydrazy 1-bromide ion re

action, 1144; controlled potential, secondary reactions, 2676 
Counterions, adsorption of, at surface of detergent micelles, 3603 
Coupling, long-range proton spin-spin, in dimethyl sulfone, 1583 
Coupling constants, long-range metal-proton in vinyl metallic«, 

1240; n.m.r., in maleic and itaeonic acids and anhydrides, 
1602Critical region, P - T - x  diagrams in, acetone-n-alkane systems, 
827

Critical solution temperatures, for solutions of fluorochemicals 
and hydrocarbons, 796

Critical temperature, for bismuth chloride, 2235 
Crystalline solutions, defect, diffusion in CaF5-Y F 3 and N aF- 

LiF-MgFs systems, 3077
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Crystallization, radiation-induced solid state process, 663; eu
tectic, 2398 ; liquid, heat of transition for nematic mesophases, 
2810

Crystallization theory, application to behavior of greases, 2952 
Crystallography, concentration of impurities in surface layers of 

ionic crystal, 1763; p.m.r. study of Fermi level motion and de
fect formation in CdS crystals, 3907 

Crystal structure, arrangements of interstitial atoms in body- 
centered cubic hydride host lattice, 1096; of strontium bromide 
monohydrate, 3259

Cubic hydrides, body-centered, crystallographic requirements 
and configurational entropy in, 1096 

Cuprous oxide, magnetic susceptibility changes during adsorp
tion of O2 and CO on, 1052

Cyanine dyes, effects of solvents and solid substrates on visible 
molecular spectrum of, 837

Cycloalkane, large rings, reactions in hydrocracking, 3085 
Cyclohexane, -benzene mixtures, hydrogen atom scavenging in 

radiolysis of, 2014; scavenging plots in radiation chemistry 
studies of, 2040; radiolysis of, 2189; surface tensions of 
binary mixtures of isooctane with, 3433 

Cyclohexanes, effect of bond magnetic anisotropy on methyl 
group in, 1572

Cyc.lohexene, thermal decomposition of, 1878; radiolysis of, 
2635; effects of additives in radiolysis of, 2992 

Cyclohexene-dio, radiolysis of, 3214

Decarboxylation, of n-butylmalonic acid, 587; vapor phase 
thermal, of 3-but,enoic acid, 1231; of malonanilic acid in 
polar solvents, 2150; of malonic acid, 3048 

Decomposition, 3P, mercury-jjhotosensitized, of monosilane, 304; 
of copper(II) bromide, effusion study, 314; thermal, of 
irradiated nickel oxalate, 731; of FeBr3, effusion study, 963; 
thermal, of mercuric cyanide vapor, 1035; thermal, kinetics of, 
torsion-effusion technique, 1079; Hg-photosensitized, of 
propane, isobutane, and re-pentane, 1392; thermal, of nitryl 
chloride, 1494; of acetylene, 1553; thermal, of ethyl cyclo
butyl ketone, 1606; gas-phase, of oxalic acid, 1863; thermal, 
of cyclohexene, 1878; thermal, of bicyclo [2.2.1] hept-2-ene, 
2016; of xanthate in acid solution, 2031; ionic, of carbamoyl- 
pyridinium compounds in nonhydroxylie organic solvents, 
3149; of ammonia, transient species observed in, 3318; 
thermal, of dimethyl mercury, kinetic order determination, 
3752; thermal, of met.hylcvclobutane at low pressures, 3894; 

Decomposition pressure, phosphorus, of tungsten monophos
phide, 768; of boron carbide, 989; of plutonium nitride, 
1048; of TcZn6, 1257

Decyltrimethylammonium dodecylsulfate, light scattering studies 
on solutions of, 3494 

Dénaturation, of ovalbumin by urea, 723
Density, of liquid T20 , 147; for amino acids, lactamide and 

raffinose, 398; of liquid barium and calcium, 414; of liquid 
solutions of Bi and S, 537; data for molten molybdenum(VI) 
oxide-alkali molybdate systems, 1194; in fused alkali metal 
nitrate systems, 2424; in fused alkali metal nitrate systems, 
conductometric titrations, 2433; in germanium-silicon alloys, 
3021 ; and vaporization energy in nonpolar liquids, 3900 

Desorption, of stearic acid from Pt and Ni surfaces using ellip- 
sometry, 1101; of hydrogen from Pt catalysts, 1244; of 
chloride and phosphate ions, multipulse potentiodynamic 
method, 2112

Detergents, influence on dewet.ting of calcium palmitate, 3556; 
counterion adsorption at surface of micelles of, 3603; ultra
filtration of nonionic, 3612

Deuteriophosphoric. acid, second dissociation constant of, in 
deuterium oxide, 3806

Deuterium, catalytic exchange of methane and, on Pt, Ru, and 
Pt-R u alloys, 481; reactions of C2FS and C3F7 radicals with, 
1016; absorption of by Pt-Pd alloys, 1419; -hydrogen 
electrolytic separation factors, potentiostatic determination of, 
2009; thermodynamic properties of DC1 solutions, 3043; 
exchange between water and benzene, irradiation effects in Pt- 
catalyzed reaction, 3064; exchange reactions with organics, 
associative and dissociative 71-complex substitution mechanisms, 
3177 ; use of sodium borohydride in catalytic exchange re
actions of, 3887

Deuterium atoms, relative rate constants for addition with ole
fins, 381

Deuterium chloride, thermodynamics of, in heavy water, 1186 
Deuterium oxide, substituent effects on acidities in, 2645

Diamagnetic susceptibility, of alkoxy silanes and silanols, 1613 
cfs-Dibromoethylene, gas phase electron diffraction study of, 

2005
2,6-Dichloro-p-nitroaniline, dielectric relaxations, infrared spec

tra and intramolecular bonding, 2035 
Dielectric constant, vapor phase measurements for alkyl amides, 

503; liquid, for alkyl amides, 509; of alkyl amines, 737; 
effect of difference in, on hyperfiltration of salt solutions, 1056; 
of cation exchanger Amberlite IR-120, 1214; of liquid nitriles, 
1814

Dielectric relaxations, of 2,6-dichloro-p-nitrcaniline and sub
stituted phenols, 2035; relation between viscosity, molecular 
size, and, 2704

Diethyl ketone, temperature dependence of flash photolysis of, 
188; -isopropylbenzene system, liquid phase photolysis of, 
2557

Differential thermal analysis, of perchlorates, 2282 
Diffusion, binary and ternary isothermal, frictional coefficients 

for, 26; in molten N al-K C l system, 58; mutual, in hexane- 
hexadecane sj'stem, 206; in liquid hydrocarbon mixtures, 
238; of unlike ions into liquid NaCl, 1838; interionic, and 
friction coefficients in molten AgNOa-NaNCh mixtures, 2145; 
of ions in glass, 2212; isothermal, on water-sucrose-KCl sys
tem, 2464; of sodium-22 in molten sodium nitrate, 2726; 
surface, of hydrogen on carbon, 2748; effects of adsorption in 
porous (Vyoor) glass, 2779; in defect crystalline solutions in 
systems CaF2-Y F 3 and NaF-LiF-MgF->, 3077; anionic, in 
potassium-liquid ammonia system, chronopotentiometrie study 
3347; mutual, in nonideal, nonassociating liquid systems, 
3790

Diffusion coefficients, tracer, of alkali ions in fused alkali ni
trates, 1596; recalculations for aqueous ternary systems, 3062; 
of hydrogen-bonding aliphatic organic nonelectrolytes, 3378; 
for water-sucrose-glycine system, 3874 

Diffusion constants, of nonionic and anionic surfactant micelles, 
1870

1.3- Difluoroacetone, production of vinyl fluoride in photolysis of, 
1786

Difluoromet.hylene positive ion, appearance potential, 2359 
Digonal dihedral compounds, theory of optical rotatory power, 

3629
Dihalobiphenyls, heats of combustion, sublimation, and for

mation, 940
N,N-Di(2-hydroxyet.hyl)glycine, second acid dissociation and 

related thermodynamic quantities for, 275 
^-Diketones, octahedral Fe(III) complexes of, heats of combus

tion and bond energies, 1717
N,N'-Dimet.hylacetamide, p.m.r. studies of hydrogen bonding of 

2-propanol with, 2136
Dimethyl-re-alkylamine oxides, calorimetric studies of micelliza- 

tion of, 3575
1.3- Dimethylbicyclo[1.1.0]butane, kinetics of thermal ionization 

of, 2033
cfs-1,2-Dimet.hvlcyclopropane-ds, methylene radica 1-cis-bu t.ene 

2 - d r ,  system, secondary intermolecular kinetic isotope effects 
in, 1322

Dimethyldodecylamine oxide, -sodium halide-water system, 
micellar properties and phase separation, 1540; surface 
tension study of interaction with potassium dodeeanesulfonate, 
3219

Dimethylmercury, kinetic order determination in thermal 
decomposition of, 3752

Dimethylphenylphosphonium ion, acid dissociation and proton 
transfer in methanol, 3234

3,5-Dimethylpyrazole, self-association in benzene and CCh, 181 
Dimethyl sulfone, long-range proton spin-spin coupling in, 1583 
Dineopentyltetramethylbenzenes, iodine complexes of, 2553 
Dioxane, -halogen complexes, heats of formation, 1250 
p-Dioxane, -anisole system, solid-liquid phase equilibria, 1260 
a,N-Diphenylnit.rone, photochemical isomerization of, 1205 
Diphenylpicrylhydrazyl, coulometric study of reaction with 

bromide ion, 1144
Dipole moments, electric, and molecular conformation of hetero

cycle B -O -N -B -O -N , 421; vapor phase, of amides, 503; 
induced, of inorganic complex ions, 2052; of nitrogen dioxide 
and nitrogen tetroxide, 2379; of trifluoronitrosomethane, 2383; 
of aromatic amide group in N-alkyl-substituted nicotinamides, 
2666

Dipoles, disereteness-of-charge effects accompanying adsorption, 
2737; association, 3406
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Bisks, fritted, conductivities and viscosities of fused salts in, 
1266

Dispersion, nonresonant, and absorption of polar gases, 1298;
dielectric, of spherical colloidal particles, 2407 

Dispersion forces, relationship for calculating rotational averaging 
for, 1591

Dissociation, of fluorine, kinetics of, 3032
Dissociation constant, second acid, for N,N-di(2-hydroxy- 

ethyl) glycine, 275; acid, of p-toluidinium ion and dimethyl- 
phenylphosphonium ion in methanol, 3234; second, of deu- 
teriophosphoric acid in deuterium oxide, 3806 

Dissociation constants, acid, of aquo metal ions, 1820 
Dissociation energies, of alkaline earth oxides, 2020 
Dissociation pressure, of lithium hexafluorosilicate, 3074 
Distribution coefficients, of d,f-butadienediepoxide between 

CCU and aq. NaOH, 158 
Dithionite ion, monomerization rate of, 2363 
n-Dodecane, surface tensions of binary mixtures of isooctane 

with, 3433
Dodecyltrimethylammonium bromide, equilibrium ultracentrifu

gation and light scattering of, 81
Donnan membrane equilibria, determination of charges on ions 

in solution by, 2418
Dyes, behavior of cationic dye alone in solution and with added 

macromolecules, 1896; effects of environment and macro- 
molecule structure on spectral changes in cationic dye, 1907

Electric moments, of nitrate esters, 199
Electrode processes, current-potential characteristics for proc

esses involving consecutive charge transfer steps, 623; electrode 
kinetics with adsorbed foreign neutral substance, 880; electrode 
kinetics at open circuit with electrode of varying area, 981 

Electrodes, method for determining cleanliness of Pt anode, 1223; 
X-ray studies of hydrogen-silver-palladium electrodes, 2154; 
unshielded, circular, planar, derivation of chronoamperometric 
constant for, 3821

