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THE FAILURE OF DISPERSION ENERGY CALCULATIONS TO REPRODUCE 
HEATS OF ADSORPTION ON GRAPHITIC CARBON

By D onald Graham'
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Inc., Wilmington, Delaware 
Received March 7, 1960

Isosteric heats of adsorption of nitrogen on diamond, amorphous carbon, and thermally graphitized P-33 differ but little 
at the coverage approaching completion of the first monolayer. The effect of the much greater density of diamond is thus 
balanced by a correspondingly greater contribution (per atom) from the electrons of the graphitic carbons. Calculated 
dispersion energies fail to reproduce this result, indicating the possible importance of other forms of electronic interaction.

Introduction
Heats of physical adsorption are calculated with 

some success as sums of dispersion energies of in
teraction between the units involved. The formal 
treatment of dispersion interaction between an 
adsorbed molecule and the adsorbent involves three 
factors.

(1) The dispersion constant, a measure of the 
energy of interaction between an adsorbent atom 
and an adsorbed molecule at the equilibrium dis
tance or the depth of the potential well. The cur
rently favored approximation for the dispersion 
constant is that of Kirkwood and Muller,1 in which

c — 6 me* il Ol _j_ «2 
\Xl ' X2

m represents the mass of the electron, c the speed of 
light and the a ’s and x ’s, respectively, the polariz
abilities and diamagnetic susceptibilities of the 
interacting units.

(2) A force law relating energy of interaction 
with distance of separation between any two inter
acting units. For dispersion energies, the Lennard- 
Jones (6-12) potential is commonly employed, as
suming a decay of attraction with the 6th power of 
the separation distance and decay of repulsion with 
the 12th power of the separation distance.

(3) A summation of the interactions of the ad
sorbed molecule with all of the atoms of the solid. 
To a first approximation, this is proportional to the 
number of atoms per unit volume of the solid or to

(1) A. Muller, Proc. Roy. Soc. {London), A154, 624 (1936).

its density. (This summation does not include the 
lateral interaction between adsorbed molecules.)

This treatment, particularly the approximation 
for the dispersion constant assumes an isotropic 
non-polar, non-conducting solid adsorbent and 
spherical adsorbate molecules having no permanent 
dipole moment.

Although graphite is an anisotropic semiconduc
tor, such a treatment of the adsorption of argon on 
Graphon (a graphitized carbon black) gave results 
in good agreement with experiment.2 Fair suc
cess also was reported in the application of this theory 
to the adsorption of krypton on graphitized carbon 
black and, surprisingly, also on copper and iron.3

Investigators have realized for some time, how
ever, that although treatment of graphitized carbon 
as a non-conducting adsorbent may give reasonable 
calculated heat values, a correct approach must 
include recognition of its electronic properties. 
An early consideration of this question, in relation 
to the heats of adsorption of nitrogen and argon on 
graphite, gave somewhat low values when covalent 
bonding (diamond structure) was assumed and 
quite high values when the model was an isotropic 
metal.4

The results of a more recent study have indicated 
that heats of adsorption on carbon can be explained 
in large part as an interaction between an electric 
field outside the carbon surface (caused by protrud-

(2) E. L. Pace, J. Chem. Phys., 27, No. 6, 1341 (1957).
(3) R. A. Pierotfci and G. D. Halsey, Jr., T h is J o u r n a l , 63, 680 

(1959).
(4) R. M. Barrer, Proc. Roy. Soc. {London), 161A, 476 (1937).
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P (A T  77 6 *1 0 .
.001 .01 .1 1.0 K )

Fig. 1.— Adsorption of nitrogen on diamond at 90.4 and 
77.6 °K.

P (AT 77.6*K ).

Fig. 2.— Adsorption of nitrogen on amorphous carbon at 90.4 
and 77.6°K.

mg conduction electrons) with a dipole induced by 
that field in an adsorbate molecule.5 6

Disregard of the structural anisotropy of gra
phitic carbon adsorbents finds some support in the 
repeatedly observed high degree of energetic surface 
uniformity of certain graphitized carbon blacks.6 7 
However any success in ascribing heats of adsorp
tion on graphitic carbon to dispersion energies 
alone may have involved the possible wide latitude 
in selection of values for the variables which make 
up the dispersion constant or the parameters of the 
force law. It is therefore useful to compare meas
ured heats of adsorption of a non-polar gas on car
bon adsorbents of different crystal structure with 
those predicted from dispersion energy calculations 
using the most self-consistent values available. 
This has been done using, as adsorbents, diamond, 
an amorphous carbon, and a thermally graphitized 
carbon black (P-33).

Experimental
Materials.— Diamond dust was obtained from Kay and 

Warren Co. (33 Box Street, Brooklyn 22, N. Y .) as gem 
grade, No. 1 size (largest dimension <2 n). It was extracted 
with aqueous hydrofluoric acid followed by aqueous hydro

(5) J. H. de Boer and S. Kruyer, Trans. Faraday Soc., 54, 540 
(1958).

(6 ) M . H . Polley, W. D . Schaeffer and W. R . Smith, T h is  J o u r n a l , 
57, 469 (1953).

(7) D. Graham, ibid., 61, 1310 (19571.

chloric acid and distilled water. It then was dried, heated 
under vacuum at 150° and purged repeatedly with nitrogen.

The amorphous carbon was prepared by the reaction of 
hexachlorobenzene with sodium amalgam.8 The product, 
after extraction, steaming, and finally sweeping with nitro
gen at a temperature above 500°, contained less than 0.5%  
chlorine. It showed no graphite lines in the X-ray powder 
pattern but was jet black in color, indicating a high degree of 
conjugation and, to this extent, may be considered graphitic.

The sample of P-33 carbon black (heat treated at 2700°) 
was obtained from Mr. W. D . Schaeffer, then of the Re
search and Development Department of Godfrey L. Cabot, 
Inc.

The nitrogen was obtained from the Linde Air Products 
Co. as 99.99% high-purity dry nitrogen. The oxygen used 
in the gas thermometer (for measurements at 90.4°K .) was 
Linde’s spectroscopic grade.

The equipment and methods used in obtaining the adsorp
tion isotherms have been described in an earlier paper.7 
Liquid nitrogen and liquid oxygen baths were employed to 
maintain adsorbent temperatures of 77.6 ±  0.1 °K . and 90.4 
±  0.1°K ., respectively. Isosteric heats were calculated by 
conventional application of the Clausius-Clapeyron equa
tion to the isotherms.

Results
The adsorption isotherms are plotted in Figs. 1, 

2 and 3 with logarithmic pressure scales to show 
the low coverage values more clearly. The isosteric 
heats of adsorption as functions of coverage are 
shown in Fig. 4.

The adsorption data from the diamond sample 
failed to give a satisfactory BET plot but the cover
age representing the first monolayer was quite 
clearly defined by the characteristic sharp drop in 
the heat curve. A second diamond sample of 
larger particle size was studied with similar results. 
A very high degree of heterogeneity may be re
sponsible for this behavior.

The adsorption data from the amorphous carbon 
sample, like that from diamond, showed a very high 
degree of heterogeneity and gave curved BET lines. 
Again it was necessary to determine the content of 
the first monolayer from the heat curve. This point 
is less well defined than in the case of diamond, 
possibly due to condensation in small capillaries.

The P-33 data are an extension of those pre
viously reported.7

Discussion
Measurement of the effects of differences in crys

tal structure upon the net energy with which car
bon holds an adsorbed nitrogen molecule requires 
comparison of the isosteric heats at a coverage 
favorable to separation of that part of the heat of 
adsorption due to lateral adsorbate interaction. 
The extensive heterogeneity of the diamond and 
amorphous carbon samples precludes comparison 
at low coverage because the minority strong sites 
are occupied first. The coverage selected is there
fore that just preceding the sharp drop in heat due 
to approaching completion of the first monolayer 
and onset of appreciable second layer deposition 
(i9 ~  0.85). Since the isosteric heat is a differen
tial quantity and since the minority strong sites 
have been occupied below this coverage, there is 
little residual effect of heterogeneity. It may also 
be assumed that the contribution of lateral inter
action has reached its maximum at 6 ~  0.85 and is 
approximately the same for the three systems. Its

(8) J. Gibson, M. Holohan and H. L. Riley, J. Chem. Soc., 456 
(1946).
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value is obtained from the heat-coverage plot for 
nitrogen on P-33 as the difference between the heat 
at coverage near zero and that at the maximum 
(6 ~  0.85). The very few strong sites in the sur
face of this particular adsorbent influence only a 
minute first portion of the curve and the resulting 
rise near zero coverage (Fig. 7, ref. 7) is not shown 
here. The contribution of lateral interaction at 
d ~  0.85 is thus approximately 400 cal./mole. Its 
subtraction from the isosteric heats at 9 ~  0.85 
leaves the net heat of interaction between the car
bon and the adsorbed nitrogen as shown in Table I.

T a b l e  I
H e a t s  o f  A d so r p tio n  ( in  c a l . / m o l e ) o f  N it r o g e n  on 
C a r b o n  A d so r b e n t s  o f  D if f e r e n t  C r y s t a l  Str u c t u r e

—Adsorbent---- ---------------N
Amor- Graphi-
phous tized

Diamond carbon P-33
Isosteric heat of adsorp

tion -29 60 -29 20 -2820
Heat of lateral interac

tion -  400 -  400 -  400
Net heat of adsorbent- 

adsorbate interaction -25 60 -2 5 2 0 -24 20
Ratio of net heat to that 

on diamond 1.00 0.98 0.95

These net heats are, like the isosteric heats, 
closely similar although the adsorbents vary widely 
in density (Table III). The greater density of 
diamond is balanced by correspondingly greater 
contributions from each atom of the lighter gra
phitic carbons which means that the energy with 
which an atom in an adsorbent attracts an adsorbed 
molecule varies markedly with the nature of its 
bonds to other atoms within the solid. The next 
step is to determine the extent to which these com
pensations are reflected in the results of dispersion 
energy calculations.

The physical constants employed in calculation of 
the dispersion constants are listed (with source ref
erences) in Table II.

T a b l e  II
D a t a  f o r  D isp e r sio n  C o n st a n t s  R e p r e se n t in g  I n t e r a c 

tio n  o f  N it r o g e n  w it h  C a r b o n  A d so r b e n t s

Substance
Nitrogen
Diamond
Amorphous

carbon
Graphitized

P-33

Diamagnetic susceptibility
(emu./molecule or atom) Polarizability, cm.*

Value Ref. Value Ref.
-  2 .0  X  IO" 29 9 1.76 X 10“ 24 12
-  0.90 X 10- 29 10 0.93 X  10“24 13

-  1.00 X 10~29 11 1.07 X 10“ 24 14

-1 3 .5  X 10 29 11 1.07 X  10“ 24 14

The diamagnetic susceptibility and polariz
ability values for nitrogen and for diamond differ

(9) E. C. Stoner, “ Magnetism,”  Methuen and Co., Ltd., London, 
1948, p. 36.

(10) A. Sigamony, Proc. Indian Acad. Sci., 19A, 310 (1944).
(11) H. T. Pinnick, Phys. Rev., 94, 319 (1954).
(12) J. O. Hirschfelder, C. F. Curtis and R. B. Bird, “ Molecular 

Theory of Gases and Liquids,”  John Wiley and Sons, Inc., New York, 
N. Y., 1954, p. 950.

(13) J. A. Ketelaar, “ Chemical Constitution,”  Elsevier Pub. Co., 
New York, N. Y., 1953, p. 90.

(14) Landolt-Bômstein, “ Zahlenwerte und Funktionen,” Springer, 
195J. 6 Aufl. Bd. 1/3, p. 513.

P (A T  7 7 .6 °K ) .
.01 . 1 1.0 10 IOO3-si 1 ..........  .............  • ' ........  ■ • ■ ,; ,“i

PRESSURE IN MILLIMETERS Hg (A T  9 0 .4 ° K )

Fig. 3.— Adsorption of nitrogen on P-33 at 90.4 and 77.6°K.

Fig. 4.— Isosteric heats of adsorption for nitrogen on dia
mond, amorphous carbon and P-33.

but little from those employed by earlier investiga
tors. Since the effects of anisotropy upon the dia
magnetic susceptibility of graphite are reduced 
with crystallite size,11'16 the value for amorphous 
carbon differs but little from that of diamond. 
The value selected for the polarizability of amor
phous carbon and of graphite is that given by Lan- 
dolt-Bomstein for aromatic carbon. It is only 
about 15% greater than that of diamond. The 
greatest variation from earlier usage is in the dia
magnetic susceptibility of graphitized P-33. For
tunately, there are considerable data indicating the 
approximate level and one measurement on a simi
larly graphitized sample of P-33.

For interpreting these results, the diamond- 
nitrogen system is the selected standard of reference 
because its physical constants are best known and 
because, being isotropic, covalently bonded and 
non-conducting, it most nearly fulfills the require
ments for pure dispersion interaction. Since we 
are interested only in the ratios of the adsorption 
energies of the other systems to this standard, and 
since the assumption of dispersion energies implies 
a common force law, we may assume that the dis
persion energies are, to a first approximation, pro
portional to the product of the adsorbent density 
times the dispersion constant. These values are

(15) N. Gangul:, Phil. Mag., 21, 355 (1936).
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given in Table III in comparison with the corre
sponding measured net heat ratios.

T a b l e  I I I
A C o m pa riso n  o f  C a lc u l a te d  D isp e r sio n  E n e r g ie s  w it h  

M e a su r e d  N e t  H e a t s  o f  I n t e r a c t io n
-Adsorbent------------ --------
Amorphous Graphitized

Diamond carbon P-33
Density (D )
Dispersion constant (C)

3.5 1.9 2.2

X 10“ -4 .2 2 -4 .7 4 -9 .6 2
CD Product (X  1059) -1 4 .7 - 9 . 0 - 21.1
^ . CD 
Ratio —

(sD (Diamond)
1.00 0.61 1.44

(Net heat of
_  . intern.) 
Ratio

(Net heat of
1.00 0.98 0.95

intern. )D ia m o n d

The ratios compared in Table III indicate failure 
of the dispersion energy calculation to reproduce 
measured net heats of adsorption. It may be sig
nificant, in relation to the results of earlier calcula
tions, that an average of the calculated values from 
amorphous carbon and from graphitized P-33 would 
be an acceptable result. It is possible that this 
failure lies in one or more of the values selected for 
the variables making up the dispersion constants. 
It seems more probable, however, that interaction 
energies, other than those of dispersion, may arise 
from the peculiar electronic properties of graphitic 
carbon. For example, nuclear magnetic resonance 
measurements have demonstrated an interaction of 
unpaired electrons in the surfaces of graphitic car
bon with adsorbed molecules.16

In the three systems considered here, the effects 
of variation in adsorbent density (up to a factor of 
almost 2) are compensated by some combination of 
electronic effects to the extent that the over-all 
variation in adsorption energy is small. This con
clusion makes it easier to accept the observed (and 
repeatedly confirmed) high energetic uniformity of 
the adsorbent surfaces of certain graphitic carbon 
blacks which may involve an analogous electronic 
compensation for the effects of structural anisotropy.

Finally, the results of this study emphasize the 
importance of differences in electronic properties of 
solid adsorbents in general and the necessity for 
their consideration in any realistic theoretical 
treatment.

DISCUSSION
R. A. P a s t e r n a k  (Stanford Research Institute).— To 

what extent could the carbon surfaces have been covered 
by contamination such as chlorine or oxygen?

D o n ald  G r a h a m .— The surfaces of all of the carbon 
samples studied were essentially clean. The least pure

(16) D. Graham and W. D. Phillips, Proc. Second Internatl. Congr 
Surface Activity, 2, 22 (1957).

was the amorphous carbon, which contained less than 0.5% 
chlorine. Since the value of Vm (content of the first mono- 
layer) for nitrogen on this sample was 198 ml./g., only a 
very small fraction of the total surface could have been 
covered by chlorine, even if all of it was on the surface.

P h il ip  L. W a l k e r , J r . (Pennsylvania State University). 
— Why is the diamond surface so heterogeneous? Is it 
possible that the carbon arrangement at the surface is not 
that of diamond?

D o n ald  G r a h a m .— Electron micrographs show the dia
mond particles to be rough and irregular with little evidence 
of clean fracture along normal cleavage planes. Also, since 
diamonds are valence crystals, bonds are broken at cleavage 
leaving free valences which are probably quickly satisfied 
by random interaction with each other. The bonds be
tween the surface atoms are therefore no longer tetrahedral 
and possibly not even symmetrically distributed. Care 
was taken to avoid temperatures, in conditioning the sam
ple, which might permit surface graphitization. Although 
it seems improbable that the distortion of bonds between 
the diamond surface atoms would materially alter the 
energy of interaction between the particle and an adsorbed 
molecule, the observed surface roughness may, at least in 
part, explain the observed heterogeneity.

G e o rg e  R. L e st e r  (Universal Oil Products).— What is 
the nature of the BET plot for nitrogen on the amorphous 
carbon? Did the form of the equation for low values of 
n yield a better plot?

D o n ald  G r a h a m .— The normal BET plot was not linear 
but a better line was obtained by use of lower coverage data 
as suggested by Maclver and Emmett (J . Phys. Chem., 
60, 824 (1956)). This gave a Fm of 217 ml./g. compared 
with the 198 ml./g. indicated by the heat curve.

G e o r g e  R. L e s t e r .— Is it proper to consider the disper
sion constant-density product as representing interaction 
energy for such high area materials as the amorphous car
bon, especially in view of the suggested cage-like structure 
proposed by Gibson, et al. I realize the product is only 
relative, but question the comparison of these products for 
materials so different in area as amorphous carbon and 
diamond dust or P-33.

D o n ald  G r a h a m .— The dispersion constant-density 
product is, of course, only proportional as a first approx
imation to interaction energy and does indeed suffer from 
the extreme porosity of amorphous carbon. The effects 
of wall thinness and pore condensation oppose each other 
with the resulting over-all error probably tending to make 
the calculated value high. The observed discrepancy, 
however, is quite large and in the opposite direction, so 
any improvement in the approximation would be expected 
to show the dispersion energy calculation to be still less 
satisfactory.

D. J. C. Y a t e s  (Columbia University).— Would you care 
to comment on the rather surprising similarity of the heat 
curves for diamond and amorphous carbon? It might seem 
that the heat curves are rather insensitive to changes in 
the crystallographic nature of carbon.

D o n ald  G r a h a m .— The similarity of the heat curves 
for the adsorption of nitrogen on diamond dust and on 
amorphous carbon is particularly significant because of the 
roughly two-fold difference between their densities. The 
effect of difference in crystal structure, or more, explicitly, 
electronic character, is thus opposite and approximately 
equal to the effect of the difference in density.

The heterogeneity of the amorphous carbon surface 
was expected. That of the diamond dust was consistent 
with the surface roughness indicated by electron micros
copy.
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The sorption of hydrogen on selected types of nuclear and spectroscopic graphite has been studied. On nuclear graphite, 
the desorption of hydrogen over the temperature range 1035 to 1375° follows the Elovich equation. The activation energy 
of desorption over the coverage range (6), 0.32 to 0.68, can be approximated as E' — 137 — 42(B) kcal./mole. On the basis 
of limited results, it is found that the adsorption of hydrogen at 1335° on nuclear graphite can also be expressed by the 
Elovich equation. Isotherms for sorption of hydrogen on both nuclear and spectroscopic graphites over the temperature 
range 920 to 1495° are of the Temkin-type. However, at temperatures of 1085° and above, the isotherms consist of two 
straight-line regions of markedly different slopes. From the isotherms at 1335 and 1495° for the nuclear graphite, the 
heat of adsorption over the coverage range, 0.50 to 0.80, can be approximated as Q — 58 — 56(0) kcal./mole. It is concluded 
that the adsorption of hydrogen occurs on carbon atoms at, the edge of crystallites and that significant intracrystalline 
sorption does not occur.

Introduction
Artificial graphite of use in graphite-moderated 

nuclear reactors, as anodes for mercury vapor rec
tifiers, and crucibles for vacuum fusion work should 
contain little gas. Otherwise, when the graphite is 
heated to operating temperatures, the gas desorbs 
from the graphite resulting in adverse effects. For 
example, in the graphite-moderated nuclear reac
tor, hydrogen and carbon monoxide released from 
the graphite can interact with the fuel cladding ma
terial (usually zirconium or stainless steel) result
ing in hardening and embrittlement of the metal. 
Released carbon monoxide can disproportionate on 
the cooler metal heat exchanger surfaces depositing 
carbon,3 4 5 6 7 8 resulting in an adverse effect on the heat 
transfer and flow properties of the system.

A number of workers4-8 have determined the 
amount and analysis of gases which are desorbed 
from graphite and amorphous carbons upon heating 
in vacuo. In general, they report that hydrogen 
and carbon monoxide are the major constituents of 
the released gas (especially at the higher tempera
tures), with significant amounts of carbon dioxide 
and water vapor released at the lower temperatures. 
In some cases, hydrocarbons also are released.

Little definitive work is available on the rates of 
sorption (adsorption and/or desorption) of gases 
from graphite. Eltzin and Jewlew9 conclude from 
rate measurements that the evolution of gas from 
graphite consists of two first-order processes—de
sorption from the external surface and diffusion 
from the interior of the graphite structure to the 
surface. Barrer,10 whose work will be discussed

(1) Based on a Ph.D. thesis submitted by J. P. Redmond to the 
Graduate School of The Pennsylvania State University, June, 1959.

(2) This paper presents the results of one phase of research carried 
out under Contract No. AT(30-1)-1710, sponsored by the Atomic 
Energy Commission.

(3) P. L. Walker, Jr., J. F. Rakszawski and G. R. Imperial, T his 
J o u r n a l , 63, 133 (1959).

(4) P. Lebeau and M. Picon, Corrupt, rend., 179, 264 (1924).
(5) E. J. Norton and A. L. Marshall, Trans. Am. Inst. Mining Met. 

Engrs., 156, 351 (1944).
(6) R. L. Carter and R. R. Eggleston, Proceedings of the First and 

Second Carbon Conference, U. of Buffalo, N. Y., pp. 149-153, 1956.
(7) R. B. Anderson and P. H. Emmett, T h is J o u r n a l , 51, 1308 

(1947).
(8) R. B. Anderson and P. H. Emmett, ibid., 56, 753 (1952).
(9) I. A. Eltzin and A. P. Jewlew, Physik. Z.  Sowjetunion, 5, 687 

(1934).
(10) R, M. Barrer, J.  Chem, Soc., 1256 (1936).

later, studied the rate of hydrogen adsorption on 
graphite and diamond.

In recent years, many workers have found the 
equation

to be applicable to their adsorption data for a wide 
variety of systems, where dg/df is the rate of ad
sorption and a and <f> are constants. Equation 1, 
which is now commonly called either the Elovich or 
Roginsky-Zeldovich equation can be derived theo
retically on the basis of a Unear increase in activa
tion energy of adsorption with increase in surface 
coverage.11 As will be seen, equation 1 will be ap
plicable in the present studies.

In the present studies, the rate of hydrogen ad
sorption and desorption from graphite has been 
investigated. Also adsorption isotherms for hy
drogen on graphite have been obtained. Hydro
gen has been chosen for the initial study since it is 
the major constituent released from nuclear and 
spectroscopic graphites at elevated temperatures. 
Additional work is in progress studying the sorption 
of carbon monoxide and mixtures of hydrogen and 
carbon monoxide on graphite.

Experimental
Apparatus.— The graphite samples used in this study 

were cylindrically shaped, 1 in. long by 1/2 in. in diameter. 
A 0.035 in. diameter hole, 3 /8  in. deep, was drilled into 
one end of each sample. The sample was supported by a 
tungsten wire (0.028 in. in diameter and 2.5 in. long) which 
was inserted into the hole in the graphite sample and in 
turn cemented to a 7 /8  in. diameter mullite base. The 
base supporting the sample sat in the bottom of a 1 in. 
diameter quartz tube which served as the sorption chamber. 
A quartz window was sealed to the bottom of the quartz 
tube and a standard taper connected to the top. A Pyrex 
section containing a mating standard taper and an optical 
window connected the quartz tube to the pumping and 
measuring system.

The pumping system consisted of a liquid nitrogen cold 
trap and a two stage Van Hespen mercury diffusion pump. 
The evolved gases were removed continually from the de
sorption chamber during a run, with the pump capable of 
operating against a back pressure of ca. 10 mm. The 
evolved gases not condensed in the liquid nitrogen trap 
(including all of the hydrogen) were pumped into a reservoir 
consisting of two 2 liter bulbs and 1.22 liters of connecting 
tubing. At intervals, a small fraction of the accumulated 
gas was bled through a Knudsen leak into a mass spectrom-

(11) B. M. W. Trapnell, “ Chemisorption,”  Butterworth Scientific 
Publications, London, 1955, pp. 103-106.
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Fig. 1.— Hate of hydrogen desorption from virgin nuclear 
graphite (TSP) at different temperatures.

FIGURE 2

Fig. 2.— Elovich plots for hydrogen desorption from virgin 
nuclear graplute (TSP) at different temperatures.

eter to determine the hydrogen pressure. With the leak 
used, the maximum pressure which could be measured by 
the mass spectrometer was ca. 200 ¡i.

Power to heat the graphite sample was supplied by a 
5 Kw. high-frequency induction generator. A “ radia- 
matic”  pyrometer located above the optical window in the 
sorption chamber sighted on the graphite sample, with its 
signal being fed into a recorder-controller. The output 
from the controller was fed in turn to a saturable reactor 
which gave a two-position control action for the induction 
generator. This regulation system controlled the tempera
ture to ± 10°.

The “ radiamatic”  pyrometer did not indicate the “ true”  
temperature of the graphite sample because the target 
was too small to be focused properly on the thermopile. 
Therefore, this temperature was read by a disappearing 
filament optical pyrometer. In turn, this temperature was 
corrected for the emissivity of the graphite and absorptivity 
of the optical window to yield the true temperature.

Procedure for Measuring the Rate of Desorption of 
Hydrogen from Graphite.— After placing the graphite sample 
in the sorption chamber, the apparatus was outgassed at 
room temperature for at least 12 hours. A run was initiated 
when the induction generator was turned on and the graphite 
heated to a predetermined temperature. At regular 
intervals, a sample of the accumulated gas was bled into 
the mass spectrometer for hydrogen analysis. The lag 
time between the release of the hydrogen from the graphite 
sample and the recording of desorbed hydrogen by the 
mass spectrometer was ca. 10 seconds.

Procedure for Measuring the Rate of Adsorption of 
Hydrogen on Graphite.— The graphite was cleaned by de
gassing it at 2000° for about 30 minutes, prior to cooling 
the sample to room temperature under vacuum. A known 
pressure of prepurified hydrogen (less than 200 a) was ad
mitted to the system at room temperature and the graphite 
sample rapidly heated to the adsorption temperature. The 
decrease in pressure of hydrogen with time was followed by 
introducing some gas into the mass spectrometer at known 
time intervals. A correction for the decrease in pressure 
caused by loss of hydrogen to the mass spectrometer was

made. With a reservoir volume of 5.2 liters, there was not 
a large pressure change during a typical run. At the con
clusion of a run, the sample was cooled quickly to room tem
perature (by turning off the induction power supply) and 
the hydrogen remaining in the gas phase was evacuated. 
The sample was then reheated to 2000°, the quantity of 
desorbed hydrogen measured and compared with the 
amount calculated to have been adsorbed. The agree
ment, for the run reported, wTas within 5% .

Procedure for Measuring Adsorption Isotherms.—  
The graphite was cleaned by degassing at 2000°, prior to 
cooling to room temperature. A known pressure of hy
drogen was admitted, the sample heated quickly to a pre
determined temperature, and the sample held at this 
temperature for at least one hour. The sample was quickly 
cooled to room temperature and the hydrogen remaining in 
the gas phase removed. The sample was again heated to 
2000° and the amount of hydrogen desorbed determined. 
Isotherms were obtained by repeating this procedure for 
various pressures of hydrogen at a constant temperature.

Description of Graphites Used.— One grade of nuclear 
graphite (TSP) and one grade of spectroscopic graphite 
(AGKSP) manufactured by the National Carbon Company 
were used in this study. The raw materials used for the 
production of the graphites were petroleum coke and coal 
tar pitch. A detailed description of the manufacture and 
general properties of these graphites can be found else
where.12-14 Table I lists some selected properties for the 
graphites.

T a b l e  I
Se le c te d  P r o p e r t ie s  o f  t h e  G r a p h it e s

•Graphite-
Property TSP AGKSP

BET surface area, m.2/g . 0.30 0.40
Apparent density, g./cc. 1.70 1.56
True density, g./cc. 2.26 2.26
Porosity, % 25.2 31.2
Total ash content, % 0.004 < 0.001

Results
Rate of Desorption of Hydrogen from Graphite.—

Figure 1 shows typical curves for hydrogen evolu
tion from a nuclear graphite (TSP) at a series of 
temperatures. A new sample of graphite was used 
for each temperature run. Figure 2 shows linear 
plots for these data, when the volume of hydrogen 
evolved is plotted against the log of time (called 
Elovich plots).

If the energy of activation for desorption, E', de
creases linearly with increasing surface coverage (6)

E' =  E0' -  /3e (2)

and 6 is not close to zero, Trapnell11 shows that
R T . RT

- W m  t (3)

where b is a constant. Since 6 =  1 — q/vm, where 
q is the volume of hydrogen desorbed at time t and 
I’m is the total amount of hydrogen desorbed, equa
tion 3 can be expressed as

RTvm . RTvm . RT
(4)

where RTvm/j3, RT/fib and vm are constants at con
stant temperature (T) for a given graphite. Thus, 
plots of q vs. In t will be linear, as is found in Fig. 2.

(12) H. W. Abbott, “ Encyclopedia of Chemical Technology,”  Vol. 3, 
The Interscience Encyclopedia, Inc., New York, N. Y., 1949, pp. 1-23.

(13) L. M. Currie, V. C. Hamister and H. G. MacPherson, “ The 
Production and Properties of Graphite for- Reactors,”  International 
Conference on the Peaceful Uses of Atomic Energy, 1955.

(14) P. L. Walker, Jr., and Emile Raats, T h is J o u r n a l , 60, 364 
(1956).
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In these desorption studies, vm was taken as 
the total amount of hydrogen evolved when the 
graphite was heated to a maximum temperature of 
2000°, under experimental conditions previously de
scribed. For the TSP samples on which degassing 
rates were determined at temperatures of 1035, 
1150, 1265 and 1375° (Fig. 1), vm values were
0.071, 0.075, 0.076 and 0.069 ce./g. (S.T.P.), re
spectively.

It is possible to determine the activation energy 
for desorption from data on the rate of desorption at 
various temperatures at constant 6. In order to 
obtain these data, it was necessary to extrapolate, in 
some cases, q vs. In t plots to overlapping regions of 
6. Figure 3 presents Arrhenius plots for the desorp
tion of hydrogen from TSP graphite (data shown in 
Fig. 1) for various coverages. From Fig. 3, the 
activation energy is calculated to vary from 108 ±  
3 kcal./mole at 6 =  0.68 to 124 ±  3 kcal./mole at 
9 =  0.32.

In Fig. 4, the variation in activation energy for 
desorption with coverage is shown for the TSP 
graphite. The linear decrease in activation energy 
over the limited range of coverage studied can be 
expressed by the equation E' =  137 — 42(6) kcal./ 
mole.

Values of /3 also can be calculated by two addi
tional methods. For each adsorption temperature 
in Fig. 3, the different rates for different coverages 
can be attributed to a variation in e~E'/RT with 
coverage. Thus, AE' can be calculated for a 
change in coverage. From values of AE' calcu
lated at each desorption temperature studied, as 
coverage goes from 0.68 to 0.32, /3 is found to equal
37.5 ±  0.5 kcal./mole. It is recalled, according to 
equation 4, that the slope of an Elovich plot equals 
RTvm/f3. The plots in Fig. 2 at different tempera
tures yield a value of 42.0 ±  2.3 kcal./mole for ¡3. 
Thus, the three methods of determining /3 yield val
ues in reasonable agreement.

Limited desorption studies (at 925°) were con
ducted on spectroscopic graphite (AGKSP). For 
this graphite, desorption of hydrogen was measured 
over a period of 300 minutes, in contrast to the 
shorter desorption periods studied for hydrogen re
lease from TSP graphite. The objective of the 
longer desorption run for the spectroscopic graphite 
was to put the Elovich equation to a more severe 
test. Keier and Roginsky15 studied the kinetics of 
hydrogen desorption from sugar charcoal over pe
riods of time of up to 700 minutes. Their plots of 
volume desorbed vs. log of time were not linear 
after approximately 100 minutes, but became con
vex to the abscissa for longer times. Figure 5 
shows that the evolution of hydrogen as a function 
of time for the spectroscopic graphite can be ex
pressed by the Elovich equation, at least for desorp
tion times up to 300 minutes at 925°.

To this point, the rate of hydrogen desorption 
from virgin graphite has been discussed. It is of 
interest to consider the rate of hydrogen evolution 
from graphite to which hydrogen has been added 
under controlled conditions. Results of such an 
experiment are shown in Fig. 6 for a sample of TSP 
graphite. The rate of hydrogen evolution from the

(15) N. P. Keier and S. Z. Roginsky, Zhur. fiz. Kkim., 23, 897 (1949).

Fig. 3.— Arrhenius plots for hydrogen desorption from virgin 
nuclear graphite (TSP) at different coverages.

Fig. 4.— Variation in activation energy with coverage for 
desorption of hydrogen from virgin nuclear graphite (TSP).

Fig. 5.— Elovich plot for hydrogen desorption from virgin 
spectroscopic graphite (AGKSP) at 925°.

Fig. 6.— Elovich plots for hydrogen desorption from virgin 
and hydrogen-treated nuclear graphite (TSP) at 1085°.

virgin sample was first measured at 1085°, as shown, 
prior to its being heated to 2000° to remove the 
remaining hydrogen. The sample was then ex
posed to an arbitrary hydrogen pressure of 100 mm.
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( t + t .  ) ,  m inute*.

Fig. 7.— Elovieh plot for hydrogen adsorption on nuclear 
graphite (TSP) at 1335° and 50 n pressure (to =  2 minutes).

P R E S S U R E  . mm. H9.

Fig. 8.— Temkin isotherms for the adsorption of hydrogen 
on nuclear graphite (TSP). (•  and O represent equilibra
tion times of 75 and 240 minutes, respectively.)

at 1085° for 30 minutes, followed by rapidly cool
ing the sample to room temperature and evacuating 
the remaining gaseous hydrogen. The sample was 
reheated to 1085° and the rate of hydrogen evolution 
measured. Following this run, the identical pro
cedure was again repeated on the same sample of 
graphite and another desorption run performed at 
1085°. The three runs can be expressed by the 
Elovieh equation, with the slope of the curves the 
same within experimental error. From the slope 
of the Elovieh plots for the two samples treated in 
hydrogen, /3 equals 43.3 ±  0.4 kcal./mole, in close 
agreement with the value previously found for hy
drogen released from virgin TSP graphite over a 
range of temperatures.

Rate of Adsorption of Hydrogen on Graphite.—
Only limited work was done studying the rate of 
hydrogen adsorption on graphite, since the main 
interest was desorption kinetics. If the energy of 
activation for adsorption, E , increases linearly with 
increasing surface coverage

E =  Eq -J- ad (5)

and 8 is not close to unity, Trapnell11 shows that

1 =
RTv m

a In [t -|- ¿0] RTvrn
a In ¿0 ( 6 )

where t0 =  RT/aa and a is a constant. Thus, at 
constant temperature, plots of q vs. log (i +  t0) will 
be linear. Such a plot is shown in Fig. 7 for the 
adsorption of hydrogen on TSP graphite at 1335°. 
The adjustable constant, to, has a value of 2 minutes 
for this run. It is noted that with to =  2, q -*■ 0 
when (i +  io) =  2 or i —► 0. Thus, there is no indi
cation, under these conditions, of a very rapid, mas
sive initial adsorption of hydrogen (which does 
not obey the Elovieh equation) on TSP graphite. 
Rapid, initial chemisorption of hydrogen on some 
oxide systems has been reported by Taylor and 
Thon.16

Adsorption Isotherms of Hydrogen on Graphite.
— Since E' =  E  +  Q, where Q is the heat of adsorp
tion, it follows that the variation in Q with cover
age can be given as

Q =  Qo — <rd (7)

if equations 2 and 5 hold. Trapnell17 shows that 
over the middle range of coverage, for either a uni
form or non-uniform surface

VmRT
a In A q -p VmRT

(T In p ( 8 )

where A 0 is a constant. At constant temperature, 
if equation 8 is obeyed, a plot of v vs. In p will be 
linear. Such a plot is usually called a Temkin iso
therm.17

Adsorption isotherms of hydrogen on TSP graph
ite have been determined over the temperature 
range 920 to 1495° and plotted according to equa
tion (8) as shown in Fig. 8.18 At an adsorption tem
perature of 920°, the Temkin isotherm is linear over 
the entire pressure range studied. For the higher 
adsorption temperatures, the isotherms consist of 
two straight-line regions of markedly different 
slopes. The pressure at which the slope changes 
increases with increasing temperature. Possibly, 
such breaks in the isotherms are caused by surface 
heterogeneity or the advent of substantial surface 
mobility19 ; however, no one explanation is proposed 
at this time.

Figure 9 presents a Temkin isotherm for hydro
gen adsorption on spectroscopic graphite (AGKSP) 
at 1085°. Again, the isotherm consists of two 
straightline regions of markedly different slopes. 
The change in slope occurs as close to the same ad-

(16) H. A. Taylor and N. Thon, J. Am. Chem. Soc., 74, 4169 
(1952).

(17) Ref. 11, p. 124.
(18) At a temperature of 1180°, the volume of hydrogen adsorbed 

on samples of TSP graphite varying in weight from 0.7 to 5.3 g. was 
measured. The results could be extrapolated to essentially zero vol
ume of hydrogen adsorbed at zero weight of graphite, indicating that 
hydrogen adsorption on the tungsten support-wire was negligible.

(19) A. R. Miller, Disc. Faraday Soc., 8, 68 (1950).
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sorption pressure as that found for TSP graphite at 
1085°.

From the adsorption isotherms of hydrogen on 
TSP graphite, adsorption isobars can be plotted. 
Five isobars are shown in Fig. 10, over the pressure 
range 1 to 760 mm. As originally discussed by 
Taylor,20 for an adsorption process having a sub
stantial activation energy, isobars are expected to 
go through a maximum with increasing tempera
ture. The greater the activation energy, the higher 
the temperature at which the maximum should oc
cur. From Fig. 10, it is seen also that the adsorp
tion pressure can shift the temperature at which the 
maximum occurs in the isobars.

Numerous other workers have confirmed Taylor’s 
hypothesis (regarding a maximum in the isobar for 
a chemisorption process) experimentally for diverse 
adsorption systems. Specifically, in the case of car
bon, Barrer21 found that for hydrogen adsorption on 
charcoal, the isobar (1000 mm.) went through a 
maximum at ca. 680°. Barrer’s finding the maxi
mum in the isobar at a lower temperature than that 
found in the present work is consistent with the 
lower activation energy for adsorption of hydrogen 
on charcoal,21 as will be discussed shortly.

Using the Clausius-Clapeyron equation and iso
therm data for temperatures of 1335 and 1495°, 
heats of adsorption have been calculated for differ
ent amounts of hydrogen adsorbed. The results 
are shown in Fig. 11. To obtain coverages, vm 
values of 0.066 and 0.056 cc./g. were taken at 1335 
and 1495°, respectively. The volume of hydrogen 
adsorbed was estimated to approach asymptoti
cally these vm values when volume vs. pressure plots 
were extrapolated to a pressure of ca. 1000 mm. 
Over the range of coverage studied, the change in 
heat of adsorption with coverage can be approxi
mated by Q =  58 — 56(0) kcal./mole. Since E  =  
E' — Q. it follows that over the range of coverage 
for which Q and E' are both known (that is, 0.50 <  
0 <  0.68) the activation energy for adsorption of 
hydrogen on TSP graphite is approximated by E — 
79 +  14(0) kcal./mole.

Discussion
It is of interest to consider the possibilities of 

where hydrogen chemisorption on graphite is oc
curring. In particular, is there sufficient carbon 
surface to accommodate all the chemisorbed hydro
gen or is it necessary to postulate significant intra
crystalline sorption of hydrogen?

Necessary for these considerations is an under
standing of the structure of graphite bodies—includ
ing so-called nuclear and spectroscopic graphites. 
As discussed previously,14 the raw materials used 
for the production of graphite bodies consist of 
about 25% coal tar pitch and 75% calcined petro
leum coke flour. Upon mixing and either extruding 
or molding of the ‘ ‘green mix”  of pitch and coke, 
the coke particles are coated with a layer of pitch 
to a thickness amounting to about 7% of the parti
cle diameter.22 Subsequent baking and graphitiz- 
ing of the green bodies produce “ graphite,”  which

(20) II. S. Taylor, J. Am. Chem. Soc.. 53, 578 (1931).
(21) R. M. Barrer, Proc. Roy. Soc. (London), 149A, 253 (1935).
(22) S. Mrozowski, “ Proceedings of the First and Second Conference 

on Carbon,” U. of Buffalo, Buffalo, N. Y., 1956, pp. 195-216.

Fig. 9.— Temkin isotherm for the adsorption of hydrogen 
on spectroscopie graphite (AGKSP) at 1085° (•  repre
sents an equilibration time of 75 minutes).

Fig. 10.— Isobars for the adsorption of hydrogen on nuclear 
graphite (TSP) over the temperature range 920 to 1495°.