Electrokinetic flow, in ultrafine capillary slits, 1084 
Electrolysis, controlled-potential, rate constants for consecutive 

and competing first- or pseudo-first-order reactions, 630 
Electrolytic solutions, electrical conductivity near freezing point, 

1258
Electron affinity, correlation of bond dissociation energy with 

ionization potential and, 143; relation to bond dissociation 
energies for inorganic radicals, 3155 

Electron diffraction, gas phase study of a's-dibromoethvlene, 
2005; intensity data, planetary electron corrections, 3146 

Electronegativity, of perhalo groups, 3073 
Electron impact, study of trihalomethanes, 575 
Electrons, hydrated, kinetics for reactions with organics, 1271; 

hydrated, rates of reaction in aqueous inorganic solutions, 
1524; emission and transfer in heterogeneous media, 2047 

Electron-transfer reactions, extension of conjugation theory, 265 
Electroreduction, controlled-potential, of a-furildioxime, 2599 
Electrostriction, in polar solvents, 2998
Ellipsometry, to measure amount of stearic acid desorbed from 

Pt and Ni surfaces, 1101
Emulsions, effect of varying centrifugal field and interfacial area 

on ultracentrifugal stability of, 3477 
Energy of disorientation, in solid carbon monoxide and nitrous 

oxide, 2301
Enthalpy changes, in hydrogen(I), nickel(II) and copper(II) ion 

reactions with a-amineoximes, 2296 
Enthalpy of formation, of ZnF2, 617; of tetraethylgermane, 

806; of mercury(II) halide mixed complexes in solution, 2722; 
of magnesium difluoride, 2978

Enthalpy of mixing, of lead chloride-alkali chloride mixtures, 
3846

Enthalpy of solution, of solid alkali and alkaline earth chlorides 
and bromides in liquid monovalent nitrates, 3840 

Entropy, of BeCKg), 791; standard, of aqueous lithium and 
fluoride ions, 1427 ; of NH3-2H20 , 3053 

Entropy of formation, for refractory metal carbides, 954; of 
boron(I) fluoride(g), 2332

Entropy of micellization, of potassium perfluorooctanoate, 1568 
Entropy of solution, of gases in (CiFjjsN, CC12F-CC1F2, and 

2,2,4-(CHa)3CsH9,213 
Entropy of sublimation, of solid MgF2, 965 
Epiehlorohydrin, rate of acid-catalyzed hydrolysis of, 619 
Equilibria, self-dissociative, in molten phosphoric acid, 3374; 

chemical, rapid computation of, 3797

Equilibrium constants, from transport data on rapid systems of 
type A +  B ^  C, 2455; of boron isotope exchange, 2876 

Erionite, kinetics of n-paraffin sorption in, 3427 
Esters, short chain, specific rearrangements in mass spectra of, 

1237
Ethane, hydrogenolysis of, over supported Pt, 344; interaction 

with iridium surfaces, 2718; adsorption on polypropylene, 
2788; effect of support on catalytic activity of Ni for hydro
genolysis of, 2962

Ethers, aromatic, intermolecular compounds with titanium 
tetrachloride, 2617

Ethyl cyclobutyl ketone, thermal decomposition of, 1606 
Ethyl derivatives, proton-proton spin coupling constants, 3430 
Ethylene, kinetics of hydrogenation over alumina, 232; kinetics 

of hydrogenation, 856; interaction with iridium surfaces, 
2718

Ethylenediamine, anhydrous, conductance studies of salts in, 
1342

Ethylene glycol, effect of S 04"2 on oxidation kinetics of ceric 
sulfate-ethylene glycol system, 522 

Ethylene palladium chloride, stability and catalytic activity, 
645

Europium, fluorescence spectra of 0-diketone chelates of, 3324 
Europium benzoylacetonate, laser emission from alcohol solution 

of, 1490
Europium sesquioxide, heat of formation of, 2720 
Eutectics, crystallization mechanism, 2398
Evaporation, of spherical bodies in noncontinuum regimes, 

2857
Exchange reactions, isotopic exchange of I atoms between 

tetrabutylammonium iodide and p-nitrobenzyl iodide, 201; 
of deuterium, catalytic self-activation, 436; catalytic exchange 
of methane and deuterium bn Pt, Ru, and Pt-R u alloys, 481; 
heats of exchange of alkali metal ions in cross-linked poly
styrene sulfonates, 590; for twenty metal ions with silanol 
group of silica gel, 757; self-exchange in chelating ion-exchange 
resin, 918; BF3 between C6H5O C H sBF3 and (C2H5)2O B F 3, 
976; isotope exchange in gaseous nitrogen under X-ray and 
Co60 -/-irradiation, 1234; oxygen exchange between chem
isorbed CO and catalytic Ni, 1245; kinetics of bromine ex
change between bromide and bromoacetate ions, 2370; toluene- 
a-d  with lithium cyclohexylamide in cyclohexylamine, activa
tion parameters, 2916; deuterium with organics, associative 
and dissociative 7r-complex substitution mechanisms, 3177; 
catalytic deuterium, use of sodium borohydride in, 3887 

Extinction coefficients, Hartley band, of ozone, 412 
Extraction, of nitric acid by methyldioctvlamine, 2712; of 

uranium(VI) by trilaurylamine nitrate, 3120

Fatty acids, w-monohalogenated, properties of monolayers 
adsorbed on water, 3520

Fermi level motion, p.m.r. study of defect formation and, in 
cadmium sulfide crystals, 3907 

Ferrous ion, mechanism of radiolytic oxidation of, 657 
Films, lead, photoetching with nitromethane, 94; film hysteresis 

of ovalbumin, 1122; Ag, effect of oxygen on electrical re
sistance of, 1465; Pb, reaction of oxygen with, 1482; of 
polyvinyl alcohol, contraction in aqueous media, 1609; thin, 
flash photolysis in, of gelatin and polymers, 3253; soap, 
problems in surface and colloid chemistry, 3441; thin liquid, 
study of “dimpling” of, 3619

Flash-desorption method, application to catalyst studies, 52 
Flash heating, to study combustion of liquid metal droplets, 

1268
Flocculation, effect of solid content on adsorption and, of silica 

suspensions, 3539
Fluorenyllithium, conductivity in cyclohexylamine, 2922 
Fluorescein, reactions between oxygen and triplet state of, 817 
Fluorescence, of tyrosine and similar compounds, quenching 

mechanism, 391; delayed, of pyrene solutions, correction, 439; 
of 1,3,7,9-tetramethyluric acid complexes of aromatic hydro
carbons, 2544 ; of hexafluoroacetone vapor, 2982 

Fluorine, kinetics for reactions with ZrC and ZrB2, 290; standard 
entropy of aqueous fluoride ion, 1427; reaction of F atoms 
with CCff, 2018; kinetics of fluorination of hafnium carbide 
and hafnium boride, 2343; kinetics of fluorination of silicon 
and boron, 2671; rate of dissociation, 3032 

Fluorobenzenes, iodine complexes of, 2621
Fluorocarbons, total vapor pressures for seven binary liquid 

mixtures, 3853
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Fluoroehemicals, nonideality of solutions of hydrocarbons with, 
796 ,

Fluorosilicic acid, heat of formation, 579 
Fluorotoluenes, iodine complexes of, 2621 
Formation constants, of amine-chloroform complexes, 1010 
Formic acid, adsorption and oxidation on smooth Pt electrodes, 

1448
Fractionation, isotopic, of hydrogen between water and aqueous 

hydrogen ion, 744
Free energy, relative, of alkali metal ions and strontium ions in 

methanol solutions, 106; relative, of Na and K ions, 112 
Free energy of formation, of vanadium, niobium, and tantalum 

carbides, 860; of niobium dioxide, 952; standard molar, of 
thorium carbide, 978 standard, of metal oxides by e.m.f. 
measurements, 1025; of titanates, silicates, and magnesium 
aluminate, 2444

Free radicals, e.s.r. spectra of, 1304; reaction of F atoms with 
CCU, 2018; relation of bond dissociation energies to ionization 
potentials and electron affinities of, 3155; classical model for 
formation of, 3410

Freezing point depression, use of N-methylacetamide as solvent 
for, 2450

Frictional coefficients, for binary and ternary isothermal dif
fusion, 26; mutual, of amino acids, 403 

Friction coefficients, in molten silver nitrate-sodium nitrate 
mixtures, 2145

Fumarase reaction, extensions of steady-state rate law for, 
3368

«-Furildioxime, polarographic characteristics and controlled- 
potentiai electroreduction of, 2599

Galvinoxyl, competitive scavenging of methyl radicals by, 3873 
Gamma excitation, of singlet and triplet states of naphthalene, 

203
Gases, physically adsorbed, rates of surface migration, 2741; 

theory of monolayer permeation by, 2793; low pressure flow, 
3087; imperfect, theory study, 3860 

Gelatin, adsorption to silver bromide sol, 3009; flash photolysis 
in thin films of, 3253: viscoelastic properties of plasticized 
films of, 3880

Gels, interpretation of heats of immersion for, 1592 
Germanium, thermodynamic study of germanium monotelluride, 

428; heat of formation of germanium dioxide, 802; enthalpy 
of formation of tetraethylgermane and Ge-C bond energy, 
806; vapor pressure of GeCfi below melting point, 960; 
-silicon alloys, lattice parameters and density, 3021 

Glass, transition behavior of polymer-diluent system, 1750; 
exchange and diffusion of ions in, 2212; critical surface tension, 
2730; porous, phase transformations of water in, 2754; 
porous (Y'ycor), effects of adsorption on diffusion in, 2779; 
transformation, changes in heat capacity of boron trioxide 
during, 3082

Glucosyl alkanes, surface and bulk colloid properties, 2818 
Glucosyl alkylbenzenes, surface and bulk colloid properties, 

2818
Glycine, diffusion coefficients for water-sucrose-glvcine svstem, 

3874
Gold, -chlorine and gold-bromine equilibria in fused salts, 847;

wetting of gold surfaces by water, 3083 
Graphite, reaction of active nitrogen with, 39; surface area using 

7-radiation of Kr85, 884; reaction with oxides of thorium 
and zirconium, 2346; uniform surfaces of, 2562 

Graphon, adsorption of alkylbenzenes on, 1780 
Greases, application of crystallization theory to behavior of, 

2952

Hafnium, fluorination of hafnium carbide and hafnium boride,
2343

Hair, binding of phenols by, 2067; volume changes accompanying 
dilution of aqueous solutions of phenols, 2074; volume changes 
accompanying binding of phenols by, 2081 

Halate ions, electronic spectra in solution, 2487 
Halide ions, photochemistry of aqueous solutions of, 247 
Halogens, heats of formation of dioxane—halogen complexes, 

1250; pure quadrupole resonance in R2[MX6] type complexes, 
2986: sorption of, from aqueous solution by collagen, 3734 

Hammett function, effects of neutral salts on, 1857 
Heat capacity of anhydrous perchloric acid, 42; of triethanol

amine borate, 49; of pentaerythrityl fluoride, 255; of 3-azo- 
bieyelo[3,2,2]nonane, 430; of triethanolamine borate, 1967;

of NH3-2H20 , 3053; changes, for boron trioxide during gl^ss 
transformation, 3082; of oxygen monolayer chemisorbed on Pt 
black, 3240; of cobalt(II) bromide, 3249 

Heat of activation, voltammetric study of Volmer reaction on Pt 
in sulfuric acid, 2554

Heat of adsorption, determination on carbon black and bone 
mineral by chromatography, 555; limiting isosteric, of 71- 
butane, re-pentane, and ra-hexane, 2377 

Heat of combustion, of 2,3,5,6-tetrachloro-p-xylene, 934; of 
dihalobiphenyls, 940; in octahedral Fe(III) complexes with 
/3-diketones, 1717