Fig. 11.—Variation in heat of adsorption of hydrogen on 
nuclear graphite (TSP) with coverage determined from 
isotherm data at 1335 and 1495°.

consists of graphitized filler particles bound to
gether by a graphitized binder phase. Properties 
of the graphite bodies of significance in the present 
discussion are: (1) the carbon in both the filler and 
binder phases is multi-crystalline, and (2) the bod
ies have a significant amount of porosity which is 
closed to helium at room temperature.23 As shown 
by Walker and co-workers,23 the closed porosity is 
produced by the stacking of crystallites, the more 
random the stacking the larger the closed-pore vol
ume.

In agreement with Savage24 and others, it ap
pears reasonable to assume the hydrogen is chemi
sorbed as atoms; and sc far as surface sorption is 
concerned, the chemical bonding between hydrogen 
and carbon atoms occurs only at edges of carbon 
crystallites and not on the basal plane surfaces. 
Since for a graphite crystallite the distance between 
edge carbon atoms is 2.46 A. and the distance be
tween basal planes is 3.35 A., an edge carbon atom 
occupies an area of 8.3 A.2. If one hydrogen atom 
is assumed to chemisorb on an edge carbon atom,25

(23) P. L. Walker, Jr., F. Rusinko, Jr., J. F. Rakszawski and L. M. 
Liggett, “ Proceedings of the Third Conference on Carbon,”  Pergamon 
Press, New York, N. Y., 1959, pp. 643-658.

(24) R. H. Savage, Ann. N. Y. Acad. Set., 53, 862 (1951).
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the maximum amount of hydrogen chemisorbed on 
TSP graphite (wm(max.) = 0.071 cc./g.) would oc
cupy a surface area of 0.31 m.2/g.

Now, consider the average crystallite size in 
TSP graphite as being 1000 A. in diameter and 400
A. in height.27 For a crystallite of this size, 44% 
of the crystallite surface area is edge area and 56% 
is basal plane area. If on this basis it is postulated 
that 44% of the BET surface area is composed of 
crystallite edges, it is estimated that the BET area 
available for adsorption of hydrogen on TSP graph
ite is 0.13 m.2/g . This is considerably less than the
0.31 m.2/g . of surface which the chemisorbed hydro
gen is thought to occupy. Actually, the discrep
ancy can be still greater if crystallite alignment is 
considered. That is, it is known23 that the filler 
particles in graphite are more or less “ flake-like,”  
the amount of flake-like character depending upon 
the degree of crystallite orientation within the par
ticle. Since the orientation of the crystallites 
occurs with their long side (basal-plane side) parallel 
to the particle surface, the percentage of edge sur
face contributing to the BET area, in the above 
case, would be expected to be less than 44%.

The discrepancy between the area calculated to 
be occupied by chemisorbed hydrogen and that 
available from BET measurements, could be ex
plained in at least two ways: (1) Hydrogen, in 
part, is penetrating between the basal planes of the 
carbon crystallites; and (2) at chemisorption 
temperatures, there is more area available for hydro
gen adsorption than indicated by low temperature 
(78°K.) nitrogen adsorption. The second reason 
appears the more likely. Considering the first 
possibility, Hennig28 has shown that compounds or 
elements entering interstitially into spectroscopic 
graphite markedly affect the electrical properties of 
the graphite, including its electrical resistivity. In 
the present work, no detectable change in electrical 
resistivity of the graphite samples was observed af
ter essentially complete hydrogen removal by de
gassing at 2000°. The entrance of compounds or 
elements between the basal planes of graphite also 
has been found to increase significantly the spacing 
between basal planes.29 In the present work, X - 
ray diffraction measurements showed no change in 
interlayer spacing upon degassing of graphite. Con
sidering the second possible explanation for the dis
crepancy between the amount of hydrogen chemi
sorbed and the BET surface area, two points are 
considered significant: (1) On the basis of the
crystallite size assumed for TSP graphite, 17.6 m.2/
g. of edge area is theoretically available for hydro
gen chemisorption. (2) Most of this area is 
thought to be located in the closed pore volume 
previously discussed. It is suggested that hydro
gen at elevated temperatures has access to a frac
tion of the closed surface area (volume) which was 
unavailable to both nitrogen at 77°K. and helium

(25) Actually, some edge carbon atoms are thought to be able to ac
commodate two chemisorbed hydrogen atoms,26 but the percentage 
which do is considered small.

(26) F. J. Long and K. W. Sykes, Proc. Roy. Soc. {London), 193A, 
377 (1948).

(27) P. L. Walker, Jr., H. A. McKinstry and J. V. Pustinger, Ind. 
Eng. Chew,., 46, 1651 (1954).

(28) G. Hennig, J. Chew. Phys., 20, 1443 (1952).
(29) W. Rudorff, Z. anorg. allgem. Chem., 245, 383 (1941).

at room temperature. This is consistent with at 
least three facts: (1) The hydrogen molecule is 
smaller than nitrogen or helium. (2) Diffusion 
into molecular sized openings is activated and 
would be considerably more rapid at elevated tem
peratures. (3) With increasing temperature, the 
effective size of molecular pore openings is increased 
because of a greater magnitude of oscillation of the 
atoms around the opening.30 To have sufficient 
area to accommodate the chemisorbed hydrogen, it 
is necessary that only about 2%  of the total crys
tallite edge area be available at the elevated tem
peratures where adsorption measurements were 
made. Barrer21 also concludes that hydrogen ad
sorption on “ charcoal” at elevated temperatures 
does not occur by a process of hydrogen penetra
tion between basal planes.

Briefly, the activation energy and heat of adsorp
tion data can be considered. As discussed by 
Boudart,31 the change in heat of adsorption with 
coverage can be the result of the superposition of 
three distinct phenomena: (1) a priori heterogene
ity of the surface, (2) induced heterogeneity (in
duction), and (3) lateral interaction between ad
sorbed species. In the present study, it would ap
pear that the third phenomenon should be of little 
importance except at d -*■ 1, because of the small 
size of the hydrogen atom compared to the spacing 
between neighboring edge carbon sites and the low 
polarizability of adsorbed hydrogen.31 Boudart 
shows that when induced heterogeneity (produced 
by the formation of an electric double layer at the 
surface) is of importance the heat of adsorption 
should fall linearly with coverage. On the other 
hand, even though a 'priori heterogeneity also will 
cause the heat of adsorption to fall with increasing 
coverage, the nature of this fall-off is uncertain. It 
is dependent upon the distribution of site energies 
on the surface of the solid. Therefore, the present 
results suggest that the linear decrease in heat of 
adsorption (and activation energy of desorption) 
with increasing coverage, over the middle range of 
coverage, probably is caused by induced hetero
geneity.

Barrer10 reports a value of 45 kcal./mole for the 
heat of adsorption of hydrogen on “ Acheson”  
graphite at a coverage of 0.5 at 790°. He also 
reports21 a value of 50 kcal./mole for the heat of 
adsorption of hydrogen on “ charcoal”  at a coverage 
of about 1% over the temperature range 898 to 
950°. These values, in addition to the heats of 
adsorption found in the present work, are consider
ably less than the calculated value of 108 kcal./ 
mole26 based on the energies of the C -H  and H -H  
bonds. Upon comparing this calculated value with 
the experimental value of 50 kcal./mole found by 
Barrer on charcoal, Long and Sykes26 suggest that 
the difference in energies is caused by the loss of 
resonance energy in the carbon upon chemisorp
tion. In the case of Barrer’s result on “ Acheson” 
graphite and the present results, the large difference 
in heats of adsorption between theory and experi
ment could also be due, in part, to induced hetero-

(30) D. W. Breck and J. V. Smith, Sci. Amer., 200, No. 1, 85 (1959).
(31) M. Boudart, J. Am. Chem. Soc., 74, 3556 (1952),
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geneity lowering the experimental values at the high 
coverage studied.

In conclusion, the close agreement between vm 
values for TSP graphite as determined from desorp
tion of hydrogen up to 2000°, and rm(max.) estimated 
from adsorption isotherm data is, perhaps, sur
prising. That is, the virgin nuclear graphite used 
for the desorption studies had on its surface a sub
stantial amount of oxygen, in addition to hydro
gen.32 Upon outgassing up to 2000°, roughly 35% 
of the total gas desorbed was oxides of carbon. 
It might be thought that this oxygen would com
pete with hydrogen for adsorption sites and that the 
vm value from outgassing experiments would be 
lower than iim(ma!i) from adsorption of hydrogen on

(32) J. P. Redmond, Ph.D. Thesis, The Pennsylvania State Univ., 
1959.

previously degassed samples of graphite. The pic
ture can be complicated, however, by the possibility 
that oxygen chemisorbed on carbon can act as a 
promoter for hydrogen chemisorption, as has been 
suggested to be the case on copper.31 .Also it is 
possible that hydrogen chemisorption was com
pleted in the graphitizer before the graphite came 
in contact with, and chemisorbed, oxygen. Sav
age24 shows that at low temperatures more oxygen 
than hydrogen is adsorbed on graphite “ wear dust,”  
suggesting that some chemisorption of oxygen is 
possible even when the carbon surface already has 
reached saturation with regard to hydrogen.

Acknowledgments.— The authors wish to thank 
Jean Worrall, L. G. Austin and E. T. Nelson for 
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It is well known that oxidation of nickel, cobalt and copper at 25° proceeds by two steps, a fast followed by a slow process. 
Upon heating these oxide-coated metals at modest temperatures such as 300° in vacuo, oxidation will again proceed multi- 
moleeularly bv a rapid step at 2o° even though no oxygen was evolved during thermal treatment. The regeneration 
could be due to (a) migration of metal ions to the metal-oxide interface; !o) dissolution of the oxide film in the bulk metal; 
or (c) crystallization of the oxide film to reveal bare metal. In this work, organic vapors were used as a probe for any bare 
metal surface uncovered during regeneration. The heats of adsorption of ra-propylamine and acetic acid on the bare, oxide- 
coated and regenerated metal surfaces support the contention of Dell3 that recrystallization occurs. That is to say, initial 
heats of adsorption were much higher on the regenerated surfaces, in accord with the values for the freshly reduced metals, 
and were much lower on the oxide-coated surfaces. The extents of irreversible adsorption followed the pattern to be ex
pected from the heat measurements.

Introduction
Russell and Bacon1 first observed that reduced 

nickel saturated with oxygen near 0° and then 
heated at 300° in vacuo, was able to adsorb oxygen 
again at 0° even though no oxygen was evolved 
during thermal treatment. Low temperature oxi
dation and thermal regeneration of nickel, cobalt 
and copper has been the subject of a number of 
papers2 from this Laboratory. It was found that 
the oxidation of reduced nickel, cobalt and copper 
powders at 253 (or below) proceeds in two steps: 
an initial fast process followed by a slow, exponen
tial decay process. During the fast process, three 
apparently non-activated processes probably take 
place: chemisorption of oxygen on bare metal, 
oxide formation from one to several layers and oxy
gen chemisorption on the underlying oxide as 0~  
ions. The slow process can be explained semiquan-

(1) W. W. Russell and O. C. Bacon, J. Am. Chem. Soc., 54, 54 
(1932).

(2) (a) Y.-F. Yu, J. J. Chessick and A. C. Zettlemoyer, Advances in 
Catalysis, 9, 415 (1957); (b) J. J. Chessick, Y.-F. Yu and A. C. Zettle
moyer, “ Proceedings of the Second World Congress on Surface Activ
ity,”  Vol. II, Academic Press, New York, N. Y., 1957, p. 269; (c) 
A. C. Zettlemoyer, Y.-F. Yu, J. J. Chessick and F. H. Healey, T his 
Jo u r n a l , 61, 1319 (1957).

titatively by the Mott and Cabrera theory for very 
thin oxide film growth. Accordingly, the electric 
field created across the thin oxide film, i.e., be
tween the adsorbed oxygen anions on the surface 
and the metal cations at the metal-oxide interface, 
aids the cations to diffuse through the oxide out
ward to the surface where they react with oxygen to 
form oxide. Oxidation stops, or at least proceeds 
at a ver3r low rate, at some limiting film thickness.

These film-covered surfaces took up oxygen again 
after heating to a high temperature in vacuo. This 
process could be accomplished if during thermal 
treatment: (a) the limiting film thickness is re
duced by migration of metal atoms to the metal- 
oxide interface; (b) the oxide film dissolves into the 
bulk of the metal; or (c) the oxide crystallizes into 
discrete crystallites covering a part of the surface. 
Dell3 recently reviewed pertinent work in the lit
erature and concluded that recrystallization occurs 
during the regeneration process. This hypothesis 
of Dell’s was based on deductive reasoning and 
needs quantitative data for support. The object 
of this work is to obtain such data. Organic vapors 
were used as a probe for any bare metal surface 
uncovered during regeneration.

(3) R. M. Dell, ibid., 62, 1139 (1958).
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Experimental
Materials.— The nickel, copper and cobalt powders 

were prepared by thermal decomposition of C .p . nickel 
carbonate, basic copper carbonate and hydrated cobalt 
nitrate, respectively, under reduced pressure at 400°. 
The outgassing was continued for 12 hours beyond the point 
of no apparent gas evolution. These nickel, copper and 
cobalt samples were then reduced with dry hydrogen at 400, 
300 and 350°, respectively. After reduction the metal 
powders were degassed at 10-6 mm. at 450, 350 and 400°, 
respectively, just prior to adsorption studies. These tem
peratures are the lowest permissible so that sintering could 
be minimized.

The organic liquids used to provide the adsorption vapors 
were reagent grade. They were dried with anhydrous 
magnesium sulfate and then frozen and pumped through 
several cycles. Only the middle portions were taken for the 
adsorption measurements.

Adsorption Apparatus.—The basic feature of the adsorp
tion apparatus is the Teflon stopcocks. Besides the simpli
fication these stopcocks made possible, they eliminated pos
sible contamination of the metal samples with mercury 
from the cut-offs usually employed. These stopcocks 
would not hold a good vacuum at the outset, but they 
steadily improved when operated frequently during the 
first ten days of use. A liquid nitrogen trap was employed 
between the adsorption system and the pumps.

The adsorption system includes a sample tube, glass 
break-seal, organic vapor reservoir and a calibrated doser, 
and it is terminated with a glass Bourdon spoon gage. The 
gage is balanced with helium pressure which is measured by 
an Apiezon B oil manometer; small deflections of the gage 
from zero are determined by a microscope eyepiece. The 
equilibrium pressures can be determined to ± 0.02 mm. 
and the range of the oil manometer is from 0-10 cm. A 
side arm is attached to the gage and immersed in silicone 
oil to dampen vibrations.

The reduced samples were sealed off and transferred 
to the adsorption apparatus. The seal was broken by a 
magnetically operated plunger just prior to each ran. For 
studies on oxide-coated surfaces, the reduced powders were 
first exposed to dry oxygen at 25° and 1 cm. for 10 minutes 
so that the oxide films resulting were from 10 to 15 A.  
thick.

After each initial isotherm on a given surface, the system 
was outgassed at 25° employing a liquid nitrogen trap and 
high vacuum system for 24 hours to a vacuum of better than 
10-5 mm. A good vacuum was obtained in about 4 hours. 
The isotherms were then repeated to give new BET Fm’s. 
These and the initial Fro value were used to estimate the 
amount irreversibly adsorbed.

Nickel, copper and cobalt were activated in vacuo after 
oxidations at 350, 250 and 375°, respectively. These tem
peratures are 0.37 times the melting points of the metals 
in each case. Since the degree of regeneration is dependent 
on the temperature and time of activation, these variables 
were controlled to within 5° and 5 minutes, respectively.

Calorimeter.— The basic calorimeter design was that 
used previously for heats of chemisorption of oxygen on 
these same metals.2 Modification included a glass break- 
seal so the sample could be transferred from the apparatus 
on which it was reduced and a 25 junction copper-constantan 
thermocouples with the reference junctions held within 0 .1° 
of the adsorption temperature to minimize heat loss through 
the thermocouple wires. The e.m.f. was amplified then 
recorded on a Brown Recorder. The sensitivity of the calo
rimeter is 0.0010 or about 0.01 cal.; the heat capacity of the 
filled calorimeter ranged from 10 to 15 cal. per degree.

It was estimated for the calorimetric heats recorded here 
that over 90% of the heat evolution occurred within the 
first two minutes after the introduction of each portion of 
organic vapor.

Results
Heat curves for the adsorption of n-propylamine 

on reduced, oxidized and regenerated samples of 
nickel and cobalt are plotted in Figs. 1 and 2 as a 
function of surface coverage, B. The high initial 
heats for the amine on nickel suggest chemisorp
tion, probably through electron transfer to the un

filled d-band of the metal. In contrast to the high 
initial heats obtained on the base metal surface, 
those for the oxidized nickel surface are much 
lower. There seems to be little doubt that physical 
adsorption predominates now. The heats of ad
sorption on the regenerated sample are the same as 
those found for adsorption on the reduced metal in 
the range of 6 from 0 to ~ 0 .7 ; thereafter they fall 
abruptly to values slightly less than those for the 
oxidized surface. _The initial values suggest that 
metal atoms exist on the regenerated nickel surface 
and comprise about 70% of the available area.

The heat curve for propylamine adsorption on 
reduced cobalt is similar in shape to the one ob
tained with nickel; initial heat values, however, on 
reduced cobalt are considerably smaller. Again, 
initial heats of adsorption on the regenerated cobalt 
sample are in agreement with initial heats on the 
reduced sample. The data indicate that metallic 
areas comprising 60 to 70% of the external sur
faces are re-exposed on both nickel and cobalt sam
ples during regeneration. This agreement is not 
unexpected since equivalent members of oxide 
layers were deposited on both metals prior to re
generation. On the other hand, the total satura
tion amounts of oxygen taken up by reduced cobalt 
and nickel in numbers of layers are 10.2 and 4.4, 
respectively.

Heats of adsorption of n-propylamine on regen
erated copper samples were not measured with suf
ficient precision to present here, but were of the 
same order of magnitude as on the oxide-coated 
surface. However, the lack of significant oxygen 
uptake on regenerated copper samples suggests lit
tle alteration in the state of the oxidized surface 
during regeneration. In another study, similar 
heats of adsorption were successfully measured for 
water on the bare, oxidized and regenerated copper 
surface. The similarity in the heat data for the ad
sorption of water on oxidized and regenerated cop
per samples plotted in Fig. 3 supports the belief that 
regeneration at 250° has little effect on the structure 
of the oxidized surface.

Heat values extrapolated to zero coverages, per 
cent, irreversibly adsorbed at 25° and 10-6 mm. and 
cross-sectional areas for the adsorption of n-propyl
amine on nickel, cobalt and copper samples are 
listed in Table I. Heat values and per cent, irre-

T a b l e  I
H e a t  an d  A d so r p tio n  D a ta  f o r  w-P r o p y l a m in e  A d sorp

tio n  on  M e ta llic  Sa m ples

Reduced
Cu Co Ni

i % = 0) (kcal./mole) 28 38 62
%  Irreversibly adsorbed 19 27 58
C.S.A. (A .2) " 22 22 20

Oxide-coated
AH(e = o) (kcal./mole) a 21 21
%  Irreversibly adsorbed 7 0
CS.A . (A .2) 36 33
Heat values at sufficient!}' low 6 values were not meas-

ured.

versibly adsorbed increase in the order 
Cu <  Co <  Ni
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Sharing of electrons of the amine grouping with un
filled d-levels in nickel and to a lesser extent in co
balt seems likely. The electron-rich copper can
not participate in such transfer. Cross-sectional 
area values of 20 to 23 A.2 suggest oriented, close
packing on all base metal surfaces. The low heats 
of adsorption at zero coverage and high per cent, 
reversibilities for propylamine on oxide-coated 
samples are indicative of physical adsorption and 
the cross-sectional areas suggest flat-wise orienta
tion.

The heat curves for acetic acid adsorption on 
nickel and copper are plotted in Figs. 4 and 5. 
The high heat on reduced nickel suggests chemical 
reaction between the acid and nickel. In con
trast, the acid is only physically adsorbed on re
duced copper surface. Since the acid group is gen
erally considered to be an electrophilic group, it is 
rather difficult to explain the chemisorption on the 
basis of the donation of electrons from acid to Ni. 
On the other hand, the fact that nickel is more 
electropositive than the copper in the electromotive 
series may explain the different behavior of the two 
metals.

The heats of adsorption on both oxidized nickel 
and copper surfaces indicate some type of strong 
interaction. Whether this is due to electrostatic 
interaction between the dipole of the acid and the 
isolated 0~  of the oxide or actual chemical reac
tion cannot be decided on the basis of the present 
results alone. The absence of any water probably 
precludes the ordinary type of substitution reac
tion. Further study of these systems by other 
techniques such as infrared spectroscopy should be 
helpful.

Discussion
The similarities in the heat curves for propylam

ine adsorbed on reduced and regenerated surfaces 
of nickel and cobalt suggest similar processes. The 
excellent agreement between the heat values in the 
region of d from 0 to about 0.7 for both the reduced 
and regenerated surface offers strong evidence for 
the presence of predominant available metal surface 
after the regeneration of the oxidized surfaces. 
Recrystallization of surface oxide into discrete 
crystallites which then migrate and localize at 
specific crystal faces, boundaries between differ
ent faces or heterogeneities, and existence of which 
leads to a reduction of surface free energy is the most 
logical explanation. This concept was first pro
posed by Dell3 in an excellent review of the existing 
but not completely definitive data. Obviously, 
the degree of recrystallization depends on numerous 
factors such as the heterogeneity of the surface, 
metal type and surface free energies. The lack of 
observable recrystallization in the case of copper af
ter regeneration at equivalent temperatures appears 
to be related in part to the homogeneity of its sur
face suggested by the linear acetic acid heat curves 
and its small available area which was generally 
one-fifth to one-tenth that for nickel and cobalt, 
respectively.

The abrupt decrease in the heat values for amine 
adsorption on the regenerated surfaces after 6 =  
~ 0 .7  suggests the beginning of a radically different 
process. Then, adsorption occurs on true, oxide

SURFACE COVERAGE ,0 .

Fig. 1.— Heats of adsorption of n-propylamine on nickel 
at 21°: O, reduced; 0 ,  regenerated; X , oxidized samples.

Fig. 2.— Heats of adsorption of n-propylamine on cobalt at 
25°: O, reduced; 0, regenerated; Q , oxidized samples.

ML(  S T P )  / T O T A L  S A M P L E .

Fig. 3.— Heats of adsorption of water on copper at 23°: O, 
reduced; 0 ,  regenerated; □ ,  oxidized samples.

crystallites of limited area and is predominantly 
physical in nature as shown by complete reversi
bilities for adsorption in this region.
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Fig. 4.

Fig. 5

— Heats of adsorption of acetic acid on nickel; O, 
reduced; X , oxidized surfaces.

AMOUNT ADSORBED ( MOLES/SAMPLE) X I O5.
.— Heats of adsorption of acetic acid on copper: O, 

oxidized; X , reduced surfaces.

The fractions of surface exposed on regeneration 
were of the same magnitude for nickel and cobalt. 
In this work, controlled amounts of oxygen were 
admitted to give an original oxide thickness be
tween 10 to 15 A. Cobalt on the other hand takes 
up more than twice the amount of oxygen expressed 
in equivalent oxide layers compared to nickel 
when saturated near 25°. Obviously, on regenera
tion of completely oxidized cobalt the oxide would 
be expected to occupy more area on the surface be
cause of its presence in larger quantities.

The magnitude of the heat values, irreversibili
ties for amine adsorption and C.S.A.’s on reduced 
nickel suggest significant chemisorption. Inter
mediate heat values for adsorption on reduced co
balt cannot be taken, however, as irrefutable evi
dence for (or lack of) chemisorption. Adsorption 
of the amine on copper is predominantly physical in 
nature although scanty data suggest a rapid rise of 
heat values at low surface coverages. Similar low 
heat values and large cross-sectional areas suggest 
predominantly physical adsorption on the oxidized 
nickel and cobalt surfaces; the reversibilities on the 
freshly oxidized surfaces are also almost complete.

Acknowledgment.—The authors wish to express 
their appreciation for the financial support pro
vided by the Signal Corps, United States Army and 
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DISCUSSION
G e o r g e  R . L e s t e r  (Universal Oil Products).— The heats 

of adsorption for re-propylamine on the oxide surfaces 
(Ni and Co) seem rather nigh for physical adsorption. Are 
there any additional indications, such as entropy values, 
to support the physical adsorption model?

J. J. C h e ss ic k .— The use of heat values as criteria for 
physical adsorption is, obviously, speculative. Neverthe
less, corrollary evidence such as cross-sectional areas and 
reversibilities tends to support the concept of physical 
adsorption. The oxide surfaces are not true oxides but 
contain oxygen anions, perhaps 0~. This may contribute 
to heats greater than the heats of liquefaction.
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THE EFFECTS OF OXYGEN ADSORPTION ON THE K X-RAY ABSORPTION 
EDGE OF ALUMINA SUPPORTED NICKEL
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A new analytical technique is applied to show differences in the nickel K  X-ray absorption edge due to oxygen chemisorp
tion on small (30 A.) nickel crystals in an alumina support catalyst. These changes show that the nickel-oxygen bond 
formed on the nickel surface is similar to that in bulk nickel oxide. The experimental data are interpreted as showing that 
the chemisorbed oxygen reduces the p character of the nickel’s 4s band and increases that of the 4p band. It can further 
be suggested that the oxygen creates a gap between the almost filled 3d band and the empty 4p band. The alumina support 
does not affect the small nickel crystals; the absorption edge for the “ bare”  nickel is the same as that for bulk nickel metal, 
within the experimental error. The X-ray absorption results are useful in measuring the extent of reduction to the metal of 
the supported nickel oxide and measuring the nickel content of the catalyst.

Introduction
The infrared technique1 has been used to show in 

great detail the chemisorbed state of molecules of 
hydrocarbons, carbon monoxide and aliphatic acids 
on small metal catalyst particles. There is a con
verse problem of how gas chemisorption affects the 
metal particles. This is a problem that has been 
attacked by making measurements of ferromagne
tism,2 electrical conductivity and work function3 for 
the metal. Of these, only the magnetic measure
ments can be made on practical, supported metal 
catalysts. The metal must be, however, ferro
magnetic. The results for all three of these tech
niques are interpretable essentially only in terms 
of whether electron addition to or extraction from 
the metal occurs during chemisorption. The 
ultimate in description of how chemisorption af
fects a metal would be in terms of the band struc
ture of the metal. The methods of X-ray emission 
(for studying bands filled with electrons) and ab
sorption spectrometry (for studying unfilled bands) 
are theoretically well suited for this.

The observed X-ray absorption and emission ef
fects are due to all the atoms of the metal crystals 
forming the sample. To use the X-ray methods to 
study the effects of gas chemisorption on surface 
atoms, the number of surface atoms must be a 
large fraction of the total number of metal atoms 
forming the sample. Otherwise, only the absorp
tion characteristics of unaffected, subsurface atoms 
would be observed. The fraction of surface atoms 
increases as the crystal size diminishes. For 30 A. 
nickel crystals chemisorption effects on the X-ray 
absorption curve can be observed. For these crys
tals about 30% of the atoms are on the surface. 
There is no artificiality about a study of such small 
crystals because such small metal crystals form the 
main constituent of many catalysts.

It is the object of this paper to describe the use 
of K  X-ray absorption measurements to study the 
changes in the unfilled energy bands of these nickel 
metal crystallites (supported on 7-alumina) caused 
by oxygen chemisorption. Besides elucidating the 
effect of the chemisorption of oxygen on nickel, the 
X-ray absorption technique can be used to study 
whether or not the smallness of size of nickel crystals

(1) R. P. Eischens and W. A. Pliskin, Advances in Catalysis, 10, 1 
(1958), Academic Press, Inc., New York, N. Y.

(2) P. W. Selwood. ibid., 9, 93 (1957).
(3) Reviewed by R. Suhrmann, ibid., 7, 303 (1955).

affects the band structure and whether or not contact 
with the alumina affects the nickel crystals. The 
technique is useful in estimating the extent of re
duction of the metal and in determining the per 
cent, metal present in the catalyst. A somewhat 
novel method for analyzing the X-ray absorption 
results is described.

There have been several X-ray absorption studies 
of bulk and supported catalysts to determine the 
valence state of the metal ion.4 6 This paper pre
sents the application of the X-ray technique to the 
study of the effect of chemisorption on supported 
catalyst metal.

Experimental
A. The X-Ray System.—Polychromatic radiation was 

obtained from a copper X-ray tube operated at 20 kilo
volts, about 4 kilovolts above the threshold potential for 
exciting radiation of half the wave length of the nickel edge. 
The tube output was controlled by Philips Electronics 
voltage and current stabilizers. T o avoid the tungsten 
Lat emission fine that is superposed on the white radiation 
used for studying the nickel X-ray absorption edge, a 
fresh X-ray tube was employed. Some 200 hours of 
running time can be obtained before the tungsten contami
nation of the tube anode becomes severe.

Monochromatic X-rays were obtained from the X-ray 
tube’s continuous spectrum by means of a monochromator 
system based on the Norelco diffractometer. The X-rays 
were collimated by passing through a 1/ 12° divergence 
slit and then through a Soller slit system. These X-rays 
were monochromatized by a lithium fluoride crystal cleaved 
from a Harshaw crystal along the (100) plane. This 
crystal was chosen for the high intensity of its diffracted 
X-rays and for its dispersive power. The diffracted X-rays 
were collimated by a 0.003 inch receiving slit, a Soller slit 
system and a 1/ 12° scatter slit.

This single crystal apparatus does not have the resolution 
of a double crystal unit, the half width of the Cu Ken 
line being 5 volts instead of the 3 volts obtained by means 
of a double crystal instrument.4 5 6 For a sacrifice in resolution, 
however, higher X-ray intensity (roughly 4 times as much) 
was obtained so that X-ray absorption curves can be ob
tained in a few hours. A rapid accumulation of data is 
desirable so as to minimize the time that the sample is 
exposed to contamination effects.

The success of an X-ray absorption spectrum study using 
the Norelco diffractometer depends upon accurate main
tenance of alignment of the monochromator crystal and 
the detector. If the former is at an angle 8 with respect 
to the main X-ray beam, the latter must always be at an 
angle 28 over the angular range of the absorption edge. 
To do this the diffractometer was adjusted by the manu
facturer to remove excessive gear play and equipped with

(4) H. P. Hanson and W. O. Milligan, T h is J o u r n a l , 60, 1144 
(1956).

(5) R. P. Keeling, Jr., J.  Chem. Phys., 31, 279 (1959).
(6) A. H. Compton and S. K. Allison, "X-R ays in Theory and Ex

periment,”  D. Van Nostrand Co., New York, N. Y., 1935, p. 745.
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the new micro-adjuster for maintenance of the 2:1 relation
ship. The rotation of the monochromator crystal was al
ways made from low to high angles.

The absolute angular settings of the monochromator 
(these determine the wave length of the radiation detected) 
cannot be trusted to better than several hundredths of a 
degree. The absorption measurements on the catalyst 
sample were therefore calibrated by also measuring the ab
sorption of a nickel foil at each angular setting.7

The incident and transmitted X-ray intensities, Io 
and I, were measured with a Norelco pure xenon propor
tional counter, 62032, operated at 1675 volts, below the 
voltage that caused afterpulsing. The counter output was 
preamplified by means of a Hamner feedback stabilized 
unit SX-3 and then fed to an Atomic Model 204B linear 
amplifier. The signal pulses were screened from noise and 
the residual half wave length radiation by means of an 
Atomic pulse height analyzer, model 510. The noise con
tent of the measured signal was but 0.2 count/second or 
less. The measured signal was virtually free of half wave 
length radiation, the test being the identity of absorption 
coefficients measured for a nickel foil with X-ray tube volt
ages of 15 and 20 kilovolts.

B. Vacuum System.—The sample was placed in a Vycor 
glass cell located on the X-ray tube side of the monochroma
tor crystal. The cell was mounted with its long axis verti
cal. For this position the X-ray path is unchanged as the 
monochromator crystal is rotated. The X-rays pass 
through mylar-covered slits in the glass walls of this cell. 
The mylar was fastened to the glass with a thin coat of a 
polymer cement.8

A conventional vacuum system (mechanical pump, oil 
diffusion pump and liquid nitrogen trap) was attached to 
the cell. High gas pressures in this cell were measured by 
means of a calibrated thermocouple gage, RCA 1946, and 
low pressures by means of a Miller cold cathode gage. 
Knotvn volumes of oxygen were admitted to the sample cell 
by means of a mercury-calibrated 0.1 cc. dosing stopcock. 
The pressure of this gas in the reservoir system was measured 
by means of a mercury manometer. With the exception 
of the mechanical pump (connected to the diffusion pump 
by means of a rubber hose) the entire system was mounted 
on a flat, wooden base (fitted with height adjusting screws) 
so as to facilitate the movement of the sample in and out of 
the X-ray beam. The board was cut so as to just fit the 
angle formed by the diffractometer base and the X-ray 
tube housing. This permits reproducible positioning of the 
sample to the X-ray beam.

The vacuum system was sufficiently good that pressures 
of the order of lO ^-lO -6 mm. can be maintained for 5-6 
hours without pumping. This was the time required to 
accumulate the X-ray absorption data.

The sample was heated by means of focussed radiation 
from a 1000 watt projection lamp positioned at the focus of 
an ellipsoidal reflector.9 Its rays were directed perpendicu
lar to the X-ray beam, in the horizontal plane. The sample 
plane was turned about its vertical axis so as to be 30° to the 
X-ray beam. In this position the sample can intercept both 
the X-rays and the heat rays.

While the Vycor tube transmits a high percentage of the 
infrared radiation, enough is absorbed to overheat the Mylar 
windows. These were cooled, therefore, with air jets.

The temperature of the sample was measured by means 
of an iron-constantan thermocouple mounted on the shade 
side of the sample. The temperature of the sample was not 
uniform; the temperature measurement was good enough 
to ensure that sufficient heat was furnished to the sample to 
reduce the nickel.

C. Materials.—The nickel-alumina catalysts were pre
pared by impregnating Alcoa F-10 alumina with a water 
solution of Baker’s reagent grade nickel nitrate. This 
powder, after drying, was compressed into sheets about 0.02 
cm. in thickness. The sample sheets weigh about 0.3 g. 
Additional sample was mounted in a cavity below the sample 
sheet, outside the X-ray beam, to bring the total weight of

(7) This was suggested to the author by II. Cole of the IBM Re
search Laboratories, Poughkeepsie, New York.

(8) Bonding agent R-313, made by Carl H. Biggs Company of Los 
Angeles.

(9) E. H. Nicollian, G. R. Gunther-Mohr and L. R. Weisberg, IBM
J . Research and Development, 1, 349 (1957). Dr. Gunther-Mohr was
most helpful in getting us started in using these heaters.

the sample exposed to gas to about a gram. The additional 
sample reduces somewhat the effect of contamination and in
creases the precision with which gas adsorptions can be 
measured. Electrolytic hydrogen, purified by passage over 
hot copper and through a liquid nitrogen trap, was used. 
Commercial oxygen was used without further purification.

D. Experimental Procedure.— The “ bare”  nickel sample 
was made in the following manner. The nickel nitrate im
pregnated alumina sample was dehydrated by slowly raising 
its temperature to 350° while maintaining it under vacuum. 
The sample was then reduced under flowing hydrogen for 15 
hours at 350°. The reduction step was followed by evacua
tion at 350° to a residual pressure of 10-4 mm. Following 
this procedure the pressure in the cell ranged from 10 ~s to 
10-6 mm. at room temperature. The entire process was 
then repeated before obtaining X-ray absorption data. The 
sample was regarded as having “ clean”  nickel crystals. No 
change in the X-ray absorption data was observed upon re
peating this procedure 6 more times. Known amounts of 
oxygen were added to this sample to study the effects of 
oxygen chemisorption.

The X-ray intensity measurements at each angular setting 
(changed in steps of 0.01 degree, 20) were made in the fol
lowing sequence: ( 1) incident beam, (2) beam transmitted 
through a nickel foil, (3) beam transmitted through catalyst 
sample and (4) another measurement of the incident beam. 
Each incident beam intensity measurement was made in 
terms of the time required to accumulate 12,800 counts. 
The time to accumulate 6400 counts was measured for the 
transmitted beams. The maximum difference between the 
two measurements of incident beam intensity tolerated was 
3% . The error, estimated using 2a statistics, included both 
the statistical error and an error due to variation in the 
background counting rate of 0.1 count/second. The larger 
statistical error was selected to allow for X-ray tube output 
variations. Each logarithm (base 10) of the ratio of inci
dent to transmitted beam intensity has an absolute error of 
±0.014. This logarithmic ratio is equal to the product of 
the absorption coefficient n and the sample thickness t 
divided by 2.303.

Method for Analysis of X-Ray Absorption Edge 
Data

Rather poor experiences with the two conven
tional techniques (fitting X-ray absorption results 
to an arc tangent function10 and measurement of 
the wave length at which the change in absorption 
is half the maximum11) for analyzing X-ray absorp
tion results initiated a search for a better technique. 
Both of these conventional techniques utilize a 
rather small percentage of the total absorption data 
accumulated and indicate changes in but one part 
of the absorption edge. The analytical technique 
actually used avoids these difficulties. The method 
depends upon the additivity of absorption for the 
components of a multicomponent sample. For the 
two components of a nickel-alumina catalyst, s

(fit), =  (mOi +  (fit)i

where component 1 is the nickel and component 2 
is the alumina. This equation is rigorous for any 
measurement made at any single wave length. 
The application of this equation to the analysis of 
X-ray absorption data obtained over the range of 
wave lengths of the edge can be done in the follow
ing way. For the narrow wave length region of 
the nickel edge, (tit)2 is a constant, 2.303B. Only a 
statistical fluctuation in pure alumina absorption 
data was noted in measurements made by varying 
the double Bragg angle (20) from 43.15 to 43.45° 
(the nickel edge is measured between these angles).

(10) R. K. Richtmyer, S. W. Barnes and E. Raraberg, Fhys. Rev., 
46, 843 (1934).

(11) H. W. B. Skinner and J. E. Johnson, Proc. Roy. Soc. {London), 
A161, 420 (1937).
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Fig. 2.— Absorption data— nickel catalyst with oxygen 
chemisorbed on it.

If the nickel dispersed on the alumina has bulk 
metal properties, the ratio (jit),/(M)f is also a con
stant, A, over the entire wave length range of the 
absorption edge. Here (fit)f is the absorption of 
the bulk nickel foil used for calibration. Hence 

(m<)„ =  A(pt) i +  2.303B 
or

log (I0/I)a =  A  log ( / „ / / ) ,  +  B (1)
In consequence, a logarithmic plot of the absorption 
of the sample vs. the absorption of the nickel foil for 
all the X-ray edge data should be linear if no per
turbation of the catalyst nickel has occurred.

If A  is constant, the weight percentage of nickel, X ,, may 
be calculated from A  and B using

y ____________A(pt)/_________
A l A(pt) f +  (2.303B/(m/ p)2)

where p is density. The (pi) for the calibrating nickel foil, 
determined by making weight and area measurements, was 
found to be 8.99 X  10-3 g ./cm .2. The mass absorption co
efficient for alumina, 28.5 cm.2/g .,  was obtained by inter
polating between reported6 absorption data measured at 
1.39 and 1.54 A., using the cube dependence of absorption 
coefficient on X-ray wave length to get the coefficient at the 
wave length 1.49 A. The per cent, nickel was compared 
with that determined by a, gravimetric analysis involving 
the determination of both A120 3 and Ni in the sample. The 
determination of1 both of the catalyst constituents prevents 
a systematic error due to water present in the alumina. 
The X-ray result was (4.52 ±  0.03) % ; the gravimetric 
(4.42 ±  0.03) % . , The reason for this discrepancy is not 
yet known.

Results
The comparison of bare nickel-alumina catalyst 

absorption characteristics at the nickel K  edge with 
that of nickel foil is shown in Fig. 1. The plot is 
not made in terms of absolute absorption coefficients 
because of- the difficulty of making an accurate esti
mate of the density and thickness of the sample 
wafer. The experimental data were taken every
1.83 volts (0.01 degree, 20). The plotted data ade
quately cover The energy region of X-ray edge as
sociated with atomic characteristics in contrast to 
the high energy edge region, the so-called Kronig 
region. Absorption characteristics in this last 
energy region are to be associated with energy 
bands controlled by crystal structure. The straight 
line was derived from the data by the least squares 
method. * Within the experimental error (indicated 
by the small box) the data are adequately rep
resented by the straight line. The slope of this 
straight line can be reproduced with a 1% error, the 
intercept with but a 0.5% error.

Data for the interaction of oxygen with the nickel 
were taken at three oxygen/nickel ratios: V3.4, 
x/ 5.5 and x/ 6.2. The gas adsorption measurements 
showed that a monolayer coverage of oxygen oc
curred at the largest of these ratios. The evidence 
that the coverage of oxygen was a monolayer at the 
oxygen/nickel ratio V3-4 was based on the masted 
rise in pressure within the cell upon further addition 
of oxygen. A real change in the absorption curve 
could just be observed when one oxygen was ad
sorbed per 6.2 nickel atoms.

Figure 2 shows the comparison of a nickel-alu
mina catalyst with a nickel foil when the catalyst 
nickel has one oxygen adsorbed for every 5.5 nickel 
atoms in the sample. It is clear that a straight line 
relationship does not exist for these data. The 
straight line that is drawn (dashed) was determined 
using the bare nickel catalyst data shown in Fig. 1. 
For discussion purposes the data of Fig. 1 and Fig. 
2 were converted into the more usual form for show
ing X-ray absorption edges. The smoothed curves 
are shown in Fig. 3. The curve for bare nickel is, 
■within the experimental error, the same as for bulk 
nickel metal.12 The effect of the oxygen is to cause 
changes in the A and B regions of the absorption 
edge. The absorption edge data for the other two 
oxygen-nickel samples were of the same type as 
shown in Figs. 2 and 3, the magnitudes of the distor
tions being appropriately bigger or smaller, depend
ing on the oxygen/nickel ratio.