Heat of decomposition, of hydrogen superoxide, 3878 
Heat of exchange, of alkali metal ions in cross-linked polystyrene 

sulfonates, 590
Heat of formation, of quartz, fluorosilicic. acid, and hexamethyl- 

disiloxane, 579; of BeCl(g), 791; of germanium dioxide, 802; 
of dihalobiphenyls, 940; of trisilane and trigermane, 946; of 
H2Se and H2Te, 949; of dioxane-halogen complexes, 1250; of 
boron(I) fluoride(g), 2332; of (HOBO)3, 2357; of beryllium 
nitride, 2682; of europium sesquioxide, 2720; of gaseous H2- 
BOH and HB(OH)2, 2732; of zirconium diboride and dioxide, 
3040; of hexavalent uranium compounds, 3353; of MgAUCfi, 
3425

Heat of immersion, of gels, 1592
Heat of mixing, of polymers with mixed-solvent, media, 1468 
Heat of protonation, of a-alkylamineoximes, 2296 
Heat of solution, of LiF, 1427; of a-alumina, 3246 
Heat of sublimation, of dihalobiphenyls, 940; of solid MgF2, 965; 

of boron, 989
Heat of transition, for nematic mesophases, 2810 
Helium, -hydrogen mixtures, thermal conductivity of, 2028 
Heteroaromatic molecules, carbon-13 proton spin coupling con

stants in, 3163
Hexadecane, -hexane system, mutual diffusion in, 206 
Hexafluoroacetone, fluorescence and phosphorescence, 2982 
Hexamethylbenzene, neutron scattering cross sections for, 2534 
Hexamethyldisiloxane, heat of formation, 579 
Hexane, -hexadecane system, mutual diffusion in, 206 
n-Hexane, limiting isosteric heat of adsorption, 2377 
Homonuclear molecules, diatomic, chemical binding, 1676 
Hyamine 1622, -iodine complex systems, temperature studies, 

2801
Hybridization states, zeroth-order approximation for diatomic 

molecules and A[-B r molecules, 2240 
Hydration, of sodium dodecyl sulfate in submieellar concentra

tion range, 3581
Hydride ion, transfer rate in radiolysis of pentane and isopentane, 

'1107
Hydrides, diatomic molecules, chemical binding in, 1654 
Hydriodic acid, thermodynamics of, 1929
Hydrocarbons, diffusion in liquid mixtures, 238; alternant and 

nonalternant, calculation of localization energies, 490; non
ideality of solutions of fluoroehemicals with, 796; C-H bond 
dissociation energy of, 1226; aromatic, fluorescence of 1,3,7,9- 
tetramet.hyluric acid complexes of, 2544; aromatic, intermo- 
lecular compounds with titanium tetrachloride, 2617 ; saturated, 
ionization potentials of, 2656; radiation-induced oxidation of, 
adsorbed on oxide catalysts, 3129; polynuclear aromatic, vapor 
pressures, 3794

Hydrocracking, reactions of large cycloalkane rings in, 3085 
Hydrogen, isotopic fractionation between water and aqueous 

hydrogen ion, 744; reactions of C2F6 and C3F7 radicals with, 
1016; adsorption on silver, gold, and aluminum, parahydrogen 
conversion, 1061; desorption of, from Pt catalysts, 1244; -h y 
drogen iodide-iodine system, high temperature mechanism of, 
1264; radiation-induced chain reaction between nitrous oxide 
and, 1429; abstraction from sodium formate, 1460; residual, 
effect of transition metal ions on yield of, 1713; chemisorption 
on zinc molybdate, 1891; -deuterium electrolytic separation 
factors, potentiostatic determination of, 2009; -helium mix
tures, thermal conductivity of, 2028; X-ray studies of hy
drogen-silver-palladium electrodes, 2154; absorption by Ag- 
Pd alloys, 2160: isotopic fractionation between water and 
aqueous hydroxide ion, 2179; -vanadium system, X-ray 
diffraction study, 2197; reaction with cerium metal, 2569; sur
face diffusion on carbon, 2748

Hydrogenation, of ethylene over alumina, 232; of ethylene, 
kinetic study, 856

Hydrogen atoms, Ostwald solubility coefficient and absolute rate 
constants for addition to propylene, 385; particle to particle
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migration on Pt-AUO« catalysts, 411; disproportionation- 
combination reactions of alkyl radicals and, 598; thermal, in 
irradiated liquid hydrogen halides, 761 ; absolute rate constants 
for H atom reactions in aqueous solutions, 1363; reactivity of 
in radiolysis of aqueous systems, 1738; scavenging in radiolysis 
of cyclohexane-benzene mixtures, 2014; radiolytically pro
duced, isotope effects in hydrogen abstraction from aliphatics 
b y ,3184

Hydrogen bonds, intramolecular, and carbon-13 chemical shifts, 
437; pyridazine-water and n  —*■ t * blue shift, 1999; of 2,6- 
dichloro-p-nitroaniline and substituted phenols, 2035; con
ductance studies on solutes which form, 2126; p.m.r. study of 
2-propanol with N-methylacetamide and N,N-dimethylaceta- 
mide, 2136; p.m.r. study of N-methylacetamide and some 
thiols, 2140; intermolecular, detection from refractive index, 
2895; in nitro compounds, 3225; solute diffusional specificity 
in systems having, 3378; interamide, solvent dipole competi
tion for, 3898

Hydrogen chloride, conductance in benzonitrile, 889 
Hydrogen fluoride, anhydrous, refractive index, 654 
Hydrogen halides, irradiated liquid, thermal hydrogen atoms 

and other reactive species in, 761 
Hydrogen iodide, -hydrogen-iodine system, high temperature 

mechanism, 1264
Hydrogen ion, equilibria in polymethacrylic acid-NaCl systems, 

1563: - K + system and H +-Sr2* system on sulfonic acid-type 
cation-exchange resins, 2578

Hydrogenolysis, of ethane over supported Pt, 344; ethane, effect 
of support on catalytic activity of Ni for, 2962 

Hydrogen peroxide, sonochemical formation in water, 352 
Hydrogen superoxide, heat of decomposition, 3878 
Hydrolysis, rate of, and distribution coefficients of d , /-butadiene- 

diepoxide between CC14 and aq. NaOH, 158; of trimethylene 
oxide and epichlorohydrin, 619; acid-catalyzed, of acetal in di
methyl sulfoxide-water solvents, 3392 

Hydroxide ion, photochemistry of aqueous solutions of, 247; 
limiting mobility of, 515; reaction with bromopentaammineco- 
balt(III), kinetic salt effects, 3307 

Hydroxylamine, reaction with thiolesters, 3438 
Hydroxylation, of aromatics on silica surfaces, 472 
Hydroxyl groups, residual, on series of near-faujasite zeolites, 

1385
Hypophosphorous acid, infrared spectra of, 544

Ice, thermodynamic functions for metastable structures I and II, 
1834

Imines, N-phenyl substituted, carbon-13 n.m.r. spectra of, 832
Impedance, faradaic, at Pt microelectrodes for iodide-iodine 

couple, 3363
Indium, -mercury amalgams, activity coefficients, 1828
Interdiffusivity, of argon and metal vapor mixtures at elevated 

temperatures, 1547
Interface, solution-surface, geometric effect at, relationship to 

ion solvation, 2941
Intermetallic species, observation of solution of LijBi in molten 

LiCl and LiCl-LiF, 980
Internal rotation, nonbonded interactions and, 1292
Iodine, isotopic exchange of I atoms between tetrabutylammo- 

nium iodide and p-nitrobenzyl iodide, 201 ; reaction with active 
nitrogen, photometric study, 362; hydrogen-hydrogen iodide 
system, high temperature mechanism, 1264; continuous ab
sorption spectra of ICI and IBr, 2263; complexes of dineo
pen tyltetramethylbenzenes, 2553; complexes of fluorobenzenes 
and fluorotoluenes, 2621; -Hyamine 1622 complex systems, 
temperature studies, 2801 ; faradaic impedance at Pt micro
electrode for iodine-iodide couple, 3363 ; competitive scavenging 
of methyl radicals by, 3873

Iodonium compounds, radiation synthesis of, 205
Ion exchange, to determine complex species by Job’s continuous 

variation method, 258; zeolite systems with salts of group I 
and II metals, 994; nature of resin sulfonate-cation bond in 
strong acid, 1886; of synthetic zeolites in alcohols, 2575; 
equilibria at high hydrostatic pressures, 2578; kinetics of in 
chelating resin, 2716

Ion-exchange resins, n.m.r. study of, 425; self-exchange measure
ments in chelating, 918

Ion pairs, of lanthanum ferricyanide, effect of pressure on disso
ciation, 375; metathetical reactions in acetic acid, 3876

Ion solvation, geometric effect at solution-surface interface and 
relation to, 2941

Ionic motion, Stokes’ law correction factors for, 2728 
Ionicities, zeroth-order approximation for diatomic molecules 

and Ar-B [ molecu.es, 2240
Ionization, thermal, of l,3-dimethylbicyclo[1.1.0]butane, 2033; 

thermodynamics of, for aqueous pyridine monocarboxylic 
acids, 3435

Ionization constants, for weak acids in water-heavy water mix
tures, 410; apparent, of iminodiacetic acid groups of Dowex 
A-1,2093

Ionization potential, relation of bond dissociation energies to, for 
organic and inorganic radicals, 3155 

Ionization potentials, correlation of bond dissociation energy with 
electron affinity and, 143; of saturated hydrocarbons, 2656 

Iridium, interaction of ethane and ethylene with, 2718 
Iron, -vanadium alloys, thermodynamic properties of, 64; de

composition of FeBr3, 963; heats of combustion and bond 
energies in octahedral Kef II I ) complexes with /3-diketones, 
1717

Iron pentacarbonyl, infrared spectra of, 452 
Isobutane, Hg-photosensitized decomposition of, 1392 
Isobutylene, transient intermediates in pulse radiolysis of, 3885 
Isomerization, photochemical, of a,N-diphenylnitrone, 1205; 

of polybutadiene, comparison of photo- and radiation-sensitized 
c is - tr a n s , 2360: of xylene over silica-alumina catalyst, 3268 

Isooctane, surface tensions of binary mixtures of, with benzene, 
cyclohexane, and r.-dodecane, 3433 

Isopentane, radiolysis of, hydride ion transfer rates, 1107 
Isopropyl alcohol, sonolysis of, 1462
Isopropylbenzene, -diethyl ketone system, liquid phase photolysis 

of, 2557; radiation-induced reactions on silica-alumina, 2889 
l-Isopropylpyrrole, thermal reactions of, 3068 
Isotherms, argon adsorption, determination of surface energy 

distributions, 1068; absorption, for deuterium absorption by 
Pt-Pd alloys, 1419

Isotope effects, C13, in pyrolytic decomposition of zinc oxalate, 
1275; secondary intermolecular kinetic, in methylene radical- 
«s-2-d8-«'s-l,2-dimethylcyeIopropane-d8 system, 1322; deute
rium, in ionization of substituted succinic acids, 1560; 
deuterium, in ionization of substituted malonic acids, 1562; on 
acid dissociation constants of aquo metal ions, 1820; in hydro
gen abstraction from aliphatics, 3184 

Isotope exchange, bcron, relation between equilibrium constant, 
stability, and catalytic activity of boron fluoride complex, 
2876; tritium /3-radiation-induced, with water vapor, 3115 

Isotope shifts, vibrational, correlation between mass spectral 
fragmentation pattern and, 3188 

Isotopic fractionation, of hydrogen between water and OH- , 2179 
Itaconic acid, n.m.r. coupling constants in, 1602

Jet measurements, vibrating, calculation of surface age, 2012 
Junction potentials, determination of using modified gran plots, 

3773

Ketones, aliphatic, photochemical reaction with oxygen-18, 1997

Lactamide, activity, density, and relative viscosity data, 398 
Lanthanides, effect of acidity on sorption from lithium nitrate 

solutions, 2230; near-infrared transitions of promethium/III), 
2351

Lanthanum ferricyar.ide, effect of pressure on dissociation of ion 
pairs of, 375

Laser emission, from europium benzovlaeetonate alcohol solu
tion, 1490

Lattice parameter, in germanium-silicon alloys, 3021 
Lead, photoetching of thin films of, with nitromethane, 94; re

action of oxygen with evaporated Pb films, 1482; X-ray survey 
of PbCli-TlCl system, 1584; partition of solutes between liq
uid lead and zinc, 1944

Lead bromide, transport numbers in silver nitrate and, 1755 
Lead chloride, thermochemistry of five lead chloride-alkali 

chloride mixtures, 3846
Lecithin, purification of, 1270; micelles, interaction of water 

with, 3448
Leucoriboflavin, douole layer capacity in presence of, 2374 
Light scattering, of sodium laurvl sulfate and dodecyltrimethyl- 

ammonium bromide solutions, 81; theory for three-com
ponent surfactant solutions containing added electrolyte, 3490:
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studies on solutions of decyltrimethylammonium dodecyl sul
fate, 3494

Liquids, autophobic, study of, on Pt by contact potential method, 
1336; thermal conductivity, 3017 

Lithium, conductance of lithium-7 chloride in dioxane-water 
mixtures, 971; observation of solution of Li3Bi in molten Li Cl 
and LiCl-LiF, 980; heat of solution of LiF, 1427; standard 
entropy of aqueous lithium ion, 1427 

Lithium bromate, crystalline, radiolysis by lithium-6 fission re
coil particles, 3809

Lithium chloride, thermodynamic properties of KCl-NaCl and 
LiCl-NaCI systems, 2528; -potassium chloride melts, relative 
cation mobilities, 3312

Lithium cyclohexvlamide, exchange with toluene-a-d in cyclo- 
hexylamine, 2916; aggregation in cyclohexylamine by iso- 
piestic measurement, 2919; conductivity in cyclohexylamine, 
2922

Lithium hexafluorosilicate, system Li.,SiFt-(NH.i)>SiF6-H 20 , 
3074

Lithium perchlorate, conductivity in cyclohexylamine, 2922 
Localization energy, comparison of techniques for calculation of, 

alternant and nonalternant hydrocarbons, 490

Macromolecules, isolated helical, 2267; interaction between 
colloidal electrolytes and, 3624

Magnesium, vapor pressure and heat and entropy of sublimation 
of solid MgF2, 965; e.p.r. study of irradiation-induced active 
sites on MgO, 2312; free energy of formation of magnesium 
aluminate from galvanic cell measurements, 2444; heat of for
mation of MgALOi, 3425

Magnesium difluoride, enthalpy of formation, 2978 
Magnetic susceptibilities, of molten bismuth-bismuth tribromide 

solutions, 851; changes during adsorption of 0 2 and CO on 
cuprous oxide, 1052

Maleic acid, n.m.r. coupling constants in, 1602 
Malonanilic acid, kinetics of decarboxylation in polar solvents, 

2150
Malonic acid, substituted, deuterium isotope effect in ionization 

of, 1562; kinetics of decarboxylation, 3048 
Manganese, kinetics of oxidation-reduction reactions of Mn(III), 

174; partial pressure of Mn gas in equilibrium with M n-Fe-Ni 
solid solutions, 1345

Marine sediments, surface areas from V / n  ratio for, 1251 
Mass spectrometer, production of molecular beams in, 3905 
Mercaptan, inhibition of smooth Pt cathode decay by, 3357 
Mercury, solubility in hydrocarbons, 408; thermal decomposition 

of vapor of mercuric cyanide, 1035; activity coefficients of 
liquid In-Hg amalgam 1828; shape and position of 2537 A. 
absorption contour, 1962; reaction of 6(3P,) atoms with vinyl 
chloride, 2170; metallic and its saturated vapor, viscosity over 
entire liquid range, 3419 

Mercury diethyl, flash photolysis of, 2522
Mercury(II) halide complexes, stabilization energy and enthalpy 

of formation, 2722
Metal carbides, entropy of formation, 954 
Metal carbonyls, photochromic substances, 433 
Metal chelates, as quenchers of excited states of benzophenone, 

3739
Metal oxides, standard free energy of formation by e.m.f. meas

urements on solid electrolytic cells, 1025 
Metastable ions, in mass spectrometry, 261 
Metathetical reactions, of ion pairs in acetic acid, 3876 
Methane, catalytic exchange of, and deuterium on Pt, Ru, and 

P t-ltu  alloys, 481 
Methane-C14, radiolysis of, 1576
Methanol, mechanism of electrochemical oxidation on Pt, 70; 

radiolysis and photolysis of solutions at high radiation inten
sities, 2414; -sodium nitrate solutions, radiolysis of, 2697 

N-Methylacetamide, hydrogen bonding of 2-propanol with, 2136; 
hydrogen bonding with thiols, 2140; as solvent for freezing 
point depression measurements, 2450 

Methylamine, production from azomethane, 2725 
Methylcyclobutane, thermal decomposition at low pressures, 

3894
Methyldioctylamine, extraction of mineral acids in chloroform 

by, 2687; extraction of nitric acid by, 2712 
Methylene radical,-c?'s-butene-2-d8-cfs-l,2-dimethylcyclopropane- 

ds system, secondary intermolecular kinetic isotope effects 
in, 1322

Methyl ethyl ketone, chemical thermodynamic properties of, 
1354

Methylketene, photolysis of, 1793
Methyl methacrylate, -styrene block copolymer, dilute solution 

properties of, 1948; butyllithium-initiated polymerization of, 
1983

l-Methyl-2-naphthoxide ion, effect of pressure on benzvlation of, 
2361'

Methyl nitrite, e.p.r. spectra study of photolysis, 347 
Methyl radicals, abstraction of Cl atoms by, 541; reaction with 

toluene, 1316; production in recoil chemistry of C -ll, 1618; 
third body effects in combination of, 2492; competitive sca
venging by galvinoxyl and iodine, 3873 

Methyl thiophenes, p.m.r. spectra of, 571
Micelles, in dimethyldodecylamine oxide-sodium halide-water 

systems, 1540; nonionic and anionic surfactant, intrinsic viscos
ities, sedimentation coefficients, and diffusion constants, 1870; 
solubilization of polar species by micelle-forming soaps, 2814; 
interaction of water with lecithin micelles in benzene, 3448; 
structure of solutions of some amphiphilic compounds in water 
using absolute small-angle X-ray scattering, 3504; surface pH 
of, using solubilized indicator dyes, 3567; calorimetric, studies 
of micellization of dimethyl-n-alkylamine oxides, 3575; effect 
of electrolyte and urea on formation of, 3585 

Mineral acids, extraction by methyldioctylamine in chloroform, 
2687

Mobility, limiting, of OH~, 515; ionic, of alkali ions in fused 
alkali nitrates, 1596; relative cation, in KCl-LiCl melts, 3312 

Molal volumes, apparent and partial, of symmetrical tetraalkyl- 
ammonium bromides, 2639

Molecular beams, production of, in mass spectrometer, 3905 
Molecular complexes, of anilines with chloranil, 477; of 7,7,8,8- 

tetracyanoquinodimethane and aromatic donors, 811 
Molecular conformation, of heterocycle B -O -N -B -O -N , 421 
Molecular orbital method, Kuhn’s u>", 1224
Molecular size, relation between dielectric relaxation, viscosity, 

and, 2704
Molecular structure, in surface films of unsaturated 1-mono- 

glvcerides on water, 2064; in liquids, microwave absorption, 
2704

Molecular weight, monomeric, of proteins undergoing rapid re
versible association, 338

Molecular weight distributions, sedimentation velocity experi
ment and determination of, 161; relative to cross linking- 
solubility behavior in polymers, 2258 

Molybdenum, reduction of nitrite by Mo(V), 2131; vaporization 
of molybdenum monophosphide, 2514 

Molybdenum disulfide, water adsorption on, 3399 
1-Monoglycerides, unsaturated, molecular structure in surface 

films of, 2064
Monolayer isotherms, simple hard-disk, with phase transitions, 

3863
Monolayers, permeability by gases, 2793; polymer penetration 

of, 3515; of w-monohalogenated fatty acids and alcohols ad
sorbed on water, 3520; soap, influence of water structures on 
surface pressure, surface potential, and area of, 3529; of n -  
paraffinic alcohols, effect of mechanically produced waves on, 
3535

Monopoles, discreteness-of-charge effects accompanying adsorp
tion, 2737

Monosilane, 3P, mercury-photosensitized decomposition of, 304 
Multipulse potentiodynamic method, studies of anion adsorp

tion on Pt by, 2098; studies of chloride and phosphate desorp
tion on Pt, 2112

Naphthalene, -/-excitation of singlet and triplet states of, 203 
Neopentane, C-H bond dissociation energy of, 1226 
Neptunium, kinetics of reduction of Np(VI) by V(III), 1190 
Nickel, solvolysis of tetrachloronickelate(II) anion, 356; thermal 

decomposition of irradiated nickel oxalate, 731; catalytic, 
oxygen exchange between chemisorbed CO on, 1245; effect of 
support on catalytic activity of, for ethane hydrogenolysis, 
2962

Nicotinamides, N-alkyl substituted, electric moment measure
ment of, 2666

Niobium, phase equilibria in Nb203-T a205 system, 208; free 
energy of formation of niobium carbide, 860; heat of formation 
of N b 02, 952

Nitrate esters, electric moments of, 199
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•
Nitrate systems, liquid, surface tension, 2908 
Nitrates, potentiometric determination in benzene, 2003; 

monovalent liquid, thermochemical study of reciprocal fused- 
salt systems involving, 3840

Nitric acid, activity coefficients in lithium nitrate, 2230; ex
traction by methyldioctylamine, 2712 

Nitric sulfide, emission of D(22) C(2II) system of, in reaction
of sulfur vapor with active nitrogen, 2735 

Nitrite, reduction by Mo(V), 2131 
Nitro compounds, hydrogen bonding in, 3225 
Nitrobenzene, anion radical, solvent effects on e.p.r. spectra, 661 
p-Nitrobenzyl iodide, isotopic exchange of I atoms between 

tetrabutylammonium iodide and, 201 
Nitrogen, microwave-activated, reaction with graphite, 39; 

-phosphorus compounds, n.m.r. study of, 152; solubility in 
distilled water, 169; reaction with iodine, photometric study, 
362; gaseous, isotope exchange in, 1234; active, reaction with 
sulfur, 2501; adsorption on polypropylene, 2788 

Nitrogen dioxide, dipole moment and polarizability, 2379;
formation in radiolysis of sodium nitrate ices, 2590 

Nitrogen tetroxide, dipole moment and polarizability, 2379 
Nitromethane, e.p.r. study of photolysis, 347 
p-Nitrophenol, reduction of by sodium dithionite, 423 
Nitrosomethane, formation in photolysis of ¿-butyl nitrite, 116 
Nitrous oxide, chain reaction between hydrogen and, 1429; 

irradiation by q-rays, 1731; y-ray irradiation of polyethylene 
in atmosphere of, 2120; energies of disorientation, 2301 

Nitryl chloride, thermal decomposition of, 1494 
Nucleation theory, for long-chain molecules, 3386

1,1,2,2,4,4,5,5-Octadeuteriocyclohexane, p.m.r. spectrum of, 
2026

p,f-(Octylphenoxyethoxyethanols (OPE,_i0), thermodynamic prop
erties of solutions of homogeneous, 3592 

Olefins, relative rate constants for addition of deuterium atoms, 
381

Optical rotatory power, theory, trigonal dihedral compounds, 
665; digonal dihedral compounds and compounds of lower 
symmetry, 3629

Organic ions, gaseous oxygenated, energetics of, 3191 
Organolithium compounds, electronic spectra of, effect of methyl 

substitution, 1148
Organometallics, as quenchers in scintillation process in plastics, 