In order to understand the changes in X-ray
(12) W. W. Beeman and H. Friedman, Phys. Rev., 56, 392 (1939).
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absorption edge characteristics caused by the chemi
sorption of oxygen, the catalyst nickel was com
pletely oxidized by heating the sample to 350° in 
oxygen at a pressure of 10.9 cm. The absorption 
data for this sample were analyzed by the log-log 
plot for comparison with nickel foil. The more con
ventional representation of the oxidized catalyst 
absorption data along with the absorption curve 
for the sample clean of chemisorbed gas is shown in 
Fig. 4. It is clear that the effect of bulk oxidation 
on the nickel is similar in kind to that observed 
after oxygen chemisorption, but, of course, greater 
in magnitude.

Useful information may be derived from the 
maximum differences in X-ray absorption between 
bare and oxygen treated nickel catalysts. Plots of 
these differences in the A and B regions are shown 
in Figs. 5 and 6 for the A  and B regions, respectively. 
The oxygen/nickel ratios were calculated using the 
total weight of nickel in the X-ray absorption cell 
and the amounts of oxygen admitted to the cell by 
means of the calibrated doser. Figure 5 shows that 
in the A region all the differences are linearly related 
to the oxygen/nickel ratios.

Figure 5 also shows that at an oxygen/nickel 
ratio of about 0.1 the experimental error is the 
same size as the difference between oxidized and 
unoxidized nickel X-ray absorption. If the X-ray 
absorption data for the “ bare”  nickel catalyst in a 
log-log plot (shown in Fig. 4) obeys a linear rela
tionship, one can conclude that the nickel must have 
been at least 90% reduced. Using the crystal size 
derived from the oxygen adsorption data, 30 A., 
(assumption: each surface atom adsorbs one oxy
gen atom) this corresponds to a surface at least 67 
%  clean of oxygen. These analyses do not preclude 
the possibility that the extent of the reduction of 
the nickel is greater.

The plot shown in Fig. 6 for the B region of the 
X-ray adsorption edge contrasts with that shown 
for the A region. It is clear that the changes caused 
by small additions of oxygen (low O./Ni ratios) fall 
on a straight line. The experimental point for the 
sample containing nickel completely oxidized to 
NiO falls off the straight line by a good deal more 
than the experimental error. For the B region the 
amount of the effect on the X-ray absorption of 
the nickel is different for the first oxygen atoms 
adsorbed than for those that complete the conver
sion of the metal crystal to NiO.

Discussion
The interpretation of the effect of the chemisorp

tion of oxygen on the nickel X-ray absorption 
edge is to be made in terms of the band theory of 
solids. A brief review of the fundamentals of 
band theory is in order. First, a band: in a crystal 
the valence electrons of a constituent atom no 
longer occupy the discrete, sharp energy levels 
that are associated with a free atom. Instead the 
electrons occupy broadened energy levels called 
bands. Each band is formed by closely spaced 
(so closely that the levels merge into a continuum) 
atom levels, the number of levels forming each band 
being equal to the number of atoms forming the 
crystal. Each band is named according to the 
atom levels used to form it. The bands to be dis-

------ OXYGEN
CHEMI S ORBE D

Crystal position °28.
Fig. 3.— Absorption data— nickel catalyst, oxygen chemi

sorbed.

Crystal position °20.
Fig. 4.— Absorption data—nickel catalyst, completely

oxidized.

cussed subsequently are the 3d, 4s and 4p bands of 
nickel.

Each band is characterized by the number den
sity of energy levels forming it. The number den
sity as a function of energy has been calculated by 
Rudberg and Slater13 for nickel and is shown in Fig. 
7. The figure shows that the 3d band extends over 
an energy range from —13 to —5.5 volts. The 
density of 3d energy levels is high. However, 
much of this band is filled with electrons. The 
Fermi level (F. L.) marks the boundary between 
the energy levels that are filled and those that are 
empty (to be more rigorous it is the energy position 
at which the probability of finding an electron has 
fallen to l/ 2). The 4s band occupies an energy 
range roughly coincident with the 3d band, extend- 
ingfrom —13 to —0.5 volts. The density of energy 
levels is small. At point M the 4s and 4p bands 
almost meet. The failure to make perfect contact

(13) E. Rudberg and J. C. Slater, Phys. Rev., 50, 150 (1930).



Sept., 1960 0 2 A dsorption on X -R ay A bsorption E dge of N ickel on Alumina 1107

Fig. 5.— X-Ray absorption edge changes; A region.

Fig. 6.— X-Ray absorption edge changes; B region.

results in a dip in the density curve. The 4p 
region extends from about 0 to 20 volts. The ac
curacy of this band picture cannot be substantiated 
to the last detail. However, it is regarded as being 
reasonably reliable.12

The bands are further characterized by their sym

metry properties. The symmetry properties of 
each band are related to the angular momentum 
quantum number l that characterizes the discrete 
atom levels. Thus the 4p band is mostly p in its 
symmetry characteristics. The symmetry char
acteristics of the bands of solids is complicated by 
the fact that the bands do not exhibit pure sym
metry. Thus the 3d and 4s bands will have con
siderable amounts of p character.14 This is called 
state mixing. State mixing is a quantum-mechani
cal description of the breakdown of the conserva
tion of angular momentum about an atomic center 
which occurs when atoms are joined to form a solid.

The concept of state mixing is useful in studying 
catalysts in that the extent of state mixing is af
fected by the neighbors of the metal atom.16 State 
mixing is extensive in a metal; in a non-metal, 
ionic substance the state mixing is severely reduced 
and the bands become purer in their symmetry 
characteristics.

The object of the X-ray absorption work is to 
follow changes in band symmetry properties and 
energy level density for small nickel crystals due to 
the chemisorption of oxygen. The work is confined 
to the 4s and 4p bands since these are not filled 
with electrons. Changes in the electron-filled 3d 
band are the proper study of an X-ray emission 
experiment.

The fundamentals of K-absorption spectrum are 
these. X-Rays of wave length X and energy E  
excite a K  electron to a band level at an energy E  
above the K  level. The absorption coefficient for 
these X-rays is proportional to the product of the 
number density of levels, N (E ) and the probability 
of exciting a K electron to an empty band level, 
P(E ).W The probability of excitation is governed 
in part by the symmetry characteristics of the 
band. Since the selection rule holds (that the change 
in angular momentum quantum number must be 1 
for an electric dipole transition to take place) for 
the X-ray transitions in the absorption edge17 the 
excitation of a K electron must be to a state with p 
characteristics. The nickel-oxygen X-ray absorp
tion results are thus related to the number density 
of energy levels in the 4s and 4p bands and to the 
relative amounts of p character of these bands.

The first conclusion from the X-ray absorption 
results is based on the close resemblance between 
the X-ray absorption curves of nickel crystals that 
have oxygen chemisorbed on them (Fig. 3) and 
nickel crystals completely converted to the oxide 
(Fig. 4). In both cases the oxygen enhances the 
X-ray absorption in the A  region, decreases it in the 
B region. The close resemblance shows that the 
bond that is formed between the nickel and the 
chemisorbed oxygen atom is similar to that in the 
bulk oxide and hence is ionic. The nickel, there
fore, has electrons extracted from it by the chemi
sorbed oxygen. This result is entirely consistent 
with results obtained using measurements of mag
netic susceptibility,18 conductivity3 and work func
tion.3

(14) H. Knitter, Phys. Rev., 48, 664 (1935).
(15) N. F. Mott, “ Applications of X-ray Spectroscopy to Solid State 

Problems,”  NAVEXOS P-1033, page 1 (1950).
(16) H. Jones and N. F. Mott, Proc. Roy. Soc. {London), 162, 49 

(1937).
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The close resemblance between the absorption 
curves for the nickel with chemisorbed oxygen on it 
and for nickel completely converted to the oxide is 
somewhat surprising because of the importance 
placed on the effect of the crystal field in which the 
metal atom lies.19 It would have been expected 
that the asymmetrical field produced at the nickel- 
oxygen interface would have caused a much dif
ferent X-ray absorption curve from that for the 
bulk oxide in which the nickel exists in a symmetri
cal, octahedral field. That this is not so would indi
cate that the absorption curve is most affected by 
the electron transfer from metal atom to oxygen 
atom rather than by the metal atom’s charged 
neighbors.

The close resemblance between the X-ray 
absorption curves for nickel with chemisorbed 
oxygen on it and nickel oxide was not fully expected. 
An alternate mechanism assumes that the metal’s 
band structure is unaffected by the oxygen chemi
sorption, electrons being simply removed from the 
filled 3d band. This would entail a lowering of the 
Fermi level. If this had occurred, the X-ray ab
sorption curve would have retained its shape, but 
would have been shifted toward lower energy (or 
longer wave length). The effect on the log-log 
plots used to analyze the X-ray absorption data 
would be that seen in Fig. 8, where the absorption 
data for the bare nickel catalyst were artificially 
displaced 2 volts with respect to those of the nickel 
foil. These data cannot be represented by a 
straight line. The shape is that of a reversed C, 
instead of the sinusoidal curve actually observed in 
Fig. 2.

The A  region of Fig. 3 is commonly associated 
with the X-ray absorption properties of the 4p band.4 
The increased X-ray absorption in this region cor
relates well with what is to be expected. The chem
isorption of oxygen in forming the nickel ions 
decreases the surface nickel atoms’ 4p band state 
mixing, increases its p character. This increase is 
accompanied by an increased probability of K 
absorption and hence a larger X-ray absorption 
coefficient is observed.

Figure 5 shows that the change in absorption co
efficient per added oxygen atom is linear over the 
range 0 to 1 in oxygen/nickel ratio. The nickel 4p 
band is thus affected to the same extent whether an 
oxygen is added to a surface nickel atom or whether 
it is completing the transformation of the nickel 
crystal to nickel oxide.

The interpretation of the B region is less easily 
made. Figure 3 shows that the region covers ap
proximately 13 volts. Knowing (because of the 
relatively poor resolution) that this is somewhat 
larger than it should be, the B absorption region 
must still extend over the 4s band and the dip in 
density of energy levels at M shown in Fig. 7. It 
is therefore not clear whether the decreased absorp
tion in the B region during oxygen chemisorption 
is due to decreased p character of the 4s band or to 
a widening of the separation of the 4s and 4p bands

(17) II. W. B. Skinner, Reports Prog. Phya., 5, 257 (1938).
(18) L. E. Moore and P. W. Selwood, J. Am. Chem. Soc., 78, 697

(1956).
(19) W. W. Beeman, J. Fores and J. N. Humphrey, Phys. Rev., 67, 

217 (1945).

Fig. 8.— Effect of absorption edge shift.

to form a gap. The reduction in density of energy 
levels would reduce the absorption coefficient. 
The formation of a gap would be expected20 since a 
monolayer of oxygen on the nickel produces a two 
dimensional periodic field. The gap produced (if 
this is the correct explanation for the B region) hy 
the two dimensional nickel-oxygen periodic field 
appears to occur at about the same position as that 
for the three dimensional bulk nickel oxide.

The change in X-ray absorption per nickel atom 
in the B region is apparently greater when oxygen 
is adsorbed on the surface than when the oxygen is 
completing the transformation to the bulk oxide. 
Any interpretation of this must take into account 
that this change is proportional to the number of 
atoms affected by each chemisorption act and to the 
effect per nickel atom. For several reasons the 
tendency is to assume that the oxygen chemisorp
tion affects more than one nickel atom. This hy
pothesis fits Brewer’s21 original concept of the 
mechanism by which a small number of impurity 
atoms can poison a catalyst surface. Second, the

(20) Slater discusses the single dimension periodic field. The 
reasoning can be extended to two dimensions; J. C. Slater, Encyclo
pedia of Physics, 19, 24 (1956).

(21) A. K. Brewer, T his Journal, 32, 1006 (1928).
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formation of the periodic field on the surface would 
be expected to affect at least the layer of nickel 
metal atoms just beneath the affected layer.

It is noteworthy that the clean, supported metal 
crystals seem to exhibit the same X-ray absorption 
edge properties as that of bulk nickel metal. This 
was shown by the straight line relationship for the 
log-log plot of absorption data for catalyst and foil 
(Fig. 1). Seemingly, small crystal size and the 
contact with alumina do not affect the nickel X-ray 
absorption edge spectrum. It must be recognized 
that the instrumentation used and counting error 
inherent in intensity measurements prevent the 
observation of small changes in X-ray absorption 
edge structure. It is therefore possible that a small 
crystal effect and interaction with the alumina 
could occur without actually being observed by the 
present X-ray technique. At least it can be said 
that the contact of the nickel crystals with the oxide 
ions of the alumina does not affect the nickel as 
much as chemisorbed oxygen.

Acknowledgment.—A number of people have 
been most helpful in bringing this work to fruition. 
I would like to thank Drs. L. C. Roess, S. A. 
Francis, R. P. Eischens and members of the Physi
cal Research Department of the Texaco Research 
Center for their helpful criticism. Dr. G. R. 
Gunther-Mohr of IBM helped me greatly in getting 
started in the use of heat lamps. The suggestion 
of Dr. H. Cole of IBM that nickel foil be used in 
calibration of the X-ray absorption data was of 
enormous help.

DISCUSSION
A. C. Z b t t l e m o t e r  (Lehigh University).— I am surprised 

at your conclusion that the sorption of an oxygen affects 
only the nickel atom to which it is attached. Many other 
pieces of evidence, such as the change in work function with 
coverage, suggests a farther reaching effect. Another ex
perimental approach might be the measurement of low 
temperature heat capacities.

P a u l  H . L e w is .— The conclusion rests on the exper
imental evidence shown in Fig. 2. This distortion of the 
linear relationship is different from that expected if the 
oxygen adsorption had merely caused a change in the 
Fermi level (see Fig. 8). It is to be further pointed out 
that the X-ray evidence leads to the conclusion that the 
•primary atom affected by the chemisorption act is the one 
on which chemisorption takes place. Atoms near to this 
atom are secondarily affected (see the discussion of Fig. 6). 
I agree that low temperature heat capacity measurements 
would be useful in studying small crystals; see the work of

I .  A. Morrison and, D. Patterson, Trans. Faraday Soc. 
52, 764 (1956); Can. J. Chem., 33, 240 (1955).

ft. A. P a s t e r n a k  (Stanford Research Institute).- This 
symposium has emphasized phenomena involving chemisorp
tion on bare metals. The “ bareness”  of the metal surface 
in the investigation under discussion, and in other studies 
presented here, might be open to question. Flash filament 
studies have shown that at 10”8 mm. smooth tungsten (J. A. 
Becker. “ Advances in Catalysis,”  (Academic Press, New 
York, N. Y., 1955) Vol. VII, p. 136) and molybdenum 
(R. A. Pasternak and H. U. D. Wiesendanger, to be pub
lished) surfaces are saturated with oxygen, nitrogen, hy
drogen, and other active gases in about 10 minutes and 
proportionatley faster at higher, pressures. For hydrogen 
adsorption the situation is particularly bad because ad
sorbed hydrogen is rapidly and irreversibly replaced by 
nitrogen and oxygen even at exceedingly low partial pres
sures. I would expect that under the customary vacuum 
conditions of 10 mm. the large internal surfaces of sup
ported catalysts or of evaporated metal films also become 
covered quite rapidly with adsorbed gas. ■,: Moreover, I 
wonder whether the usual degassing procedures are suf
ficient to generate truly clean surfaces.

In order to obtain and maintain truly clean surfaces, 
ultrahigh vacuum is highly desirable. New techniques how 
make it relatively simple to attain such conditions. Biondi 
(Rev. Sci. Inst.,. 30, 831 (1959)) recently has described a 
non-refrigerated high-conductance isolation trap, charged 
with alumina or zerolite pellets, which is a substitute for 
the liquid nitrogen trap in a vacuum system based on an 
oil diffusion pump. At Stanford Research Institute we 
have used such a vacuum system successfully (H. U. D. 
Wiesendanger and R. A. Pasternak, Experientia, in press 
(I960)) in our extensive flash filament study of gas-molyb
denum interactions. Base pressures of below 5 X  10-10 
mm. were obtained routinely. During the study we were 
able to maintain pressures below 10 to 10 mm. while 
passing hydrogen or nitrogen through our unit at high flow 
rates. No traces of oil vapors were discovered in the unit 
even after continuous operation of the pumping system for 
about three months.

P a u l  H. L e w is .— The experimental fact that the X-ray 
absorption properties of the atoms in catalyst nickel are 
the same as those in the interior of bulk nickel metal shows 
that the surface of the catalyst nickel cannot be covered 
with more than a third of a monolayer of oxygen. The 
answer lies in the large surface area of the sample. The 
sample weighing about a gram contains 7 X  10-4 g. atoms of 
nickel and has roughly 10 square meters of surface area. 
About a third of the nickel atoms are on the surface. The 
sample cell contains gas at 10 “6 mm. pressure with a volume 
of 1 liter so it contains 1 X 10“ 9 g. atom of gas at any given 
instant. Suppose all this gas is “ gettered”  by the catalyst 
nickel every second, and a leak admits gas into the cell at 
the same rate. It would take about an hour to cover the 
surface to the extent of 1 %. A 5 or 6%  coverage would not 
be observed in the X-ray experiment. It must be remem
bered that the experiments cited by you involve the use of 
metal samples of low surface area (of the order of square 
centimeters).

u.M • i n y . t u r n  I f\ f 1 u  i y i f j1 e  i*

f ! 3 1  i l l  T î  tVfi ; l ï
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SURFACE CHEMISTRY FROM SPECTRAL ANALYSIS OF TOTALLY 
INTERNALLY REFLECTED RADIATION*
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Received March 7, 1960

A study has been made of the phenomenon of total internal reflection with the possibility in mind of applying it to the 
study of the spectra of surfaces of optically transparent materials, particularly semiconductors. It is found that the radia
tion penetrates the surfaces into the rarer medium to a depth predicted by Maxwell’s theory and that this radiation is sensi
tive to molecular absorption on the surface. The degree of interaction on each reflection is comparable to that observed 
for a single transmission if the film thickness is equal to or less than the penetration depth. Since many total internal re
flections can be used without power loss, this technique should be a sensitive one in the study of the chemistry of surfaces 
of optically transparent materials and of thin films which can be deposited on optically more dense and transparent dielectrics.

Introduction
One of the most direct approaches to the study 

of chemisorbed molecules on solid state surfaces 
is to analyze the infrared spectrum of the surface.1® 
Not only does the spectrum tell us what molecule 
is on the surface but it also tells us something about 
the nature of the bonding to the surface. This 
technique has worked successfully for metals.1® 
Here the sample was powdered in order to gain 
surface area. The beam was transmitted through 
the sample and spectrally analyzed. Thin samples 
have been spectrally analyzed by placing them on 
polished metal surfaces and, to gain sensitivity, 
multiply reflecting the infrared beam between two 
such mirrors.lb Even though the reflectivity of the 
metal may be high, the beam is rapidly attenuated 
for many reflections which may be required to 
gain sensitivity as the power in the beam is finally 
Rn where R is the reflectivity and n the number of 
reflections.

It is particularly important to apply similar 
techniques to the study of semiconductor surfaces 
in order to correlate the chemistry of the surface 
with our present knowledge of the physics of the 
surface. Powdering of the semiconductor has the 
disadvantage that the characteristics of the semi
conductor may change drastically, when the sample 
is powdered, especially if the powder size is com
parable to or less than a Debye length. A beam 
transmitted through a sample consisting of several 
separated layers has the disadvantage that re
flectivity losses are high. The same disadvantage 
applies to a greater degree to a beam multiply 
reflected between two parallel plates. It has been 
suggested2 that total internal reflection using radia-

* This work has been reported in Phys. Rev. Letters, 4, 224 (1960).
(1) (a) R. P. Eischens and W. A. Pliskin, “ Advances in Catalysis,” 

Vol. 10, Academic Press, Inc., New York, N. Y., 1958; (b) S. A. 
Francis and A. H. Ellison, J. Opt. Soc. Am., 49, 131 (1959).

(2) Discussion by N. J. Harrick following paper by R. P. Eischens in 
session on New Techniques at Second Conference on Semiconductor 
Surface, Naval Ordnance Laboratories, White Oak, Md., Dec. 2—4, 
1959. J. Phys. Chem. Solids, to be published (1960). It was brought 
to the author’s attention after the work described here was com
pleted that Dr. J, Fahrenfort of the Royal Dutch Shell Laboratories, 
Amsterdam, has described what appears to be a similar technique to 
observe the spectra of organic materials on silver chloride, at the 
Fourth International Congress on Molecular Speetroscopy, Bologna, 
Sept. 7-12, 1959.

A dd ed  N o t e : Dr. J. Fahrenfort shows that total internal reflection 
gives spectra of much higher contrast than conventional reflection. He 
suggests that total internal, rather than conventional, reflection might 
thus be utilized to obtain spectra when it is inconvenient or impossible 
to obtain the spectra from transmission measurements. He is con
cerned with a single reflection. Our approach is to utilize total inter-

tion above the lattice absorption edge might work 
because on reflection the beam actually penetrates 
the surface and is pumped into and out of the rarer 
medium. This beam, if it is sensitive to molecular 
resonances, should give information regarding the 
type of impurity on the surface and the nature of 
the bonding to the surface. Since total internal 
reflection means that the reflection is 100%, 
many internal reflections can be used and thus the 
sensitivity of this technique can be much greater 
than that of transmission or external reflection.

To determine whether application of total in
ternal reflection to the study of the surfaces of 
optically transparent materials is possible the 
following questions must be answered: (a) Is
this reflected radiation sensitive to molecular ab
sorption? (b) How great is any interaction com
pared to that in a transmission measurement?

Before giving the experimental results we will 
review briefly some aspects of the phenomenon 
of reflection. When a beam strikes at normal inci
dence an interface of a non-conducting medium it 
is reflected to a degree given by R =  (rin — 1 ) 2/  
(wi2 +  l ) 2, where rin is the relative index of refraction 
of the two media. As the angle of incidence is in
creased, the reflectivity remains constant until the 
principal angle, 6P =  tan-1 w2i, is reached. For fur
ther increase in incident angle, the reflectivity in
creases rapidly to unity at grazing incidence when the 
second medium is more dense than the first. If, how
ever, the second medium is less dense than the first, 
the reflectivity becomes unity for an angle only 
slightly larger than the principal angle which may 
be much less than 90°. This is called the critical 
angle and is given by 6C =  sin-1 n2i. For angles 
greater than the critical angle many reflections may 
take place with losses occurring only due to ab
sorption in the bulk and reflectivity losses at the 
entrance and exit surfaces of the sample. The 
dense medium thus acts as a wave guide or light 
pipe. These features of the reflection phenomenon 
are shown in Fig. 1 for the Ge-air interface.

Maxwell’s theory predicts that the totally re
flected beam actually penetrates into the rarer 
medium (see insert of Fig. 2a) where the electric 
field intensity falls off exponentially. The depth 
of penetration, defined as the distance where the
nal reflection in order to gain sensitivity through many reflections and 
thus ultimately examine films of the order of a monolayer thick. The 
author wishes to thank Dr. Fahrenfort for a preprint of his paper to be 
published in the proceedings of the Bologna conference.
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Fig. 1.— The reflectivity of the germanium-air interface as 
a function of angle of incidence.

MAGNIFICATION 10*

•Ir

b.
Fig. 2.— Sample shapes for total internal reflection measure

ments.

electric intensity has fallen to one-half of its value 
at the surface, is given by3

_  0.693 Xi
X'^  2x(sin2 8 — 71212)1/ 1

Here Xi is the wave length in the denser medium, 
8 the angle of incidence and n21, which is less than 
unity, the relative index of refraction of medium 2 
to medium 1. The penetration depth at a wave 
length of 3.4 g as a function of angle of incidence 
and calculated from this formula is shown in Fig. 
3 for germanium, dielectric constant 16, in contact

(3) J. A. Stratton, “ Electromagnetic Theory,”  McGraw-Hill Book 
Co., Inc., New York, N. Y., 1941. This penetration depth is that for 
a non-absorbing medium.

ANGLE OF INCIDENCE.

Fig. 3.— The penetration depth vs. angle of incidence for 
total internal reflection at the germanium-polyethylene 
interface. The experimental point is obtained from the 
experimental data of Fig. 6.

with polyethylene, dielectric constant 2.3. Except 
near the critical angle when sin 8— n21, the pene
tration depth is about one-tenth of a wave length. 
It should be noted the penetration is proportional 
to the wave length in the denser medium and be
comes less as the dielectric constant of the rarer 
medium decreases. This penetration into the 
rarer medium has been demonstrated in numerous 
experiments. Penetration with displacement as 
shown in the insert of Fig. 2a was demonstrated 
in a remarkable experiment by Goos and Hanchen4 
who compared total internal reflection with metal
lic reflection (dotted line in the insert of Fig. 2a) 
and found after many reflections a displacement of 
the two beams relative to each other. They found 
for the displacement distance for a single reflection 
the expression

D =  K tw , ■ 2 „ Xl— ¿vy (sin2 6 — rasi2)'/2
where K  =  0.52 and n2 =  Ao/A2. The displacement 
is thus directly proportional to the depth of pene
tration and thus follows a curve as a function of 
angle of incidence similar to that shown in Fig. 3. 
The phenomenon of the penetration into the rarer 
medium of totally internally reflected radiation 
has been demonstrated in other experiments. 
Here we list a few such experiments demonstrating 
this fascinating effect.

1. Schaefer and Gross5 have measured the 
penetration in the rarer medium for total internal 
reflection at the glass-air interface using radiation 
of 15 cm. wave length.

(4) F. Goos and H. Hanchen, Ann. Phyt., (6] 1, 333 (1947).
(5) Cl. Schaefer and G. Gross, Ann. Physik, 32, 648 (1910).
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2. If phosphor is placed on an optical surface 
where total reflection is taking place, the phosphor 
will light up indicating a penetration into the rarer 
medium.6 The objection that the condition of 
total reflection has been disturbed when the phos
phor makes contact is ruled out if this experiment 
is done properly.

3. If a convex lens makes contact to a surface 
where total reflection is taking place, a spot larger 
than the point of contact and without fringes ap
pears.7 The size of the spot indicates that trans
mission of light through the lens is not limited to 
the point of contact. If the spot is viewed through 
the lens, it appears white with a reddish border; 
whereas if it is viewed through the prism, it ap
pears black with a bluish border. This color sepa
ration is an indication of the wave length depend
ence of the penetration into the rarer medium.

4. If a razor blade is brought down to a surface 
of a light pipe, the edge of the blade will become 
illuminated just before contact.7

5. The frustrated total internal reflection filter 
takes advantage of the penetration of the radiation 
into the rarer medium.8

6. If metal strips forming a grating are evapo
rated on the reflecting surface of a prism an inter
ference pattern can be observed at grazing inci
dence outside and behind the reflecting surface 
even though the incident angle is greater than the 
critical angle so that condition for total internal 
reflection is met.9

7. When total internal reflection is occurring 
and a metal is brought into contact with the re
flecting surface, the reflectivity of the interface 
becomes less than total. Measurements of the 
reflectivity in this case can provide a measure of 
the conductivity of the material making contact to 
the dielectric. Such measurements have been 
made for the Ge-Hg interface.10

The object of the present experiment is to place 
known molecules on the surface of the optical wave 
guide and to attempt to detect their presence 
through analysis of the spectrum of the reflected 
radiation.

Experimental
The sample was cut, lapped and diamond polished in one 

piece from 30 ohm-cm., p-type germanium having the 
shape shown in Fig. 2a. This particular sample shape has 
the advantage that the exit beam is axial with the entrance 
beam. This leads to fewer complications in the optics 
of the spectrometer. The dimensions were such as to 
give eight reflections with the entrance face having dimen
sions of VT X  V / -  The angle of incidence was made 45° 
because this results in the largest usable aperture for the 
sample and makes machining of the angles involved easier. 
The sample was placed in a cell so that all of the surfaces 
except the entrance and exit faces could be surrounded by a 
liquid or a gas. If narrow spectrometer slits are used, the 
sample can be made thinner and the number of reflections 
can thus be increased. Figure 2b shows how the surface 
might be curved to increase the number of reflections and 
thus increase the sensitivity. For the example shown,

(6) R. W. "Wood, "Physical Optics,”  The Macmillan Co., New York,
N. Y „  1956.

(7) Jenkins and White, “ Fundamentals of Optics,”  McGraw-Hill 
Book Co., Inc., New York, N. Y., 1957.

(8) P. J. Leurgans and A. F. Turner, J. Opt. Soc. Am., 37, 983(A) 
(1947). The term “ frustrated reflections" was coined here.

(9) P. J. Leurgans, private communication.
(10) N. J. Harrick, J. Opt. Soc. Am., 49, 376 (1959).

. * WAVELENGTH (MICRONS).

Fig. 4.— Spectra of beam / r of Fig. 2a. The lines attributed 
to C 02 indicate its presence in the atmosphere.

Fig. 5.— The spectrum of a 1.5 X  10~4 cm. polyethylene
film from reflection and transmission measurements.

Fig. 6.— Comparison of the signal strength for trans
mission and reflection beams, J t  and / r  of Fig. 2a, for the 
polyethylene absorption line at 3.4 p. The spectrometer 
slit width was 0.5 mm. for these measurements.

the number of reflections has been increased from four to 
fourteen by curving the surface. Care must be taken in 
such a sample that the angle of incidence does not decrease 
to a value less than the critical angle otherwise the beam 
will be lost. The exit infrared beam was analyzed with the 
aid of a Perkin-Elmer Model 12C Spectrometer. Be
cause of the lack of sensitivity of the present infrared set-up, 
we chose to work with absorption bands in the two to four 
micron range where the radiation intensity of the globar is 
high. The polyethylene was placed on the sample surface 
by first dissolving it in xylene to a dilution of 0.04% by 
weight and spraying it on the surface of the sample. It 
was thus possible to control the thickness of the polyethylene 
film. The signal intensity for transmission and reflection 
were compared by analyzing the beams I t and / r  of Fig. 
2a.
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Results
1. Water.—The experimental results for water 

are shown in Fig. 4. The solid line represents the 
transmission of the sample after eight reflections. 
The C 02 absorption bands, due to the surrounding 
atmosphere, are detectable. The dotted lines 
show the deviation from the solid curve when 
the sample is surrounded by water. The water 
absorption bands at 3 and 6 n are clearly 
visible. A rough check of the depth of penetration 
of the 3 ju radiation into the water was made by 
comparing the signal strength in Fig. 4 to that ob
served from a film of water of known thickness. 
The signal in Fig. 4, assuming a comparable strength 
of interaction in the transmission and reflection 
experiments, was calculated to correspond to a 
penetration depth of about 0.15 n, in agreement with 
theory.

2. Polyethylene.—The experimental results for 
the polyethylene absorption band at 3.4 fi are 
shown in Figs. 5 and 6. Figure 5 compares the 
spectra observed for reflection and transmission 
for a film thickness of 1.5 fi. Figure 6 shows how 
the signal strengths behave as the film thickness 
is changed. For a film thickness less than 0.5 n, 
the signal from two transmissions is less than that 
due to eight reflections. The reflection signal 
is independent of film thickness except for films 
less than 0.16 /x thick. This thickness is thus a 
measure of the depth of the penetration of the 
radiation in the polyethylene. This experimental 
point falls right on the theoretical curve given in 
Fig. 3 and calculated from the formula given in the 
text for the germanium -polyethylene interface. 
When two reflections are compared to two trans
missions it is evident that the signal strengths are 
about the same for film thicknesses less than a 
penetration depth.

Discussion
This experiment has provided another demon

stration and test of Maxwell’s theory on the pene
tration of radiation into the rarer medium on total 
internal reflection. It has been shown that this 
radiation is sensitive to molecular absorption to 
about the same degree that is observed in trans
mitted radiation for film thicknesses less than a 
penetration depth. The measured depth of pene
tration agrees with that calculated from theory. 
The results show that the technique outlined here 
can be used to investigate surface impurities on 
optically transparent materials. A particularly 
important application of the technique should be 
found in the study of semiconductor surfaces. 
Another useful application can be found in the 
study of thin films. The latter application is 
important as it is known that thin films often have 
properties different from the bulk.

From the present results we would estimate that 
through the use of more reflections and a more 
sensitive spectrometer one to ten molecular layers 
can be detected using this technique. We reach 
this conclusion from the observation that an ab
sorption band in a film 0.03 ¿x thick was readily 
detected (see Fig. 6) through the use of only eight 
reflections and a rather insensitive spectrometer 
set-up.

In applying this technique one should be aware 
of the following possible difficulties.

The index of refraction may change rapidly in 
the vicinity of molecular resonances if the damping 
effects are small. When this is the case, the condi
tion of total reflection at the interface may be no 
longer met and the radiation can then escape the 
light pipe. It would return to the light pipe if 
total reflection occurs at the outside boundary of 
the film11 on the light pipe and if the radiation is 
not completely absorbed by the film. That the 
radiation does not escape the light pipe in our ex
periment is immediately evident from the observa
tion in Fig. 6 that the signal strength is independent 
of film thickness beyond a thickness of 0.16 /x. 
Hence, any change of index of refraction is not 
great enough to violate the condition of total 
internal reflection at 45° angle of incidence used in 
the present experiment. Such an effect could 
undoubtedly be observed by adjusting the angle 
of incidence. Furthermore, such measurements 
could be used to provide a sensitive determination 
of the index of refraction in the vicinity of molecu
lar resonance.

In analyzing the spectrum of the impurities on 
the surface it is necessary to take into account 
any absorptions in the bulk: e.g., oxygen in sili
con,12 and the spectrum of the free carriers, e.g., 
holes.13

Although the absorption coefficient of the free 
carriers in a semiconductor is low (~1CU16 cm.2 
per free carrier), it is advisable to keep their density 
low especially if the sample is traversed many 
times when many reflections are used to increase 
the sensitivity. The density of free carriers can 
be kept at a low value by using either wide band 
gap or near intrinsic semiconductors and by working 
at low temperatures if necessary. High surface 
barriers, when the number of free carriers may not 
be negligible, should also be avoided since the car
riers in the space charge region also contribute to 
the absorption of the infrared radiation.14

The author is indebted to Mr. R. C. Hughes for 
the germanium crystals and to Mr. H. W. Keese for 
technical assistance.

DISCUSSION
D ie t r ic h  Sch ultze  (Mellon Institute).-—How is it 

possible to distinguish between actual extinction due to 
absorbed molecules and interference extinction of the light 
beam?

N. J. H arrick :.— Firstly, the dimension of the sample and 
the angle of incidence are such that it. is unlikely that any 
interference will occur; secondly, it is generally a simple 
matter to recognize an interference pattern because of its 
symmetrical feature.

J. A. R a s h k i.v  (E. I. du Pont de Nemours Co.).— In the 
calculation of the penetration depth for a monolayer ad
sorbed on the surface, where 30U use the refractive index of 
the rarer medium, which refractive index do you use? The 
“ refractive index”  of the adsorbed molecules? The re- 
refractive index?

(11) It should be realized that if the constants of the media 1 and 2 
are such as to give total reflection it makes no difference whether the 
constants change gradually or abruptly.

(12) W. Kaiser, P. H. Keck and C. F. Lange, Phys. Rev., 101, 1264 
(1956).

(13) W. Kaiser, R. C. Collins and H. Y. Fan, ibid., 91, 1380 (1953).
(14) N. J. Harrick, J. Phys. Chem. Solids, 8, 106 (1959).
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N. J. H a r r ic k .— Firstly, the penetration depth is con
siderably larger than one monolayer and thus it does not 
make much difference whether the reflection is considered 
to take place on the inside or the outside of the monolayer. 
Secondly, the index of refraction is a macroscopic, quantity 
and is thus really undefined for a monolayer or a single 
molecule. In dealing with such thin layers, Maxwell’ s 
theory cannot be used and it is necessary to go to an atomic 
model. The condition of total reflection can be unsatis
fied at the surface of the light pipe yet this technique should 
work since the radiation is not necessarily lost from the 
system— see footnote ( 11).

D o n ald  G r a h a m  (E. I. du Pont de Nemours & Co.).—  
To what extent would this technique be applicable to silica

or alumina as represented by fused quartz or sapphire?
N. J. H a r r ic k .— This technique should work for any 

transparent material. It is convenient to have a high index 
of refraction so that the angle of incidence can be made 
small and thus increase the number of reflections per unit 
sample length.

D o n ald  G r a h a m .— Is it not possible that grinding, lap
ping, and diamond polishing of hard surfaces could introduce 
surface defects making the surface comparable to that of 
small particles?

N. J. H a r r ic k .— Yes. To avoid this effect the surface 
should be etched, cleaved, or annealed. The sample may 
also be initially grown to the shape desired, e.g., dendrites.

THE CHEMISORPTION OF OXYGEN ON NICKEL1
By R obert J. Leak and P. W. Selwood

Chemical Laboratory of Northwestern University, Evanston, Illinois 
Received March 7, 1960

The chemisorption of oxygen on nickel-silica catalyst systems has been investigated by the low frequency a.c. permeameter 
method and volumetric gas adsorption techniques. The nickel particles were in the superparamagnetic range or slightly 
larger. A method has been developed for distinguishing between true chemisorption of oxygen on nickel as contrasted with 
surface oxide formation. The method makes use of what appears to be a change of magnetic anisotropy energy in particles 
of nickel in the 100 A. diameter range. A  possible explanation is discussed for the so-called “ hydride anomaly”  in the chemi
sorption of hydrogen on nickel at low temperatures.

Introduction
There have been many studies of the interaction 

of oxygen with nickel surfaces, but there are two 
basic points which have not been elucidated. First, 
there is no clear distinction as to where surface 
chemisorption ends and where bulk oxidation be
gins. And secondly, there has been some confusion 
as to the effect of chemisorbed oxygen on the mag
netization of nickel.

The first point has been further confused by loose 
terminology. “ Chemisorption”  is sometimes used 
when actually bulk oxidation probably occurred. 
Chemisorption of oxygen and oxidation are easily 
confused because of the ease with which the former 
can be converted into the latter.

Oda2 showed that penetration of oxygen into the 
nickel lattice occurred even at —183°. His work 
on evaporated films showed that the oxygen “ sorp
tion”  proceeded until three molecules of oxygen 
were taken up per surface nickel atom. Further 
slow “ sorption”  also occurred. Scheuble3 re
ported similar studies at room temperature on 
evaporated films. He found a “ sorption”  of oxygen 
equivalent to 9.5 times that needed for a monolayer 
if the surface were smooth.

Beeck and co-workers4 found that oxygen was 
taken up at 23° to the extent of two molecules per 
lattice site. Moreover the oxygen adsorption 
layer will diffuse into the interior even if no addi
tional oxygen is available from the gas phase. 
Although not so stated, this amounts to oxidation,

(1) Taken in part from the thesis of Robert J. Leak submitted to 
the Graduate School of Northwestern University in partial fulfillment 
of the requirements for the degree of Doctor of Philosophy.

(2) Z. Oda, Bull. Chem. Soc. Japan, 27, 465 (1954).
(3) W. Scheuble, Z. Physik, 135, 125 (1953).
(4) O. Beeck, A. E. Smith and A. Wheeler, Proc. Roy. Soc. {London), 

A177, 62 (1940).

not simply chemisorption. Stone and co-workers5 
showed the limit of oxygen uptake by nickel pow
ders depends not only on temperature, but also on 
pressure and porosity. These two factors are im
portant because they determine the efficiency of the 
dissipation of the heat of reaction. Further evi
dence concerning this matter is given by Higuchi, 
Ree and Eyring6 who show a wide discrepancy be
tween the calculated and observed heat of adsorp
tion of oxygen on nickel.

The complexity of the situation has been shown 
by Zettlemoyer and co-workers7 who found four 
layers of oxygen, namely, oxide, chemisorbed O- , 
strongly physically adsorbed 0 2, and weakly 
physically adsorbed 0 2. The reaction was not 
stopped between the transition of the chemisorbed 
layer into the oxide, but at least the existence of 
two chemically bound layers was demonstrated.

There has been some experimental evidence show
ing a distinction between chemisorption of oxygen 
and oxidation. Farnsworth and Schlier8 showed by 
electron diffraction experiments on single nickel 
crystals that a monolayer of oxygen is chemisorbed 
at room temperature after a pressure-time exposure 
of 2 X 10-6 mm.-min. Above 10-6 mm.-min. a 
nickel oxide layer is formed.

Shurmovskaya and Burshtein9 have shown by 
contact potential measurements that at 35° oxygen

(5) R. M. Dell, D. F. Klemperer and F. S. Stone, T h is  J o u r n a l , 60, 
1586 (1956).

(6) I. Higuchi, T. Ree and H. Eyring, J. Am. Chem. Soc., 79, 1330 
(1957).

(7) A. C. Zettlemoyer, Y. F. Yu, J. J. Chessick and F. H. Healey, 
T h is  J o u r n a l , 61, 1319 (1957).

(8) R. E. Schlier and H. E. Farnsworth, “ Advances in Catalysis,”  
Vol. IX , Edited by D. D. Eley, W. G. Frankenburg and V. I. Komarew- 
sky, Academic Press, Inc., New York, N. Y., 1957, p. 434.