30°
Organosilicon compounds, diamagnetic study of alkoxy silanes 

andsilanols, 1613
Osmotic coefficient, for symmetrical tetraalkyl ammonium 

halides, 911
Ovalbumin, denaturation and aggregation by urea, 723; film 

hysteresis of, 1122; study of hydrophobic nature in water 
and aqueous urea, 2476

Oxalate solutions, radiation chemistry in presence of oxygen, 
2085

Oxalic acid, kinetics and stoichiometry of gas-phase decomposi
tion, 1863

Oxidation, electrochemical, of CO and methanol on Pt, 70; 
radiolvtic, of ferrous ion, 657; of formic acid on smooth Pt 
electrodes, 1448; of CO on thin metal films, 1614; of hydro
carbons adsorbed on oxide catalysts, 3129 

Oxygen, solubility in distilled water, 169; -biac.etyl mixtures, 
photolysis of, 464; reactions between triplet state of fluorescein 
and, 817; electrolytic separation and purification from gas 
mixture, 962; charge-transfer complexes of inorganic anions 
and, 969; exchange between chemisorbed CO and catalytic Ni, 
1245; effect on electrical resistance of evaporated Ag films, 
1465; reaction with evaporated films of Pb, 1482; adsorption 
on zinc oxide, 2734; adsorption on silver, 2765; -potassium 
and sodium-oxygen systems, thermodynamics of, 2882; 
gaseous, steady-state radiolysis of, 2901; reaction with acet
ylene, shock tube study, 3169; monolayer chemisorbed on 
Pt black, heat capacity of and entropy change in, 3240; 
adsorption on nickel monoxide, 3765 

Oxygen-18, photochemical reaction with aliphatic ketones, 1997 
Ozone, Hartley band extinction coefficients, 412

Palladium, -alumina catalyst, deactivation of, 420; mass spectra 
of gaseous oxides of, 662; -platinum alloys, absorption of 
deuterium by. lattice constants, 1419; X-ray studies of

hydrogen-silver-palladium electrodes, 2154; absorption of 
hydrogen by Ag-Pd alloys, 2160; vapor pressure, 2899 

n-Paraffins, sorption in natural zeolite erionite, 3427 
Parahydrogen conversion, in hydrogen adsorption on silver, gold, 

and aluminum, 1061
Partition coefficients, of Pd, U, Pu, Ce, and Sr between liquid 

lead and zinc, 1944
Partitioning, of solutes between micellar and aqueous phases, 

1842
Pentaerythrityl fluoride, heat capacity and thermodynamic 

properties of, 255
Pentane, radiolysis of, hydride ion transfer rates, 1107 
«-Pentane, Hg-photosensitized decomposition of, 1392; limiting 

isosteric heat of adsorption, 2377 
Perchlorates, differential thermal analysis of, 2282 
Perchloric acid, anhydrous, heat capacity and thermodynamic 

functions, 42; radiolysis of aqueous solutions, 3107 
Perfluoroheptane, mutual solubility of, with carbon tetrachloride 

and with carbon disulfide, 3904 
Perhalo groups, electronegativity of, 3073
Periodate, kinetics of hydration-dehydration in aqueous solu

tion, 3869
Periodate ion, kinetics of oxidation of 2-aminoethanol, 416 
Peroxydisulfate ion, chain reactions in chemiluminescent oxi

dation of phthalazinediones by, 752 
Phase diagrams, P-T-x diagrams in critical region, acetone-n- 

alkane systems, 827
Phase equilibria, solid-liquid, in binary mixtures of p-dioxane 

with anisole and related compounds, 1260 
Phase inversion temperature, in emulsion, correlation with 

cloud point in solution of nonionic emulsifier, 3485 
Phase separation, liquid-liquid, in alkali metal-ammonia solu

tions, 2865; in sodium-ammonia solutions with added sodium 
iodide, 2870

Phase transformations, of water in porous glass, 2754 
Phenols, pyridine interaction with, 1601; substituted, dielectric 

relations, infrared spectra, and hydrogen bonding, 2035; 
binding by hair 2067; volume changes accompanying dilu
tion of aqueous solutions of, 2074; volume changes accom
panying binding of phenols by hair, 2081 

Phenyl alkyl ketones, mass spectra, radiolvsis, and photolysis, 
90s

Phosphate ion, kinetics of adsorption on Pt, 2098; desorption 
and equilibrium surface concentrations at constant potential, 
2 1 1 2

Phosphines, alkyl-substituted, mass spectra study, 2290 
Phosphoric acid, molten, self-dissociative equilibria in, 3374 
Phosphorescence, of hexafiuoroacetone vapor, 2982 
Phosphoric acid resins, reactions of alkali metal cations with, 

1 0 2 1
Phosphorus, -nitrogen compounds, n.m.r. study of, 152 
Photochemistry, of aqueous solutions of halide ions, 247 
Photoehromism, metal carbonyls, 433 
Photoetching, of thin lead films with nitromethane, 94 
Photoisomerization, of st.ilbenes, temperature dependence of, 

1153Photolysis, of ¿-butyl nitrite, nitrosomethane formation, 116; 
flash, temperature dependence of, for diethyl ketone, 188; 
of nitromethane, methyl nitrite, and tetranitromethane using 
e.p.r. spectra, 347; of biacetyl-oxygen mixtures, 464; of 
phenyl alkyl ketones, 968; and radiolysis of propargyl bromide, 
1415; of 1,3-difluoroacetone, 1786; of methylketene, 1793; 
of pyruvic acid in vapor phase, 2364; of aqueous solutions at 
high radiation intensities, 2414; flash, of mercury diethyl, 
2522; liquid phase, of diethyl ketone-isopropylbenzene system, 
2557; gas phase of aliphatic allenimines, 2652; flash, in thin 
films of gelatin and other polymers, 3253; of azo compounds, 
e.s.r. studies, 3889

Photometry, study of iodine-active nitrogen reaction, 362 
Photooxidation, of CO on zinc oxide, 17
Photoreduction, of benzophenone with isopropyl alcohol, limit

ing quantum yield, 214
Phthalazinediones, chain reactions in oxidation by peroxydi

sulfate, 752
Phthalocyanine, metal-free, origin of unpaired electrons in, 872 
Plate height, theoretical, interfacial resistance contribution in 

gas chromatography, 1725
Platinum, method for determining cleanliness of Pt anode, 1223; 

lifetime of activated Pt surface, 1279; -palladium alloys, 
absorption of deuterium by, lattice constants, 1419
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Platinum cathode, smooth, inhibition of decay by mercaptans, 
3357

Platinum electrodes, micro, iodide-iodine oxidation-reduction 
couple, 3363

Platinum oxide, reduction by organic compounds, 436 
Plutonium, plutonyl species in molten chloride salt solutions, 438 
Plutonium nitride, decomposition pressure, 1048 
Polarizability, of closed-cage boron hydride Bi0H10-2, 1227; 

of nitrogen dioxide and nitrogen tetroxide, 2379; from ô- 
function potentials, 2926

Polarization, induced, ir. nonpolar liquids adsorbed on metals, 
1804; electrodialytic, of ion-exchange membrane systems, 
2 2 0 1

Polarography, of a-furildioxime, 2599 
Poly-DL-alanine, interfacial viscoelasticity, 2826 
Polyazophenylenes, effect of structure on electrical conductivity 

of, 2661
Polyborates, chemical relaxation times for formation of, 1128 
Polydimethylsiloxane, chain configuration, temperature coef

ficient, 1092
Polyene, formation from irradiated polyethylene, 1988 
Polyethylene, radiolysis of, 526; radiation chemistry of, 1988; 

sensitization by nitrous oxide to radiation-induced cross 
linking of, 2120

Polyethylene melts, rheological properties of, 778; relation 
between steady-flow and dynamic viscosity, 1598 

Polyisobutene, temperature influence on radiation-induced 
branching of, 1255

Polyisobutylene, dynamic mechanical properties of, 867 
Polymerization, vinyl, kinetics for, 269; of vinyl compounds, 

effect of linear energy transfer, 310; butyllithium-initiated, 
of methyl methacrylate, 1983

Polymers, branched, viscosity of, 323; relaxation of polyethylene 
disulfide and tetrasulfide, 787; heats of mixing of, 1468; 
calculation of second virial coefficient from sedimentation 
equilibrium data, 1798; amorphous, molecular theory for 
viscoelastic behavior of, 1970; molecular weight distribution 
and cross linking-solubility behavior, 2258; equation of state 
and related properties of polymer and oligomer liquids, 3158; 
flash photolysis in thin films of gelatin and other, 3253; pene
tration of monolayers of, 3515

Polymethacrylic acid, -NaCl systems, H ion equilibria in, 1563 
Polyphenyls, molar volumes and compressibilities of biphenyl 

and m-, o-, and p-terphenyl, 2385; free volume and corre
sponding state treatments of biphenyl and terphenyls, 2393 

Polypropylene, radiolysis of, 526; X-ray irradiated, e.s.r. study of, 
1229

Polystyrene, viscoelastic properties of dilute solutions of, 1072; 
study of dilute polymer solutions, effects of polydispersity and 
nonideality, 1378; study of dynamic mechanical properties of, 
1974; temperature dependence of unperturbed dimensions of, 
3136

Polyvinyl alcohol, contraction of films in aqueous media, 1609 
Potassium, relative free energy of Na and K ions in various 

solvents, 112 ; II+-K + system and H +-Sr2 +systems on sulfonic 
acid-type cation-exchange resins, 2578; -oxygen system, 
thermodynamics of, 2882; -liquid ammonia system, chrono- 
potentiometric study of anionic diffusion in, 3347 

Potassium chloride, -sodium iodide system, diffusion in, 58; 
conductance in highly purified N-methylpropionamide, 876; 
isothermal diffusion on water-sucrose-KCl system, 2464; 
thermodynamic properties of KCl-NaCl system, 2528; 
-lithium chloride melts, relative cation mobilities, 3312; 
transport number of, in formamide, 3892 

Potassium dodecanesulfonate, surface tension study of inter
action of dimethyldodecylamine oxide with, 3219 

Potassium iodide, kinetics of reaction with sodium chlorite, 3027 
Potential energy functions, interatomic, for Hg, Cd, and Zn, 

from vapor viscosity data, 1566
Potentials, of Ce(IV)-Ce(III) systems in acetonitrile, 1573; 

surface, in nonpolar liquids adsorbed on metals, 1804; 
reversible electrode, for aluminum-aluminate ion system, 2057; 
appearance, of difluoromethylene positive ion, 2359; single 
electrode, 2959; diffusion, in molten salt systems, 3086; 
electrode, in fused systems, oxidation kinetics of silver in 
sodium chloride, 3757

Potentiometry, determination of nitrates in benzene, 2003 
Promethium, near-infrared transitions of Pm(III), 2351 
Propane, Hg-photosensitized decomposition of, 1392

2-Propanol, p.m.r. studies of H bonding of, with N-methylacet- 
amide and N,N'-dimethylacetamide, 2136 

2-d-2-Propanol, irradiation in neutral solution, 1713 
Propargyl bromide, radiolysis and photolysis, 1415 
Propellants, surface temperature measurements of burning 

solid, 196
Propionamide, radiolysis of solid solutions of, 2184 
Propylene, absolute rate constants for addition of H atoms to, 

385; pyrolysis of, formation of allene, 1133 
Propylenediamine, anhydrous, conductance studies of salts in, 

1342
Proteins, monomeric, molecular weights of, in rapid association 

equilibrium, 338; study of hydrophobic nature in water and 
aqueous urea, 2476

Pyrazolone azomethine dyes, x- and y-bands of, 1501 
Pyrene, delayed fluorescence of pyrene solutions, correction, 

439; resistance-pressure relation of reaction product of 
pyromellitic anhydride and, 3070 

Pyridazine, -water, hydrogen bonding of, and n — ir* blue shift, 
1999

Pyridine, interaction with phenol, 1601; infrared spectra study of 
chemisorption, 3197

Pyridine monocarboxylic acids, aqueous, thermodynamics of 
ionization and tautomerism of, 3435 

Pyrolysis, of zinc oxalate, 457; of propylene, formation of allene, 
1133; of zinc oxalate, carbon isotope effects, 1275 

Pyromellitic anhydride, resistance-pressure relation of reaction 
product of pyrene and, 3070 

Pyruvic acid, photolysis in vapor phase, 2364

Quantum chemistry, LCAO-MO-SCF calculations of C60 6 
systems, 2648; spin-free, three-electron systems, 3282 

Quantum yield, limiting, for photoreduction of benzophenone 
with isopropyl alcohol, 214

Quartz, heat of formation, 579; rotatory dispersion, 2367 
Quaternary ammonium compounds, concentration effects on 

n.m.r. spectra of, 1875; temperature studies of Hyamine 
1622-iodine complex systems, 2801; conductance in hydrogen 
cyanide, 3901

Quenching, of excited states of benzophenone by metal chelates, 
3739; of excited singlet states of benzophenone, 3747

Raeemization, of 1,1'-binaphthyl, 651
Radiation chemistry, synthesis of iodonium compounds, 205; 

chlorination of toluene, 647; of acetylene, benzene production, 
1039; absolute rate constants for H atom reactions in aqueous 
solutions, 1363; chain reaction between nitrous oxide and 
hydrogen, 1429; of arsenite solutions, 1866; of polyethylene, 
1988; scavenging plots in liquid cyclohexane studies, 2040; 
of oxalate solutions, 2085; of concentrated aqueous solutions 
of sodium benzoate, 2470; of organic liquid mixtures, 3297 

Radical ions, participation of SCh  ̂in reduction of p-nitrophenol 
by sodium dithionite, 423

Radicals, measurement of short radical lifetimes by e.s.r., 1508 
Radiolysis, of polyethylene and polypropylene in nitric and 

nitrous oxides, 526; thermal hydrogen atoms and other re
active species in irradiated liquid hydrogen halides, 761; 
of phenyl alkyl ketones, 968; of pentane and isopentane, 
hydride ion transfer rates, 1107; of water, dependence of 
yields on pH and solute concentration, 1242; of aqueous 
solutions, ultraviolet spectra of transients produced in, 1262; of 
acid aqueous solutions of aquopentaammine and hexaammine- 
cobaltic ions, 1359; of propargyl bromide, 1415; of methane- 
C14, 1576; neutral, effect of transition metal ions on residual 
hydrogen yield, 1713; of aqueous systems, reactivity of H 
atoms produced, 1738; of cyclohexane-benzene mixtures, 
hydrogen atom scavenging in, 2014; of solid solutions of 
acrylamide and propionamide, 2184; of purified cyclohexane, 
2189; of aqueous solutions at high radiation intensities, 2414; 
of sodium nitrate ices, NO« formation, 2590; of cyclohexene, 
2635; of crystalline alkali metal bromates by neutron reactor 
radiations, 2627; of aqueous methanol-sodium nitrate solu
tions, 2697; steady-state, of gaseous oxygen, 2901; of alkali 
halides in nitrous oxide-saturated solutions, 2967; of cyclo
hexene, effects of additives, 2992; mechanism of benzene 
formation in radiolysis of acetylene, 3081; of aqueous per
chloric acid solutions, 3107; of cyclohexene-dl0, 3214; of 
crystalline lithium bromate by lithium-6 fission recoil particles, 
3809; pulse, of aqueous sodium chloride solutions, 3829; 
pulse, of isobutylene, transient intermediates, 3885
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Raffinose, activity, density, and relative viscosity data, 398 
Rare earths, spectral evidence on rare earth covalent binding, 

3779
Reaction velocity, application of thermodynamics and kinetics 

to near-equilibrium systems, 31; for oxidation-reduction 
reactions for Mn(III), 174; for V(II)-V(IV) reaction, 228; 
ethylene hydrogenation over alumina, 232; for ring opening 
and vinyl polymerizations without termination reactions, 269; 
for elemental fluorine reactions with ZrC and Zr 1 *,. 290; 
relative rate constant for addition of deuterium atoms to 
olefins, 381; absolute rate constant for addition of H atoms to 
propylene, 385; for periodate oxidation of 2-aminoet.hanol, 416; 
pyrolysis of zinc oxalate, 457; for bromine-acetyl bromide 
reaction, 469; for ceric sulfate-ethylene glycol system, 522; 
for decarboxylation of n-butylmalonic acid, 587; vana- 
dium(III)-vanadium(V) reaction, 612; of acid-catalyzed 
hydrolysis of trimethylene oxide and epichlorohydrin, 619; 
for consecutive and competing first- or pseudo-first-order 
reactions, controlled-potential electrolysis, 630; influence of 
internal pressure on racemization of 1,1 '-binaphthyl, 651; 
of ethylene hydrogenation, 856; electrode kinetics with ad
sorbed foreign neutral substance, 880; of gas-forming reactions, 
torsion-effusion technique, 1079; of low-cubic to hexagonal 
phase transformation of Agl, 1 1 1 1 ; coulometric study of 
diphenylpicrylhydroxyl-bromide ion reaction, 1144; of tran
sient species in oxygenated aqueous solutions, pulse radiolysis 
technique, 1169; reduction of Np(VI) by V(III), 1190; of 
vapor phase thermal decarboxylation of 3-butenoic acid, 1231; 
for hydrated electron reactions with organic compounds, 1271; 
absolute rate constants for H atom reactions, 1363; for hy
drated electron reactions in aqueous inorganic solutions, 1524; 
for decomposition of acetylene, 1553; bimolecular reaction as 
affected by partitioning of solutes between micellar and aqueous 
phases, 1842; of gas-phase decomposition of oxalic acid, 1863; 
chemisorption of hydrogen on zinc molybdate, 1891; thermal 
ionization of l,3-dimethylbicyclo[ 1.1.0] butane, 2033; of 
chloride and phosphate adsorption on platinum by multipulse 
potentiodynamic method, 2098; of decarboxylation of malon- 
anilic acid in polar solvents, 2150; fluorination of hafnium 
carbide and hafnium boride, 2343; bromine exchange between 
bromide and bromoacetate ions, 2370; of bismuth electrodes in 
molten LiCl-KCl, 2538; for fluorination of silicon and boron, 
2671; of ion exchange in chelating resin, 2716; for surface 
migration of physically adsorbed gases, 2741; for sodium 
chlorite with potassium iodide, 3027; dissociation of fluorine, 
3032; for decarboxylation of malonic and other acids, 3048; 
effect of distribution of initial conditions on classical uni- 
molecular rate theory, 3141; acid dissociation and proton 
transfer of p-toluidinium ion and dimethylphenylphosphonium 
ion in methanol, 3234; selectivity of xylene isomerization over 
silica-alumina catalyst, 3268; salt effects for reaction between 
bromopentaamminecobalt(III), and hydroxyl ion, 3307; ex
tension of steady-state rate law for fumarase reaction, 3368; 
for acid-catalyzed hydrolysis of acetal in dimethyl sulfoxide- 
water solvents, 3392; of n -paraffin sorption in natural zeolite 
erionite, 3427; steady-state at initial concentration method of 
studying, 3437; kinetic order determination in thermal 
decomposition of dimethylmercury, 3752; oxidation rate of 
silver in sodium chloride, 3757; for periodate hydration-dehy
dration in aqueous solution, 3869 

Reduction, of nitrite by molybdenum(V), 2131 
Refractive index, of anhydrous HF, 654; for detection of inter- 

molecular hydrogen bonds, 2895 
Relaxation field, conductance of symmetrical electrolytes, 1 
Relaxation time, chemical, of two boric acid polymerization 

equilibria, 1128; n.m.r., of water adsorbed on charcoal, 1621 
Resins, ion-exchange, prepared from polystyrene cross linked 

with pure divinyl monomers, 1776; Dowex A-l, equilibrium 
studies with, 2093; chelating, kinetics of ion exchange in, 
2716

Resistance, electrical, of Ag films, effect of oxygen on, 1465 
Resistivity, of pure water, liquid mobility of OH-, 515 
Resonance, pure quadrupole, of halogens in R2[MX6] type com

plexes, 2986
Rheological properties, of polyethylene melts, 778 
Rhodium, mass spectra of gaseous oxides of, 662 
Rubber, natural, effects of cross-link spacing in, 3414 
Rubidium, conductance of Rbl in dioxane-water mixtures, 974 
Rutile, adsorption of alcohols on, 3545

Salt effects, reaction between bromopentaamminecobalt(III) 
and hydroxyl ions, 3307

Salts, fused, free volume model for transport in, 1917 
Salt solutions, effect of dielectric constant difference on hyper

filtration of, 1056
Salt systems, molten, calorimetric study, 387; fused, gold- 

chlorine and gold-bromine equilibria in, 847 
Schlieren data, geometrical effects of light bending and refrac

tion, 2843 ; equivalent level, 2849 
Scintillation, quenching of in plastics by organometallies, 300 
Secondary ions, mass spectra study in paraffins, 1439 
Sedimentation coefficients, of nonionic and anionic surfactant 

micelles, 1870
Selectivity coefficients, for ion exchange of zeolite systems with 

salts of group I and II metals, 994; equilibrium, for alkali 
metal cations using H3P04 resins, 1021 

Selenium, heat of formation of H2Se, 949 
Self-association, of aniline in cyclohexane solution, 1001 
Self-diffusion, in tin at high pressure, 2219
Self-interaction coefficients, for benzyl chloride in several sol

vents, 1285
Semiquinone phosphates, hyperfine structure of e.s.r. spectrum, 

2439
Significant structure theory, application to water, 221; compari

son of various liquid theories with, 1163; of transport phe
nomena, 3262

Silica, porous 96% glass, adsorption from nonelectrolyte solu
tions on, 1432; filtration of crystalline and amorphous dis
persions flocculated by high polymers, 2273 

Silica gel, exchange of twenty metal ions with silanol group of, 
757; generation of acidity by ionizing radiation, 2381 

Silica suspensions, effect of solid content on adsorption and 
flocculation behavior of, 3539

Silicoaluminas, amorphous, structure and properties of, 2608 
Silicon, combustion calorimetry of organo- and nonorganosilicon 

compounds, 579; vapor pressure of SiCl4 below melting point, 
960; free energy of formation of silicates from galvanic cell 
measurements, 2444; kinetics of fluorination of, 2671; -ger
manium alloys, lattice parameter and density, 3021 

Silver, X-ray studies of hydrogen-silver-palladium electrodes, 
2154; absorption of hydrogen by Ag-Pd alloys, 2160; associa
tion between silver and chloride ions in aqueous solution, 2372; 
oxidation kinetics of, in sodium chloride, 3757 

Silver bromide, nucléation in precipitation of, 1138 
Silver chloride, solubility in molten nitrate solvents, 210; asso

ciation constant in molten salt solvents, 957; solubility in 
fused nitrate solvents, 1611

Silver iodide, adsorption of water vapor onto, 773; kinetics 
and mechanism of low-cubic to hexagonal phase transformation 
of, 1111

Silver nitrate, transport numbers in lead bromide and, 1755; 
-sodium nitrate mixtures, interionic diffusion and friction 
coefficients in, 2145

Soap solutions, aqueous, minimum temperature of penetration of, 
into amphiphiles, 3470

Sodium, relative free energy of Na and K ions in various solvents, 
112; diffusion of sodium-22 in molten sodium nitrate, 2726; 
-ammonia solutions, phase separation with added sodium 
iodide, 2870; -oxjrgen system, thermodynamics of, 2882 