(9) N. A. Shurmovskaya and R. Kh. Burshtein, Zhur. Fiz. Khim., 
31, 1150 (1957).
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increases the work function of nickel and at 100° 
decreases the work function even at a surface cover
age of one tenth. This may be interpreted as chem
isorption at the lower temperature and oxidation 
at the higher temperature. Apparently a real 
difference exists between nickel with oxygen chem
isorbed on the surface and bulk nickel oxide.

Some question as to the effect of relatively elec
tronegative adsorbates on the magnetization of 
nickel arose when a paper from this Laboratory re
ported that hydrogen and water decrease the mag
netization of nickel while oxygen and nitrous oxide 
increase the magnetization.10'11 These results were 
found with an apparatus that did not permit 
thorough evacuation of the sample. Later experi
ments with the AC permeameter showed that all 
gases thus far studied produce the same effect on 
the sign of the magnetization change provided that 
they are measured at the same temperature and on 
the same catalyst.

The purpose of this work was to extend further 
the study of the interaction of oxygen with nickel.

Experimental
All measurements were made with the AC permeameter 

and volumetric adsorption apparatus that has already been 
described.12’13 A nickel-kieselguhr catalyst produced by 
Universal Oil Products Co. was used in an unsintered and 
sintered form. The nickel content was 52.8%. The un
sintered catalyst was used by reducing the catalyst in situ 
for 12 hours at 350° with flowing hydrogen and evacuating 
for two hours at the same temperature. The sintered cat
alyst was reduced with hydrogen as before and then sintered 
in helium for one hour at 500° and one hour at 600° before 
weighing and sealing in the permeameter for reduction and 
evacuation.

Hydrogen and nitrous oxide were obtained from commer
cial cylinders. Hydrogen was purified by passage through a 
Deoxo unit and silica gel at —78°. Nitrous oxide was 
purified by fractional freezing at —196° to remove nitrogen. 
Oxygen was obtained by decomposing dried potassium per
manganate and passage of the gas through a silica gel trao 
at -7 8 ° .

Gas analyses were made with a vapor phase chromato
graph with silica gel as the column packing according to the 
results of Janak.14

Results
Preliminary Investigations.— Initial experi

ments on unsintered catalysts showed that oxygen 
produces the same effect as hydrogen on nickel, 
namely, a decrease of magnetization. The magne
tization-volume isotherms for hydrogen and oxygen 
in Fig. 1 show how the two gases alter the relative 
magnetization in the same direction for measure
ments up to one atmosphere pressure at room tem
perature. The oxygen takeup of 59.9 cc./g., which 
lowered the magnetization to 43% of the original 
value, was 3.3 times that of hydrogen chemisorption 
under the same conditions. Evacuation did not 
remove any of the oxygen nor did it restore any of 
the loss in magnetization.

An attempt was made to use the decomposition of 
nitrous oxide as a source of oxygen to prevent oxida-

(10) L. E. Moore and P. W. Sei wood, J. Am. Chem. Soc., 78, 697 
(1956).

(11) J. J. Broeder, L. L. van Reijen and A. R. Korswagen, J. chim. 
phys., 54, 37 (1957).

(12) P. W. Selwood, J. Am. Chem. Soc., 78, 3893 (1956).
(13) P. W. Selwood, ibid., 79, 4637 (1957).
(14) J. Janak, Collection Czeckoslov. Chem. Commun., 20, 343 

(1955).

Fig. 1.— Magnetization-volume isotherms for oxygen 
and hydrogen (and pressure-volume isotherm for oxygen) on 
nickel at 25°.

tion and thus to study the chemisorptive process 
alone. Analyses of the gases in the system were 
made by removing samples and transferring to the 
vapor phase chromatograph. The results showed 
that nitrous oxide is decomposed instantaneously 
on unsintered nickel catalysts even at temperatures 
as low as —78°, only 11° above the boiling point of 
nitrous oxide.

The decrease of magnetization accompanying 
the decomposition of nitrous oxide could have been 
due to either chemisorption or oxidation. The 
catalyst then was sintered as described above and 
used in an attempt to slow down the decomposition 
of nitrous oxide and the reaction of the oxygen prod
uct with the nickel. This sample was found to 
show an increase of magnetization upon chemisorp
tion of hydrogen or of nitrous oxide at low tempera
tures.

Previous work in this Laboratory16 has shown 
that hydrogen adsorbed on nickel at room tempera
ture sometimes causes a positive change of magne
tization as measured at low temperatures. It has 
been surmised (incorrectly) that this indicated 
some change of nickel-hydrogen bond type as a 
function of nickel particle size. In view of these 
results it was felt necessary to make a more detailed 
study of hydrogen adsorption on nickel. These new 
results are reported here together with new results 
on oxygen and nitrous oxide.

Chemisorption on Sintered Catalysts.— A
sample of UOP catalyst reduced for 12 hours at 350° 
was heated for 1 hour at 500° and 1 hour at 600° in 
helium. Adsorption of hydrogen on this sample 
gave the results summarized in Fig. 2. In each 
case the temperature of admission was the same as 
the temperature of measurement as indicated. It 
will be noted that on this sample hydrogen at 22° 
gave a negative change of magnetization although 
the isotherm deviated from the straight line found 
with the use of smaller nickel particles.

At —20° the magnetization isotherm had a posi
tive slope at low coverages, followed by a negative 
slope as coverage increased, while at —78° the 
hydrogen had a strong positive effect on the mag
netization for all but the highest coverages.

For all three temperatures evacuation removed a
(15) E. L. Lee, J. A. Sabatka and P. W. Selwood, J. Am. Chem. Soc.,

79, 5391 (1957).
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Fig. 2.— Magnetization-volume isotherms for hydrogen on 
sintered nickel-on-kieselguhr at —78, —20 and 22°.

Temp.,°K.
Fig. 3.— Thermomagnetic curve for sintered nickel- 

on-kieselguhr obtained with AC permeameter. Dotted line 
indicates usual shape for unsintered catalysts.

ec. adsorbed per g. of Ni.
Fig. 4.— Magnetization-volume isotherms for hydrogen 

and oxygen (as derived from nitrous oxide decomposition) 
on sintered nickel-on-kieselguhr at —78°.

moderate part of the hydrogen and in each case the 
change of magnetization so produced was positive in 
sign and reversible on readmission of hydrogen. In 
each case the pressure-volume isotherms were nor
mal for the temperature and thus gave no indication 
of the anomalous magnetic changes occurring in 
the nickel.

Further investigation of these effects produced 
the following information.

A sintered sample was treated with 9.9 cc. of 
hydrogen per g. of nickel at — 78°. The sample was 
then evacuated to remove the trace of hydrogen in 
the dead-space and some of the more loosely bound 
chemisorbed hydrogen. This treatment caused a 
2.2% increase of magnetization. The sample was 
warmed to 22° with no further adsorption or de
sorption and was found to have suffered a 2.4% 
decrease of magnetization as compared with the 
sample prior to hydrogen admission at 22°. Re
cooling showed the change at —78° to be repro
ducible.

Several additional samples of sintered catalyst 
gave results in agreement with those shown in Fig. 
2. The highest temperature at which hydrogen 
produced a positive magnetic change was found to 
depend on the nickel particle size. Thus for par
ticles in the 35 À. diameter range no positive effect 
was found above —253°, for 60 À. particles the 
corresponding temperature was —78°, while for 
85 À. particles a positive effect was found at 20°, 
(these diameters are based on X-ray line width 
broadening, and are approximate only).

A sintered sample gave a small positive magne
tization change on physical adsorption of nitrogen 
at —78°, in contrast to the small negative change 
observed on smaller nickel particles.16

The negative thermal transients which occur 
when hydrogen is flushed onto smaller nickel parti
cles were found with the sintered samples, but the 
sign of the effect was reversed when the hydrogen 
was admitted at low temperatures.

A plot of magnetization versus temperature for a 
sintered sample was obtained on the AC permeam
eter for comparison with a thermomagnetic 
curve obtained by the Faraday method at above 
8000 oersteds. This is shown in Fig. 3. It will be 
noted that the AC method shows an apparent 
maximum of magnetization in the neighborhood of 
200°K., whereas the high field magnetization ap
proaches the normal for stable single-domain be
havior.

A magnetizat ion- volume isotherm for oxygen on 
a sintered catalyst was obtained as follows. Ni
trous oxide was admitted in small doses to a reduced 
catalyst at —78°. Evacuation and fractionation 
with a Toepler pump and buret showed only 
nitrogen in the gas phase. The volume of oxygen 
(as 0 2) chemisorbed was half the volume of nitrous 
oxide admitted. Figure 4 shows the oxygen iso
therm obtained in this manner and compared with a 
hydrogen isotherm at the same temperature on 
the same catalyst. The slope of the oxygen iso
therm could not be investigated to any great extent 
because of the competing nitrous oxide chemisorp
tion and physical adsorption at higher coverages. 
Admission of a large dose of air to the same system 
produced a loss of magnetization.

Results were also obtained for the chemisorption 
of molecular oxygen on sintered catalysts. Oxygen 
was admitted in small doses to the sintered catalyst 
as above at —78° after the usual reduction and 
evacuation. Figure 5 shows that molecular oxygen 
initially increased the magnetization but, after 
about 4 cc. per g. of nickel was adsorbed, further 
addition of oxygen decreased the magnetization. 
The total takeup of oxygen was corrected for physi
cal adsorption by evacuation and readmission to 
atmospheric pressure. No significant change of 
magnetization occurred upon evacuation and read
mission, thus showing that no chemically bound 
oxygen was affected by the evacuation. After 
correcting for physical adsorption the total takeup 
of oxygen was 23.90 cc./g. of nickel, or 1.8 times 
the hydrogen chemisorption at the same tempera
ture on the same catalyst.

The oxygen-covered nickel was evacuated and
(16) P. W. Selwood, J. Am. Chem. Soc., 80, 4198 (1958).
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hydrogen was then admitted. This, as shown in 
Fig. 5, increased the magnetization to near the orig
inal value for an uncovered surface.

Similar measurements were made at —130°. 
Oxygen initially increased the magnetization of the 
nickel, but further addition beyond 14 cc./g. pro
duced a decrease similar to that shown in Fig. 5. 
The total takeup of oxygen was 1.9 times that of 
hydrogen at the same temperature. Evacuation 
and admission of hydrogen to the oxygen-covered 
surface caused an increase of magnetization.

Measurements at —183 to —196° were compli
cated by physical adsorption. The initial portion of 
several isotherms obtained show a lack of quantita
tive reproducibility, but clearly show an increase of 
magnetization caused by oxygen chemisorption. 
After small doses of oxygen had been admitted to 
produce a total gain in magnetization of 1.6% in 
one run at —196° a large dose of oxygen was ad
mitted and decreased the magnetization to 94.6% 
of the original magnetization for a bare surface. 
A similar effect was found by warming the catalyst 
to near room temperature and re-cooling to —196°.

Discussion
A dispersed catalytic system such as nickel-on- 

kieselguhr is well known to be pyrophoric. The 
admission of large quantities of oxygen, or even 
diluted oxygen as air, can produce a complete oxi
dation of the nickel. It was hoped that the admis
sion of small doses of oxygen such as used in ob
taining magnetization-volume or pressure-volume 
isotherms would produce a true chemisorption 
instead of bulk oxidation. The decrease of magnet
ization shown in Fig. 1 could be caused by chemi
sorbed oxygen decreasing the magnetic moment of 
metallic nickel due to covalent bonds formed on the 
surface or to the total conversion of some of the 
superparamagnetic nickel to paramagnetic nickel 
oxide. (Nickel oxide is ordinarily antiferromag
netic, but in a dispersed system it could be paramag
netic.) The second explanation seems more plau
sible since the total oxygen uptake was three times 
that of the hydrogen chemisorption, but other ex
planations related to the magnetic anisotropy are 
not excluded.

Penetration of the nickel lattice below the sur
face may have occurred. An alternative interpre
tation is then that chemisorption occurred during 
the initial portion with conversion to the oxide in 
later stages. But since the magnetization-volume 
isotherm is a straight line with no breaks or change 
of slope, it is more likely that the same process was 
being measured in both the initial and later stages 
of the isotherm, that is, oxidation. Local hot spots 
probably occurred which took up more than a 
monolayer of oxygen before all of the surface was 
covered. The total oxygen takeup at one atm. 
pressure corresponded to the production of NiOo-3-

The chromatographic analyses during measure
ments with nitrous oxide on unsintered catalysts 
showed that the dispersed nickel system is such a 
powerful catalyst that molecular nitrous oxide can
not be stably chemisorbed. Immediate decomposi
tion to form an oxide layer and liberation of molec
ular nitrogen to the gas phase occurred even at 
— 78°. Any previous work on the nickel-nitrous

Fig. 5.— Magnetization-volume for hydrogen and oxygen 
on sintered nickel-on-kieselguhr and for hydrogen on an oxy
gen covered surface of the same sintered nickel at —78°.

oxide system may need to be re-evaluated if gas 
analyses were not made during chemisorption 
measurements.

The high reactivity of dispersed nickel necessi
tated sintering the catalyst in order to diminish oxi
dation and this led to the observation that sintered 
catalysts give, under certain conditions, a positive 
magnetization change on chemisorption of hydrogen 
or of oxygen.

In summary the conditions tending to produce a 
positive magnetic change rather than a negative 
one are the following: (1) nickel particles rather 
larger than those normally produced in nickel- 
silica catalyst and averaging in the neighborhood of 
100 A. in diameter; (2) low temperatures; (3) low 
fields; (4) the use of AC rather than DC fields. 
But these conditions are not sharply defined and 
positive magnetic changes may be produced with 
DC fields at room temperature on certain samples.

Four theories were considered during the course 
of this work to explain the anomalous results. 
These were (1) a temperature dependent equilib
rium between adsorption on two types of sites;
(2) competing chemical and physical phenomena;
(3) competition between large metallic particles and 
small atomic particles; (4) the effect of magnetic 
anisotropy.

An equilibrium between protonic and hydridic 
sites of adsorption on nickel already has been pro
posed to explain positive magnetic effects at liquid 
hydrogen temperature.10 The positive effects were 
thought to occur for small particles which became 
ferromagnetic only at low temperatures. This cou
pled with the relatively low uptake of hydrogen for 
extremely finely divided catalysts led to the con
clusion that the direction of electron transfer de
pended on the particle size. Hydrogen donated 
electrons to the nickel if the particles were large. 
Nickel donated electrons to the hydrogen if the 
particles were small. The present work at first 
supported the notion that there was an equilibrium 
between two sites. However since the positive 
effect became more positive with sintering, the 
positive effect could not be due to negative hydride 
ions on small particles. The positive magnetic 
effect seemed more closely associated with large 
particles than small particles. Since the sign of 
magnetic change depended on the temperature of 
measurement, it appeared that there might be 
some temperature dependent equilibrium involving 
desorption and migration between sites. But any
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mechanism proposing two sites, and an equilibrium 
between them was ruled out by the experiment in 
which both positive and negative effects were found 
for the same adsorbed hydrogen when the magneti
zation was measured at two different temperatures, 
the higher of which was by no means high enough to 
cause appreciable desorption.

The idea of a competition between a chemical and 
a physical phenomenon was based on the observation 
that measurements at low fractions of magnetic 
saturation showed a negative magnetic effect, 
whereas measurements at higher fractions of mag
netic saturation showed a positive effect. High 
field studies were considered to be measuring di
rectly the donation of electrons from the d-band of 
nickel to covalent chemical bonds with the adsorb
ate. It was postulated that each electron being 
donated had a compensated spin so the loss would 
produce an increase in the observed magnetization. 
Low field studies were considered to be measuring 
the suppression of the already low Curie tempera
ture of nickel particles with less than an average 
coordination number of 12 by diminishing the ex
change forces of the metal. Although Crittenden 
and Hoffman’s17 work on thin film supports the 
notion of a variation of the Curie temperature with 
number of nearest neighbors, any alteration of the 
number of unpaired electrons would affect the ex
change forces in the same manner as it does the 
magnetic moment. Secondly, the lack of a defined 
Curie point in the thermomagnetic curve for these 
particles is not due to a variation of the Curie 
temperature with coordination number, but is due 
rather to the superparamagnetism of these small 
particles.

Since there is a range of particle sizes for the 
nickel in these catalysts, it was considered that the 
larger particles could be behaving as normal metal
lic nickel, where the smaller particles could be 
acting atomically. The two size ranges could be 
considered responsible for the two different effects 
on the magnetization for hydrogen chemisorption. 
However no variation in the bond character with 
particle size was observed.

The best explanation at the present time for the 
phenomena found here lies in a consideration and 
application of the magnetic anisotropy of ferromag
netic substances.

If the applied magnetic field is strong enough it 
can orient the great majority of the domains and so 
saturate the sample magnetically. The application 
of any thermal energy will tend to disarray the 
alignment. Therefore the magnetization will drop 
with increasing temperature. However, consider 
what will occur if the applied field is so weak that it 
will not be energetic enough to turn all of the do
mains. If the process is begun near -r273° and 
then the sample is warmed, the thermal energy will 
help to turn some of the domains that are not paral
lel to the field to become aligned with the field. 
If the sample is further warmed the thermal energy 
will become sufficient so there will be a disturbance 
of the alignment and the magnetization will de
crease. Therefore warming a ferromagnetic sample

(17) E. C. Crittenden and R. W. Hoffman, J. phys. radium, 17, 270
(1956)

from near absolute zero to its Curie temperature in 
the presence of a weak magnetic field will produce 
first an increase of apparent magnetization followed 
by a decrease at higher temperatures. Thermomag
netic curves obtained at different field strengths 
will then appear as shown by Bozorth.18 They are 
similar to the thermomagnetic curves obtained for 
sintered nickel catalysts at low fields.

The magnetic anisotropy phenomenon is impor
tant for the AC measurements that wrere made 
here, because there is a continual turning of the 
domains back and forth, through 180°, 60 times a 
second as the current alternates. The unsintered 
catalysts have particles of nickel so small that they 
behave as true superparamagnetics. As the parti
cles grow with sintering the magnetic anisotropy 
becomes prominent enough to produce a maximum 
at the thermomagnetic curve.

The effect of anisotropy can also explain the in
crease of magnetization found when gases are chem
isorbed on sintered catalysts at low temperatures. 
The magnetic anisotropy is believed due to a spin- 
orbit coupling of the outer electrons with the elec
trostatic field of the lattice. If the number of free 
spins is altered then there should be a drop in the 
anisotropy energy. Brooks19 has shown by using a 
band model for ferromagnetics the relation of the 
anisotropy constants to the number of free spins. 
He has also predicted correctly the decrease in ani
sotropy when alloying occurs. The chemisorption 
of gases also produces a decrease in the number of 
free spins. Therefore the anisotropy energy is 
lowered to allow the resultant moments to align 
more readily with the field to show an increase of 
magnetization, which is found experimentally. 
This assumes that the anisotropy is more sensitive 
to a change in the number of free spins than is the 
magnetic moment. The motion of domains over 
the energy barrier is not by the addition of more 
thermal energy, instead the transfer is facilitated 
by a decrease in the depth of the potential well for 
the domains which are not aligned. There is also a 
decrease in the depth of the potential well for the 
configuration with the domains aligned, but this is a 
smaller fraction of the total well depth.

Figure 2 shows how the effect which we have at
tributed to magnetic anisotropy predominates in 
measurements of hydrogen chemisorption at —78°. 
At higher coverages the anisotropy effect is even
tually overcome and a slight decrease of magnetiza
tion results from further chemisorption of hydrogen. 
This can be explained in terms of a simple decrease 
in the magnetic moment of superparamagnetic 
particles. At a higher temperature, —22°, the 
anisotropy effect is still present, but is smaller in 
magnitude and is overcome at lower surface cover
ages than at —78°. At a still higher temperature, 
+22°, the thermal disordering is large enough so 
there is little evidence for any magnetic anisotropy 
except for the gentle curvature of the magnetiza
tion-volume isotherm instead of the linear isotherm 
found for unsintered catalysts.

These observations on sintered catalysts make
(18) R. M. Bozorth, “ Ferromagnetism,”  D. Van Nost-rand Co.. Inc., 

New York, N. Y., 1951, p. 714.
(19) H. Brooks, Phys. Rev., 58, 909 (1940).
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available a technique for distinguishing surface 
chemisorption of oxygen and bulk oxidation at low 
temperatures. The former may produce an in
crease of magnetization as does hydrogen. The 
latter produces a decrease because of the conversion 
of a superparamagnetic to a paramagnetic sub
stance. The increase of magnetization produced by 
oxygen, as derived from nitrous oxide, and hydrogen 
at —78° was shown in Fig. 4. It is of interest to 
note that the relative magnetic increase per unit 
volume of oxygen is twice that of hydrogen. This 
suggests that twice as many nickel atoms are being 
altered per oxygen atom on the surface as per hydro
gen atom. If one electron is donated by the nickel 
to form a covalent bond with each hydrogen atom, 
then apparently two electrons are donated to form 
a coordinate covalent linkage to each oxygen atom 
or alternatively, two nickel atoms are involved per 
oxygen atom taken up. But it must be stated that 
the relation of positive magnetization changes to 
saturation moments is speculative.

The results with molecular oxygen on sintered 
catalysts at — 78° in Fig. 5 show that surface chem
isorption occurs at low coverages, but the oxygen 
penetrates the nickel lattice at higher coverages in 
what may best be called an oxidation process. 
The initial rise in magnetization with oxygen at 
— 78° appears to be similar to that found for hydro
gen and nitrous oxide at the same temperature and 
may be interpreted as due to surface chemisorption. 
The leveling off and eventual drop in magnetiza
tion to less than the initial magnetization, after 4 
cc./g., has been interpreted as due to penetration 
of the nickel lattice. If hydrogen is chemisorbed 
to form a monolayer, and since the oxygen takeup 
is 1.8 times that of hydrogen, then the oxygen pene
trates the nickel to a depth of almost two layers. 
It is possible that some of the nickel, which chemi
sorbs hydrogen, is inaccessible to oxygen because of 
the pore size of the support.20'21 If there were 
equal accessibility of nickel to hydrogen and oxygen, 
the oxygen-hvdrogen ratio might have been closer 
to 2.0.

The recovery of magnetization upon admission of 
hydrogen to the oxygen covered surface shows that 
the oxidation process does not simply produce stable 
nickel oxide. The oxygen which is taken up by the 
nickel is left in a highly reactive state and is readily 
hydrogenated to form water at —78°. An alter
nate explanation for the rise in magnetization for 
hydrogen on top of oxygen on nickel is that it could 
be due to hydrogen being chemisorbed on nickel 
particles which are inaccessible to oxygen.

The results at —130° confirm those at —78°. 
The only difference is the further extent of chemi
sorption and the delay in transition to oxidation. 
The chemisorbed oxygen is apparently more stable 
at — 130° than at —78° and more oxygen has to be 
admitted to produce oxidation. This is in contrast 
with the electron diffraction work of Farnsworth 
and Tuul22 who found chemisorbed oxygen more

(20) G. C. A. Schuit and L. L. van Reijen, “ Advances in Catalysis/' 
Edited by D. D. Eley, W. G. Frankenburg and V. I. Komarewsky, 
Academic Press, Inc., New York, N. Y., 1958, p. 242.

(21) J. A. Sabatka, Doctoral Dissertation, Northwestern University, 
1950.

stable at a higher temperature (150°) than a lower 
(25°).

The small amount of chemisorption and the large 
amount of physical adsorption at the boiling point of 
oxygen, —187°, and below, —196°, make quantita
tive comparisons of the effect of oxygen and hydro
gen impossible. Qualitative conclusions are evi
dent. Small doses of oxygen produce chemisorp
tion as shown by the increase of magnetization. 
Large doses or warming produce oxidation.

The low temperature results for hydrogen and 
oxygen show that both gases have the same effect 
on the magnetization of nickel, provided oxidation 
is prevented. The simplest way to explain how an 
electronegative adsorbate such as oxygen can have 
the same effect as hydrogen is to consider that both 
are covalently bonded to the surface, as has already 
been suggested.23 24 25 26 It appears that unpaired elec
trons of the d-band of nickel are donated to form 
covalent bonds in chemisorption as postulated by 
Broeder, et al.,u to decrease the magnetic moment.

Some workers25 26 have considered that oxygen 
should be bound to nickel through the s-band of the 
metal whereas the magnetic results indicate the d- 
band participates. The two views are not mutually 
exclusive. The s-band electron may be directly 
involved in bonding the oxygen to the surface, 
while a secondary redistribution of electrons in the 
d-band may cause the magnetic moment to be 
altered. This is possible because of the overlap of 
the two bands.

An alternate model for explaining the magnetic 
results of chemisorption may possibly be based on 
the quantum mechanical calculation of Grimley27 
and Koutecky,28 provided that these can be ex
tended to d-band interactions.

Acknowledgment.—The authors are indebted to 
Robert E. Dietz for his interest in these problems 
and for drawing attention to the possible role of 
magnetic anisotropy in explaining the positive 
magnetization change sometimes observed when 
hydrogen is chemisorbed on nickel. They are in
debted to Remola Ciola for assistance with the gas 
chromatography of nitrous oxide.
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DISCUSSION
D ie t r ic h  S ch u lze  (Mellon Institute).— An alternative 

explanation of the magnetic changes occurring during 
chemisorption may be that the heat of reaction sinters the 
small nickel particles to larger particles which have a dif
ferent Curie t emperature.

I i . J. L e a k .— If any such sintering occurs I assume it 
would be irreversible. Therefore, evacuation and readsorp

(22) H. E. Farnsworth and J. Tuul, Phys. and Chem. of Solids, 9, 48 
(1959).

(23) P. W. Selwood, “ Advances in Catalysis,”  Vol. IX, Ed. by 
D. D. Eley, W. G. Frankenburg and V. I. Komarewsky, Academic 
Press, Inc., New York, N. Y., 1957, p. 93.

(24) J. J. Broeder, L. L. van Reijen, W. M . H. Sachtler and G. C. A. 
Schuit, Z. Elektrochem., 60, 838 (1956).

(25) B. M. W. Trapnell, Proc. Roy. Soc. {London), A218, 566 
(1953).

(26) O. D. Gonzalez and G. Parravano, J. Am. Chem. Soc., 78, 4533 
(1956).

( 2 7 )  T. B. Grimley. Proc. Phys. Soc., 72, 103 (1958).
(28) J. Koutecky, Trans. Faraday Soc., 64, 1038 (1958).
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tion should show changes in the isotherm. However the 
isotherm for the N i-H 2 system is reproducible over succes
sive measurements.

P a u l  H. L e w is  (Texaco, Inc.).— Why does the suscepti
bility curve increase with the addition of hydrogen and 
increasingly so at lower temperatures? Would this be due 
to sintering?

R. J. L e a k .— The increase is produced by altering the 
spin-orbit coupling of the electrons with the lattice which 
is responsible for the magnetic anisotropy. The activation 
energy barrier between aligned and non-aligned orientation 
apparently is lowered so as to make it easier for the domains 
to be oriented with the magnetic field. The effect becomes 
more pronounced at lower temperatures because there is 
less thermal energy available to cause transition over the 
barrier.

A. C. Z e t t l e m o y e r  (Lehigh University).— When Ni 
is oxidized, 0 ~  ions form on the NiO. Do these influence 
the magnetization measurements?

R . J. L e a k .— The O -  ions that are proposed by Ches- 
sick, Yu and Zettlemoj'er in the latter stages of oxidation 
are not in contact with the metal and would be unlikely to 
have any effect through an insulating barrier of NiO.

J. A. R a sh k in  (E. I. du Pont do Nemours & Co.).— Can 
you say anything about bond localization in the. adsorption 
of oxygen and hydrogen? You say that the hydrogen atom 
donates an electron to form a covalent bond with the 
nickel. Can you reconcile this with work done by Handler 
and others who have shown that adsorbed hydrogen atoms

increase the p-type surface conductivity of the sputtered 
germanium surface, indicating that hydrogen is acting elec- 
tronegatively?

R. J. L e a k .— From the work presented here I cannot. 
However, from high field-low temperature saturation meas
urements it has been concluded that the hydrogen-nickel 
bond is localized (R. E. Dietz and P. W. Selwood, J. Appl. 
Ph f / .s . ,  30, 1015 (1959)). The formation of a covalent bond 
by the hydrogen and nickel each donating an electron tells 
nothing a priori about the polarization of the bond. Other 
workers have shown that hydrogen forms the negative end 
of the polarized nickel hydrogen covalent bond (J. J. 
Brooder, L. L. van lteijen, W. M. H. Sachtlsr and G. C. A. 
iSchuit, Z Eleklrochem., 60, 838 (1956)).

P a u l  II. L e w is .—The authors comment, that the mag
netization-volume isotherm versus 0 2 adsorbed (Fig. 1) 
is a straight line. They deduce from this that the nickel 
is undergoing the same process at the start of the admission 
of oxygen as at the end. From the fact that the 0 2/H 2 
adsorption ratio is 3.3 they conclude that the process is 
bulk oxidation. Is this a valid conclusion? Why wouldn’ t 
the formation of a Ni ++—0 “  bond at the surface have the 
same effect as one in the bulk?

R. J. L e a k .— Nothing definite can be stated from Fig. 
1 about the bonding of oxygen to nickel except that it is 
the same throughout the isotherm. Proof of a difference 
between chemisorption of oxygen and oxidation at —78° 
is given in Figs. 4 and 5 with confirmatory evidence quoted 
at -1 3 0 , -1 8 3  and -1 9 6 ° .

A PREDICTION OF HETEROGENEOUS CATALYTIC REACTIONS
By R. A. Gardner1

Contribution from, the Chemical and Physical Research Laboratory, The Standard Oil Company [Ohio), Cleveland, Ohio
Received March 7, 1960

A “ kinetic isotope effect”  was predicted for the catalytic oxidation of hydrogen-deuterium mixtures. With copper oxide 
as the catalyst H20  would be formed at a faster rate than D20  while with nickel oxide as a catalyst the two reactions were 
predicted to occur at the same rate. This paper presents the methods used to arrive at these predictions and the results of 
the experimental investigation of these reactions. Reaction mechanisms are proposed and additional predictions are made 
which will be investigated experimentally.

Infrared spectra have been obtained of carbon 
monoxide chemisorbed on copper, nickel and cobalt 
and several compounds of these metals.2 An in
frared technique similar to that developed by Eis- 
chens3 was used to obtain the spectra. Several 
infrared absorption bands were observed to result 
from the adsorption of carbon monoxide on a single 
adsorbent. For example, the chemisorption of 
carbon monoxide on copper oxide produced infrared 
absorption bands at 2173, 2127 and 2000 cm.“ 1. 
The vibration frequencies of the neutral carbon 
monoxide molecule and the carbon monoxide posi
tive ion are reported by Herzberg4 * as 2143 and 2184 
cm.-1, respectively. The neutral carbon monoxide 
molecule has 10 valence electrons. The carbon 
monoxide positive ion has 9 valence electrons. It 
was hypothesized2 therefore that an infrared ab
sorption band for chemisorbed carbon monoxide at 
2173 cm.-1 corresponds to a carbon monoxide spe

(1) Chemical and Physical Research Department, Standard Oil 
Company (Ohio), Cleveland, Ohio.

(2) R. A. Gardner and R. H. Petrucci, “ The Chemisorption of Car
bon Monoxide on Metals”  (1959) a thesis, submitted for publication.

(3) R. P. Eischens, W. A. Pliskin and S. A. Francis, J. Cltem. Phys., 
22, 1780 (1954).

(4) G. Herzberg, “ Spectra of Diatomic Molecules,”  D. Van Nos
trand Co., Princeton, N. J., 1955, pp. 522.

cies which has a non-integral number of valence 
electrons between 9 and 10. The experimental 
data of this study were interpreted using the Wolk- 
enstein6 hypothesis of the mechanism cf chemisorp
tion. This led to the formulation of a relationship 
between the vibration frequencies of adsorbed car
bon monoxide species and the number of valence 
electrons associated with these species. From this 
relationship the vibration frequencies of the ad
sorbed carbon monoxide species on copper oxide 
were found to correspond to 9.30, 10.30 and 11.30 
valence electrons for the species producing the ab
sorption bands at 2173, 2127 and 2000 cm.-1, re
spectively. The concept of fractional numbers of 
electrons associated with adsorbed species has sug
gested a method for the qualitative prediction of 
rates, mechanisms and catalysts for certain hetero
geneous catalytic reactions.

The hypothesis which has been used in the pre
diction of heterogeneous catalytic reactions was 
proposed by Myers.6 He advanced the concept 
that for certain reactions a coincidence between the 
vibration frequencies of the reactants is necessary.

(5) Th. Wolkenstein, “ Advances in Catalysis,”  Vol. IX , Academic 
Press, Inc., New York, N. Y ., 1957, pp. 807-817.

(0) R. R. Myers, Ann. X. Y. Acad. Sci., 72, 341 (1958).
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When the electrons of two potential reactants are 
in the same or harmonic energy levels, these elec
trons can be exchanged and combined to form a 
product. The examples which he presents of the 
oxidation, hydrogenation, halogénation and alkyla
tion reactions of ethylene strongly support his 
fundamental hypothesis that a coincidence of vi
bration between reacting species is a necessary con
dition for certain reactions.

The concept of a “ fractional electron population”  
is also used in the prediction of catalysts and reac
tions. This refers to the non-integral or fractional 
portion of the number of valence electrons asso
ciated with adsorbed species on a particular metal 
or metal compound. The fractional electron popu
lation is hypothesized to be a property of the metal. 
Since the carbon monoxide species on copper oxide 
possessed 9.30, 10.30 and 11.30 valence electrons, 
the fractional electron population of copper (II) is 
designated as 0.30. Therefore hydrogen species on 
Cu(II) will possess 0.30 and 1.30 valence electrons, 
and oxygen species on Cu(II) may possess 4.30, 
5.30, 6.30 and 7.30 valence electrons.

On the basis of the above hypothesis and con
cepts, the prediction of heterogeneous catalytic sys
tems requires a knowledge of: (1) the vibration 
frequencies or energy levels of the gaseous species 
which may enter into the reaction; (2) the frac
tional electron population of the surface atoms of 
possible catalysts; (3) the vibration frequencies or 
energy levels of the chemisorbed species which may 
enter into the reaction; (4) a reaction mechanism.

The particular reaction to be considered is the 
oxidation of hydrogen-deuterium mixtures cata
lyzed by copper oxide and nickel oxide. The funda
mental vibration frequencies of the gaseous react
ants were obtained from data presented by Herz- 
berg.7 The vibration frequencies of these gases 
are: H2, 4159.2 cm .- '; D2, 2990.2; and 0 2,
1556.2.

The fractional electron populations of the two 
metals are 0.30 for copper as copper oxide and 0.00,
0.95 and approximately 0.90 for nickel as nickel 
oxide. These values for nickel were determined in 
a manner similar to that used for copper(II) from 
our infrared studies of the vibration frequencies of 
carbon monoxide chemisorbed on nickel and several 
nickel compounds.2 The greater number of frac
tional electron populations for nickel results from 
the possibility of one and two partially filled 3d or
bitals.

The proposed energy levels of the chemisorbed 
species of oxygen, hydrogen and deuterium can be 
derived on the basis of dissociative chemisorption of 
the molecular gases forming atomic species. The 
energy levels of the chemisorbed atoms can be de
termined from the following equations which relate 
the energy levels to the number of valence electrons 
associated with the particular adsorbed species. 
The number of electrons is in turn determined by 
the fractional electron population of the particular 
catalyst. The equations are

va =  4159.2ch (1)
w  =  2990.2eD (2)

vo =  778.1(8 -  eo) (3)

where v =  energy level of the adsorbate in cm.-1, 
e =  number of valence electrons associated with 
the particular adsorbate species.

Finally, the low temperature catalytic reaction of 
H2 or D2 with 0 2 to form H20  or D20  suggests two 
types of reaction mechanisms: (1) the reaction
of a gaseous hydrogen molecule with an adsorbed 
oxygen atom, or (2) the surface reaction of two ad
sorbed hydrogen atoms with one adsorbed oxygen 
atom.

The prediction of the catalyst and mechanism of 
a reaction involves a matching of the fundamental 
vibration frequencies or energy levels of gaseous 
and chemisorbed reactants. As has been proposed 
by Myers6 the first overtone frequencies may also 
be used. The following equations show the react
ants with the closest matching frequencies, the en
ergy levels in cm.-1 as subscripts, the numbers of 
electrons associated with the various species as su
perscripts, and the percentage difference of the fre
quencies from their average.
Ni(O )8-00 +  2Ni(H)0-°° — >

0.0 0.0 Ni(H20 )8-°° — >- Ni +  (H20 )8-»° (4)
%  cliff. 0

Ni(O )8-00 +  2Ni{D)°°° — s- 
0.0 0.0 N i(D 2O)80° — =>- Ni +  (D 20 )8-°° (5)

0%  diff.

Cu(O)5-30 +  H28-°° — Cu( H20 )7-m — >
2100 4159 0.48% diff.

(4200) Cu(H 20 ) 8-m — >  Cu +  (H 20 )8-°° (6)

Cu(O )4-30 - f  D22 0» — >  Cu(D 20 )6-m — >- 
2879 2990 1.88% diff.

Cu( D20  )«•M — 5»  Cu +  (D 20 )8-“  (7)

The harmonic frequency is shown in parentheses. 
The electrons in equations 6 and 7 used in the transi
tion from Cu(H20 )7-30 Cu(H20 )8-30 and Cu
(D20 )6-30 —► Cu(D20 )8-30 are available from the 
catalyst and fractions of electrons remaining after 
desorption of the product return to the catalyst. In 
accordance with the Wolkenstein5 hypothesis of the 
mechanism of chemisorption, the various adsorbed 
species exist in equilibrium. Desorption from the 
surface is hypothesized to occur through the ad
sorbed species that is closest in electronic configura
tion to the neutral gaseous molecule. For H20  and 
D20  on Cu(II), this is the adsorbed species possess
ing 8.30 valence electrons. The metals in the above 
equations are in the form of oxides.

According to the detailed reaction mechanisms 
presented in the above equations, hydrogen and 
deuterium react with oxygen over nickel oxide by 
the surface combination of hydrogen or deuterium 
ions (H + or D +) with oxide ions (O-2). These are 
protons or deuterons having no valence electrons 
and oxygen species having 8 valence electrons. The 
reactions of hydrogen and deuterium with oxygen 
catalyzed according to the above equations by cop
per oxide proceed by the attack of gaseous hydro
gen and deuterium molecules onto chemisorbed oxy
gen species which are in a positive electronic con
figuration. The numbers of valence electrons as
sociated with these oxygen species chemisorbed on(7) G. Herzberg, ref. 4, pp. 532, 533 and 560.
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copper oxide in equations 6 and 7 are 5.30 and 4.30. 
The energy levels of the electrons of these species 
can be calculated from equation 3. The oxygen 
species on copper oxide which reacts with a hydro
gen molecule has 5.30 valence electrons with an en
ergy level of 2100 cm.-1. The chemisorbed oxygen 
species on copper oxide which reacts with a deute
rium molecule is more electron deficient having 4.30 
valence electrons and an energy level of 2879 cm.-1.

Reactions 4, 5 and 6 show a matching of fre
quencies within less than 0.5%. These reactions 
are predicted to proceed readily. Reaction 4 how
ever, with a percentage difference of 1.88, is pre
dicted to proceed at a slower rate. Therefore, the 
reaction of a mixture of hydrogen, deuterium and 
oxygen containing equal molar amounts of H2 and 
D2 over copper oxide is predicted to produce H20  
more rapidly than D20  at conditions where the re
actants and chemisorbed species are those noted 
above. The reaction of hydrogen, deuterium and 
oxygen over nickel oxide is predicted to produce 
H20  and D20  at the same rate. These predicted 
reactions should predominate at the minimum re
action temperature, since they show the closest 
matching of frequencies of gaseous and chemisorbed 
reactants.

Experimental Method and Results
On the basis of the above considerations, mix

tures of hydrogen, deuterium and oxygen were 
passed over copper oxide and nickel oxide. A 
large excess of oxygen was used to ensure mainte
nance of the metal oxides. The products were con
densed in traps cooled by Dry Ice-acetone mixtures 
and analyzed by infrared spectroscopy for OD and 
OH absorption frequencies. The composition of 
the entering gaseous mixture was determined by 
mass spectrometry. The data are presented in 
Table I in terms of the OD/OH ratio in the product 
divided by the D2/H 2 ratio in the feed (the isotope 
effect) as a function of the temperature of the reac
tion.

As was predicted, the preferential oxidation of H2 
in H2-D 2 mixtures over copper oxide increases as 
the reaction temperature approaches a minimum. 
The prediction also stated that H20  and D20  would 
be formed at essentially the same rate over nickel 
oxide at the minimum reaction temperature. This 
is also substantiated by the data in Table I. The 
necessity for specifying the minimum reaction tem
perature arises as a result of the existence of alterna
tive reaction mechanisms which can make increas
ing contributions to the product formation as the 
temperature is raised. The following equation 
illustrates an alternative reaction for D20  forma
tion over copper oxide.
2Cu(D )1-30 - f  Cu(O )6-30 — >- Cu(D20 )7-30 — >•

3888 2100 3.86% diff.
(4200)

Cu(D20 )8-30 — s- Cu +  D20  (8)
Discussion

During work on this system, several interesting 
observations have been made. For example, the 
effluent gas after contact with nickel oxide con
tained HD as well as H2 and D2. The reaction

T a b l e  I

T h e  Ox id a t io n  o f  H y d r o g e n - D e u t e r iu m  M ix t u r e s  
C a t a l y ze d  b y  C o p p e r  O x id e  an d  N ic k e l  O x id e

NiO
Temp., D2/H 2 OD/OH Isotope 

°C. Feed Product effect
CuO Catalyst

Temp., D2/H 2 OD/OH Isotope
°c. Feed Product effect
252 1.00 0.111 0.111
266 1.00 .113 .113
274 1.00 .150 .150
282 1.00 .150 .150
310 1.00 .185 .185
349 1.00 .210 .210

174 15.8 15.6 0.986 
179 1.19 1.13 .950 
204 15.8 13.6 .861

mechanisms for the formation of H20  and D20  over 
nickel oxide presented in equations 4 and 5 show the 
combination of adsorbed oxide ions (oxygen species 
possessing eight electrons) with protons and deu- 
terons (hydrogen species possessing no electrons) 
to produce H20  and D20. Since nickel oxide is 
hypothesized2 to adsorb gases as ions and atoms (or 
molecules), the existence of H +, H, H - , D+, D, 
D - , 0 +2, 0 +, O, O-  and O-2 on the surface of 
nickel oxide permits the formation of HD, H20 , 
D20  and HDO as possible desorbed products.