Sodium aluminum alkyls, conductance in toluene and diethyl 
ether, 2595

Sodium benzoate, radiation chemistry of concentrated aqueous 
solutions of, 2470

Sodium borohydride, use in catalytic deuterium exchange re
actions, 3887

Sodium carbonate, field of NaOH in Na0 H-Na2C03-H20 
system, 1706

Sodium chloride, -polymethacrylic acid systems, H ion equilibria 
in, 1563; liquid diffusion of unlike ions into, 1838; thermo
dynamic properties of KCl-NaCl and LiCl-NaCl systems, 
2528; transference numbers at high temperatures, 1603; 
aerosols in submicron range, 2831; pulse radiolysis studies of 
aqueous solutions of, 3829

Sodium chlorite, kinetics of reaction with potassium iodide, 3027 
Sodium dithionite, reduction of p-nitrophenol by, 423 
Sodium dodecyl sulfate, association and hydration in submicellar 

concentration range, 3581 
Sodium formate, hydrogen abstraction from, 1460 
Sodium hydroxide, solubility in water, 1706 
Sodium iodide, -potassium chloride system, diffusion in, 58
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Sodium lauryl sulfate, equilibrium ultracentrifugation and light
scattering of, 81

Sodium nitrate, silver nitrate mixtures, interionic diffusion and 
friction coefficients in, 2145; -methanol solutions, radiolysis of, 
2697

Sodium tetrachloroferrate(III), thermodynamic properties of 
vapor phase of, 3089

Solubility, of alkali metals in ethylenediamine, 128; of oxygen, 
argon, and nitrogen in distilled water, 169; of thallous bromide 
and AgCl in molten nitrate solvents, 210; of gases in (C4F9)3N, 
CC12F-CC1F2, and 2,2,4-(CH3)3C6H9, 213; of Hg in hydro
carbons, 408; of tetraphenylarsonium periodate, 1311; of 
AgCl and TIBr, common ion effect, 16)1; study for NaOH- 
Na2C03-H20 system, 1706; of lithium hexafluorosilic.ate in 
hydrofluorosilicic acid, 3074; of alkali di nony I naphthalene- 
sulfonates in different solvents, 3453; mutual, of perflnoro- 
heptane with carbon tetrachloride and carbon disulfide, 3904 

Solubility coefficient, Ostwald, for H atoms, 385 
Solubilization, of polar species by micelle-forming soaps, 2814; 

of benzene by series of tetradecylammonium bromides, 
3498

Solution species, for metal-amine solutions, 135 
Solvolysis, of tetrachloronickelate(II) anion, 356 
Sonolysis, sonoehemieal formation of H20 2 in water, 352; of 

isopropyl alcohol, 1462
Sorption, »-paraffin, in natural zeolite erionite, 3427; of halogens 

from aqueous solution by collagen, 3734 
Spectra, absorption, of alkali metals in ethylenediamine, 121; 

phosphorus-31 n.m.r. studies of P-N compounds, 152; in
frared, self-association of 3,5-dimethylpyrazole in benzene 
and CCU, 181; mass, metastable ions in, 261; mass, for ben- 
zenethiol and deuterated benzenethiol, 295; p.m.r,, of aromatic 
and aliphatic t hiols, 331; e.p.r., of photolysis of nitromethane, 
methyl nitrite, and tetranitromethane, 347; n.m.r., of ion 
exchange resins, 425; mass, thermodynamic study of ger
manium monotelluride, 428; infrared, of ammonium dicyan- 
amide, 431; n.m.r., of ammonium dicyanamide, 431; infrared, 
of liquid iron pentaearbonyl, 452; infrared, of hypophosphorus 
acid and its salts, 544; Aluminum-27, n.m.r., of Ziegler 
catalyst systems, 551; p.m.r., of methyl thiophenes, 571; 
mass, vaporization of cadmium arsenide, 606; e.p.r., of
nitrobenzene anion radical, 661; mass, of gaseous oxides of 
rhodium and palladium, 662; n.m.r., of molecular complexes 
of 7,7,8,8-tetracyanoquinodimethane and aromatic donors, 
811; n.m.r., study of protonation and deprotonation of sul
famide and sulfamate, 824; carbon-13 n.m.r., of aromatic 
amines and ¡mines, 832; visible, of cyanine dyes, effects of 
solvents and solid substrates, 837; charge-transfer-to-solvent, 
of polyvalent anions, 893; electronic, of thiosulfate ion, 897; 
of turbidity exhibited by polystyrene lattices, 924; a-, re
solving power of, for determining size distribution curves of 
colloidal dispersions, 931; n.m.r., of bromodiborane, 955; 
mass, of phenyl alkyl ketones, 968; n.m.r., of BFj addition 
compounds, 976; infrared, of amine complexes, 1001; in
frared, of amine complexes, 1010; adsorption, study of gaseous 
equilibrium between Cd and CdCl2, 1115; electronic, of 
organolithium compounds, effect of methyl substitution, 1148; 
transient, and rate constants in oxygenated aqueous solu
tions, 1169; e.s.r., of X-ray irradiated, oriented polypropylene, 
1229; mass, of short chain esters, specific rearrangements, 
1237; ultraviolet, of transients produced in radiolysis of 
aqueous solutions, 1262; nonresonant dispersion and absorp
tion of polar gases as compressed gas mixtures in He, 1298; 
e.s.r., of free radicals and related negative ions, 1304; mass, of 
1,3-butadiene and 1,3-butadiene-l, 1,4,4-d, 1409; mass, of 
secondary ions in »-pentane, »-hexane, »-heptane, and re- 
octane, 1439; infrared, of gaseous boroxine, 1443; n.m.r., 
of adsorption on thorium oxide, 1474; far-infrared, of mono- 
and polynuclear aqua-substituted cobalt-ammine complexes, 
1496; e.s.r., measurements of short radical lifetimes by, 1508; 
mass, study of vaporization process of ThC2, 1516; mass, of 
trimethyl borate, 1588; p.m.r., of 4-chloro-l ,2-butadiene,
1594; n.m.r., of quaternary ammonium salts, 1875; absorp
tion, of 4,5,4',5'-dibenzo-3,3'-diethyl-9-methylthiacarbo- 
cyanine bromide, 1896; of cationic dye, effects of en
vironment and macromolecule structure, 1907; shape and 
position of 2537 A. absorption contour of Hg in nonaqueous 
solvents, 1962; p.m.r., of 1,1,2,2,4,4,5,5-octadeuteriocyclo-
hexane, 2026; decomposition mechanism of xanthate in acid

•
solution, 2031; infrared, of 2,6-diehloro-p-nitroaniline and 
substituted phenols, 2035; p.m.r., of hydrogen bonding of 
2-propanol with N-methylacetamide and N,N'-dimethyl- 
acetamide, 2136; continuous absorption, of Cl2, Br2, BrCl, 
ICI, and IBr, 2263; mass, of alkyl-substituted phosphines, 
2290; e.p.r., irradiation-induced active sites on MgO, 2312; 
e.p.r., of nitrogen-bonded copper chelates, 2316; near-infrared 
transitions of promethium(III), 2351; e.s.r., of semiquinone 
phosphates, 2439; electronic, of halate ions in solution, 2487; 
Aluminum-27 n.m.r., of triethylaluminum complexes, 2509; in
frared, structure and properties of amorphous silicoaluminas, 
2608; X-ray fluorescence, of amorphous silicoaluminas, 2608; 
mass, production of methyl amine from azomethane, 2725; 
e.s.r., radical reactions in irradiated alkyl halides, 3066; 
mass, high pressure study of alkanes, 3098; mass, correlation 
between vibrational isotope shifts and mass spectral fragmen
tation patterns, 3188; infrared, study of chemisorption of 
trimethylamine and pyridine, 3197; fluorescence, of euro
pium and terbium /3-diketone chelates, 3324; e.s.r., of anion 
radical of benzocyclobutadienoquinone, 3423; evidence 
for rare earth covalent binding, 3779; infrared, observation of 
surface states, 3882; e.s.r., on photolysis of azo compounds at 
— 196°, 3889; absorption, of multicomponent systems, de
termination of rank, 3890; p.m.r., study of Fermi level mo
tion and defect formation in high-resistivity cadmium sulfide 
crystals, 3907

Spheres, noncontinuum effects for evaporation and condensation 
of, 2857 ; evaporating or condensing, free-molecule drag on, 
2862

Spin coupling constants, carbon-13 proton, in heteroaromatic 
molecules, 3163; proton-proton, in ethyl derivatives, 3430 

Spin-spin coupling, in tetrafluoroborate ion, 3208 
Stannic chloride, use in radiation-induced chlorination of toluene, 

647
Stearic acid, desorption of, from Pt and Ni surfaces using ellip- 

sometry, 1101
Stilbenes, temperature dependence of photoisomerization of, 

1153
Stokes’ law, correction factors for ionic motion in aqueous solu

tion, 2728
Strontium, relative free energy of Sr ion in methanol solutions, 

106; H +-K + and H+-Sr! + systems on sulfonic acid-type 
cation-exchange resins, 2578

Strontium bromide monohydrate, crystal structure, 3259 
Styrene, -methyl methacrylate block copolymer, dilute solution 

properties of, 1948
Succinic acids, substituted, deuterium isotope effect in ioniza

tion of, 1560
Sucrose, isothermal diffusion on water-sucrose-KCl system, 2464;

diffusion coefficients for water-sucrose-glycine system, 3874 
Sulfamate, protonation and deprotonation of, 824 
Sulfamide, protonation and deprotonation of, 824 
Sulfur, densities of liquid solutions of, 537 ; rhombohedral, 

structure study, 2363; reaction of active nitrogen with, 2501 
Sulfur atoms, recoil, gas phase reactions with CO and C02, 

318
Surface age, in vibrating jet measurements, 2012 
Surface area, of active carbon and carbon black, 217; of graphite 

using 7-radiation of Kr86, 884; of water preadsorbed on 
powdered substrates, 1029; from V /n  ratio for marine sedi
ments, 1251

Surface energy distributions, of homogeneous surface and hetero
geneous surface from argon adsorption isotherms, 1068 

Surface migration, rates for physically adsorbed gases, 2741

Tantalum, phase equilibria in Nb20 5-Ta20 6 system, 208; free 
energy of formation of tantalum carbide, 860; substitution in 
hexagonal tungsten bronzes, 1253 

Tautomerisrn, thermodynamics of, for aqueous pyridine mono- 
carboxylic acids, 3435

Technetium, decomposition pressure of TcZn6, 1257 
Tellurium, heat of formation of H2Te, 949; study of t.elluride ion 

system, 1721
Temperature coefficient, of liquid barium and calcium, 414; 

of electrical conductance of superheated alcohols, 2007; of 
polydimethylsiloxane chain configuration from swelling equilib
rium measurements, 1092

Terbium, fluorescence spectra of /3-diketone chelates of. 3324 
Tetraalkylammonium bromides, symmetrical, apparent and 

partial molal volumes, 2639
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Tetraalkyl ammonium halides, osmotic and activity coefficients, 
911

Tetrabutylammonium iodide, isotopic exchange of I atoms be
tween p-nitrobenzyl iodide and, 201 

Tetra-»-butylammonium nitrate-benzene complex, solid, 3426 
Tetra-n-butylammonium picrate, conductance of, 1581 
2,3,5,6-Tetrachloro-p-xylene, heat of combustion of, 934
7.7.8.8- Tetracyanoquinodimethane, n.m.r. study of molecular 

complexes of, 811
Tetraethylgermane, enthalpy of formation and Ge-C bond 

energy, 806
Tetrafluoroborate ion, spin-spin coupling in, 3208
1.3.7.9- Tetramethyluric acid, -aromatic hydrocarbon complexes, 

fluorescence of, 2544
Tetranitromethane, e.p.r. spectra study of photolysis, 347 
Tetraphenylarsonium periodate, solubility of, 1311 
Tetraphenylboride ions, conductance in water, 1882 
Thallium, solubility of TIBr and AgCl in molten nitrate solvents, 

210; vapor pressure of liquid thallous chloride, 1528; X-ray 
survey of PbCl2-TlCl system, 1584; solubility of TIBr in 
fused nitrate solvents, 1611; thermodynamics of vaporization 
of liquid thallous bromide, 3835

Thermodynamic properties, of molten antimony sulfide, 9; 
of anhydrous perchloric acid, 42; of triethanolamine borate, 
49; of solid V-Fe alloys, 64; of pentaerythrityl fluoride, 255; 
for exchange of twenty metal ions with silanol group of silica 
gel, 757; of beryllium('I) chloride(g), 791; of amine-chloroform 
complexes, 1010; of deuterium chloride solutions in heavy 
water, 1186; of methyl ethyl ketone, 1354; for metastable ice 
structures I and II, 1834; of aqueous solutions of hydriodic 
acid, 1929; of triethanolamine borate, 1967; of zinc oxide, 
2335; molar volumes and compressibilities of biphenyl and 
terphenyls, 2385; free volume and corresponding states treat
ments for biphenyl and terphenyls, 2393; of KCl-NaCl and 
LiCl-NaCl systems, 2528; of beryllium nitride, 2682; of 
liquid potassium-oxygen and sodium-oxygen systems, 2882; 
of DC1 solutions, 3043; of vapor phase of sodium tetraehloro- 
ferrate(III), 3089; of solutions of homogeneous p,f-octyl- 
phenoxyethoxyethanols (OPEi_i0), 3592 

Thermodynamics, application to near-equilibrium systems, 31; of 
ionization and tautomerism of aqueous pyridine monocar- 
boxylic acids, 3435

Thiolesters, reaction with hydroxylamine, 2438 
Thiols, aromatic and aliphatic, p.m.r. spectra of, 331; hydrogen 

bonding of N-methylacetamide with, 2140 
Thionamides, activation energy to hindered internal rotation in, 

1597
Thiosulfate ion, electronic spectrum of, 897
Thorium, standard molar free energy of formation of thorium 

carbide, 978; n.m.r. study of adsorption on thorium oxide, 
1474; vaporization of thorium dicarbide, 1516; torsion 
effusion study of reaction of graphite with oxides of, 2346 

Three-electron systems, spin-free quantum chemistry of, 3282 
Tin, self-diffusion at high pressure, 2219
Titanium, bond types in Ti compounds and complexes, 1934; 

free energy of formation of titanates from galvanic cell meas
urements, 2444; intermolecular compounds of TiCl4 with 
aromatic hydrocarbons and ethers, 2617 

Toluene, radiation-induced chlorination of, 647; reaction with 
methyl radicals, 1316

Toluene-a-d, exchange with lithium cyclohexylamide in cyclo- 
hexylamine, 2916

p-Toluidinium ion, acid dissociation and proton transfer in 
methanol, 3234

Torsion-effusion technique, for studying kinetics of gas-forming 
reactions, 1079

Transference numbers, in aqueous NaCl, 1603 
Transition temperatures, film drainage, by surface viscosity, 

3511
Transport behavior, test of free volume model in fused salts, 

1917
Transport number, in pure molten silver nitrate and lead bromide, 

1755; of potassium chloride in formamide, 3892 
Transport phenomena, for aqueous solutions at Hg-glass inter

face, 418; significant structure theory of, 3262 
Tributyl phosphate, as extractant for HAuCU and HAuBr4, 

368
Triethanolamine borate, heat capacity and thermodynamic 

functions, 49

Triethanolamine borate, transition and fusion, 1967 
Triethylaluminum complexes, AI27 n.m.r. studies of, 2509 
Trifluoronitrosomethane, dipole moment of, 2383 
Trigermane, heat of formation, 946
Trigonal dihedral compounds, theory of optical rotatory power, 

665
Trihalomethanes, electron impact studies, 575 
Triisoamylbutylammonium ions, conductance in water, 1882 
Triisoamylbutylammonium salts, electrolyte solvent interaction 

with triisopropanolamine borate, 907 
Triisopropamlamine borate, electrolyte-solvent interaction with 

triisoamylbutylammonium salts, 907 
Triisoamyl-n-butylammonium salts, conductance in isodielectric 

media, 1181
Trilaurylamine nitrate, extraction of U(VI) by, 3120 
Trimethyl borate, mass spectra study, 1588 
Trimethylamine, infrared spectral study of chemisorption, 3197 
Trimethylene oxide, rate of acid-catalyzed hydrolysis of, 619 
Trinitrobenzoic acid, color reaction between acetone'and, 2023 
Trioctyl phosphine oxide, as extractant for HAuCl4 and HAuBr4, 

368
Trisilane] heat of formation, 946
Tritium, density of liquid T20, 147; ,8-radiation-induced iso

topic exchange with water vapor, 3115 
Tungsten, volatilization in presence of water vapor, 1852 
Tungsten bronzes, hexagonal, tantalum substitution in, 1253 
Tungsten monophosphide, vaporization behavior and P2 decom

position pressure, 768
Tyrosine, mechanism of fluoroescence quenching, 391

Ultracentrifugal stability, of emulsions, effect of varying centrif
ugal field and interfacial area on, 3477 

Ultracentrifugation, equilibrium, and light scattering of sodium 
lauryl sulfate and dodecyltrimethylammonium bromide solu
tions, 81; equilibrium, determination of activity coefficients 
in three-component solutions, 2321 

Ultrafiltration, of nonionic detergent solutions, 3612 
Uranium, extraction of U(VI) by trilaurylamine nitrate, 3120; 

heats of formation of U(VI) compounds, 3353; mass spectrom- 
etry-Knudsen cell studies of vaporization of uranium di
carbide, 3802

Urea, effect on water structure, 2002 
Urethane elastomers, chemorheology of, 784

Vanadium, -iron alloys, thermodynamic properties of, 64; 
kinetics for V(II)-V(IV) reaction, 228; kinetics for V(III)- 
V(V) reaction, 612; free energy of formation of vanadium 
carbide, 860; kinetics of reduction of Np(YI) by V(III), 1190; 
-hydrogen system, X-ray diffraction study, 2197 

van der Waals radii, intermolecular, for nonmetallic elements, 
441

Vapor nucléation, Frenkel approximation in thermodynamic 
theory of surfaces, 3072

Vapor pressure, reduced, for alkali metals, from corresponding 
states theory, 534; of SiCl4 and GeCl4, 960; of solid MgF2, 
965; partial, for benzyl chloride, variation with concentration, 
1285; of Mn gas in equilibrium with Mn-Fe-Ni solid solu
tions, 1345; derivation of equations for, 1399; of liquid thallous 
chloride, 1528; of palladium, 2899; of polynuclear aromatic 
hydrocarbons, 3794

Vaporization, nonstoichiometric, of cadmium arsenide, 606; 
of tungsten monophosphide, 768; of thorium dicarbide, 1516; 
of molybdenum monophosphide, 2514; reactions in copper 
chloride chlorine system, 3229; of uranium dicarbide, mass 
spectrometry-Knudsen cell studies, 3802; of liquid thallous 
bromide, thermodynamics of, 3835 

Vaporization behavior, of boron carbide solid solutions, 983 
Vaporization energy, and density relations in nonpolar liquids, 

3900
Vinyl chloride, reaction of Hg 6( 3Pi) atoms with, 2170 
Vinyl compounds, effects of linear energy transfer in radiation- 

induced polymerization of, 310
Vinyl fluoride, production in photolysis of 1,3-difluoroaeetonë, 

1786
Vinyl metallics, long-range metal-proton coupling constants in, 

1240Virial coefficient, second, calculation of from sedimentation 
equilibrium data, 1798; second, of CS2, 2029 

Viscoelastic behavior, of amorphous polymers, molecular theory 
for, 1970
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Viscoelastic properties, dynamic, of dilute polyisobutylene solu
tions, 867; of dilute polystyrene solutions, 1072; effects of 
cross-link spacing in natural rubber, 3414; of plasticized 
gelatin films, 3880

Viscoelasticity, interfacial, of poly-m,-alanine and bovine serum 
albumin monolayers, 2826 

Viscoelectric effect, in colloidal solutions, 3600 
Viscosity, of branched polymers produced by high-energy ir

radiation, 323; relative, for amino acids, lactamide, and 
raffinose, 398; of fused salts in fritted disks, 1266; vapor, 
correlation with interatomic potential energy functions for llg, 
Cd, and Zn, 1,166; steady-flow and dynamic, for polyethylene 
melts, 1598; of polymer-diluent system, 1750; intrinsic, of 
nonionic and anionic surfactant micelles, 1870; relation be
tween dielectric relaxation, molecular size, and 2704; of 
metallic mercury (and its saturated vapor) over entire liquid 
range, 3419; surface, determination of film drainage transition 
temperatures, 3511

Volatilization, of tungsten in presence of water vapor, 1852 
Volmer reaction, voltammetric study, dependence of exchange 

current density on hydrogen coverage, 2249; temperature 
dependence and heat of activation, 2254 

Volume of activation, in alkylation of ambident, anions, 3814 
Voltammetry, Volmer reaction, dependence of exchange current 

density on hydrogen coverage, 2249; Volmer reaction, tempera
ture dependence and heat of activation, 2254 

Volume, van der Waals, and radii, 441

Water, application of significant structure theory to, 221; re
sistivity of, 515; surface area of powdered solids pre-equili- 
brated with, 1029; y-irradiation of, effect, of pH and solute 
concentration of yields in, 1242; n.m.r. relaxation times, 1621 ; 
chemical binding in water molecule, 1628; solubility of NaOH 
in NaOH-NasCOr-HîO system, 1706; -pyridazine, hydrogen 
bonding of, and n —► *•* blue shift, 1999; effect of urea and 
amides on water structure, 2002; radiolvsis and photolysis at 
high radiation intensities, 2414; isothermal diffusion on 
water-sucrose-KCl system, 2464; substituent effects on

acidities in, 2645; phase transformations in porous glass, 2754; 
deuterium exchange between water and benzene, irradiation 
effects, 3064; tritium /3-radiation-induced isotopic exchange 
with water vapor, 3115; adsorption on molybdenum disul
fide containing surface contaminants, 3399; interaction with 
lecithin micelles in benzene, 3448; penetration of, and aqueous 
soap solutions into fatty substances containing polar groups, 
3470; influence on surface pressure, surface potential, and 
area of soap monolayers of lithium, sodium, potassium, and 
calcium, 3529; diffusion coefficients for water-sucrose-glycine 
system, 3874

Water vapor, adsorption onto Agi, 773
Wüstite, stability of, from e.m.f. measurements, 2912

Xanthate, decomposition in acid solution, 2031 
X-Ray, study of hydrogen-silver -palladium electrodes, 2154 
X-Ray diffraction, vanadium-hydrogen system, 2197 
X-Ray scattering, absolute small-angle, to determine micellar 

solution structures of amphiphiles in pure water, 3504 
Xvlene, isomerization over silica-alumina catalyst, kinetic study, 

'3268

Zeolites, near-faujasitp, residual OH groups on, 1385; synthetic, 
ion exchange in alcohols, 2575 

Zeolite systems, with salts of group I and II metals, 094 
Zinc, enthalpy of formation of ZnF2, 617 ; decomposition pressure 

of TcZue, 1257; partition of solutes between liquid lead and 
zinc, 1944

Zinc oxalate, pyrolysis of, 457 ; carbon isotope effects in py
rolytic decomposition of, 1275

Zinc oxide, sublimation and thermodynamic properties of, 2335 
Zirconium, kinetics for reactions of fluorine with ZrC and ZrB», 

290; torsion effusion study of reaction of graphite with oxides 
of, 2346; heat of formation of ZrBr>. 3040; heat of formation 
of Zr()2, '3040

Zone dispersion, general combination law for Ci terms in gas 
chr< nnatography, 184
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