In contrast to nickel oxide, no HD was observed 
after the gas had contacted copper oxide. As 
shown in equations 6 and 7 the gases adsorbed on 
copper(II) exist in electronic configurations that are 
intermediate between ions and atoms (or mole
cules) . The following reactions compare the forma
tion of HD over copper oxide and nickel oxide.

Cu(H)0-30 +  Cu(D)0-30 — >- Cu(H D )1-30 — >■
1247 897 16.3% diff.

Cu +  (H D )2-00 (9)

N i(H )0-00 +  N i(D )0-00 — >- N i(H D )0-00 — >- 
0 0 0%  diff.

N i(H D )2-00 — =► Ni +  (H D )2-00 (10)

As can be seen from the percentage differences of 
the vibration frequencies of adsorbed H and D on 
each catalyst, the formation of HD over nickel ox
ide is greatly favored over the formation of HD over 
copper oxide.

The presence of the above mentioned ions on the 
surface of nickel oxide also leads to the formation of 
HDO from H2, D2 and 0 2 by surface reactions. 
Since the prediction concerned the oxidation of hy
drogen and deuterium and the product analyses 
were made by the infrared absorbances of the OH 
and the OD bands, there was no determination of 
the concentration of HDO. The reaction mecha
nisms shown in equations 6, 7 and 9 preclude the 
formation of HDO from H2, D 2 and 0 2 over copper 
oxide at the minimum reaction temperature.

A consideration of the vibration frequency of the 
HD molecule indicates that it should be even less 
reactive to oxidation over copper oxide than D2. 
The three reactions with the electronic configura
tions of the adsorbed species, their energy levels, 
and the percentage difference of the matched fre
quencies are presented

Cu(O )6-30 +  H22-00 — C u ^ O )7-30 — >- 
2100 4160 0.48% diff.

(4200) Cu(H20 )8-M — >- Cu +  H.O (11)
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Cu(O)4-30 +  D 22-°° — >■ CuCDaO)6-30 — >
2879 2990 1.88% diff.

CuCDiO)8-30 — >■ Cu +  D20  (12)

Cu(O )6-30 +  H D 2-00 — >- Cu(HDO )7-30 — ;►
2100 3628 7.3%  diff.

(4200) Cu(HDO )8-30 — Cu +  HDO (13)
At 660° F. percentage differences of 0.48 and 1.88 
correspond to a 5 to 1 reaction rate difference. 
Therefore it can be predicted that a mixture of H2, 
D2 and HD containing an equal number of moles of 
these gases with excess oxygen when contacted with 
copper oxide at the minimum reaction temperature 
will form the oxidized products at the following rela
tive rates: H20  >  D20  or HDO. The experimental 
investigation of this prediction will be a part of the 
continuing examination of these concepts and hy
potheses.

Conclusion
The foregoing has described a tentative method 

for the prediction of heterogeneous catalytic reac
tions. This has been applied to the prediction of 
a preferential oxidation of H2 in H2-D 2 mixtures 
catalyzed by copper oxide— a “ kinetic isotope ef
fect”— and the absence of this effect in the reac
tions catalyzed by nickel oxide at the minimum re
action temperatures. On this basis details of the 
reaction mechanisms have been advanced. The 
experimental investigation of these predictions has 
produced data which support these hypotheses. In 
addition it has been shown that predictions can be 
made concerning the reactivity of HD toward oxida
tion over copper oxide and nickel oxide. The ap
plicability of these concepts will be probed by fu
ture experiments.

Acknowledgment.—The author wishes to ac
knowledge the advice and assistance of Dr. H. A. 
Strecker and Mrs. R. Krizan in this study, and to 
thank the Standard Oil Company (Ohio) for per
mission to publish this work.

DISCUSSION
D. J. C. Y a t e s  (Columbia University).— The gas phase 

spectrum of nickel carbonyl under resolution normally used 
in this type of work gives a very strong and very sharp 
symmetrical band at about 2060 cm.-1. Small quantities 
of this gas could have given the band shown on adding CO 
to evaporated nickel films.

R. A. G a r d n e r .— Attempts were made to condense 
gaseous nickel carbonyl when carbon monoxide was con
tacted with a vacuum evaporated nickel film. No indica
tion of gaseous nickel carbonyl was observed; however, 
this point was not pursued exhaustively since the 2060 
cm .-1 band was not used to establish the relationship be
tween the vibration frequency of CO units and the number 
of valence electrons associated with the CO units (Ref. 
2 and R. A. Gardner and R. H. Petrucci, J. Am. Chem. 
Soc., 82, in press (1960).

A. C. Z e t t l e m o y e r  (Lehigh University).— How do you 
take care of heterogeneity of surface states and their 
alteration with increasing coverage?

R. A. G a r d n e r .— According to the Wolkenshtein hy
pothesis there are discrete donor sites and acceptor sites. 
The ratio of those being occupied depends on the surface 
coverage.

P. A. L e w is  (Texaco Research Center).— How do you 
divorce the frequency shifts observed from bond length 
rather than numbers of valence electrons?

R. A. G a r d n e r .— Bond length, bond order and stretch
ing vibration frequency depend on the number of electrons 
associated with :he molecule. For carbon monoxide the 
bond length decreases and the vibration frequency increases 
as electrons are removed from the molecule.
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SITES FOR HYDROGEN CHEMISORPTION ON ZINC OXIDE1
By V. K esavulu amd H. Austin T aylor
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The adsorption of hydrogen on zinc oxide shows maxima around 60 and 300. Repeated adsorptions at 300° enhance the 
adsorption at 60°. This is attributed to a reduction of ZnO producing highly polarized zinc atoms located in the negative 
potential wells between three oxide ions. These highly polarized atoms are considered Type A sites responsible for the 60° 
maximum. Oxidation of the surface is shown to eliminate these sites, which can be regenerated by reduction. Water pro
duced during the reduction has been proved by mass-spectrometric analysis. By a series of heating and cooling experiments 
it has been shown that the Type A sites are independent of the Type B sites responsible for the high temperature maximum. 
Type A sites can be degassed effectively at 160°. A study of the kinetics on Type A sites alone becomes possible. The 
energy of activation on Type A is zero. An accounting is offered for the H2-D 2 exchange on Type A sites. A mechanism 
for Type B chemisorption is proposed and the effect of free electron density in the crystal on both types A and B is considered. 
The over-all picture is a synthesis of the geometric and electronic views of the catalyst surface.

H. S. Taylor’s2 original concept of “ active cen
ters”  in chemisorption and catalysis has under
gone considerable change. The geometrical inter
pretation, of faces, edges and corners with vary
ing degrees of saturation, has given way to an elec
tronic interpretation. Sites are viewed as centers 
on the surface where the exchange of electrons with 
the interior is energetically favorable. As applied 
to the chemisorption of a gas on a semiconductor, 
this electronic interpretation implies the migration 
of mobile quasi-free electrons or of positive holes to 
the surface and then a binding of the reactant in a 
charged or polarized state. This presupposes the 
presence of electrons in the conduction band or of 
holes in the valence band. The chemisorptive 
property of a solid should be closely related to its 
electrical conductivity, which is determined by the 
density of free electrons and holes in the crystal. 
Efforts to establish such a relationship have not 
always been successful. The realization that a site 
which is active for the adsorption of one gas need 
not necessarily be active for all gases implies a 
specificity in such a relationship. The problem 
reduces to a recognition of the sites on a particular 
surface which are active for the adsorption of a 
particular gas. The study of chemisorption de
veloped here presents itself as a powerful tool for 
such recognition and leads to a synthesis of the geo
metric and electronic points of view so far as zinc 
oxide and hydrogen are concerned.

Preliminary Experiments.— An adsorption study, involv
ing a continuous variation of the catalyst temperature, was 
devised as a rapid means of scanning the characteristics of a 
catalyst over a wide range of temperature. The use of this 
technique for determining the behavior of ZnO toward hy
drogen chemisorption revealed that an irreversible change 
was taking place in the characteristics of the catalyst around 
60°. Examination showed that this change was brought 
about by a chemical reduction of the catalyst surface. At 
the same time, scarcely any change in the surface behavior 
for hydrogen adsorption around 300° was observable.

The apparatus was a conventional constant volume system 
in which pressure changes were measured on a dibutyl 
phthalate manometer. Hydrogen was purified by passage 
through a heated palladium thimble. The zinc oxide pow
der, ZnO-I, 15.41 g., was made by heating zinc oxalate 
at 450° in a current of air. The catalyst chamber was first 
cooled by a stream of nitrogen cooled by liquid nitrogen. 
After the temperature fell below —80° a known volume of 
hydrogen was admitted to the reaction vessel. By control

(1) Abstracted from a dissertation in the Department of Chemistry 
submitted by V. Kesavulu to the faculty of the Graduate School of 
Arts and Science in partial fulfillment of the requirements for the de
gree of Doctor of Philosophy at New York University, June, 1960.

(2) H. S. Taylor, Proc. Roy. Soc. (London), A108, 105 (1925).

ling the flow of nitrogen around the catalyst chamber and 
by adjusting the furnace current, the temperature of the 
reaction system could be raised slowly. The heating rate 
was approximately one degree per minute. Starting at 
— 60°, pressure and temperature readings were taken at 20° 
intervals until the catalyst temperature reached 320°. A 
blank experiment was made using helium, instead of hydro
gen, in the catalyst chamber. Prior to each run, the catalyst 
was degassed by evacuation at 375° for 17 hours and by 
flushing three times with helium at this temperature.

In Fig. 1 are plotted the values of q, the volume of hydro
gen in ml. S.T.P. adsorbed as a function of the catalyst tem
perature for two runs in the order in which they were per
formed. These curves are not isobars since the pressure is 
continuously changing. The difference in the two q-T 
curves is striking. The first shows a slight maximum around 
80°; the second, a marked maximum at 60° with only slight 
change around 300°. The apparent cause of this remarkable 
change must have been the prior treatment with hydrogen 
around 300°.

Taylor and Strother3 were the first to discover two maxima 
in the isobars of hydrogen adsorption on ZnO. Their iso
bars were constructed from kinetic studies made at different 
temperatures. Their first maximum occurs around 80°; 
the second, at 218°. That the maxima occurring in the 
present work are similar to those found by Taylor and 
Strother rather than resulting from the steady temperature 
increase is demonstrated by the data in Table I. Two suc
cessive rate measurements, 1 and 2, made at 60° are given. 
The catalyst was degassed overnight at 350° before each run. 
The initial hydrogen pressure was about 76 cm. DBP (di
butyl phthalate) in each case. The runs duplicate each 
other quite closely. Obviously, overnight evacuation at 
350° has very little effect on the kinetics or the extent of 
adsorption at 60°.

These runs were followed by eleven runs in which the rates 
of adsorption at 300° were measured. Succeeding these, 
another run at 60° was made. Table I, 3 shows the data 
obtained. The increase in the rate and extent of adsorption 
is unmistakable. The inference drawn from the q-T plots is 
confirmed, namely, that the hydrogen treatment at 300° 
causes an increase in chemisorption around 60°.

Type A Sites.— It is to be noted that ZnO-I, after its 
formation from oxalate at 420°, never had been heated 
above 400°. The degassing had been carried out at 350 to 
375°. The maximum temperature at which it had been in 
contact with hydrogen was 320°. The only change that 
could have occurred during these treatments is the removal 
of oxygen from the surface either as oxygen gas or as water. 
It seems inevitable that the steady improvement in the ca
pacity of zinc oxide for hydrogen chemisorption in the low 
temperature region must be associated with the removal of 
oxygen and consequent production of free zinc atoms on the 
surface. Had the catalyst been heated to a higher tempera
ture, the zinc atoms could have diffused into the crystal to 
occupy interstitial positions. The mild treatment has left 
most of them at the surface.

An examination of the structure of the zinc oxide crystal 
shows that not all positions on the surface are suitable for 
the location of a zinc atom. There are only a few positions

(3) H. S. Taylor and C. O. Strother, J. Am. Ckem. Soc., 56, 589 
(1934).
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Temperature, °C.
Fig. 1.—q-T  heating curves, H2 on ZnO-1: successive 

runs separated onlv by evacuation at 350°, Po is 75 cm. 
DBP.

T a b l e  I
Irreversible Change for H2 on ZnO-I at 60°

t, rain.
1. Po = 76.10 

q
2. Po = 76.32 

«
3. Po — 77.99 cm. 

q, ml. STP
0.5 0.85 0.86 0.99
1 1.05 1.07 1.20
2 1.31 1.30 1.41
3 1.48 1.46 1.58
5 1.67 1.64 1.80
7 1.79 1.75 1.95

10 1.92 1.88 2.10
15 2.07 2.01 2.28
20 2.15 2.15 2.40
40 2.34 2.45 2.68
50 2.43 2.53 2.78
85 2.66 2.58 (80)2.94

100 2.66 (105)3.03

on and around the faces perpendicular to the hexagonal axis 
which are suited for this purpose. The zinc atoms may 
be pictured as located in the negative potential wells created 
by three neighboring, negatively charged, bulky oxygen ions. 
A zinc atom so situated would be highly polarized, with the 
valence electrons being pushed away from the ZnO surface. 
Forland4 has observed that if ions such as A g+, P b++ and 
Hg + + are adsorbed on a heteropolar substrate, they act like 
a catalytic metal surface. If they are adsorbed on a metal 
surface they poison it and are catalytically indifferent like 
an ionic surface. The explanation is given in terms of the 
behavior of the valence electrons. These are repelled in the 
first case and turned away from the substrate; in the 
second case they are attracted and drawn into the metal.

It is postulated that these highly polarized zinc atoms 
located in suitable positions on the zinc oxide surface are the 
sites for chemisorption of hydrogen at low temperatures. 
They will be referred to as Type A sites. Their concentra
tion on the surface will be determined by the previous history 
of the sample and depend on the total number of zinc atoms 
produced in the activating processes and on the number of 
available positions for them on the surface. If more atoms 
are produced than positions available for them, the atoms 
will cluster, forming crystallites and so will be thrown out of 
action. If the temperature is sufficiently high, diffusion of 
the atoms into the lattice may occur. Since diffusion is an 
activated process, its effect at low temperatures could be 
negligible.

If this picture is correct, it is to be expected that very little 
relation will exist between the catalytic properties, including 
chemisorptive capacity, of ZnO at low temperature and the 
bulk properties such as conductivity. Indirect effects may 
exist. For example, increasing or decreasing the electron 
density in the crystal could alter the degree of polarization 
of these atoms, and therefore increase or decrease their reac
tivity, that is, the rate of adsorption. Since their number

(4) K . S. Forland, Tidskr. f. Kjemi, Bergv. O.Mell., 7, 260 (1950). 
See H. Seifert, “ Structure and Properties of Solid Surfaces,”  Univer
sity of Chicago Press, Chicago, 111., p. 356.

will be a constant for a given preparation the extent of 
chemisorption is nevertheless fixed.

The second peak in the q -T  curves, around 300°, was 
assumed by Taylor and Strother3 to be due to a second type 
of active center. They may be referred to as Type B sites.

Effect of Oxidation.— If the postulate for Type A sites is 
correct, it is to be expected that a reoxidation of the ZnO 
should eliminate or suppress the low temperature chemisorp
tion. The effect on the high temperature process could 
also give information on Type B sites.

To this end the catalyst chamber was evacuated for fifteen 
hours at 350°, then filled with dry oxygen (70 cm.) and main
tained at about 500° for twenty-four hours. The tempera
ture was lowered to 300° and the catalyst chamber evacu
ated. Further evacuation at 350° was carried out for eight 
hours. The volume of hydrogen adsorbed in 100 min. 
then was measured at 60° and at 300°. Table II presents 
the data.

T a b l e  II
E f f e c t  o f  O x id a t io n

Type A, 60“ 
9

Before 3.03
After 1.19
A q —1.84

Type B, 300° 
q, ml. STP

2.52
3.09

+ 0 .5 7

There is obviously a marked decrease in the amount ad
sorbed at 60° whereas there is only a slight increase at 300°. 
The result is confirmatory of the postulate and also indicates 
a marked difference in the behavior of the two types of site.

After a second oxidation treatment similar to that pre
viously described a series of hydrogen adsorption runs was 
performed alternately at 60° and at 300°. After a run at 
60° the reaction vessel was evacuated, flushed twice with 
helium and then the temperature raised to 350° and the ves
sel evacuated overnight. It is assumed that no marked 
change in the catalyst is brought about as a result of such 
treatment. However, after a run at 300°, the temperature 
was raised to 350°, the catalyst maintained at this tempera
ture for half an hour in contact with hydrogen and then sub
jected to overnight evacuation. It was anticipated that 
this treatment would bring about some reduction of the sur
face. Table III presents the data in the order of per
formance. The temperature regulation during these runs 
was poor and variations of as much as ± 7 °  occurred. The 
purpose of the experiments nevertheless was well served.

The rate and extent of adsorption at 60° are progressively 
increasing from ran to run. This is a direct result of the 
reducing treatment to which the catalyst is subjected prior to 
each run. The marked increase in type A adsorption is not 
paralleled in the type B adsorption. Initially the type B 
reactivity falls buj soon levels off. The type B sites must be 
radically different from type A sites.

Independence of Type A and B Sites.— This difference in 
the two types of site is shown by the experiments plotted in 
Fig. 2 showing ( I )  an adsorption run at 300°; (2) an adsorp
tion run at 60° and (3) an adsorption at 300° followed by 
gradual cooling to room temperature with the catalyst in 
contact with hydrogen. After runs (1) and (2) the catalyst 
was degassed at 350°.

The amounts of hydrogen adsorbed in 100 min at 300° and 
at 60° are 1.67 and 1.64 ml., respectively. In (3) hydrogen 
is adsorbed at 300° for 65 min. and then the catalyst is 
cooled to room temperature in a period of 535 min. More 
hydrogen is picked up during the cooling period. The total 
amount of hydrogen taken up at 60° during this cooling is 
3.74 ml., which is close to the sum of the amounts, 1.67 +  
1.64 =  3.31 ml., in the individual runs at 300° and 60°.

These considerations will show that this result is not just 
accidental: at 300° type B sites are filled to an extent de
pending on the time allowed and the saturation value. As 
the catalyst is cooled, more sites are filled as desorption, an 
activated process, becomes less significant. This progression 
will continue to occur until the sites are completely filled or 
until the temperature at which the rate of type B adsorption 
becomes negligibly small. Further cooling will not produce 
any change until type A reaction begins to occur. If the 
two types were well separated in terms of temperature, the 
cooling curve should show a flat region between the cessation 
of one type and the onset of the second. The absence of a 
flat region indicates that the two types are not separated
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T a b l e  III
H y d r o g e n  A d so r p tio n  on  Z n O -I a f t e r  O x id a t io n

Run —► l 2 3 4 5 6 7 8 9
T, °C. — 70 60 300 60 300 60 300 60 300

Po, cm. DBP—► 
t, min.

75.60 76.10 76.74 75.60 76.10 
q, ml. STP

76.74 76.93 77.03 76.82

0.5 0.14 0.25 0.61 0.32 0.55 0.46 0.59 0.50 0.55
1 .20 .29 .80 .42 .70 .55 .74 .62 .71
2 .25 .33 1.02 .51 .86 .70 .91 .75 .86
3 .29 .38 1.13 .57 1.03 .76 1.03 .83 .98
5 .32 .42 1.32 .64 1.12 .86 1.18 .95 1.12
7 .37 .44 1.39 .70 .94 1.26 1.03 1.23

10 .41 .46 1.47 .75 1.32 1.00 1.34 1.10 1.34
15 .48 .50 1.56 .83 1.42 1.07 1.43 1.19 1.45
20 .53 .53 1.62 .87 1.46 1.14 1.49 1.26 1.54
30 .61 .56 1.74 .94 1.55 1.23 1.53 1.34 1.64
40 .64 1.81 1.00 1.57 1.29 1.57 1.42 1.68
50 .65 .66 1.83 1.03 1.57 1.34 1.59 1.49 1.69
65 .69 1.89 1.07 1.62 1.42 1.67 1.53 1.73
80 .74 1.93 1.11 1.69 1.45 1.74 1.60 1.75

100 .70 .75 2.00 1.14 1.77 1.52 1.80 1.66 1.73
with respect to temperature. The three experiments in the 
above set involve degassing procedures between runs which 
produce slight variations in the catalyst. It is possible, 
however, to eliminate this difficulty by combining all three 
into a single experiment. Prior to this run the catalyst was 
oxidized by heating to 420° in oxygen. Figure 3 shows the 
data. Adsorption at 60° for 120 min. is followed by heating 
to 300° in 210 min., cooling to —20° in 1000 min. and finally 
heating to 350° in 300 min. In the range 25 to 150° the 
cooling and subsequent heating curves almost coincide. 
The cooling rate is very slow while the heating is relatively 
rapid. In view of this difference, the coincidence of the 
curves must denote equilibrium. The separation of the curves 
above 150° indicates that the points on the cooling curve had 
not reached the equilibrium values under the experimental 
conditions. In the range —20 to 20°, the points are hori
zontal, showing that the type A reaction has reached a 
saturation value and also is well separated from other reac
tions both chemical and physical.

The Position of the Maxima.—The maxima in q-T  curves 
such as Fig. 1 result from a combination of adsorption and 
desorption processes. The ascending curve will be a function 
of the rate of adsorption and the rate of heating. The de
scending curve represents a near-equilibrium condition of 
desorption. Although a change in the rate of heating could 
thus slightly modify the position of a maximum, the main 
factor affecting the position must be the nature of the site 
and its interaction with the gas. The maxima at 80 and 
300° must involve two different types of site, with Type B 
adsorption around 300° having a higher energy of activation 
than for Type A around 60°.

Referring again to Fig. 1, a change in the position of the 
first maximum from 80 to 60° is apparent. The heating rate 
was the same in both cases. The shift is therefore not me
chanical. In later experiments this Type A maximum was 
found around 30°. Taylor and Strother3 and Cimino, et 
al.,s have observed the first maximum in their isobars at 
different temperatures, the former at 80°, the latter at 50°. 
Such a wide variation is not easily attributable to varied 
experimental conditions. Rather would it seem to indicate 
differences in the catalyst samples. Since the observed pro
gressive shift of the maximum to lower temperature accom
panies an increase in adsorption attributable to an increase 
in concentration of zinc atoms, a surprising conclusion re
sults, namely, that an increase in concentration of sites is 
accompanied by an increase in reactivity.

The chemical reduction of ZnO which produces zinc atoms 
will be accompanied by some diffusion of zinc into intersti
tial positions in the crystal. Because of the high dielectric 
constant these interstitial atoms are ionized easily by thermal 
energy and give rise to conduction electrons. An increase in 
concentration of Type A sites will therefore be accompanied 
by an increase in the density of free electrons in the bulk. 
This, in turn, will increase the degree of polarization of the 
zinc atoms in the surface, resulting in an increased reactivity 5

(5) A. Cimino, E. Cipolini and E. Molinari, Naturwiss., 43, 58 
(1956).

Time, min.

Temperature, °C.
Fig. 2.— a, Rate of adsorption, H2 on ZnO-I at 300° and 

Po is 75 cm. DBP; b, same at 60°; c, adsorption at 300° 
followed by cooling in H2 to room temperature.
and lower apparent energy of activation. Other methods of 
changing the electron density in the crystal, such as the in
troduction of indium, gallium or lithium atoms in substitu
tional positions is discussed later.

Effect of Reduction of ZnO.— Another sample, ZnO-5, 
(19.39 g.) was prepared by heating the oxalate in a current 
of oxygen at about 450°. By a BET measurement using 
nitrogen it had a total area of 153.34 meter2. After thorough 
evacuation at 360°, a known volume of hydrogen was intro
duced into the catalyst chamber at room temperature and 
adsorption as a function of time followed for 30 min. The 
temperature then was raised gradually and adsorption as a 
function of temperature was studied. These measurements 
were extended to 500°. The gas now was pumped off 
through a receiver in liquid nitrogen and analyzed by the 
mass spectrometer. Large amounts of wa'er were found. 
The water must be taken as proof of a chemical reduction of 
the ZnO by hydrogen since the hydrogen used in the experi
ment showed only a trace of water by separate mass spectro-
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Temperature, °C.
Fig. 4.— q-T  curves for H2 on ZnO-5: successive runs each followed by overnight evacuation at 375°; P0 is 75 cm. DBP.
metric analysis and the degassing at 360° could leave only 
traces of water on the catalyst.

The catalyst was evacuated overnight at 375°, cooled to 
room temperature and a calibration run with helium per
formed. A surface area measurement • showed that the 
heating to 500°, once in hydrogen and again in helium, had 
decreased the area to 111.24 meter2. Figure 4 shows four 
successive q-T plots each preceded by a BET measurement. 
It is to be noted that the extension of the heating range to 
500° has resulted in a general decrease in the amounts ad
sorbed throughout the whole temperature range. There is, 
nevertheless, a smaller change in the amount adsorbed 
around 60° compared with the large change around 300°. 
Furthermore, the similarity of curves III and IV indicates 
that the concentrations of sites of both type A and type B 
have reached saturation values.

Table IV presents the maximum amounts adsorbed per 
unit area for Types A and B for the four runs in Fig. 4. 
The progressive increase in the maximum amount of hydro

gen adsorbed in the low temperature region demonstrates 
the increase in free zinc atom concentration brought about 
by the progressive reduction. The opposite trend in the 
Type B values demonstrates a suppression of Type B sites 
accompanying the reduction. The increased value for the 
last run clearly shows that a limit exists to this type B site 
suppression, however drastic the reduction may be, so that a 
diminution in surface area leads to an increase in the amount 
adsorbed per unit area. It is furthermore obvious that the 
total surface area is not the sole factor for Type B activity.

Attention is again drawn to the shift in the position of the 
maximum from above 60° in I to less than 40° in IV ac
companying the increase in the amount adsorbed per unit 
area. The reduction at 500° is accompanied by diffusion of 
zinc atoms into the lattice increasing the electron density 
and thereby increasing the reactivity of the surface zinc 
atoms. Once the crystal becomes saturated with interstitial 
atoms no further enhancement in reactivity can be expected.

Temperature Dependence of Adsorption.— From the pre-
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T a b l e  I V
A m o u n ts  A d so rb ed  p e r  U n it  A r e a

Run
Area S 
meter1

------------Type A-
q, ml. STP 100 /s

Type B 
q, ml. STP

at 300 —- 
lOOg/S

i 153.34 1.39 (60°C.) 0.91 1.49 0.97
i i 111.24 1.26 (40°C.) 1.14 0.85 0.77

h i 83.33 1.13 (40°C.) 1.36 0.56 0.67
IV 66.09 0.93 (40°C.) 1.41 0.58 0.88

vious results it appears that the type A site density has 
reached its maximum value. If a method were available of 
degassing these sites without changing their number, the 
effect of temperature on the rate of adsorption should give 
the energy of activation of adsorption. From Fig. 4 it is 
clear that at low temperatures the type A reaction is well 
separated from the type B reaction. The difficulty of de
gassing without changing the type A site density was solved 
by evacuation at 150°. Table V gives data for the kinetics 
of adsorption of hydrogen on ZnO-5 from —196 to 300° in 
the order in which the experiments were performed. After a 
run at 0°, the reaction vessel was evacuated at this tempera
ture for about 10 min. and then the temperature was raised 
to 150°. Evacuation was continued at 150° for one hour, 
the vessel flushed three times with helium and then cooled 
to 0°. A second adsorption run was made at 0° at approxi
m ated the same initial pressure of hydrogen. From the data 
in Table V it is clear that reproducibility of the surface has 
been achieved. In the subsequent low temperature studies 
degassing at 150° for two hours was employed. For the 
three higher temperature runs the catalyst was degassed at 
360to370°. F o r —196° liquid nitrogen was used; f o r —78°, 
Dry Ice-acetone; for 0°, ice water. For —116° and —23° 
partially frozen ether and carbon tetrachloride, respectively, 
were used but it was difficult to maintain constant tempera
ture. The surface area before the runs was 66.1 meter5. 
After completion of the series the value was 62.4 meter2.

The rapid adsorption, complete within three minutes at 
— 196°, is undoubtedly largely physisorption. The most 
remarkable feature of Table V is the almost identical kinet
ics at temperatures from —116 to 31.5°, throughout the 
whole course of the runs. Even a strict application of the 
Arrhenius equation, that is, to specific rates rather than 
momentary rates, since the site density and the gas pressure 
are constant, must mean that the energy of activation is zero 
in this range which involves only type A sites. For the range 
0 to 56°, Taylor and Strother found a value of 3 to 6 kcal. 
depending on the coverage. Their catalyst was prepared 
from oxalate as was that used here but was not subjected to 
any drastic reduction treatment. It obviously contained 
few interstitial zinc atoms and the surface zinc atoms were 
consequently less polarized and thus less reactive.

The data fall into three groups: (1) —78° to 32°; (2) 
32 ° to 200 ° ; (3) 200°to 3 0 0 °. Group (1) is the zero activa
tion energy group already referred to. Group (3) corre
sponds to an apparent energy of activation of 8 kcal./mole 
and is the region where type B is predominant. Group (2) 
would yield an apparent negative energy of activation. It 
is possible that in the region 135 to 200° both tjpes of reac
tion are occurring but it is unmistakable that a large part of 
the region from 32 to 135° is predominantly type A. Any 
type B reaction in this region would make the temperature 
coefficient more positive. It follows, therefore, that the 
rate measured by the amount adsorbed in the first minute 
does not represent the true initial rate but rather a net rate 
of approach to equilibrium in this region. This is seen from 
the isobars plotted in Fig. 5, A after one minute; B after 100 
min. Since the 100 min. values represent the near-equilib
rium state, the identity of the curves shows that in one 
minute the reverse reaction of desorption is already signifi
cant. Curve C in Fig. 5 is a q-T  curve obtained immedi
ately after the kinetic studies. The low temperature maxi
mum appears to be at about 30°. As expected, it lies above 
the 1 min. curve but below the 100 min. curve.

Type A Sites and Bulk Properties.— That type A 
chemisorption can occur with zero energy of activation might 
suggest a weak interaction only7 of hydrogen with the sur
face. Smith and Taylor6 and others, however, have demon
strated H2-D 2 exchange on ZnO even at —78°. The inter
action, consequently, cannot be weak but must involve 
strong electronic changes. If such strong electronic changes

(6) C . A. Smith and H. S. Taylor, J. Am. Chem. S o c 60, 362 (1938).

Fig. 5.— A and B, 1 and 100 min. “ isobars,”  I\  is 75 cm. 
DBF; C, q-T heating curve immediately following the 
kinetic runs.

were to include part of the bulk, say, one or two atomic layers 
below the surface, it is difficult to see how the reaction could 
proceed with such ease. Such interaction with the bulk, 
should it occur, would produce changes in the electrical and 
other associated properties of the solid. But Kubokawa and 
Toyama7 have shown that, below 110°, hydrogen adsorption 
on a sample of sintered ZnO has no effect on the conductivity 
of the solid. This also rules out the possibility that the 
active center may be Zn + + ions of the lattice or Zn+ ions 
occupying interstitial positions. The independence by 
type A chemisorption of bulk properties agrees with the view 
that type A sites are zinc atoms located in the negative 
potential wells created by three adjacent 0 “  ions on the ZnO 
surface.

Effect of Type B on Type A.— The catalyst ZnO-5 having 
become exposed to air, was again oxidized in oxygen for 
several hours at 600 and at 400°. It then was evacuated 
for three days at 500° and for one day at room temper
ature. The subsequent data show that sintering was 
extensive. The rate of adsorption at 0° was measured 
first. Then, with hydrogen still in the catalyst chamber, 
the temperature was raised to 280°. After two hours at 
this temperature, the catalyst had adsorbed a further 0.97 
ml. of hydrogen and was cooled to 140° and degassed for 48 
hours. The treatment was expected to produce a catalyst 
in which the type B sites are covered but the type A sites 
empty. The catalyst now was cooled to 0° and the rate of 
hydrogen adsorption again measured. It is assumed that 
this relatively mild treatment, following the treatment at 
500°, did not alter the surface characteristics other than that 
of the type B chemisorption. Table VI gives the data for 
the two rates, without and with type B sites filled.

It is clear that hydrogen chemisorbed on t jp e  B sites has 
an inhibitory effect on type A chemisorption. It would 
seem that the effect is purely a steric one, a blocking of type 
A sites, rather than an electronic one, which, if predominant, 
should lead to an enhancement of the reactivity of the type 
A sites. Similar results were found with ZnO-6.

Desorption from ZnO-5.— After the second adsorption at 
0° on ZnO-5, both types of site presumably being occupied, 
the catalyst was cooled in liquid nitrogen and evacuated for 
five minutes. A known volume of helium was introduced 
and the temperature gradually raised. At definite tempera
ture intervals, the volume of gas present in the system was 
determined. The increase in volume measures the hydrogen 
desorbed. Figure 6 shows the data obtained. Two dis
tinct stages of desorption are discernible. Up to 110° the 
desorption must be from type A sites; from 200° onward, 
from type B. Of the 0.97 ml. adsorbed at 280°, over 0.8 
ml. is desorbed at 400°, showing that most, if not all, of it 
stayed on the surface. Again, evacuation at —196° has not 
removed any Type A adsorption; 0.47 ml. was adsorbed at 
0° while 0.49 ml. is desorbed at 110°.

(7) Y. Kubokawa and O. Toyama, J. Phye. Chem., 60, 833 (1956).
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E f f e c t  o f  T e m p e r a t u r e  o n  A d so r p tio n  R a t e
Run
°C.

Po, mm. DBP 
t, min.

1
0

74.50

2
0

75.07

3
- 7 8

74.14
4

-1 9 6
73.98

5
31.5
73.65

6
-2 3

74.15
7 8 

— 115 60 
73.70 75.04 

q, ml. STP

9
88

74.30
10

135
74.94

i l
55

73.60

12
300

73.15

13
200

73.57

14
250

75.25

1 0.56 0.54 0.55 1.92 0.54 0.56 0.58 0.48 0.43 0.27 0.45 0.37 0.22 0.26
3 .64 .64 .65 2.76 0.62 .64 .66 .57 r .52 .30 .55 .47 .28 .34
5 .69 .66 .70 2.77 .066 .68 .70 .60 .55 .32 .58 .54 .33 .38

10 .72 .71 .75 0.73 . .70 .77 .69 .61 ;37 .66 .61 .38 .46
20 .77 : .76 .81 2.77 0.80 .76 .78 .81 -.68 .43 .76 .69 .44 .55
30 .81 .80 .87 2.77 0.83 .79 .82* .82 .69 .45 .81 .71 .50 .60
45 .84 .83 0.89 .81 .82 .73 .50 .84 .73 .54 .67
60 .87° .86 .89 0.91 .92 .84“ .91 .75 .52 .86 .76 .57 .70

100 .93 .91 .92 0.98 .98 .93 .79 .59 .92 .78 .65 .80
“ 65 min. 6 35 min. * 50 min.

Desorption from Type A ends «— Desorption from Type B starts

T a b l e  VI
E ff e c t  o f  T y p e  B on  T y p e  A C h e m iso r p t io n , ZnO-5, 

T y p e  A R a t e s  a t  0 °
Without Type B With Type B

Time, min. q, ml. STP
1 0.40 0.3
3 .46 .34
5 .47 .37

10 .49 .40
20 .55 .45
30 .60 .47

Readings were not taken in the interval —196 to 0° and 
the shape of the desorption curve in this range is uncertain. 
It does not seem likely, however, that the temperature at 
which appreciable amounts of hydrogen are desorbed can be 
far below 0°. In this run the surface is almost fully covered 
at the start and desorption is quite appreciable. In an ad
sorption run, desorption will not become significant until 
sufficient adsorption has taken place. This, therefore, 
justifies taking the amount adsorbed in the first minute as 
the initial rate, unaffected by desorption at the lower tem
peratures. Finally, the slowness of desorption from Type B 
sites between 110 and 200° corroborates the observed re
producibility of Type A chemisorption by evacuation at 
150°.

Nature of the Zinc-Hydrogen Complex.— On the
basis of the foregoing, it is possible to reinterpret 
earlier experiments on the hydrogen-deuterium ex
change on zinc oxide. Smith and Taylor6 appealed 
to surface heterogeneity to explain their findings. 
Molinari and Parravano8 used pure and modified 
ZnO. Their interest lay in a connection between 
catalytic activity and semiconductivity.9

Molinari and Parravano demonstrated that ZnO 
catalytic activity can be achieved by treatment with 
hydrogen at 350° or by extended heating in vacuum 
at 450°. These are the conditions found here as 
necessary for developing type A activity. Further, 
they find that activated samples can be deactivated 
by air or oxygen. Thus the H2-D 2 exchange on 
ZnO is intimately connected with the formation of 
free zinc atoms on the surface. That diffusion of 
some of these atoms into the lattice makes the solid

(8) E. Molinari and G. Parravano, J. Am. Ckem. Soc., 75, 5233 
( 1 9 5 3 ) .

(9) G. Parravano and M. Boudart, Advances in Catalysis, Vol. VII, 
p p .  4 7 - 6 8  ( 1 9 5 5 ) .
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an extrinsic semiconductor is only incidental and 
not the cause of catalytic activity.

Smith and Taylor6 show exchange occurring as 
low as 140°K. at a rate increasing with rise in tem
perature corresponding to an energy of activation of 
7-8 kcal./mole between —78 and 100°. Since it 
has been proved in this work that no chemisorption 
of type B occurs at —78°, it is obvious that the ex
change must occur on type A sites. It is inevitable 
that type A chemisorption of hydrogen must in
volve complete, or almost complete, dissociation of 
the H2 molecule producing a surface complex, Zn++- 
2H~. Since in ZnO there is some covalent char
acter along the crystal axis, a similar situation may 
occur in the Zn-2H bond with an incomplete elec
tron transfer.

On this view, the exchange mechanism can be 
that of Thon and Taylor.10 The chemisorption by

ZnH +  D2 — >  ZnD +  HD

ZnD +  H2 — ZnH +  HD

type A has been shown to have zero energy of 
activation. The value 7-8 kcal./mole found by 
Smith and Taylor must therefore be the energy of 
activation of the above steps. This is reasonable, 
since these reactions are almost equivalent to the 
homogeneous H +  D2 or D +  H2 reactions. The 
only difference is the localization of the H or D 
atom on the surface and, by the reaction, there is no 
great change in the surface since D replaces H and 
vice versa. That exchange is 50-800 times faster 
than adsorption is to be expected. The value of
7.2 ±  0.5 found by Molinari and Parravano for 
the exchange between 25 and 230° on a freshly pre
pared ZnO activated by hydrogen at 350° is similar 
to that of Smith and Taylor and subject to the 
same explanation. Addition of alumina will in
crease the free electron density while Li20  will de
crease it. The energies of activation found, 5 and 
25 kcal./mole, are qualitatively in agreement with 
this. What is more significant, the relative ex
changes at 160° per unit surface are 5%  for Li20  
and 40% for Al203,9 a striking confirmation of the 
relative reactivity of the zinc atom center.

Nature of Type B Sites.— In contrast to their 
observation that below 110° hydrogen chemisorp
tion has no effect on the conductivity of ZnO, 
Kubokawa and Toyama7 find that above this tem
perature there is a marked increase in conductivity 
with both sintered and unsintered samples. This 
must point to an electronic nature of Type B chemi
sorption.

Heiland11 has shown that a well-conducting sur
face layer can be produced on a zinc oxide single 
crystal by treatment with atomic hydrogen in the 
temperature range —187 to 227°, whereas molec
ular hydrogen has no effect. The conductivity is 
completely eliminated by heating in vacuum to 
327°. The increase in conductivity with time 
follows a logarithmic law as does chemisorption. 
Since single crystals have no surface zinc atoms 
and molecular hydrogen is without effect, although 
atomic hydrogen is effective, while sintered ZnO 
containing surface zinc atoms will react to molec-

(10) N. Thon and H. A. Taylor, J. Am. Chem. Soc., 75, 2747 (1953).
(11) G. Heiland. Z. Physik, 138, 459 (1954),

ular hydrogen, it appears that atomic hydrogen is 
necessary for type B reaction. In the reaction

H +  0 “ ^ ± : O H - +  e~

the transfer of the electron from the surface to the 
low-lying levels of the conduction band will deter
mine the efficiency of the reaction and its over-all 
energy of activation. With increasing electron 
density in the crystal, the reaction will become 
slower and its apparent energy of activation in
crease. The reaction is presented as a truly re
versible adsorption-desorption equilibrium on type 
B sites. At higher temperatures, apparently 
around 350°, an irreversible reaction becomes pos
sible

H +  O H - — > H20  +  e -

which provides a mechanism for the production of 
free zinc atoms on the surface.

The interdependence of type A and type B 
chemisorption is apparent. Type A sites, free sur
face zinc atoms, result from a reduction which oc
curs via type B chemisorption. For type B chemi
sorption, atomic hydrogen from type A sites is 
necessary. The necessity for and difficulty of the 
“ activating” process for zinc oxide becomes ob
vious. It was found in the present work with sam
ples ZnO-3 and ZnO-4 that evacuation at 350° for 
26 hours was insufficient to produce any activity 
for hydrogen chemisorption in the entire tempera
ture range from 30 to 360°. These samples, Kadox- 
15 and S.P. ZnO-500, from the New Jersey Zinc 
Company, are formed by burning zinc vapor in air. 
They contain large amounts of adsorbed H20  and 
C 02. Repeated mass-spectrometric analyses of 
the gas from the catalyst chamber have shown that 
it is very difficult to remove carbon dioxide even 
by heating at 500°. Possibly this introduces some 
complication in the interpretation of the results. 
However, from the mode of preparation, these 
samples may be expected to be nearly stoichio
metric compounds with no free zinc atoms either at 
the surface or in the interior. A systematic in
vestigation of the “ activating”  process could be 
informative. It does not seem likely that, after the 
activating treatment currently used, such species as
O-  or 0 2'~, postulated by Parravano, Friedrich and 
Boudart,12 following Morrison,13 if ever present 
could remain on the surface through the pretreat
ment and subsequent repeated use of the catalyst. 
They have shown that air or oxygen which would 
yield adsorbed oxygen actually deactivates ZnO. 
The absence of an isotope effect found by Parra
vano, et al.,n in the rate of adsorption of hydrogen is 
to be expected on the basis of the mechanism pro
posed here. The temperature region studied was 
that where type B chemisorption occurs and its 
over-all rate is determined not by H2 or D2 but by 
the rate of transfer of electrons from the surface to 
the conduction band. To discern a type A chemi
sorption isotope effect, this work suggests that 
measurements should be made at low temperatures, 
for example, —78°.

Considerable work remains to be done especially
(12) G. Parravano, H. G. Friedrich and M. Boudart, T his J o u r n a l , 

63, 1144 (1959).
(13) R. S. Morrison, Advances in Catalysis, Yol. VII, 290-294 (1955).
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relative to type B sites. The picture presented 
offers a synthesis of the geometric and electronic 
views of catalyst surfaces which frequently have 
appeared irreconcilable. The procedure used in the 
investigation offers a means of analysis of other 
similar oxide surfaces.

DISCUSSION
D o n ald  G r a h a m  (E. I. du Pont de Nemours & Co.).— 

To what extent might the proposed mechanism of the

formation of type B sites lead to catalyst deactivation 
through formation of clusters of zinc atoms and, in turn, 
zinc crystallites.

V. K e s a v u l u .-—Progressive reduction of the surface 
certainly would produce large numbers of zinc atoms which 
would cluster together to form zinc crystallites which would 
be catalytically inactive. This would explain the gradual 
loss of catalytic activity by the catalyst on repeated use.

H. A u stin  T a y l o r .— Initially, however, zinc atoms, once 
formed, will migrate to the negative potential wells of the 
oxide ions and thus become stabilized temporarily.

STUDIES OF SILICATE MINERALS. VI. ACID SITES ON KAOLIN AND 
SILICA-ALUMINA CRACKING CATALYSTS

By A. C. Zettlemoyer and J. J. Chessick 
Surface Chemistry Laboratory, Lehigh University, Bethlehem, Penna.

Received March 10, 1960

The determination of the strength of acid sites on a variety of synthetic silica-alumina and kaolin-based cracking catalysts 
was carried out. Samples first activated at 400° under vacuum were exposed to saturated n-butylamine vapor at 25°. 
The total amount chemisorbed and amounts desorbed at incremental temperatures between 25 and 400° under vacuum were 
not determined. These desorption curves, themselves, are indicative of the spectrum of acid sites on the catalyst surfaces 
studied. More quantitatively, desorption data can be combined with heats of immersional wetting measured as a function 
of surface concentration to furnish differential heat and site energy distribution curves. In addition, the number of sites 
for amine adsorption which developed as activation temperature increased was followed. Adsorption of amines of varying 
size was utilized to provide information concerning the spatial distribution of acid sites.

Introduction
From heat of immersion measurements, it was 

demonstrated1 recently that the energy distribu
tion of the acid sites on attapulgite clay could be 
developed. In these initial studies, n-butylamine 
was found to be a convenient adsorbate and im
mersional liquid. Portions of a sample completely 
saturated with n-butylamine vapor were outgassed 
at increasing temperatures. The heats of immer
sion of these gradually desorbed portions provided 
a curve of heats of immersion vs. coverage. From 
the inverse of the slopes of this curve, an approxi
mate site energy distribution curve was con
structed. For attapulgite activated at 400°, 
no sites retained amine after outgassing at 25° if 
the interaction energies were less than about 15 
kcal. per mole; a peak in the distribution curve 
occurred at about 17.5 kcal. per mole. These 
studies were prompted by the suspicion that the 
acid sites promoted deterioration of certain organic 
adsorbates when the attapulgite was used as a 
carrier.

The present work was directed toward similar 
studies of cracking catalysts; both typical silica- 
alumina and kaolin types were included. In 
petroleum cracking, it is well established that a 
carbonium ion mechanism is developed by the 
acid sites. A preponderant current view is that 
the alumina in a silica-alumina catalyst is there 
primarily as y-alumina or as incipient 7-alumina2; 
such six-coordinated aluminum is drawn into 
four-coordination and so provides a Lewis acid site 
at alumina-silica junctions when a hydrocarbon

(1) J. J. Chessick and A, C. Zettlemoyer, T h is  J o u r n a l , 62, 1217 
(1958).

(2) T. H. Milliken, A. G. Oblad and G. A. Mills, “ Proceedings of the 
National Clay Conference,”  Berkeley, Calif., 1952.

or other basic molecule approaches. Yet it is well 
known that cracking catalysts carry water on their 
surfaces under reaction condition and thus Brónsted 
sites must certainly be present.3 The question of 
which type of sites is effective or most effective in 
cracking has not been resolved.4 5

The structure of kaolin clays has been shown to 
be virtually destroyed in catalyst preparation.2 
It is believed that essentially the same type of 
structure and characteristics as in silica-alumina 
catalysts are developed on acid treatment and 
calcination.

Based on ammonium ion-exchange studies, the 
conclusion has been reached that acid sites of 
varying strength do not exist on the catalyst.2 
On the other hand, aqueous titrations,6 non-aque- 
ous titrations,6 gas titrations,7 the indicator 
method,8 and differential thermal analysis9 all 
have shown acid sites in a variety of strengths. 
None of these methods has the advantage of 
providing a topographical site energy distribution, 
as can be obtained by the heat of immersion method.

Experimental
Two American Cyanamid Company Aerocat silica- 

alumina catalysts were investigated; one contained 13% 
alumina (SA-13), the other 25%  alumina (SA-25). Their 
characteristic properties are given in Table I.

A minor amount of work was also performed on another 
familiar commercial silica-alumina catalyst, a Davison

(3) D. S. Maclver and P. H. Emmett, T h is  J o u r n a l , 62, 935 
(1958).

(4) A. G. Oblad, T. H. Milliken and G. A. Mills, “ Advances in 
Catalysis,”  Vol. I ll , Academic Press, New York, N. Y., 1951, p. 199.

(5) C. L. Thomas, Ind. Eng. Chem., 41, 2573 (1949).
(6) O. Johnson, T h is J o u r n a l , 59, 827 (1955).
(7) G. A. Mills, E. R. Boedeker and H. G. Oblad, J. Am. Chem. Soc., 

72, 1559 (1950).
(8) C. Walling, ibid., 72 , 1164 (1950).
(9) R. L. Stone and H. F. Rase, Anal. Chem., 29, 1273 (1957).
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T a b l e  I
S il ic a - A lu m in a  C r a c k in g  C a t a l y s is "

Aerocat fluid
Aerocat 
triple A

Type SA-13 SA-25
Av. particle size, n 42 53
Loss on ignition, wt. % 13 13
Apparent bulk density, g./cc. 0.48 0.43
Pore volume, cc./g. 0.75 0.89
Activity (1 hr., 940°F.) 

1 .4 (VHSV) weight 105 110
Chemical anal. (wt. %  of dry catalyst)

AI2O3 13.3 25.0
Si02, by difference 86.6 74.4
NasO 0.01 0.01
Fe 0.04 0.04

Surface area, m.2/g . 450-600 450-600
“ Data supplied by manufacturer.

Fig. 1.— Distribution of adsorption site energies for 
Aerocat, siiica-alumina catalysts initially activated at 400° 
in vacuo.

Fig. 2.— Total amine adsorption at 25° and 10~s mm. 
on catalysts as a function of initial activation temp.

Synthetic Catalyst DA-1 (Davison Chemical Co.). This 
catalyst also contains about 13% alumina.

The kaolin cracking catalysts were all based on Georgia 
kaolin. K -l was a pelletized sample which had not been 
steam deactivated. K -2 was a pelletized sample which had 
been steam treated at 1400°F. for 24 hours. K-3 was ob
tained by dry-grinding K -l to fluid catalvst size: 25% 
100/200 mesh, 50% 200/325 mesh and 25% T/325 mesh. 
K-4 was a fluid-type kaolin catalyst. The K-catalysts were 
prepared by the Minerals and Chemicals Corporation of 
America.

The BET nitrogen surface areas after outgassing at 400° 
and water surface areas after outgassing at 100° are listed 
in Table II.

Samples were first evacuated at the stated activation 
temperature and at 1 X  10 “5 mm. or better and then 
weighed. They were then exposed to saturated n-butyl- 
amine vapor at 25° overnight. In this way, all the acid 
sites whatever their strength were exposed and presumably

T a b l e  II
Su r fa c e  A r e a s  o f  C a ta ly sts  a s  a  F u n c tio n  o f  A c t iv a 

tio n  T e m p e r a tu r e
N, area Water

Catalyst m•Vg. area
100° 400° 100°

Syn. silica alumina, DA-1 
Kaolin

560 424 373

K -l (pelletized) 97 97 64
K-2 (pelletized, steam treated) 87 86 41
K-3 (ground K-2) 80 80 74
K-4 (fluidized, ca. 60) 135 110 124

coated with the adsorbate. (It is not possible to adsorb 
throughout the catalyst sample sequentially on first the 
most active sites, next the most active sites, and so on.) 
The samples were then evacuated at 25° and 1 X  10 
mm. to constant weight. The net gain in weight was attrib
uted to chemisorbed buty famine. Desorption curves
were then followed as the temperature was raised in steps. 
These desorption curves are themselves characteristic of 
the distribution of site energies. They suffice to establish 
important differences between samples. While the results 
reported here were obtained with five to ten gram samples 
and an analytical balance, the use of spring balances would 
make it possible to follow the weight loss of several samples 
simultaneously. In the case of K-2, it became of interest 
to extend the desorption studies to diethylamine and to 
pyridine.

For the heats of immersion studies, which were only per
formed for n-butylamine on SA-13 and SA-25, the amine 
was dried and distilled directly into the thermistor calor
imeter. Twenty-six determinations of the heats of im
mersion of the evacuated and partly amine coated samples 
were made. Details of the calorimetric and purification 
techniques were given previously.1 The slopes of the ex
panded plots of heats of immersion verms coverage yielded 
curves of the differential heats of adsorption versus coverage. 
The inverse slopes of the latter curves versus the adsorption 
energies provided a first approximation to site energy 
distribution curves. Because of the double differentiation 
and because the adsorption energies were not obtained at 
absolute zero,10 the distribution curves must be considered 
only rough approximations.

Results and Discussion
On SA-13, 0.193 g. of n-butylamine per gram of 

catalyst was chemisorbed at 25° after 400° acti
vation; on SA-25, 0.203 g. per g. catalyst. The 
additional number of sites on SA-25 is reflected 
in the distribution curves in Fig. 1. Since the 
uncertainty in these curves is considerable, no 
difference in the number of high energy sites is 
apparent. SA-25 did display a larger number of 
sites of energy between 10 and 25 kcal./mole. 
These additional low energy sites might be ex
pected to yield higher activity; the high energy 
sites would likely be permanently contaminated 
under reaction conditions. From Table I it can 
be seen that the rated activity of SA-25 is also 
larger than that of SA-13 and in the same propor
tion as is the amount of chemisorbed amine at 25°.

The significant variations in the moles of amine 
adsorbed per unit area at 25° for several catalysts 
as a function of activation temperature are il
lustrated in Fig. 2. The kaolin fluid catalyst, 
K-4, takes up significant amounts after mild acti
vation at 100°. Indeed, over 75% of this amount 
adsorbed is retained after thermal treatment at 
100° in vacuo. Condensation of surface hydroxyl 
groups does not occur during such mild thermal

(10) L. E. Drain and J. A. Morrison, Trans. Faraday Soc., 48, 316
(1952).
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treatment; therefore adsorption apparently occurs 
over Bronsted or Lewis1 sites made active or pro
duced by water desorption during thermal acti
vation.

An abrupt increase in amine uptake was ob
served for K-4 after activation at 300°. The area 
occupied by butylamine adsorbed at 25 “ after 
300° initial activation was calculated to be 67
m.2/g- based on a cross-sectional area of 20 A.2 
per molecule. This area amounts to about 
56% of that available as measured by nitrogen 
adsorption and is far in excess o f that expected 
on the basis of adsorption on catalytieally active 
acid sites. Rather it appears that water loss by 
condensation of adjacent hydroxyl groups leads to 
the formation of surface sites of the type

— Me—O— M e'—
I / ¡ \

where Me and M e' represent silicon and aluminum 
ions, respectively. Siloxane groups begin to form 
on a hydrated silica surface by this mechanism 
during thermal evacuation at about 170°11 ; 
much less is known about the condensation of 
hydroxyls on alumina or on mixed oxides.

The decreases in amine uptake after 400 and 
500° activations, evident in Fig. 2, are not paral
leled by decreases in the total surface area of K-4; 
that is, the nitrogen area decreases only by 5%. 
On the other hand, amine adsorption after 500° 
activation is only about one-quarter that found after 
activation at 300°. This comparison precludes 
loss of a significant number of surface sites as a 
result of sintering. Furthermore, the conversion 
of Bronsted to Lewis sites by water loss at in
creasing temperature of activation cannot account 
for decreased amine adsorption since n-butylamine 
adsorbs on both types of sites. The possible

/ ° \
formation of stable — Me— O— Me—  type surface 
groups through strain relief at elevated, activation 
temperatures seems likely. This decreased amine 
adsorption in the range of activation tempera
tures employed was restricted to the kaolin fluid 
catalyst, and appears to be related to the amor
phous nature of this higher area solid. Hacker- 
man12 has demonstrated that the heat of wetting 
of silicas in water decreases as surface area in
creases, a finding which could be accounted for 
if stable siloxane groups form more readily on the 
high area and more amorphous samples.

Thè total number of sites for amine adsorption 
at 25° on the Kaolin pellet catalysts K -l and K-2 
(steam treated) increased with activation tempera
ture beyond 200° and up to 500°. In addition, 
the number of sites is very nearly the same for 
both these solids.

Desorption curves for K -l, K-2, K-3 and DA-1 
catalysts activated at 400° in vacuo before adsorp
tion studies are compared in Fig. 3. The desorp
tion curve for K -l may not be completely mean-

on G. J. Young. J. Colloid Sci., 13, 67 (1958).
(12) A. C. Makrides and N. Hackerman, T h is J o u r n a l , 63, 594

(1959).

Fig. 3.— The desorption of n-butylamine from catalyst 
samples as a function of evacuation temperature (initial 
activation temperature 400°).

Fig. 4.— Differential heat of adsorption at 25° for n- 
butylamine adsorbed on a kaolin pelletized catalyst K-2 
and on attapulgite clay.

ingful because some reaction of the amine was ob
served during evacuation at 300°; the catalyst 
remained slightly colored even after outgassing at 
400°. On a unit area basis, the chemisorbed butyl- 
amine capacities of K -l, K-2 and DA-1 are ap
proximately 4.5 X  10-6 mole per square meter. 
Of course, on a per gram basis the capacity of DA-1 
was about five times larger. More surprising was 
the finding that the desorption curves for K -l, K-2 
and DA-1 agreed fairly well. This close concord-
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Fig. 5.-—Desorption of various amines from kaolin cata
lyst K -2 as a function of evacuation temperature (sample 
initially activated at 400°).

ance may be fortuitous in view of the dissimilari
ties between the curves of Fig. 2 for the fluid 
DA-1 catalyst compared to those for the Kaolin 
pellet catalysts.

Catalyst K-3, prepared by grinding K-2 after 
catalytic evaluation, has the lowest total amine up
take presumably as a consequence of the evaluation 
study. The larger number of sites stable at higher 
evacuation temperatures apparently were developed 
by the grinding process.

In Fig. 4, the differential heat curve, obtained 
by taking slopes of the heat of immersion curve, 
is plotted against coverage for K-2 in comparison 
with the curve for attapulgite.1 These 6 values 
represent fractions of the monolayer values con
sidering the chemisorbed amount after 25° evacu
ation to represent a monolayer. The maximum at
0.4 6 made it unrealistic to attempt to determine a 
site energy distribution curve; the slope of the 
curve reverses sign through the maximum. It was 
suspected that this maximum was due to lateral 
interactions, that is, that on the surface of K-2 
acid sites were situated quite near to each other. 
The lack of neighbor-neighbor interaction is im
plicit in the approximate method of establishing a 
distribution curve from heats of immersion.

To verify this conjecture about neighbor sites, 
diethylamine was chosen as an adsorbate. The 
base strength of this amine, K b =  1-26 X10-3, 
is not much different from that of the butylamine,
4.6 X 10~4. Due to steric hindrance, however, 
near neighbor sites might be expected to be in
operative. In Fig, 5, the desorption curve for

diethylamine is compared to that for n-butyl- 
amine. The total number of sites upon which 
diethylamine was chemisorbed is slightly less than 
half of those which chemisorb n-butylamine. The 
extra sites which take up the n-butylamine were 
low energy sites because the desorption curves 
coincide at elevated temperatures.

To contrast these results with those for a base 
with considerably lower strength, pyridine with a 
K b of 2.3 X  10-9 was used as an adsorbate. The 
amount chemisorbed at 25°, 1.6 X 10~6 mole per 
square meter, was lower than the amount of diethyl
amine chemisorbed, 1.9 X 10 ~6 mole per square 
meter. The amounts remaining at higher tem
peratures were somewhat higher apparently due 
to a higher escaping tendency for the larger 
molecule.

Sum m ary
Saturation amounts of n-butylamine adsorbed 

on several cracking catalysts have been determined 
as a function of initial activation temperature. 
In addition, the amounts of total amine retained 
at successively higher temperatures of evacuation 
were measured. These data coupled with heat 
of immersional wetting values were used to calculate 
acid site energy distribution curves for amine ad
sorption on several cracking catalysts. Extensive 
chemisorption of amine on activated samples was 
associated with loss of surface hydroxyls as water. 
Supplementary information was obtained through 
use of amines of different basicities and molecular 
size and shape.

Further work is required for a more intimate 
characterization of such catalyst surfaces. Ad
sorption and desorption studies, as well as heat of 
wetting measurements, would be included for 
various amounts of water pre-adsorbed on the 
cracking catalysts. These same comprehensive 
studies with amines and water adsorbed on both 
silica and alumina surfaces separately would aid 
further in explaining the nature of the acid sites.

DISCUSSION
A lfred  E. H ir sc h l e r  (Sun Oil Company).— Mills and 

co-workers have interpreted the rather low chemisorption 
of quinoline at 300°, as compared to other measures of 
catalyst acidity at room temperature, as an indication that 
the number of potential acid sites on a catalyst is strongly 
temperature dependent. Could you comment on whether 
your data on the desorption of amines as a function of tem
perature are in accord with this interpretation, or are the 
adsorption energies such that only the strongest sites would 
be able to retain amines at 300°?

A. C. Z e t t l e m o y e r .— From our measurements we con
clude that only the strongest sites would be able tQ retain 
simple amines at 300°. There is a need to study this 
question as a function of adsorbed water.

A. L. M cC l e l la n  (California Research Corporation).—  
Do you attach any significance to the breaks in the curves 
of Fig. 5? Similar breaks have been reported in ammonia 
titration curves.

A. C. Z e t t l e m o y e r .— No, we do not. The data are 
uncertain enough so that smooth curves could just as well 
be drawn through the points. It does appear, however, 
that the pyridine remains mostly adsorbed above 300°.
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THE OXIDATION OF INTERMETALLIC COMPOUNDS. I. HIGH 
TEMPERATURE OXIDATION OF InSb1

By A rthur J. R osenberg* and M ary C. Lavine 
Lincoln Laboratory, Massachusetts Institute of Technology, Lexington 73, Massachusetts
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The oxidation of single-crystal InSb was studied in the range 212-494°. Initially antimony is preferentially attacked and 
evaporates from the surface as (Sb30 3)3. ln20 3 is simultaneously formed and produces a compact crystalline film. Further 
reaction is then confined to the formation of ln20 3 and elemental antimony. The latter accumulates at the In50 3-InSb 
interface, as demonstrated both by electron diffraction and dissolution of the film. Associated with the crystallization of the 
ln20 3 film, there is a singularity in the kinetics; the rate drops precipitously and comes under diffusion control. The 
rates increase slightly with oxygen pressure and vary with crystallographic orientation. Small lattice substitutions of Te 
(for Sb) or Cd (for In) in InSb increase the rate. The maximum oxide film thickness which is attainable in reasonable times 
is less than one micron. The rate constant for diffusion-limited oxide growth is four orders of magnitude less than that for 
antimony alone, but only a factor of two less than that for indium alone. The ratio of the rate constants for the oxidation 
of InSb and of In is quantitatively predicted on the premise that both reactions are controlled by the diffusion of In +3 
through interstitial positions in ln20 3.

I. Introduction
In recent years, considerable effort has been 

directed to the preparation of binary compounds of 
metals with elements in Groups IVB, VB, and 
VIB of the periodic table.2 Aside from their 
semiconducting properties, the compounds have 
unique characteristics which may strongly in
fluence their surface behavior. Their largely 
covalent character3 concentrates the chemical 
energy of the system in directed bonds between 
each atom and its nearest neighbors alone, con
straining the crystal to a high degree of chemical 
and structural perfection. This is reflected in the 
low solubility of excesses of either element in the 
compound, i.e., restricted homogeneity ranges,4 
small diffusion and self-diffusion coefficients,5 
and resistance to cold work and plastic flow.6 
Contaminations of less than one part per million2* 
and dislocation densities of less than 103/cm .2 7 
are thus commonplace.

It is to be expected that each of these factors may 
affect significant departures from the normal surface 
behavior of metals and their alloys. Directed 
bonding will affect the mechanism of ion detach
ment and of adsorption of foreign atoms.8 The 
space charge associated with the surface of semi
conductors can profoundly influence electron 
transfer reactions,9 and the relative absence of 
chemical and lattice defects will be reflected in the

* Materials Research Lab., TYCO, Inc., Waltham, Mass.
(1) The work reported was performed by Lincoln Laboratory, 

a center for research operated by Massachusetts Institute of Tech- 
nologywith the joint support of the U. S. Army, Navy and Air Force.

(2) See for instance (a) J. M. Whelan, “ Semiconductors,”  ed. by 
N. B. Hannay, Reinhold Publ. Corp., New York, N. Y., 1959, chapt. 9. 
(b) H. Welker and H. Weiss, Advances in Solid State Phys., 3, 1 (1956).

(3) See for instance (a) G. A. Wolff and J. D. Broder, Acta Cryst., 
12, 313 (1959); (b) L. C. Pauling, “ The Nature of the Chemical Bond,” 
Cornell University Press, Ithaca, N. Y., 1949; (c) H. Welker, Z. 
Naturforschg., 7a, 744 (1952); 8a, 248 (1953); (d) E. Mooser and 
W. B. Pearson, J. Electronics, 1, 629 (1956).

(4) M. Hansen, "Constitution of Binary Alloys,”  McGraw-Hill 
Book Co., Inc., New Y'ork, N. Y., 1958.

(5) F. H . Eisen and C. E. Birchenall, Acta Met., 5, 265 (1957).
(6) C. Kolm, E. P. Warekois and S. A. Kulin, Trans. Met. Soc. of 

AIME, 212, 827 (1958).
(7) R. L. Bell, J. Elec. Cont., 3, 487 (1957).
(8) G. A. Wolff and W. B. Pearson, Disc. Faraday Soc., Kingston, 

Ont. (1959), to be published.
(9) See for instance (a) K. Hauffe and H. J. Engell, J. Elektrochem., 

56, 366 (1952); 57, 762 (1953); (b) P. Aigrain and A. Dugas, ibid., 56, 
363 (1952).

rates of nucleated reactions.10 The detachment of 
one element from the compound forces the de
tachment of the other, since the latter cannot be 
accommodated by the remaining compound. It 
must either react itself or accumulate at the inter
face between the compound and the reacting me
dium.

The reactions of the semiconducting intermetallic 
compounds offer, accordingly, an excellent means 
for studying some of these factors in detail. The 
present paper is concerned with a typical surface 
reaction—high temperature oxidation— of a typical 
compound of this class—InSb. InSb (m.p. 525°) 
crystallizes in the zinc-blende structure where each 
atom is tetrahedrally coordinated through covalent 
sp3 hybrid bonds to atoms of the opposite kind.11 
In the temperature range under consideration 
InSb is intrinsic,12 and its semiconducting properties 
should not strongly influence its chemical behavior. 
It exhibits, however, the typical properties pointed 
out above, including low solubility of excess In 
or Sb,13 high energy of defect formation,5 negli
gible self-diffusion,6 and a low normal dislocation 
density.7

II. Experimental Procedure
A. Sample Preparation.— Single crystals of InSb were 

grown by the Czochralski technique14 from a stoichio
metric melt of In and Sb. The components had been puri
fied to 99.9994-% purity by zone-refining in all quartz 
vessels. The conventional use of graphite or carbon-blacked 
linings for the melt-containing vessels w'as avoided since 
carbon apparently dissolves to about 1 part in 105 in molten 
InSb.ls When crystals so contaminated are oxidized at 
elevated temperatures, the carbon is oxidized preferentially 
giving spurious kinetic results. Several crystals were used 
during the course of the experiments without observable 
differences in oxidation behavior. Unless otherwise noted 
the crystals were n-type containing an uncompensated 
impuri ty concentration of <  1016 atoms per cc .

The crystals were grown along a <  111 >  axis. Samples 
were cut and ground so that only a single crystallographic 
face was exposed. Thus, the all j 100) samples were rec-

(10) For a general discussion see: Discussions Faraday Soc., 28
(J959).

(11) T. S. Liu and E. A. Peretri, Trans. ASM, 44, 539 (1952).
(12) H. J. Hrostowski, F. J. Morin, T. H. Geballe and E.-H. 

Wheatley, Phys. Rev., 100, 1672 (1955).
(13) K. K. Hulme, J. Elec. Control, 6 , 397 (1959).
(14) For a general discussion of crystal growing techniques see: 

M. Tanenbaum, “ Semiconductors,”  ed. by N. B. Hannay. Reinhold 
Publishing Co., New York, N. Y., 1959, chapt. 3.

(15) A. J. Rosenberg, unpublished.
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Fig. 1.— Oxidation of {110} InSb surfaces, 212-494°. Oxygen pressure =  0.3-0.4 mm. Data normalized to unit
geometric surface area.

tangular parallelepipeds, the all I 111 I samples were tetra
hedrons, and the all ( 110} samples were trapezoidal paral
lelepipeds.

The following technique of chemically polishing the 
surfaces of a sample and transferring it to the adsorption 
system was found to ensure the development of uniform 
oxides as judged by the interference colors which were pro
duced on oxidation. A sample chamber consisting of 10 
cm. of 10 to 15 mm. Pyrex tubing was joined to a short 
length of 1 mm. capillary tubing which was capped with a 
polyethylene plug. The sample, ground previously with 
1600 grit garnet powder was polished by a 5-second immer
sion in a mixture of 70% H N 03, 48% HF and glacial acetic 
acid in the ratio, 2 : 1:1 by volume, and rinsed successively 
in distilled water and 95% ethyl alcohol. The sample was 
transferred without drying to the sample chamber, which 
was filled within an inch of the top with water, and a 6- 
inch section of 2 mm. capillary was sealed to the top. The 
bottom was uncapped and 250 cc. of water followed by 150 
cc. of alcohol was drawn through the tube by aspiration. 
The sample was then dried under a stream of pure nitro
gen. The capillary at the bottom was sealed, and the 
chamber was jointed to a gas adsorption apparatus.16

B. Adsorption Measurements.— All measurements of 
oxidation were made by observing pressure changes at 
constant volume. The principal feature of the adsorption 
apparatus is the use of a thermistor manometer which 
permits essentially instantaneous measurements (time con

stant <0.1 second) of pressures up to 500 /t with a sensitivity 
of 0.01 fi.16 The accuracy of the measurements of oxygen 
uptake kinetics is limited, however, to about ± 0 .5 %  be
cause of non-equilibrium of pressure in the apparatus, 
fluctuations in room temperature and their effect upon the 
parts of the adsorption system which are not thermostated, 
fluctuations in the level of liquid nitrogen in the trap iso
lating the sample chamber from the remainder of the 
system, and fluctuations of ± 1° in the temperature of the 
sample which was maintained with a simple furnace. One 
advantage of the precise manometer is that the total drop 
in pressure during a run can be conveniently restricted to 
10% without loss of accuracy. As will be shown below 
the variation of reaction rate under a 10%  change of pres
sure is virtually nil.

The volumes employed were such that the maximum 
sensitivity of the uptake measurements was 0.3 ¿¡cc./hr. 
(1 mcc.==3.24 X  1013 molecules at 25°).

Prior to each experiment the system was outgassed and 
the sample baked under vacuum ( < 10_amm.) overnight 
at the reaction temperature before admitting oxygen.

Spectroscopically pure oxygen was used in all experiments
III. Results

A. Kinetic Data.—Figure 1 summarizes the 
oxidation kinetics of {110} InSb surfaces at ele
vated temperatures. The oxygen uptake (A) 
of samples maintained at a fixed temperature (T) 
in the range 212 — 494°, and at oxygen pressures(16) A. J. Rosenberg, J. Am. Chem. Soc., 78, 2929 (1956).
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(P) in the range, 300-400 p., is plotted vs. reaction 
time (t). All data are normalized to unit geo
metric surface area. The over-all range of N  is 
3 X  1016—4 X 1018 oxygen atoms/cm.2. Taking 
the roughness factor as 1.3,17 and taking into 
account the film composition to be discussed below, 
the maximum value of the film thickness, which was 
obtained by an 11,000 minute exposure at 494° 
(m.p. InSb =525°) is still somewhat under one m-

The internal precision of the curves in Fig. 1 is 
better than 0.2%. The reproducibility of separate 
runs at 367 and 494° was checked repeatedly. 
Maximum deviations in N(t) were less than 10%, 
and these are accountable for the most part by a 
scaling error due to uncertainties in the real surface 
area.

The curves appear related, particularly in the 
occurrence of an inflection at 5 X  1016 atoms/ 
cm.2. To obtain a more functional expression of 
the data, one can eliminate time as a variable and 
consider the dependence of the rate, V — dN/dt, 
upon N, T  and P.

1. Dependence of Rate upon Film Thickness.—
The data of Fig. 1 may be used to obtain the 
derivative

which is plotted vs. log N  in Fig. 2 for each of the 
various temperatures. Three results are imme
diately evident.

(i) The value of « is always larger than zero. 
This means that, at a given temperature, the rate 
of oxidation continually diminishes with increas
ing N. The film is thus ever more protective, 
but it is not possible to classify the oxidation as a 
“ parabolic”  (e =  1), cubic (e =  2) or higher order 
(e >  2) protective reaction.

(ii) The composition and structure of the film 
are not uniquely determined by thickness. If 
they were, the curves of Fig. 2 would be strictly 
superimposable.

(iii) Certain similarities are evident, particularly 
the singularities occurring in the neighborhood of 
5 X  1016 atoms/cm.2. Beyond the maximum e 
decreases to a value between 1 and 2, then almost 
imperceptibly rises again. This quasi-stationary 
value of « lies between 1.0 and 1.4 between 308 
and 367°. At 430 and 494° the curves appear to 
show additional singularities but e eventually tends 
to a constant value of 2.0.

2. Dependence of Rate upon Temperature.—  
The experimental activation energies must, of 
course, be evaluated by comparison of rates at 
constant N. It is also necessary to distinguish be
tween the temperature at which a measurement of 
V is made, and the temperature at which the oxide 
film is formed. The former is designated T, the 
latter, Tt. In the data of Fig. 1, T = T{ and the 
experimental activation energies obtained are 
given by

(17) Chemically polished InSb surfaces microscopically resemble 
those of chemically polished germanium which have been shown to 
have a roughness factor of 1.3. (a ) J. T. Law, T h is J o u r n a l , 59, 543
(1955); (b) S. P. Wolsky, Proceedings of 1958 International Con
ference on Semiconductors, J. Phys. Chem. Solids, 8, 114 (1959).

R = - aEl* (2)

Plots of log F  vs. l/T, derived from the data in 
Fig. 1, are given in Fig. 3. The linear representa
tion observed between 308 and 494° does not ex
trapolate properly to the data at 212°. AEi* goes 
through a maximum at 4 X  1016 atoms/cm.2 
and declines with further growth of the film (Fig. 
4).

Another activation energy, AE2*, may be de
fined as

R  =  - a^2* (3)\ & l / T  ) Ar, 7’f “ const

This refers tc an experiment in which the film is 
grown to a given thickness at a fixed temperature; 
the temperature is then varied, without a significant 
increase in N, and the rates are measured at several 
values of T. The results of three such experiments, 
performed under similar conditions, are given in 
Fig. 3b. The internal precision of AE2* is greater 
than that of AEi*, since the uncertainty in the 
area of the samples is not encountered. For the 
value of N  and P  at which the activation energies 
may be compared, AE2* >  AEi* (Fig. 4).

3. Dependence of Rate upon the Oxygen Pres
sure.— Samples oxidized to various thicknesses 
were subjected to changes in the oxygen pressure 
with the results shown in Fig. 5. The rate is seen 
to rise slighdy with increasing P. For various 
experiments n  =  [d log F /d  log P ] n ,t  was found 
to lie between 0.10 and 0.17. No systematic 
variation of n with N  and T was observed.

4. Dependence of Rate upon Crystallographic 
Orientation.—The rates of oxidation of various 
low index crystallographic surfaces are compared 
in Fig. 6. At 212° the initial rates decrease in the 
order {100} «  {111} >  {ITT} >  {110}, but, 
beyond N  =  1.5 X  1016, the {111} surfaces are 
most slowly oxidized. At 367°, the initial rates 
decrease in the order {100} >  {111} >  {111} 
= {110}, but beyond A  =  2.0 X  1017, the order
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Parameter =  oxygen atoms/cm.2, (b) The data were
obtained on three samples oxidized previously to the 
indicated value of N  at 358°. The total increase in N  
during the subsequent temperature variations was less than 
0.3 X 1017 atoms per cm .2 in each case. For normalization 
purposes, the product N(dN/dt) rather than dN/dt is 
plotted. Ideally, the data would coincide if e were equal 
to one.

changes to {111} >  {110} >  {ITT} ~ {100}. 
At 494°, the initial rates on the {100} surfaces 
are much larger than on the {110} surfaces, but 
the rates converge after 200 min. when N  >  1 X 
1019. A comparison of the absolute rates is sen
sitive to differences in roughness factor18 which may

(18) The zinc blende structure shows polarity in the <111 >  direction 
so that parallel { i l l }  surfaces are not chemically identical. On one 
set of { 111} surfaces Sb atoms, triply bonded to the lattice, are exposed, 
while on the parallel set of { i l l }  surfaces the In atoms are triply

be as high as 10%. A more accurate, though less 
precise, comparison was achieved by oxidizing a 
single specimen which exposed a number of crystal
lographic faces, and examining the interference 
colors which appeared. The sequence of colors 
produced as the film thickened were determined 
independently by using {110} samples. By this 
technique it was established that the relative rates 
decrease in the order {111} >  {211} >  {111} >  
{110} >  {100} for N  up to 3 X  1017 at 367° at which 
point further growth of the {100} becomes slower 
than that of the {110}.

It should be noted that the rate anisotropy, while 
distinct, is of a smaller magnitude than that ob
served in the low temperature oxidation of metals 
and of Ge.19

5. Dependence of Rate upon Doping.— One
InSb crystal was grown containing 2 X  1018 tel
lurium atoms/cc.; Te occupies lattice positions 
normally held by Sb, and dopes InSb more n- 
type.20 Another crystal was grown containing 6 
X 1018 cadmium atoms/cc.; Cd occupies lattice 
positions normally held by In and dopes InSb p- 
type.20 The oxidation rates of both doped crystals 
were higher than that of undoped material at 
400°. The Te-doped sample oxidized about five 
times faster and the Cd-doped sample about two 
times faster.

B. Nature of the Oxide Film.— The preceding 
kinetic results are naturally resolved into two 
regions separated by a singularity in t(N) which 
occurs in the neighborhood of JV~5 X 1016 atoms/ 
cm.2, which is the equivalent of approximately 50 
monolayer equivalents of oxygen. At this point 
the rate drops precipitously to a new magnitude, 
and then declines more or less uniformly with in
creasing N. Simultaneously the activation energy 
changes abruptly. The data suggest a change of 
mechanism, which is most plausibly accounted 
for in terms of a sudden change in the composition 
of the oxide film.

The following independent experimental results 
strengthen this conclusion and indicate that beyond 
-iV^lO17 atoms/cm.2 the film consists of ln20 3 
containing dissolved Sb, separated from the surface 
of the substrate by a layer of elemental 3b.

1. Dissolution of the Film.— Dewald21 observed 
that anodically formed oxide films on InSb dis
solved readily upon immersion in tartaric acid at 
25°. The films produced by high temperature 
oxidation are not perceptibly attacked by this sol
vent. However, slow, relatively uniform dis
solution does take place in 0.004 N  H2SO4 +  0.08 
M  tartaric acid at 40° at a rate which is still con
siderably faster than that of InSb itself. By 
progressively dissolving the oxide films and micro
analyzing the solutions for In and Sb, it was estab
lished that the films contained essentially equal
bonded. The former set have arbitrarily been designated { I I I }  while 
the latter have been designated {111}. See, for instance, M, C. Lavine, 
A. J. Rosenberg and H. C. Gatos, J. Appl. Phys., 29, 1131 (1958).

(19) A. Gwathmey and K. Lawless in “ The Surface Chemistry of 
Metals and Semiconductors,”  ed. by H. C. Gatos, to be published by 
John Wiley and Sons.

(20) The extent of doping was determined by measuring the Hall 
coefficient, Rh, at 78° K. and using the relation n =  6.25 X  I0l*/Rii 
cm. “3.

(21) J. F. Dewald, J. Electrochem. Soc., 104, 244 (1957).
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total quantities of In and Sb. The distributions 
were not uniform, however; the outer surface of the 
films contained a large excess of In, while the inner 
surface contained a large excess of Sb. It was 
observed, furthermore, that the total In and Sb 
content of the film was much larger than one would 
predict by assuming that the oxygen consumption 
is divided between the oxidation of In (to ln20 3) 
and Sb (to Sb20 3 or Sb20 6). It would appear, 
accordingly, that while one component is fully 
oxidized, the other is not. Even so, the latter, 
which will be shown to be Sb, is rendered soluble.

2. Electron Diffraction.— The oxide films are too 
thin to permit either optical or electron micro
graphs of sections, and attempts to separate the 
film for transmission electron diffraction were un
successful. Suitable reflection patterns were ob
tained, however. The outer portion of the film 
gives a “ spotty ring”  pattern22 ascribable in all 
details to microcrystalhne ln20 3.23 By cracking 
an oxidized sample and scanning the exposed sec
tion (Fig. 7), a pattern characteristic of elemental 
Sb was also obtained, arising from a layer between 
the InSb and the ln20 3. The Sb pattern consists 
primarily of spots, indicating preferential orienta
tion.22 The experiment was repeated for various 
film thicknesses with the same results. In no 
case was a pattern ascribable to any of the known 
antimony oxides observed.

C. Comparison of Rates of Oxidation of In, Sb 
and InSb.—The rates of oxidation of In, Sb and 
InSb at 360° are compared in Fig. 8. The data 
on antimony are taken from an earlier communi
cation from this Laboratory.24 The data on 
indium (m.p. 124°) were obtained by decanting 
the pure liquid under vacuum into a 10 mm. 
Pyrex tube which was then connected to the gas
handling apparatus. After a brief initial reaction, 
lasting 2.9, 0.6 and 1.5 minutes for InSb, Sb 
and In, respectively, each rate becomes essentially 
parabolic (« ~ 1) for an extended interval. If 
the pre-parabolic uptake is designated as a, then

N  = a +  Ct'h

for the parabolic region and plots of log (N — a) 
vs. log t will be linear with a slope of 4/ 2 as in Fig. 8. 
In this region the growth of the film probably is 
diffusion-controlled (e ~  1), in which case C =  
(2k)l/l, where k is the specific rate constant for 
film growth. The parameters a, C and k are sum
marized in Fig. 8.

The parabolic rates of In and InSb differ by a 
factor of two. The parabolic rate constant for 
Sb is a factor of 102 and the specific rate constant, 
a factor of 104, higher than those of In or InSb.

The large pre-parabolic uptake, a, for In is 
probably attributable in large part to the insta
bility of a clean molten surface of indium. In
dium does not wet Pyrex and the meniscus is 
convex. Upon adsorption of oxygen, the surface 
tension drops drastically and the glass is wetted.

(22) R. Hocart and A. Oberlin, Mem. services chxm. etat Par., 39, 
119 (1954).

(23) H. E. Swanson, N. T. Gilfrich and G. M. Ugrinic, NBS Circular 
689. 5, 27 (1955).

(24) A. J. Rosenberg, A. A. Menna and T. P. Turnbull, J. Electro- 
chem. Soc., 107, 196 (1960).

Fig. 4.— Variation of the activation energies with film 
thickness.

Fig. 5.— Dependence of the oxidation rate upon oxygen 
pressure. Each curve represents the relative change of the 
rate with pressure at fixed values of T and N  in the range 
T =  300-400°, and N  =  1017-1 0 “  oxygen atoms/cm.2. No 
systematic dependence of n on either T or N  was observed.

MINUTES.

Tig. 6.— Dependence of the oxidation kinetics upon crystal
lographic orientation.

The shape of the surface changes rapidly and stabi
lizes to a configuration which is quite flat. Before 
it is stabilized the oxide cannot protect the metal 
surface.

Despite the uncertainties in the mechanism of 
preparabolic growth, it is obvious that in this phase 
of reaction, as well as in the later parabolic stage, 
the rate of oxidation of Sb must greatly exceed 
that of InSb.
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Fig. 7.— Reflection electron diffraction by oxidized sur
faces of InSb. Every point or line on the patterns can be 
accounted for by the known d-spacings of the three phases.

' !■*' . " . i -
■ ' (J »0* .

IV. Discussion
The free energy of formation of InSb is quite 

small by chemical standards (Table I). From a 
thermochemical standpoint it is thus difficult to 
distinguish the compound from a physical mixture 
or an hypothetical solid solution of the elements. 
The distinctive physical and electronic properties 
of InSb arise, therefore, not from the binding energy 
of the system but from the distribution of this 
energy. It is a coincidence that the energies of 
vaporization of elemental indium and elemental 
antimony are nearly the same (Table I). The 
structure of indium is such that each atom is 
surrounded almost equally by 12 other atoms25; the 
average bond energy is thus about 58/6 =  9.6 
keal. In crystalline antimony each atom is 
surrounded by three nearest neighbors at a distance 
of 2.87 A., and three next-nearest atoms at a 
distance of 3.37 A., compared to the van der Waals 
diameter of 4.4 A.26; the average bond energy is 
thus 61/3 =  20.3 keal. InSb is characterized,

(25) W. B. Pearson, “ A Handbook of Lattice Spacings and Struc
tures of Metals and Alloys,”  Pergamon Press, 1958.

(26) E. Mooser and W. B. Pearson, J. Phys. Chem. Solids, 7,65 
(1958).

on the other hand, by the concentration of the 
energy in localized bonds between each atom and 
its four nearest neighbors. (It can be argued, 
indeed, that the zinc blende structure provides 
the most distinct chemical arrangement for a 
binary compound.27) The bond energy is ap
proximately 61/2 =  30.5 keal.

The redistribution of the binding energy not 
only changes the physical properties of the In-Sb 
system but can markedly influence the chemical 
reactivity as well. It should in particular raise 
the activation energy for atom detachment. This 
is reflected in the early stages of the individual 
reactions of indium, antimony and InSb with 
oxygen, the rates of which are given indirectly 
through the parameter, a, in Fig. 8. Although the 
free energy of formation of ln20 3 exceeds that of 
Sb20 3 (Table I), the latter is formed more readily 
from the elements (Fig. 8), and evaporates as 
(Sb20 3)2.28

(27) A. J. Rosenberg and T. C. Harman, ,/. Appl. Phys., 30, 1621 
(Oct. 1959).

^28) The high temperature oxidation of antimony is ultimately 
limited by the vapor phase diffusion of (SbsOa)i from a vapor region 
immediately surrounding the sample to a cold point outside the sample



Sept., 1960 H igh T emperàtürë Oxidation of InSb 1141

T a b l e  I
TnERMOCHEMICAL PARAMETERS FOR THE REACTIONS OF In, 

Sb AND 0 2
Standard Oxygen Presbure =  0.3 mm.

Reaction
T,

°K.
AH,

kcal./
mole

AS0,
e.u.

AF*,
kcal./
mole Ref.

Sb +  V<0> = >/iSb,0.(s) 600 -  85 -4 5 -5 8 29
Sb +  Os = y,SbiO«(s) 600 —104 -5 8 -6 9 29
Sb +  6/iOi = y,Sb,0,(s) 
Sb +  */iOi = VdSbjO,),

600 -1 1 4 -7 5 -6 9 29

<g) 600 -  73 -3 3 -5 3 29
In +  t/iOi = V^iosO.fs) 600 -1 1 2 -5 2 -8 1  : 29
In(s) + Sb(a) = InSb (a) 298 -  6.94 -  3.98 -  5.76 30
In(l) + Sb(s) = InSb(s) 600 -  3.6 30
Sb(s) = Sb(g) 298 +  60.8 +  3.25 +51.1 31
In(s) = In(g) 298 +  58.2: +  2.88 + 49 .6 31

It is to be expected, therefore, that a physical 
mixture of In +  Sb should be oxidized at a rate 
nearly equivalent to that of antimony alone. 
While Sb20 3 is one of the initial products of the re
action of InSb with oxygen, as evidenced by the 
appearance of minute crystallites of Sb20 3 at 
the entry to the sample furnace, the rate of the 
reaction is orders of magnitude less than that of 
antimony alone.

As (Sb20 3)2 vaporizes from the surface the in
dium which remains is oxidized to ln20 3. As the 
latter accumulates about crystalline nuclei, access 
of oxygen to the substrate surface is progressively 
hindered and finally is prevented entirely. This 
progressive restriction is reflected kinetically in 
the rise of e (Fig. 2). Once the ln20 3 film is com
pleted, reaction can continue only if oxygen, 
indium, and/or antimony can diffuse through 
the film. 6 then approaches a value between 1 and 
2 which is characteristic of diffusion control. 
For reasons to be discussed in the succeeding paper 
of this series, it is believed that the interstitial 
diffusion of cations controls the rate. It is to 
be expected that indium will move more readily 
than antimony through its own oxide lattice. The 
ln20 3 film grows and although some antimony 
enters the film, a large fraction will remain be
hind. It cannot redistribute itself in the substrate 
since the infinitesimal solubility and diffusion co
efficient of excess Sb in InSb prevent it. It is 
constrained, therefore, to accumulate at the 
In-In20 3 interface, as confirmed by electron dif
fraction.

Wagner32 has shown that, in a composite film of 
the type observed in the present study, the inter
face between the more noble metal (Sb) and the 
oxide of the less noble metal (In) is predisposed to 
pronounced topographical irregularities. It is 
to be expected, therefore, the promontories of 
antimony will project into the oxide film. This 
may account in part for the large concentrations
furnace, and an SbsOi layer of stationary thickness is established on the 
surface of the sample (A. J. Rosenberg, A. A. Menna and T. P. 
Turnbull, J. Electrochem. S o c 107, 196 (I960)). The transition from 
a rate controlled by the formation of the Sh*Oi film to a rate controlled 
by gaseous diffusion is indicated in Fig. 8 by the negative deviation of 
the experimental points after ten minutes’ reaction.

(29) J. P. Coughlin, Bull. 542, U. S. Bur. Mines (1954).
(30) W. E. Schottky and M. B. Bever, Acta Met., 6 , 320 (1958).
(31) F. D. Rossini, et al., “ Selected Values of Chemical Thermo

dynamic Properties,”  Circ. Natl. Bur. Standards 500, U. S. Govt. 
Printing Office, Wash., D. C., 1952.

(321 C. Wagner, J. Electrochem. Soc., 103, 571, 628 (1956).

using a roughness factor of 1.3 for InSb, and the cross- 
sectional area of the sample tube for In. Unit roughness 
factor is assumed for Sb which was obtained by cleavage.

of antimony which, judging from the dissolution 
experiment, are associated with ln20 3. It seems 
certain, however, that antimony partially replaces 
indium in the ln20 3 lattice,33 and under appro
priate conditions34 can migrate to the oxide-gas 
interface to be discharged as (Sb20 3)2.

Comparison of the Oxidation Rates of InSb and 
Indium.—Although the composition of the oxide 
film is complicated by the presence of antimony, it 
will be shown in the following article that the 
principal features of protective oxide growth upon 
InSb are determined by the diffusion of interstitial 
indium ions through ln20 3. Within this context 
one can predict the comparative rates of oxidation 
of InSb and of elemental indium.

Consider an ideal model in which the rate of 
oxidation is controlled by the diffusion of intersti
tial indium ions through a pure monocrystalline 
film of ln20 3 in contact with InSb. The parabolic 
rate constant, k, will be given by Da\, where D is 
the diffusion coefficient of the interstitials and a, is 
their activity in the oxide when the latter is at 
equilibrium with InSb. It is assumed that the 
oxygen pressure is high enough so that the activity 
of interstitials at the oxide/oxygen interface is 
negligible compared to Oi. D is a fundamental 
property of the oxide, although it may be affected 
by a\. a\ depends upon the free energy expended 
in the transfer of an indium ion from the InSb into 
an interstitial position in ln20 3 through the re
action

(33) In this connection it is of interest that indium can replace up 
to 50% of the antimony in the C33 rhombohedral structure of SbtTe* 
with a negligible change in the lattice parameter (A. J. Rosenberg, 
to be published).

(34) T o be described in the following article, T his Journal, 64 ,1143 
(1960).
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InSb(s) =  Sb(s) +  In +3(In20 3) +  3e(In20 3) (4)
Although the dissolution of indium in In203 leads 

to an extraordinarily high concentration of in
terstitial cations, one may, on formal thermody
namic grounds,35 write

inae3 =  (nine3)(7 i7e3) =  exp( — AF^/RT) (5)
where the a’s are activities, the y ’s are activity 
coefficients, the n’s are concentrations, and the 
subscripts e and i refer, respectively, to electrons 
in the conduction band of ln20 3 and to interstitial 
cations. AFi° is the standard free energy of equation
5. In the absence of space charge, ne =  3ni, whence

m  =  27-'/<7i7e3) - ,/ ‘  exp(A fi°/4ft:r) (6)
Thus
fcinSb =  Da-, — Dn,y, =  27 -1 AD( 7i /y  e) V*

exp( — AF^/ART) (7)

Similarly,"'the parabolic rate constant for the 
oxidation of (liquid) elemental indium should, 
according to this model, be given by

= 27-'^D (7i/7e)V<exp(-AF2y4I^7,) (8)
where AF2° is the standard free energy of the re
action

In(l) =  In +s (I112O3) +  3e(In20a) (9)
The major factor contributing to the difference 

between k\n and fcinsb is the change of AF° which is 
reflected exponentially in its effect upon n;. The 
latter can, in turn, influence the y ’s and D, with a 
consequent second order effect upon m. As long 
as the change.in AF° is small, however, the second- 
order effect can be neglected, i.e., the y ’s and D  will 
be essentially the same during reaction 4 as during 
reaction 9 at the same temperature. Under these 
conditions

=  exp[(AFj° -  AF^/ART] (10)

By subtracting eq. 4 from eq. 9 one has the net 
reaction

In(l) +  Sb(s) =  InSb (11)
Thus AFj0 — AF2° corresponds exactly to AFVsb, 
the standard free energy of formation of InSb at 
the temperature of the experiment. According 
to the results of Schottky and Bever,30 AF°insb 
—3600 cal. per mole in the vicinity of 600 °K. 
(Table I). At 640°K., therefore

«  expiAFh^b/ART) =rCln
exp[-3 6 0 0 /(4  X  2 X  640)] =  0.49 (12)

The experimental value is 0.47 (Fig. 8). The 
close agreement may be partially fortuitous since 
the normalization of the data of Fig. 8 involves 
an inexact estimate of the surface areas. Never-

(35) The statistical justification for this is discussed in the following 
article.

theless, the result provides fundamental support 
for a mechanism in which the rate is dominated by 
the thermal diffusion of indium ions through an 
ln20 3 lattice.

Oxidation of Other AnlBv Compounds.— The course of 
the oxidation of InSb may well be repeated in the reactions 
of the eight other Am Bv compounds where A 111 =  Al, Ga 
or Sb and Bv =  P, As or Sb. In each case, the free energy 
of formation of A20 3 exceeds that of the B oxides17 while 
the latter are more readily formed and are volatile. A 
protective film of A20 3 should be formed provided that
(1) the formation of A20 3 is controlled by the diffusion of 
A +3 ions; (2) the diffusion coefficient of B in A20 3 is much 
smaller than that of A; (3) the vapor pressure of neither B 
nor of its oxides is high enough to disrupt the film mechani
cally. By analogy with eq. 10, the parabolic rate constants 
will be given, approximately, by

&ab =  &a exp( AF°ab/4J?7’j (13)
where AF°ab is the standard free energy of formation of the 
Am Bv compound. If the mechanism does apply generally 
to the AUIBV compounds, eq. 13 provides a method for 
obtaining AF°ab-

It is of interest to speculate on the relative rates of oxi
dation of the A m Bv compounds. k_\ (eq. 13) depends lin
early on several physical characteristics of A20 3 which should 
not differ substantially for A120 3, Ga20 3 and ln20 3.36 It 
depends exponentially, however, on AFi°, the free energy 
of a reaction equivalent to eq. 9 and AFd*, the free activation 
energy of their diffusion through A20 3. Thus

fcAB cc e-AFi*/RT  e - ( A f ’ io - A i ’°A B )/4 R 7 ’ ( 14)

AFi° is related to the energy of formation of A2Os and should 
increase with decreasing atomic number. This is borne 
out by the ease with which the electronic conductivity, 
hence the concentration of interstitial atoms, is increased by 
heating ln20 3 under vacuum,37 while A120 3 remains an in
sulator. It is to be expected that the effect on AFd* will 
be in the same direction. Thus the net effect of decreasing 
atomic number should be to lower kx substantially. This is 
confirmed by the fact that the rate of oxidation of Al at 
6OO038 is orders of magnitude less than that of In [obtained 
by extrapolating the present data at 360° using an acti
vation energy of 36,000 cal./mole (Fig. 3b .)]. From exist
ing data on the energies of formation of the Am Bv com
pounds29'39'10 it is clear that AF°Ab increases with decreasing 
atomic number, the effect being more pronounced for a 
change in Bv compared to a change in A 111. Since A111 
also affects the rate strongly through AF, and AFd*, changes 
in A111 should, nevertheless, have a greater net effect than 
changes in Bv .

Therefore, the relative rates of the high temperature oxi
dation of the AUIBV compounds should, subject to the 
conditions set out above, decrease in the order
InSb >  InAs >  InP; GaSb >  GaAs >  GaP;

AlSb >  AlAs >  A1P
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The later stages of the oxidation of InSb above 300° are limited by the migration of atomic defects through the growing 
film of I n A .  By utilizing a new kinetic procedure it has been shown that the concentration of defects is sufficient to con
fine any space charge to negligibly thin regions at the boundaries of the oxide film. The motion of defects is, accordingly, a 
field-free diffusion process. The experimental method is based on rate measurements following interruptions of the reac
tion, and permits the simultaneous determination of D, the diffusion coefficient, and Co, the solubility, o f the mobile defect 
in ln20 3. The necessary mathematical formulation has a simple analytical form and contains a  rigorous internal check. 
In the temperature range 308-407°, the quantities D  and Co are given by D  =  0.0078 exp( — 312QQ/RT) cm.2/sec., and 
Co =  9.4 X  1022 exp( —5400/RT) defects/cm.3. The results find a consistent statistical interpretation when it is assumed 
that the defects are interstitial indium Cations, and that a heavy mass approximation applies to conduction electrons in 
In203- The values of D  and C0 decrease gradually with increasing film thickness in the range 600-1500 A.;  the effect is 
not related, however, to thermal aging of the oxide. Evidence is also presented that antimony can penetrate In-Os during 
the interruptions.

I. Introduction
In the preceding article of this series,2 the oxi

dation of InSb in the temperature range 212- 
494° was described. After a brief initial reaction 
during which Sb20 3 vaporizes from the surface, 
a protective oxide film consisting largely of ln20 3 
forms and restricts further reaction to the simul
taneous formation of ln20 3 and of elemental 
antimony which accumulates at the In20 3-InSb 
interface. The present article is concerned with 
the mechanism of the latter phase of the Oxidation.

The driving force of the reaction is the free 
energy of oxidation of InSb which resolves itself 
kinetically into a gradient of electrochemical 
potential under which a diffusible species is driven 
through the growing oxide film, whence3

ji(x ) =  -  Igrad fn(x) +  NiZ-,eE{x)) (1)

where jdx) is the flux of the ith species across a 
boundary at a distance, x, measured from the inner 
surface of the oxide, A  is its diffusion coefficient, 
ni(x) is its concentration, m(x) is its chemical 
potential, and z, is its charge. N l is the Lo- 
schmidt number, e is the electronic charge, E  is 
the electrostatic field and R and T have their 
usual meaning. For uncharged species, z\ =  
0 and eq. 1 can be solved to give the rate of increase 
of the film thickness, X

¥  = k'x ~' <2> 
where hi is a constant for given experimental condi
tions. Generally, however, the diffusing species 
are ionized and can move independently of their 
countercharges. The ionization of adsorbed oxy
gen atoms and the differing tendency of ions and 
electrons to enter the oxide creates local charge 
imbalances at the boundaries of the oxide.4 These 
charge imbalances, called space charges, are con-

^Materials Research Lab., TYCO, Inc., Waltham, Mass.
(1) The work reported was performed at Lincoln Laboratory, 

a center for research operated by Massachusetts Institute of Tech
nology with the joint support of the U. S. Army, Navy and Air Force.

(2) A. J. Rosenberg and M. C. Lavine, T h is  Jo u r n a l , 64, 1135 
(I960).

(3) See K. Hauffe, “ Oxydation von Metallen und Metallegierun- 
gen,”  Springer, Berlin, 1956, p. 73 ff.

(4) N. Cabrera and N. F. Mott, Rep. Progr. Phys., 12, 163 (1948).

fined to layers whose thicknesses are similar at each 
interface and are given to an order of magnitude 
by

x ~ /  KkT y / i  
\8irehi) (3)

where k is the dielectric constant of the oxide; 
n is the average mobile charge density, and the 
other quantities have their usual meaning. As 
long as X  is much larger than X, the more mobile 
charge carriers are constrained to move with the 
slower ones in the bulk of the film, which then 
remains neutral. The reaction is then under 
thermal diffusion control, and eq. 1 yields

^  =  fcX -1 ; kt =  QD |Co -  Ci! (4)

where 0 is the volume increase associated with the 
oxidation of one substrate atom, and C0 and A  
are the diffusing ion concentrations at the inner 
and outer interfaces, respectively.4

When X  is comparable to X, however, field- 
induced migration in the boundary layers can in
fluence the rate. A general analytical solution of 
eq. 1 is not possible, but for the case where X  is 
much smaller than the X’s, several special solu
tions have been developed.8-5 Each assumes 
electronic equilibrium at the oxide-02 interface. 
While this assumption has been questioned,6 
since it requires that the electrons move easily 
over a considerable energy barrier, it does lead to 
practical solutions which give a qualitative picture 
of thin film oxidation kinetics. For this condition 
Grimley5a writes eq. 1 as

where e depends on X  and the defect character of 
the oxide film. For p-type oxides, in which the 
predominant defects are cation vacancies and elec
tron holes, e =  1 at very low X  and increases to 
2, 3, or even higher values depending upon the 
valence on the vacancy. For n-type oxides in

(5) (a) See T. B. Grimley in “ Chemistry of the Solid State,”  ed. 
W. E. Garner, But^erworths, London, 1955, p. 336 ff. (b) T. B. Grim
ley and B. M. W. Trapnell, Proc. Roy. Soc. {London), A234, 405 
(1956).

(6) N. Cabrera in “ Semiconductor Surface Physics,”  ed. R. R. 
Kingston, U. of Penn. Press, Philadelphia, Penna., 1957, p. 333.
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which interstitial cations and electrons are in
volved, e starts at 1, drops to 1/j, and reverts 
to 1 as X  increases, e changes very slowly with 
X, however, so that it is virtually constant for the 
measurable range of X  at any given temperature.

The oxide phase in the oxidation of InSb is 
structurally that of ln20 3, which has been estab
lished to be normally n-type, containing an excess 
of indium.7 Substitution of antimony for indium 
within this structure can only tend to make it more 
n-type. If a thin film mechanism of the type 
underlying eq. 5 applies, therefore, e should not 
exceed unity. In point of fact, however, e always 
exceeds unity once the ln20 3 film is established, 
and approaches 2.0 at higher temperatures and 
film thicknesses.2

Ordinarily one would expect a “ thin film” 
mechanism to apply to the oxidation of InSb, 
which gives film thicknesses of less than one 
micron. Such a mechanism can account in prin
ciple for a dependence of rate on crystal orienta
tion and on pressure3 while a simple diffusion 
mechanism cannot. Because of the observed e 
values, one is led, nevertheless, to re-examine the 
possibility that field-free diffusion provides a better 
interpretation of the data, with the discrepancies 
being attributable to the complex chemistry of the 
film.

A necessary condition for simple diffusion con
trol is that the film thickness, X , be much larger 
than A, defined in eq. 3. In the present case, 
this requires that X be less than ^ lO -4 cm. Sub
stituting k =  10 and T =  600°, one finds8 that

n > >  10" cm .-1 (6)

If eq. 6 is satisfied, there exists a practical ki
netic procedure for measuring the diffusion coef
ficient and the concentration of the particles 
whose diffusion controls the growth of the oxide 
layer. This procedure is based on the controlled 
interruption of the oxidation.
II. Theory of Interrupted Oxidation Kinetics

Consider the generalized oxidation of a metal, 
taking place at a flat surface

yM  +  | 0 2 =  M „0 . (7)

The reaction is assumed to be controlled by the 
field-free diffusion of M  +2 ions or M atoms through 
interstitial positions in the growing monocrystalline 
oxide lattice. M atoms enter the oxide at x = 
0, migrate through the film under the influence of 
their concentration gradient, and complete the re
action with oxygen at the oxide/oxygen interface 
(x =  X ). The concentration of interstitials at £ = 
0 is Co while that at x =  X  is C\. These values cor
respond to those which would be observed if iso
lated MyOj were at equilibrium with oxygen at a 
pressure (Po2) equalling, respectively, the dissocia
tion pressure of the oxide (Pd,SH) and the ambient 
pressure of the experiment (Pi). At any moment

(7) G. Rupprecht, Z. Physik, 139, 504 (1954).
(8) n can be determined in principle by measuring the electrical con

ductivity <t of the film and assuming carrier mobilities for use in the 
expression, tr =  nzey.. By partially immersing an oxidized sample in 
mercury, a can be measured, but the method is insensitive, and, in the 
present case, led only to a lower limit of 1015/cc. for n.

(a) DURING FILM GROWTH

x

(b) DURING INTERRUPTION

c C(x) = C0
0

(Ml (My0z) <°2 ' V Pd,Ss>

x = 0 x *X
x

Fig. 1.— Concentration of interstitial cations in a film of 
M „0 , growing upon a metal substrate: (a) during growth; 
(b) during interruption.

D(b2C/dx2) =  bC/bt =  0 throughout the film so 
that C varies linearly with x as shown in Fig. la. 
The diffusion coefficient, D, is taken to be inde
pendent of C.

Assume now that the ambient 0 2 pressure is 
dropped from Pi to Pdiss- Experimentally, this is 
easily accomplished by removing excess gaseous 0 2 
from the apparatus and sealing off the sample en
closure. The sample then acts as a source or a 
sink, and the oxygen pressure in the enclosure au
tomatically adjusts itself to Pdiss- M atoms con
tinue to enter the film at x  =  0, but are no longer 
removed at x = X . The M concentration ap
proaches the equilibrium value, Co, throughout the 
film, and reaction ceases (Fig. lb). If the pressure 
is then raised to Ph C(X) is again reduced to C\. 
The cations resume their outward flow and the 
concentration distribution of Fig. la is re-estab
lished.

If CoX is large enough, this “ restoration”  of the 
steady-state concentration gradient should resolve 
itself as a relatively fast initial uptake of oxygen 
followed by a gradual return to the rate given by 
eq. 4. Mathematically, the problem may be ap
proximated as follows. It is assumed that cations 
may be created or destroyed only at x =  0 and x =  
X, and that their diffusion coefficient in the oxide is 
independent of C. Then, at a given temperature

= M e )
bt D  d r 2 (8 )

As boundary conditions, one takes
at / =  0: C(x) =  Co for all x
at l >  0: <7(0) =  C0 (9)

C(X) = Ci
where t is measured from re-admission of 0 2. 
The equation is readily solved by standard tech
niques,9 giving

(9) J. Crank, “ The Mathematics of Diffusion,”  Oxford, 1956, p. 
ff.
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n/ \ n  (Co — C i)x  . 2 i Ci COS T lx  —  Co
(,(x) =  C o ----------- y --------- I 2 - i ---------------------A  x  “  n

■ 7I T X  . 4Co V"* 1sin e Dn'i-|-------^  - — —
A  x  ■V 2m +  1

sin (2m +  1) x ^  e-D ’ (2m +m  (10)

where D' =  D r / X 2.
By taking the derivative of C(x) with respect to 

x, evaluating it at x =  X , and integrating from t =  
0 to f =  f, one obtains an expression for A, the 
number of M atoms crossing unit area of the outer 
interface in time t.

— / : ( D *=x di = J (C , -  C,)f

2X
t  [C, -  Co ( - 1 ) " ]  [ ¿ ]  le-D ’n't -  1] +

4“ ? ( S r v w Ii' ' , 'B' + ' ,' - i | <">
For most practical purposes C\ «  Co, and eq. 11 
reduces to the equation

i *  =  2 y  -  4 y  1 _
Z C „ ^  n 2 * ^ ( 2 m  +  l ) 3

(_1 \n
n2

(12>
The numerical solution of eq. 12 is given in Table

I. Although eq. 12 was derived for a model in which 
the diffusion of interstitial metal ions or atoms con
trols the oxidation rate, it is equally applicable to re
actions in which the diffusion of interstitial anions, of 
cation vacancies of anion vacancies or of the corre
sponding neutral species are rate-controlling. Only 
the interpretation of the concentrations, C0 and 
Ch differs from case to case.

Experimentally, one measures A by following the 
oxygen uptake (A n ) upon re-admission of oxygen. 
The relation of An to A depends on the nature of the 
defect and will be discussed below. It should per
haps be pointed out that the treatment assumes the 
film thickness does not change appreciably during 
the experiment. In practice, this means that eq. 12 
applies only if A < <  X/Q where fi is the volume of 
oxide per metal ion.

When t «  X 2/D, eq. 12 reduces to a simple lin
ear equation in <’/*, i.e.

A = Bt'h { t < <  X*/D) (13)
where

B = 1.12D1/» Co (13a)

As t becomes large, eq. 12 reduces to a linear equa-
tion in t

A = Q +  Rt (t >  X 2/2D) (14)
where

(14a)

and
(14b)

T a b l e  I
N u m e r ic a l  So lu tio n  f o r  t h e  D if f u sio n  E q u a tio n  o f  

I n t e r r u p t e d  K in e t ic s , E q 12

A _  2_ y> ( —1)* , v-> 1
X C o  x 2 n 2 x 3 q (2 m  +  l ) 3

Dt
X3 i— e-n»DxVX! -  n3

4 Ÿ  1 e-(2m +  l ) IDxIi/X»
X2 Ÿ  (2m +  l ) 2

Dt/X* (D l/X 2) '/« A/XCo
0.02026 0.1422 0.159

.03040 .1744 .195

.04053 .2011 .226

.05066 .2250 .253

.06079 .2466 .276

.07092 .2664 .299

.08115 .2845 .321)

.09118 .3020 .339

.1013 .3183 .357

.1114 .3338 .375

.1216 .3485 .392

.1317 .3629 .408

.1418 .3765 .423

.1621 .4026 .453

.1824 .4272 .480

.2026 .4501 .507

.2229 .4720 .532

.2432 .4930 .556

.2837 .5325 .603

.3242 .5694 .647

.3647 .6038 .691

.4053 .6366 .733

.5066 .7117 .837

.6079 .7795 .939

. 7092 .8422 1.041

.8105 .9002 1.142

.9118 .9549 1.243
1.0132 1.0065 1.344

Therefore, while direct oxidation rate measure
ments can at best give the product, DC0, eq. 4 or eq. 
14b, the interrupted rate measurements give addi
tional expressions for Co and DV'Co. A separation 
of D  and C0 is thus effected; in terms of the parame
ters of eq. 13 and 14 one obtains

„  0.8 B % 
Co _  X  R (15)

11 (16)

d  = 125 [¥ T (17)

One can combine eqs. 15 and 16 to obtain a nec
essary condition for the mechanism under considera
tion

0.267B*/QR =  1 (18)

HI. Experimental Procedure
The procedures of the preceding article were employed. 

{110) samples were used exclusively, although experiments 
on j 1001 and {111) samples were shown to give qualita
tively similar results. The reactions were interrupted by 
evacuating the excess gaseous O2 and closing off the system 
for times varying from 1 hour to 3 days, depending on the 
estimate for X 2/D. This value of time must be exceeded
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if the concentration distribution of Fig. lb  is to be estab
lished.

IV. Results
A. General Form of the Interrupted Kinetics.—

A sample was oxidized at 342° and P q, =  0.3 mm. 
until the total oxygen uptake (N ) was 5.76 X 10n 
oxygen atoms cm.-2. The sample chamber was 
evacuated and closed off for 15 hours without chang
ing the temperature. Oxygen was then readmitted 
with the results shown in Fig. 2. The expectations 
of the diffusion model are qualitatively fulfilled. A 
rapid uptake of oxygen, proportional to i‘/2, is ob
served at the outset, but the rate gradually di
minishes and becomes equal to the value observed 
just before the interruption. Contrary to expecta
tion, however, the intercept of Fig. 2b, which will 
be designated Z, is not zero.

The experiment was again interrupted under 
identical conditions with identical results. For 
control purposes, the reaction was interrupted for 
less than three minutes. When 0 2 was readmitted, 
the rate prior to the interruption was immediately 
resumed. The quantity Z will for reasons to be dis
cussed below, be treated as a characteristic con
stant for each experiment, which must be added to 
the value of An in the theoretical equations. In 
the present experiment, Z =  2.84 X 1015 oxygen 
atoms cm.-2. Utilizing the parameters defined in 
eq. 13 and 14, one obtains from Fig. 2: R =  4.92 X 
1013 oxygen atoms cm.-2 min.-1, B =  8.60 X 1014 
oxygen atoms cm.-2 min.-1/l, and Q =  4.04 X 
1015 oxygen atoms cm.-2 (obtained by subtracting 
Z  from the intercept of Fig. 2a). The necessary 
condition expressed by eq. 18 is satisfied since
0.267B2/QR =  0.994.

A complete quantitative test of eq. 12 was made 
by substituting B, Q and R into eq. 15-17. The 
values of C0X  and D/X2 so obtained were substi
tuted directly into the parameters of eq. 12 which 
form the headings in the numerical solution in 
Table I. This gives the values of AN correspond
ing to the entire range of t. Adding Z to An and 
plotting the results in Figs. 2a and 2b generates 
the solid curves drawn in these figures.

The excellent description of the data by eq. 12 
is particularly noteworthy since it requires that 
three independent experimental parameters—B, Q 
and R—be given by eq. 15-17 which contain only 
two adjustable theoretical parameters—XC0 and 
D/X2.

In order to obtain D and Co, one must know the 
thickness X. In the present case X  is estimated 
from the total oxygen uptake, N =  5.8 X  1017 oxy
gen atoms/cm.2 through the relation X  =  iW. 
The quantity 12 =  (M/zN0Y), where M  and p are 
the molecular weight and density of the oxide film; 
z comes from the formula of the oxide, M„Oz; and 
No is Avogadro’s number. Thus for ln20 3, 12 is 
calculated to be 2.14 X 10-23 cm.3/oxygen atom. 
It must be noted that the gross geometric surface of 
the sample has been used to normalize all of the oxy
gen uptake measurements in this paper. Since the 
true area is larger by a factor, F (the roughness fac
tor), the values of both N  and AN must be suitably 
corrected if true values of X, D and C0 are to be ob
tained. Furthermore, the value of C0 which is ob-

Fig. 2.— Kinetics of oxygen sorption by InSb after inter
ruption of oxide growth. Previous oxygen uptake =  5.76 
X 1017 atoms/cm.2, corresponding to ca. 950 A. T =  342°, 
P02 ~  0.3 mm. (a) Data plotted vs. t. (b) Data plotted 
vs. i112. The solid lines are calculated from eq. 12 using 
XC„ =  1.202 X  1011 and D /X 2 =  4.09 X 10-3 (see eq. 19 
for conventional units).

tained when AN is substituted for A in eq. 11-14 is 
actually CoN (oxygen atoms per cm.3.). To convert 
C0N to C0, one must use the factor, /5, where /3 =  
y/z (from the formula M„Oz) if the defect is an M 
atom or vacancy, while $ =  1 if the defect is an 
oxygen atom or vacancy. In summary, therefore, 
if \D/X2} and {XC0| are the values obtained from 
eq. 15-17 using B, Q and R in units of oxygen at
oms per unit geometric surface area, then 

X  =  (Q/F)N

D =  1D /X 21 X  (19)

c- - ' x c  A m )
For chemically polished surfaces of InSb, F ~  1.3, 
and if the mobile defects in ln20 3 are indium atoms, 
ions, or vacancies, ¡3 =  2/3.

One thus obtains for the experiments in Fig. 2 
X  »  9.5 X  10-6 cm.
D ~  6.15 X  10-16 cm.2/sec.
Cu ~  1.05 X  1021 indium defects per cm.3
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Fig. 3.— Influence of temperature upon kinetics of inter
rupted oxidation. Experiments performed on a single 
sample, previously oxidized to N  =  5.3 X  1017 oxygen 
atom/cm.2 Sequence followed: 367, 327, 351, 308, 407°.
Solid lines calculated from eq. 12.

Fig. 4.—Variation of RN  and B with temperature. The 
results on three separate samples are included. Oxides 
were formed in each case at 352-358°. N  is the average 
value of N for the interrupted experiments.

The high value of C0 eliminates space charge as a 
significant factor in the reaction. If the indium 
atoms are not ionized, z\ =  0 in eq. 1 and an 
electrostatic field in the film cannot influence the 
diffusion. If the atoms are ionized, the electron 
concentration greatly exceeds the value necessary

to confine the space-charge to negligibly thin bound
ary layers (eq. 6).

B. Variation of Interrupted Rate Parameters 
with Temperature.— Interrupted rates were meas
ured between 309 and 407° for a film formed at 
367° to N  =  5.3 X  1017 oxygen atoms/cm.2. The 
experimental data are shown in Fig. 3. The solid 
lines are, again, theoretical curves drawn to eq. 12, 
so that the mechanism under discussion applies to 
the entire range of data.
ft$»The variations of RN and B with temperature 
are illustrated in Fig. 4. The results of experi
ments on three different samples are shown. The 
exponential dependence of RN  and B  upon l/T  is 
unequivocal. In appropriate units, one obtains
B =  2.61 X  1022 exp(— 21,000/RT) oxygen

a toms/min.‘/'/cm .2 (20)
RN  =  2.96 X  10“  exp (-36.000/E 2 ’ ) (oxygen

atoms)s/min./cm.4 (21)
From eq. 15 and 17 one obtains, in keeping with 
the discussion of Section IVA
Co =  9.4 X  1022 exp( —5400ART) indium defects cm .-3

(22)

D  =  0.0078 exp (-31 ,200 /R T ) cm.2/sec. (23)

C. Variation of Interrupted Rate Parameters 
with Film Thickness.—While the thermal diffusion 
mechanism successfully describes the form of the 
interrupted rates over a broad temperature range 
for a given film thickness, it cannot account for the 
variation of the rate parameters as the film becomes 
thicker. The model predicts that R, the diffusion- 
limited rate, should vary as 1/ X ( e  =  1); ithasbeen 
established however that the rate drops more 
rapidly than this (« >  1). The model predicts, 
furthermore, that B should be independent of X ;  
the following results establish, however, that B 
diminishes steadily with increasing X.

An oxidation was interrupted at several stages of 
film growth. The data obtained upon resumption 
of reaction at each stage are shown in Fig. 5. The 
formal predictions of the thermal diffusion model 
are separately satisfied in all but the first stage, the 
solid lines being drawn to eq. 12.

The interrupted rate parameters are summarized 
in Table II. 0.267B 2/QR is close to unity in each 
case. B and RN  diminish systematically with in
creasing X. The decline cannot be attributed to D 
or Co alone, since both decline.

D. The Effect of the Interruption Conditions 
upon the Rate Parameters.— Provided that the 
time of interruption, is long enough to permit 
equilibrium of the interstitial atoms throughout the 
film, i.e., k >  X*/D, the basic diffusion parameters 
should be unaffected by further increases in U. An 
experiment was performed in which U was increased 
successively from 4.5 hours to 16 hours for a sam
ple in which X-/D  was estimated to be 3.0 hours. 
The results, shown in Fig. 6, confirm the invariance 
of the diffusion parameters. The parameter Z, 
however, shows a definite time-dependence.

Another experiment was designed to examine the 
effect of the temperature of interruption, T\, upon 
the kinetics. During the interruption of a reaction 
being conducted at 342°, the temperature was
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Table II
V a r i a t i o n  o p  I n t e r r u p t e d  R a t e  P a r a m e t e r s  w i t h  F i l m  T h i c k n e s s , 367°

N X  1017 oxygen atoms/cm.2 1.70 3.73 5.02 7.11 9.43
Z X  1013 oxygen atoms/cm.2 2.62 2.46 2.73 3.18 2.46
B X 1015 oxygen atoms/cm.2/m in .'/2 1.53 1.34 1.14 0.97 0.89
Q X 1015 oxygen atoms/cm.2 3.40 3.38 4.10 5.13 6.77
R X 1014 oxygen atoms/cm.2/min. 3.18 1.43 0.87 0.502 0.318
RN X 1031 oxygen atoms2/cm. 4/min. 5.39 5.33 4.36 3.57 2.99
0.267B*/QR 0.59 0.99 0.96 0.97 0.99
{VCo} eq. 15 X  1016 oxygen atoms/cm. 1 .0 1 1 .2 0 1.49 1.99
{Z>/X2} eq. 17 X 10-3 min.-1 14.2 7.25 3.35 1.59
x ) X 10- * cm. 2.80 6.15 8.28 11.73 15.56
D 1 eq. 19 X  10- “  cm.2/sec. 8.90 8.25 6.56 6.41
Co j X  10° indium defects/cm.3 1 1 . 1 9.65 8.45 8.50

raised to 494° for two hours before equilibratingfor 
16 hours at 342°. The results are shown in Fig. 7. 
Ideally the diffusion kinetics should have been in
dependent of this treatment, but its severity appar
ently introduces irreversible changes in the oxide 
structure, and small changes in B and R were 
noted. The principal effect is again associated, 
however, with the parameter, Z.

These results demonstrate that the apparent de
creases in D and Co which are observed with increas
ing extent of reaction, are not related to aging of the 
oxide, but are truly dependent upon the oxide thick
ness.

E. The Parameter Z .— It was assumed at the 
outset that the parameter Z given by the intercept 
of the An vs. t'/l curves, reflects a reaction of the 
oxide which proceeds parallel with, but independ
ent of, the slower diffusion reaction described by 
eq. 12. A striking confirmation of this view lies in 
the results of the preceding section: substantial 
increases in Z were observed when the time and 
temperature of the interruptions were increased, 
while the parameters of eq. 12 were virtually unaf
fected.

The noteworthy features of Z  which are evident 
from all of the foregoing results are: (i)
the observed values of Z lie in the range 1-5 X 1015 
oxygen atoms/cm.2, corresponding to 1.3-8 oxygen 
atoms/surf ace atom. It is thus evident that the 
reaction which underlies Z cannot be a simple 
chemisorption of oxygen on the surface atoms of the 
oxide; (ii) the reaction occurring during the in
terruption which sets the stage for Z is time- and 
temperature-dependent; (iii) the reaction in 
which Z is actually measured is complete within one 
minute at the higher temperatures and on the 
thinner films, while it is measurably slower at the 
lower temperatures and on the thicker films.

V. Discussion
The excellent description of the experimental 

data given by eq. 12 over a broad range of tempera
ture and film thickness leaves little doubt that the 
oxidation of InSb above 300° is controlled by the 
diffusion of defects through the growing oxide film. 
The diffusion equation itself cannot be used to 
identify the defect, since the equation applies 
equally to metal or oxygen ions, atoms, or vacan
cies.

It was shown by Rupprecht7 that the conductiv
ity of ln20 3 decreases with increasing oxygen pres-

v'MINUTES.
Fig. 5.— Variation of interrupted rate parameters with 

film thickness. Key =  N X 10-17 oxygen atoms/cm.2. 
For all but N  — 1.8 X  1017, the solid lines are calculated 
from eq. 12. T =  367°. The oxide thickness is obtained 
by multiplying N  by S2/F =  1.64 X  10-23 (section IVA). 
Thus the measurements cover the range 300-1500 A.

^ /M IN U T E S  .

Fig. 6.— The effect of the interruption time: lower curve, 
oxidation at 342° resumed after 4.5 hours interruption; 
upper curve, after 16 hours interruption.

sure, and increases upon heating a sample under 
vacuum. This can only be true if ln20 3 is a metal- 
excess semiconductor, and the mobile defect must, 
accordingly, be either oxygen ion (or atom) vacan
cies or interstitial indium ions (or atoms). For
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Fig. 7.— The effect of uie interruption temperature: (a) 
oxidation at 342° was resumed after interrupting the reac
tion for 16 hours at 342°; (b) oxidation at 342° was re
sumed after interrupting the reaction for 2 hours at 494° 
followed by 16 hours at 342°.

reasons which will become clear, it has been as
sumed that the latter are the predominant defects 
in ln20 3.

The Diffusion Coefficient D.—The fundamental 
parameters of the diffusion equation— the diffusion 
coefficient D and the equilibrium concentration 
Co of the diffusing species— are given by eq. 22 and
23. The physical plausibility of these equations 
provides additional support for the model. Thus, 
the expression for D is

D  =  0.0078 exp(-3 1 ,200/i2r)cm .s/sec. (23)
This may be interpreted through the use of the ab
solute rate theory10 which gives 

k-T d2D =  — e*s*/R e~*n*/RT (24)
h (3

where d is the jump distance of an interstitial par
ticle from one position into one of the 8 equivalent 
positions surrounding it, while AS* and AH* are 
the entropy and enthalpy of activation for the jump, 
and the other symbols have their usual meaning. 
It has been shown theoretically that AS* must have 
a small positive value.11 This requirement is met 
since, by taking d =  2-3 A. and 8 =  2-6, one ob
tains 0 <  AS* <  4 e.u. upon comparing eq. 23 and
24. The activation enthalpy is difficult to access 
theoretically but the value, AH* =  31,000 cal., is 
certainly not unreasonable.

The Concentration C0.— The experimental expres
sion for Co is
Co =  9.4 X  102! exp( —5400/RT) indium defects cm.“ 3 
_____________  (22)

(10) S. Glasstone, K. J. Laidler and R. Eyring, "Theory of Rate 
Processes," McGraw-Hill Book Co., New York, N. Y.

(11) C. Zener, "Imperfections in Nearly Perfect Crystals,”  ed. W. 
Schockley, et al., John Wiley and Sons, Inc., New York, N. Y., 1952, 
p. 289.

which gives Co ~  1021 in the temperature range of 
this study. This high value, which corresponds to 
5%  occupation of the available interstitial sites, 
complicates the interpretation of eq. 22. By ex
amining certain limiting models, however, it can be 
shown that the preexponential factor in eq. 22 is of 
the proper magnitude. Some light is also shed 
on the interpretation of the exponential term, which 
is the key to understanding the relative rates of 
oxidation of In and InSb presented in the preceding 
article.

Consider the transfer of an indium atom from 
InSb to an interstitial position in ln20 3 by the reac
tion

InSb(s) ■= In(In203) +  Sb(s) (25)
This can be followed by the ionization of In(In20 3)

In(In2Oa) =  Iat* (In2Oa) +  z electrons (26)
If no, n+ , and ne are the equilibrium concentration 
of In(In20 3), In+* (ln20 3) and conduction electrons, 
respectively, and N  is the total concentration of 
interstitial positions in ln20 3, one has

no »  f 0N  exp( —w0/kt)
r  r  >

(27)

J+ 7—  exP( ~ TO+ / « )  LreeYoJ
(28)

tie =  zn+ (29)
where /o and f+ are factors which relate to the 
change of the vibrational entropy in the interme
diate vicinity of an interstitial. ye is the activity 
coefficient and T is the partition function of con
duction electrons in ln20 3. ye increases with ne and 
can be written12

Ye =  ncy (30)
When ne/F  <  1, y ~  0 and -y -—- 1; but when ne/T 
> 1, y >  0 and >  1. Substituting (27), (29) and 
(30) into (28) one obtains

n+ -  e*p(-(«'» +  ««•)/*)] r + j j r + V )
(31)

The quantities w0 and w+ are the energies of reac
tions 25 and 26, respectively. As a general rule w0 
is positive, but w+ will have either a much smaller 
positive value or can be negative, i.e.

Wo >  w+ (32)

The relative magnitudes of n0 and n+ depend upon 
T, which in turn depends on the band structure of 
ln20 3 and the energy levels associated with the 
interstitial atoms. These are not known, but the 
consequences of three limiting cases are of interest. 
In each case a simple band model is assumed, i.e., 
the energy bands are spherical and the (kinetic) 
energy of electrons is proportional to the square of 
the wave vector.13

Case I.— The interstitial atoms depress z eigen
states from the top of the conduction band to a 
discrete level just below the conduction band. In 
this case13

r - 2 [2W - 55X “ ” 0 ,/'
cm .-3 at 600°K. (33)

(12) A. J. Rosenberg, J. Chevx. Phys., to be published.
(13) F. Seitz. "Modern Theory of Solids," McGraw-Hill Book Co.. 

New York, N. Y., 1940, p. 271 ff.
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where m* is the' effective mass of electrons in the 
conduction band of ln20 3, m0 is the free electron 
mass, and the other symbols have their usual mean
ing. If (m*/mo) <  1, then T <  5 X  1019; by using 
eq. 27 through 31, it can be shown that n0 would 
then be impossibly high if n+ were identified with 
the experimental values of C0. Thus the diffusing 
particles in this case would necessarily be indium 
atoms and eq. 22 would be identified with eq. 27.

Case II.—This is identical to Case I except that 
(m*/mo) is taken to exceed 10, giving T >  1021 
cm.“ 3, 7e ~  1, and y =  0. The predominant de
fect is In+* and eq. 22 must be compared with eq. 
31 using y =  0.12

Case HI.— It is assumed here that the energy 
levels associated with the interstitials broaden a,t 
high concentrations and form a band which over
laps the conduction band. In this model T becomes 
proportional to ne and the term in the brackets of 
eq. 28 becomes nearly constant. All of the inter
stitials may be regarded as ionized and their con
centrations will be given by eq. 28 with — l .u

Assuming that N  ~  3 X 1022 cm.-3 and that f 0 
and /+  are near unity, the pre-exponential factors 
in the expressions for Co which is predicted in each 
of the above cases, lies within an order of magni
tude of 1022 cm.-3. In view of the uncertainties 
involved, the agreement with the experimental 
value, 9 X  1022 cm.-3 (eq. 22) is not unsatisfactory.

Identity of the Mobile Defect.— Cases II and 
III predict that the predominant defect is an 
atom while Case I predicts that it is an ion. In the 
preceding paper,2 it was shown that the relative 
rates of oxidation of In and of InSb can be inter
preted quantitatively if it is assumed (1) that the 
diffusing species is In+3 (ref. 15) and (2) that the 
electron concentration can be used in mass action 
formalism. These assumptions also appear neces
sary to explain Rupprecht’s observation that the 
conductivity of thin films of ln20 3 is related to the 
— 3/i6 power of oxygen pressure at high tempera
tures.7 The two conditions are satisfied simulta
neously only in Case II. The evidence thus favors 
a mechanism in which the interstitial diffusion of 
trivalent indium ions controls the rate of growth of 
an ln20 3 film characterized by a large effective mass 
for electrons.

The validity of Case II and the consequent ap-
(14) 7 o really has no meaning here since the Fermi level becomes in

dependent of 7ie (e/. ref. 12).
(15) The choice of In +S would have given results within experimen

tal error.

plicability of eq. 31 also tend to explain what ap
pears to be an unreasonably small value-----b5400
cal./mole according to eq. 22—for the enthalpy 
accompanying the transfer of an indium atom from 
InSb to ln20 3. According to eq. 31 the value ap
pearing in eq. 22 corresponds to only one-fourth of 
the real value. The latter then is ~22,000 cal./ 
mole which seems more reasonable.

The Role of Antimony in the Reaction and the 
Parameter Z .—The model also provides a plausible 
explanation for the time- and temperature-de- 
pendent quantity, Z. While the simple model does 
not allow for the dissolution of antimony in the 
oxide film, it is clear from the dissolution studies in 
the preceding article that some antimony does en
ter the film. During the reaction the diffusion of 
indium is preferred, and little antimony reaches the 
steadily advancing oxide-oxygen interface. When 
the reaction is interrupted, however, the flow of in
dium soon stops, and antimony can diffuse to the 
outer surface. There it can displace oxygen from 
ln20 3 yielding elemental indium and the volatile 
(Sb20 3)2 which distils to the cold walls near the en
try to the furnace.16 When oxygen is readmitted to 
the system the accumulated indium will react rap
idly. This accounts in a quantitative way for the 
phenomena associated with the parameter Z.

The other kinetic aspects of the oxidation of InSb 
which cannot be accounted for by the diffusion of 
indium through pure ln20 3 are the apparent de
crease of both D and Co with film thickness, the 
anisotropy and the very slight pressure depend
ence of the rate, and the fact that doping the sub
strate with either Cd or Te increases the rate. These 
effects are small compared, for instance, with the 
10,000-fold variation of rate between 308 and 494° 
which can be adequately described by a single ac
tivation energy in the ideal model, but they are, 
nevertheless, significant. While no really convinc
ing treatment is forthcoming, it is not unreasonable 
to suppose that the presence of antimony, both in 
the ln20 3 film and in the underlying crystalline 
layer, can influence the kinetics. It is probable, for 
instance, that the rate anisotropy is related in 
some manner to epitaxial growth of antimony 
patches on the InSb surfaces. The final proof lies, 
however, in a comparison with precise results on the 
oxidation of elemental indium, and further specula
tion will be postponed until these data become 
available.

(16) A. J. Rosenberg, A. A. Menna and T. P. Turnbull. J. Electro- 
chem. Soc., 107, 196 (1960).
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Sept., 1960 Solubility Products of Hydrated Calcium Silicates

The solubility products of these colloidal substances were evaluated by determining the calcium ion and silicic acid con
centrations and pH values of the solutions and applying these data to the activity product equations: (1) 7tapi =  aca+mmsioi— 
and (2) K  sp2 — oca+u^HaSioo Hydrated calcium silicates with mole ratios CaOiSiCh between 0.8 and 1.5:1 were pre
pared at 85°. The data for the 1.0, 1.2 and 1.5:1 mole ratio hydrates show that the pKn , is 7.0 ±  0.1 at 25°. Equation 
2 agrees with data for the 0.8:1 hydrate and the pKap, value is 8.5 ±  0.1. As expected, a 1:1 hydrate prepared hydro- 
thermafiy at 186° exhibits a higher pKapi value of 7.3 ±  0.1. The A'apt values are assigned to the equilibrium between solid 
CaHoSiOi and water. Hydrates with CaO:Si02 mole ratios greater than one are assumed to contain calcium hydroxide 
in solid solution and an equilibrium exists between the calcium hydroxide in aqueous solution and the portion dissolved in 
the solid CaH2Si04.

Introduction
The solubilities of hydrated calcium silicates 

have been examined extensively,1 but only Roller 
and Erwin2 estimated a solubility product for 
hydrated calcium silicates. Because of the increase 
in available information on hydrated calcium sili
cates3'45 and on silicic acid,6 it has become possible 
to characterize the structures better and to use 
more accurate dissociation constants for silicic acid 
for the evaluation of the solubility products of the 
various calcium silicates.

Knowledge of the solubility products of hydrated 
calcium silicates is essential to an understanding of 
the reaction between solid tricalcium silicate and 
water. This reaction usually is assumed to be the 
most important one proceeding in fresh concrete 
mixtures.

Hydrated calcium silicates synthesized below 
100° are colloidal and exhibit only a few X-ray 
diffraction lines. The variety of concentrations of 
calcium oxide, silica and water in these hydrates is 
broad. Only the hydrates with mole ratios CaO: 
Si02 between 0.8:1 and 1.5:1 were examined in 
this study. No effort was made to establish the 
upper or lower limits of the CaO :Si02 mole ratios. 
Evidence will be provided in this paper to support 
the view that hydrated calcium silicates with CaO: 
Si02 mole ratios above unity contain calcium hy
droxide in solid solution in CaH2Si04. Therefore, 
on the basis of the evidence obtained in the present 
study two equilibria appear to be involved in the 
calcium silicate hydrate-water system. One is that 
of the solubility of solid CaH2Si04 and the other 
involves the distribution of calcium hydroxide 
between solid CaH2Si04 and aqueous solution.

In the present study the hydrated silicates were 
synthesized from calcium oxide, silica and water 
mixtures at 85°. Products with mole ratios of 
CaO:Si02 of 0.8:1, 1:1, 1.2:1 and 1.5:1 were pre
pared. The solubilities of the products in calcium

(1) For review see H. H. Steinour, Chem. Revs., 40, 391 (1947).
(2) P. S. Roller and G. Erwin, J. Am. Chem. Soc., 62, 461 (1940).
(3) L. Heller and H. F. W. Taylor, “ Crystallographic Data for the 

Calcium Silicates,” Her Majesty’s Stationery Office, London, 1956.
(4) K. G. Krasilnikov, “ Reports of Symposium on the Chemistry 

of Cements,”  edited by P. P. Budnikov, et al., State Publication of 
Literature on Structural Materials, Moscow, 1956.

(5) Stephan Brunauer and S. A. Greenberg, “ Proceedings of the 
Fourth International Symposium on the Chemistry of Cement,”  
Washington, D. C., 1960.

(6) S. A. Greenberg, J. Am. Chem. Soc., 80, 6508 (1958).

hydroxide solutions of various concentrations were 
determined by analyzing the solutions for calcium 
and soluble silicic acid concentrations and measur
ing the pH values. From these data the solubility 
products were derived. For comparison a well 
crystallized 1:1 hydrate3-7 and /3-wollastonite Ca- 
Si033'7'8 were synthesized and the solubility products 
of these substances were determined.

Experimental
A. Materials.— Mallinckrodt special bulky and standard 

luminescent silicas, Baker AR grade calcium hydroxide and 
calcium carbonate, and distilled water were used for the 
preparation of the hydrated calcium silicates.

B. Preparation of Silicates.— Weighed calcium carbonate 
samples were calcined at 1050° for two hours. The calcium 
oxide formed on ignition was slaked and then vigorously 
agitated for ten minutes with 400 ml. of distilled water in a 
Waring Blendor. The amount of special bulky silica to 
produce the desired mole ratio of calcium oxide to silica was 
added to 400 ml. of distilled water in a stainless steel beaker. 
While the CaO was mixed with water, the silica suspension 
was heated (> 85 °) in a water-bath held at 100°. The 
slaked calcium oxide suspension was added, with stirring, to 
the hot silica suspension and the resulting mixture was 
stirred again after 20 minutes. The mixture was allowed to 
react at a temperature greater than 85° for a total of three 
hours. The products then were filtered through a medium 
sintered glass filter and washed first with methanol and then 
with acetone. Finally, the products were dried in a vacuum 
oven under reduced pressure at 60°.

In the case of an additional equimolar hydrate (1: 1A) the 
above procedure was followed, but Baker AR  grade calcium 
hydroxide was used directly.

A well crystallized equimolar hydrate was prepared by 
autoclaving the wet, unwashed 85° hydrate at 186° for 24 
hours. The material was washed and dried as previously 
described. The /3-wollastonite was prepared from the pres
sure hydrated material by calcining the dried product at 
1050° for two hours.

Table I is a summary of the experimental conditions used 
in the preparations of the hydrates and of the temperatures 
at which the solubility measurements were made (Column 
4).

C. Solubility Study Procedure.— Gram samples of each 
of the hydrates were mixed with 100 ml. of calcium hydroxide 
solution varying in concentration from zero to saturation 
(0.02 molar) and brought to equilibrium in a constant tem
perature bath. The samples were shaken in pol.vethylene 
bottles for at least seven days at solution temperatures from 
25 to 40° (listed in Table I, Column 4). Roller and Erwin2 
have reported that after three days no appreciable change in 
concentration occurs. It is presumed that after the hydrates 
were agitated for several days the reaction was essentially' 
complete and r.o changes in the compositions of the solutions 
would occur. After equilibrium had been established the 
solutions were drawn through a fine sintered glass filter in a

( 7 )  S .  A .  Greenberg, T h i s  J o u r n a l , 58, 3 6 2  ( 1 9 5 4 ) .
( 8 )  H. F. W. Taylor Acta Cryst., 10, 7 6 7  ( 1 9 5 7 ) .
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T a b l e  I
E x p e r im e n t a l  C o n d itio n s

1
Sam
ple

2 3
Prep

aration
temp..

4
Solu
tion

temp.,

5

no. CaO : SiO, °C. °C. Remarks
1 0.8:1 85 25
2 1:1 85 25,40
3 1:1A 85 30 Ca(OII)2 used directly
4 1.2:1 85 25
5 1.5:1 85 25
6 1:1 186 30 Prepared by autoclav

ing sample No. 3
7 1:1 1050 30 Prepared by ignition of 

sample No. 6

system open to the atmosphere only through a tube con
taining a mixture of sodium hydroxide on asbestos (Ascarite) 
and anhydrous Mg(C10,)2 (Anhydrone) to remove carbon 
dioxide. The pH values of the filtrates were measured im
mediately. The filtrates were examined also for calcium ion 
and silicic acid concentrations. Filtrates were stored in 
polyethylene bottles at all times.

D. Analytical.— Calcium was determined by titration 
with Versene.® Analysis for silicic acid was made colori- 
metrically on the blue reduced form of the silico-molybdate 
complex by the method of Bunting.10

E. Equipment.—The pH measurements were performed 
with a calomel reference electrode, a glass measuring elec
trode, and a Leeds and Northrup No. 7664 pH meter. A 
Beckman DU spectrophotometer was available for transmis
sion measurements. The solutions were equilibrated in a 
constant temperature water bath held to ±0.02°.

The X-ray diffraction patterns were made with a Norelco 
Diffraction unit using copper Ka radiation at 40 kilovolts 
and 20 milliamps. Patterns were recorded on a Brown in
strument through a goniometer circuit.

Results
Nature of the Silicates.—The structure and prop

erties of the colloidal products were examined in 
the present study by X-ray diffraction methods and 
water adsorption techniques.

The X-ray patterns for samples I through 5 
(Table I) exhibited relatively strong 3.06 A. spac- 
ings and weak 2.81 and 1.83 A. spacings characteris
tic of these poorly crystallized hydrated calcium 
silicates. For samples 6 and 7 the patterns of well 
crystallized tobermorite and /3-wollastonite,3 re
spectively, were found.

The surface areas of samples 1, 2, 4 and 5 (Table
I) were measured by water adsorption. The BET 
areas11 were determined at 25° by gravimetric 
methods.12 The surface areas of the samples with 
mole ratios of CaO:Si02 of 0.8:1, 1:1 ,1.2:1 and 1.5:1 
were 330, 280, 260, and 275 sq. m. per gram ignited 
weight of sample. In a previous paper13 it was re
ported that the nitrogen adsorption surface area of 
a 1:1 mole ratio hydrate like sample 2 was 54 sq.
m./g. Thus nitrogen and water adsorption results 
differ markedly. These differences have been at
tributed by Kalousek14 to the penetration of the 
layers of the crystals by water, but not by nitrogen.

(9) H. II. Willard, N. H. Furman and C. E. Bricker, “ Elements of 
Quantitative Analysis,”  4th Ed., D. Van Nostrand Co., Inc., Prince
ton, N. J., 1956.

(10) W. E. Bunting, Ind. Eng. Chem., Anal. Ed., 16, 612 (1944).
(11) S. Brunauer, P. H. Emmett and E. Teller, J. Am. Chem. Soc.t 

60, 309 (1938).
(12) Stephen Brunauer, D. L. Kantro and C. H. Weise, Can. J. 

Chem., 37, 714 (1959).
(13) S. A. Greenberg, T h is  J o u r n a l , 61, 373 (1957).
(14) G. L. Kalousek, J. Am. Concrete Inst., 26 , 233 (1954).

However, Brunauer, Kantro and Copeland15 have 
reported evidence that water does not penetrate 
the layers ami they ascribe the difference to the 
fact that the hydrated calcium silicate sheets may 
be aggregated or rolled into fibers which may cause 
the formation of regions on the surface which are 
not available to nitrogen.5 It is apparent that the 
surface areas of samples 2, 4 and 5 do not vary 
markedly from the average of 270 sq. m./g. On 
the other hand sample 1 with a Ca0:Si02 mole 
ratio of 0.8:1, which is the lowest in this group, 
shows a surface area of 330 sq. m./g. The free 
energy states and consequently the solubilities of 
the samples would be expected to be a function of 
the surface areas.

A sample of well-crystallized hydrate like sample 
6 has been reported7 to exhibit a nnrogen adsorp
tion surface area of less than 90 sq. m./g.

It is obvious that the presence of such impurities 
as silica, calcium hydroxide or calcium carbonate 
would impose additional restrictions on the com
position of the solutions, but the equilibrium con
stants for the hydrated calcium silicates should not 
be affected since each equilibrium constant is in
dependent of the constants for the other substances.

Compositions of the Solutions.— In Fig. 1 and 2 
the calcium ion concentrations at equilibrium are 
compared with the silicic acid concentrations and 
pH values of the solutions. It is apparent (Fig. 1) 
that in general the silica concentration decreases 
with calcium ion concentration. The pH versus 
calcium ion concentration curves (Fig. 2) show an 
increase of pH with calcium concentration. It 
may be noted in Fig. 1 that the ratios of calcium 
(Ca)F and silicic acid (SiCb)T in solution are not 
equal to the ratios in the solids, and that the ratios 
of (Ca)F to (SiO)2T increase with CaO :Si02 mole 
ratio in the solids and concentrations of calcium in 
the solutions. Solutions in which the ratios of 
components are not equal to the ratios of compo
nents in the solids are sometimes referred to as in- 
congruent.

The removal of calcium from solution by the 
hydrated calcium silicates is demonstrated in Fig. 
3 to increase, in general, with the ratio of Si02 to 
CaO in the hydrate. It is clear that the 186° and 
/3-wollastonite samples do not absorb as much cal
cium as do the other samples. The maximum 
amount of calcium absorbed by the hydrates in
creased the CaO:Si02 ratios of the solid samples by 
approximately 0.02, 0.01, 0.2, and 0.1 for the sam
ples 1, 2, 4, and 5, respectively.

Kinetics Study.—An examination was made of 
the composition of the solution in a reaction mix
ture of solid silica and calcium hydroxide solution. 
This study was made to determine whether or not 
the composition of the solutions was controlled 
primarily by the solid hydrated calcium silicate 
product.

A 1:1 CaO:SiO? mole ratio mixture of 950 ml. of
0.0127 molar calcium hydroxide and 0.887 g. of S.
L. silica (81.5% Si02) was placed in a three-necked 
flask and stirred at a moderate speed. The flask 
tself was inserted into a constant temperature bath
(15) Stephen Brunauer, D. L. Kantro and L. E. Copeland, J. Am. 

Chem. Soc., 80, 761 (1958).
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held at 50 ±  0.02°. Samples were removed peri
odically and the calcium ion concentrations, silicic 
acid concentrations and pH were determined on the 
filtered solutions. The results are listed in Table II.

T a b l e  II
R e su l ts  o f  K in e t ic s  St u d y  a t  50°

1 2 3 4 5 6
Reac
tion

time,
(min.)

(Ca)F,
m ./I.x io-«

(SiOî)T ,
m./L

X  10-* pH

X bpi
OCaF+OHiSiOl—

X  10-»

piTispi

3 8.35 2.22 11.60 2.73 6.56
10 8.27 2.21 11.50 2.26 7.58
18 7.61 2.57 11.45 2.65 7.19
25 7.03 2.81 11.33 2.73 7.13
50 7.13 2.83 11.40 2.83 7.08
75 6.98 2.96 11.38 3.01 6.52

100 6.42 1.19 11.40 1.13 6.95
125 6.34 2.02 11.40 1.90 6.72
150 6.06 1.42 11.39 1.30 6.89
200 5.96 2.38 11.35 2.07 6.68

Discussion: Equilibria
A. Solutions.—When hydrated calcium silicates 

are brought to equilibrium with aqueous solutions 
it is necessary to consider several relationships in 
the solution phases and between the solids and 
aqueous solutions in order to derive the solubility 
products.1617 First, let us consider the solutions. 
Two equations must be satisfied in solutions of 
hydrated calcium silicates. One is that of electro
neutrality
2(Ca++) +  (II+) =

(OH-) +  (H3SiO,-) +  2(H,SiO,—) (1)
where the quantities in parentheses are in moles/1. 
Since the pH values of the solutions are high* the 
hydrogen ion concentrations may be neglected. 
The second equation is

(SiO,) = (H4S1O4) +  (H3SiO,-) +  (H2Si04—) (2 )
which merely states that the soluble silicic acid 
(Si02) is monomeric6 and is composed of three 
species, the undissociated form H4Si04 and the two 
ions HgSiCh-  and H2Si04 . It is assumed in this 
study that the dissolved species are monomeric. 
By the analytical procedure used, only the con
centrations of monomeric species were determined. 
No polymeric species were noted.

B. Solids-Aqueous Solutions.— One of the equi
libria between the solids and solutions will be ex
pressed by the equations

Ca(H2SiO,)(s) = Ca + +aq +  HsSiO,— aq (.3)
Ca(H3Si04)2 (s) = Ca + +aq +  2 H3SiC>4 -aq (4)

The other equilibrium involved will be discussed in 
a later section. For Eq. 3 and 4 the solubility 
products K ap, and K sp, may be written as

A'.p, =  ac»++OH,si04— (5)
=  (Ca++) (H2SiC>4 ) /±2

K, p, =  A c . . '‘ (A tiiS iO , o r (6)
=  (Ca++) (H3Si04 ~) 2/ ±3

where a refers to activity and /± is the mean activity
(16) T. B. Smith, “ Analytical Processes,”  2nd Ed., Edward Arnold 

and Co., London, 1940.
(17) H. S. Harned and B. B. Owen, “ The Physical Chemistry of 

Electrolytic Solutions,”  Reinhold Publishing Corp., New York, N. Y., 
1958.

Fig. 1.— Soluble silicic acid vs. calcium concentration.

J______I______ I______ !______ 1--------- !—
3 6 9 12 15 18

Calcium Ion Concentration, M oies/L. x 10s.

Fig. 2.—-The pH of the solutions as a function of Ca + + con
centration.

coefficient in each equation. The first and second 
dissociation constants, Ki and 7y2, for silicic acid, 
IESiCh, may be expressed by the equations6

,r _  aj[t(HjiSiiyy/HjSio,-
(H.SKWn.sio.

„  _  <ÏH+(H2Si04 )/lIjS iO t—  A.,.
(HaSiO.-l/n^io.- ( ’

where / ilsîo.C/h,), /msiO.-f/H,-) and /u.sio, - 
( / h,-) are the activity coefficients; / h,sio. is as
sumed to be unity and the quantities in parentheses 
are in moles/1.

The usual procedures for deriving (OH- ), the 
ionic strength, / oh- , / h2-, / h.-, (H4Si04), (H3Si04- ), 
(H2Si04” ) were used.18 The OH-  concentration 
may be obtained from the pH values by the relation
ships: kw =  an+aoiiS pH =  —logan +; (OH- ) =  
«ou - / / oh- and the Debye-Hiickel expression,19 
— log /i =  A Z jV /j. In these equations K „  is the 
ionization constant of water, a is the activity of each 
species, f i  is the activity coefficient of species i, A  is 
a constant, ¡j. is the ionic strength, and Z is the va-

(18) R. A. Robinson and R. H. Stokes, “ Electrolytic Solutions ”  
Butterworth Scientific Publications, London, 1955.

(19) P. Debye and E. Hückel, Phyaik Z., 24, 185, 305 (1923).
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Fig. 3.— Change in Ca + + concentration (ACa + +) of the 
solutions as a function of the calcium ion concentration.

lence of the ionic species. The values of pA w are
14.0 at 25° and 13.83 at 30°. The ionic strengths 
were estimated from a knowledge of the con
centrations of calcium (Ca)r and silicic acid ( S i ( ) 2)T ,  
and the pH values in each solution. The activity 
coefficients / o h - ,  / h 2-  and / h 3-  may be evaluated by 
means of the Debye-Hiickel expression.

The negative of the logarithms of the constants 
Ki and A 2 (Eq. 7 and 8) for silicic acid, pKt and
pA2, are6

25° 30° 40° 50°
vK 9.8 9.7 9.6(6) 9.6
pK2 11.8 11.7 11.6 11.5

The values at 40 and 50° were estimated from those 
at 25 and 30°. It is apparent that when the pH, 
(Ca++)Fand (Si02)T values are obtained experimen
tally, it is then possible to estimate the values of the 
ionic strength ¡x and with this information the co
efficients/ h 2-  and/n ,- may be evaluated. It is pos
sible then to calculate (Eq. 2, 7, 8) the concentra
tions of H4Si04", H3Si04~ and H2Si04— .

The experimental data were tested by means of 
Eq. 1. Very good correlation was found. This 
was not the case with the data of Roller and Erwin.2 
Because small changes in pH values correspond to 
relatively large changes in OH-  concentrations, the 
latter values are difficult to derive accurately from 
pH measurements. Also at high and low concen
trations of calcium ions it was difficult to determine 
accurately the silicic acid concentrations.

By incorporating the empirical relationship20
(20) 1). I. Hitchcock and A. C. Taylor, J. Am. C/icm. Soc., 59, 1812 

(1937).

—lo g /*  =  Z+Z_An'/i — B ’p (9)
where Z+ and Z_ are the absolute values of the 
valences of the ions and B ’ is an empirical constant, 
into Eq. 5 and 6, it is possible to obtain Eq. 10 and
1 1 .

log K am* — SAßVi =  log — 2B ’ß (10)
log K BP1* — 6Aß‘A =  log K bpj — 3B'ß (11)

In Eq. 10 and 11, A sPl* is the concentration constant 
(Ca++) (H2Si04 ) and A sp, is the activity constant;
K Sp* is the concentration constant (Ca++)(H 3- 
Si04- ) 2 and K spi is the activity constant. These 
equations are convenient for obtaining A sp,* and 
K spt* at infinite dilution where p =  0 and these con
stants are equal to the activity constants.

A quick examination of the K sp* and A sp,* values 
for the various hydrates shows that A sp,* over most 
of the calcium ion concentration ranges is approxi
mately 10~7, whereas, except for sample 1, the 
values for K sp* vary between 10~9 (sample 3) and
10-12 (sample 5) and that relatively large variations 
in the values of K sp* are exhibited for each sample 
over the whole calcium ion concentration range. 
Also it may be noted that the K sp* value for each 
sample, in general, decreases with a decrease in 
ionic strength as expected (Eq. 5) since K spi is con
stant and / ±  increases with a decrease in concen
tration of ions. However, in the case of sample 1, 
K Sp* values increase with a decrease in ionic strength 
and K Sp* remains relatively constant over most of the 
concentration range between 4.27 and 5.89 X  10-9. 
It was therefore concluded that A sp, held, at least 
for samples 2 through 8 with CaO: Si02 mole ratios 
of one or more, and K sp, held for sample 1 which was 
synthesized from a 0.8:1 CaO: Si02 mole ratio reac
tion mixture.

It was found that the concentration of calcium in 
solution (Ca)F begins to increase rapidly with the
1.5 C a0:S i02 ratio sample and that the highest 
concentration of 0.0146 molar is beginning to 
approach the 0.02 molar concentration of a satu
rated calcium hydroxide solution.

The Asp,* data (except for the erratic values at 
low and high calcium ion concentration) were in
serted with the corresponding ionic strength values 
in Eq. 10 and the left-hand side of the Eq. 10, log 
Ksp* — 8 Apl/2, was plotted as a function of ß (Fig. 4). 
The intercepts of the curves on the ordinates give 
A spi* values at zero ß where K sp* =  A sp,. The 
results are summarized in Table III.

T a b l e  III
S u m m a r y  of ¡»lisp, V a lu e s

Soin.
S a m p le te m p ., p K b pi

no. Hydrate °C. t — log ÜTspi)
1 0.8 : 1 (85°) 25 8.5 ±  0.1 (piTsD,)
2 1 : 1 25 6.9 ±  0.1

40 7.0 ±  .1
3 1 : 1A 30 7.0 ±  .1
■1 1.2 : 1 25 6 .9  ±  .1
5 1.5 : 1 25 7.0 ±  .1
6 1 : 1(186°) 30 7.3 ±  .1
7 1 : 1 /S-CaSi03 30 7.0 ±  .1

The p K s ih \•allies are reasonably close to 7.0 for
the 1.5:1, 1.2:1 and 1:1 hydrates as well as /?- 
wollastonite. The well crystallized hydrate (sam-
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Fig. 4.—-Application of Eq. 9 to data (plot of log X*Spi — 8A/il/* vs. n).

pie 6) showed a pKspi of 7.3. The pKapi of a 1:1 
hydrate was found to be 7.0 at 40° which indi
cates a small dependence of K sPi on temperature.

From the plot of log K spi — 6An'/' versus n 
according to Eq. 11 for the 0.8:1 hydrate data, 
a pKsp, value of 8.5 ± 0 .1  was derived from the 
intercept of the curve on the ordinate.

Definite evidence for a K spt equilibrium (Eq. 4) 
apparently exists only for the 0.8:1 hydrate at 
lower concentrations of calcium ions. Krasilnikov4 
has reported a higher solubility for the 0.8:1 
hydrate than that for the 1:1 mole ratio hydrate. 
It would seem reasonable to conclude from the 
results that the other hydrates, in general, obey 
Eq. 5.

It is interesting to note that two 1:1 hydrate 
preparations (samples 2 and 3) prepared under 
somewhat different conditions (Table I) show simi
lar pKSf>l values of 6.9 and 7.0, respectively; a 
difference which seems to be within the range of 
experimental error. It may be reasonable to assume 
from these results that small differences in prepara
tion and such impurities as calcium carbonate do 
not markedly affect the solubility product values.

The similarity of the pKSPi value for /3-wol- 
lastonite and that for the calcium silicate hydrates 
indicates that at least the surface of the /3-wol- 
lastonite must be hydrated. The X-ray pattern 
shows almost no change on hydration of the Ca- 
SiCh. Kantro21 has found also that /S-wollastonite 
hydrates under certain conditions at room tempera
ture. Evidence in this case was derived from 
ignition loss and X-ray data.

It is necessary to explain why the ratios of com
ponents of the solutions are not the same as the 
ratios of components in the solid phases. It is 
obvious also that Eq. 5 and 6 cannot apply to 
hydrates with mole ratios 0.8:1 to 1.5:1 without 
considering additional factors.

Many investigators1-22 have shown that the con
centration of calcium ions in solution is a function 
of the CaO:Si02 mole ratio in the solid. In the 
range of calcium concentration from zero to 0.003 
Taylor23 has reported that the mole ratio of CaO: 
Si02 in the solid increases sharply from zero to 1:1.

(21) D. Kantro, private communication.
(22) H. H. Steinour in “ Proceedings of the Third International 

Symposium on the Chemistry of Cement,”  London, 1952.
(23) H. F. W. Taylor, J. Chem. Soc., 3082 (1950).

However, in the solid mole ratio range of 1:1 to
1.5:1 the concentrations of calcium in solutions 
increases sharply with the CaO:Si02 mole ratio in 
the solids. Solutions in equilibrium with both 
solid hydrated calcium silicate and solid calcium 
hydroxide would be expected to exhibit concentra
tions of calcium hydroxide about 0.02 molar, which 
is the equilibrium solubility of calcium hydroxide. 
It is evident that this concentration will be present 
in contact with the two solids because the solubility 
product of calcium hydroxide at 25° is 9.04 X
10-6, which is larger by about a factor of 100 than 
the 1.0 X  10-7 solubility product exhibited by 
hydrated calcium silicate.

Let us first consider the equilibria between the 
aqueous solutions and solids with mole ratios of 
CaO: Si02 greater than 1:1 and equal to or less than
1.5:1. Steinour22 has pointed out that with fixed 
temperature and pressure the equilibria between 
these solids and solutions are not invariant. There
fore, we must assume that there are three com
ponents and two phases. Thus with one solution 
phase there is only one solid. How the calcium 
hydroxide in excess of the 1:1 CaO: Si02 ratio is 
involved in the CaH2Si04 solid is not completely 
clear.16-22 There are two probable possibilities. 
Either the calcium hydroxide is adsorbed on the 
large surface area or is dissolved in the CaH2Si04. 
Brunauer, Kantro and Weise12 explored the 
first possibility and concluded that the calcium 
hydroxide is not adsorbed. They found no cor
relation between the surface areas and CaO:Si02 
mole ratios. Also extraction of calcium hydroxide 
with organic solvents24 demonstrates that the 
excess calcium hydrate is not adsorbed on the sili
cate surface. Therefore, it must be concluded 
that the excess calcium hydroxide is in solid solu
tion in the CaH2Si04 crystals.

Therefore, we propose that in the equilibria 
between aqueous solutions and hydrates with 
CaO:Si02 mole ratios 1:1 and 1.5:1 two equations 
describe the system

CaH2Si04(s) =  Ca + +aq +  H2Si04-aq (3) 
Ca(OH)2(s) (absorbed) =  Ca + +aq +  20H~aq (12)

In addition to these reactions H2Si04 aq may hy
drolyze to H3Si04~aq and then to H4Si04aq species

(24) E. E. Pressler, Stephen Brunauer, and D. L. Kantro, Anal. 
Chem., 28, 896 (1956).
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according to the dissociation constants of silicic 
acid.

In this system the data may be explained by these 
equations. Equation 3 describes the dissociation 
of solid CaH23i04 which may contain calcium 
hydroxide in solid solution. The distribution of 
calcium hydroxide between aqueous solution and 
in solid solution is described by Eq. 12.

Qualitatively at least, Eq. 12 holds. The data 
of Taylor23 show that the mole ratio of CaO:Si02 
in the solid increases with the calcium ion concentra
tion in solution. An experimental and theoretical 
study of the distribution of calcium hydroxide 
between the aqueous solution and solid CaHjSiOi 
is in progress in this laboratory.

Equations 3 and 5 adequately explain the con
stancy of the activity product ocâ +OHiSiO«--- 
In addition the incongruity of the solutions may be 
understood when the reactions described by Eq. 
3 and 12 are considered.

The equilibria that exist for hydrates with CaO: 
Si02 mole ratios less than 1:1 are not well under
stood. In the system of Ca0-Si02-H 20  at low CaO 
contents’ we are apparently dealing with silica dis- 
sblved in calcium hydroxide solutions. The in
crease in solubility of silica with pH has been ex
plained26 by the relationship and the equations

SiC>2 Cs) +  nH20  =  H4SiO<aq (13)

for the dissociation of H4Si04~ and HjSi04~. Equa
tion 13 describes the equilibrium between silica 
and a saturated solution of monosilicic acid. 
This solubility is fixed at a pH 7. However, as 
the pH of the solution is increased by addition of 
Ca(OH)2, H3Si04~ and II2Si04”  form to increase 
the solubility of the silica. It has been shown25 
how the solubility data for silica may be explained 
by these equilibria.

Flint and Wells26 have shown that although the 
soluble silicic acid contents of the solutions in
crease initially with the calcium ion concentra
tions in solution, when the solid precipitates show 
mole ratios of CaO:Si()2 greater than 0.103, the 
concentration of silicic acid begins to decrease. 
Presumably silica reacts first on the surface with 
calcium hydroxide, and then at higher calcium 
hydroxide contents, hydrated calcium silicates 
apparently form with calcium hydroxide diffused 
throughout the polymeric silica structure. In the 
present study the 0.8:1 CaO:Si02 hydrate-water 
equilibrium seems to show the presence of Ca- 
(HaSiO^. Further investigation of this portion 
of the system is in progress.

Thermodynamics.—It is difficult to justify the 
assumption that the systems discussed here are in 
equilibrium. Steinour22 has discussed the problems 
involved in treating these systems as thermo
dynamically stable. However, let us presume that 
the equilibria refer to systems which do not change 
over long periods of time.

The constancy of the activity product ac&**- 
«HjSio.-- for the 1:1, 1.2:1 and 1.5:1 hydrates at 
about 7.0 ±  0.1, which is within experimental

(25) S. A. Greenberg and E. W. Price, T his Journal, 61, 1539
(1957).

(26) E. P. Flint and L. S. Wells, J. Research Natl. Bur. Standards, 
12, 751 (1934).

error, leads us to the conclusion that the chemical 
potential of the solid phase CaH2Si04 is not 
markedly affected by the absorption of calcium 
hydroxide. Similar results were reported by Fock27 
for the solubility of solid solutions of TINOs 
in KNOj.

The small difference between the 6.9 and 7.0 
values for pKspi for the 1:1 hydrate at 25 and 40°, 
respectively, which is within experimental error, 
indicates that the heat of solution of CaH2Si04 is 
small. From this one can conclude that the free 
energy of solution is a function mainly of the 
entropy change.

The standard free energy changes for the solu
tions of the CaH2Si04 in the 1:1 hydrate (85°), 
1:1 hydrate (186°) and /3-wollastonite evaluated
from À F°

Sample
numbér

=  —AT In Asp, are

AF°, kcal./mole
2 1:1 Hydrate (85°) 9 .6  ±  0 .2  (25°)
6 1:1 Hydrate (186°) 10.1 ± 0 .2 (3 0 ° )
7 1:1 /3-Wollastonite 9.55 ± 0 .2 (2 5 ° )

This illustrates the higher AF° change on solu
tion (10.1 kcal./mole) for the well crystallized hy
drate (186°) compared to the poorly-crystallized 
85° hydrate (9.6 kcal./mole) and therefore a lower 
free energy state exists for the hydrate prepared 
at 186°.

Kinetics Study.—The K spi and pKsP! values are 
listed in Table II (columns 5 and 6) for the re
acting system composed of calcium hydroxide, 
silica and water. It is immediately apparent that 
for the period of reaction between 3 and 200 minutes 
the K spi is approximately 10-7, which is reasonably 
close to the value exhibited by hydrated calcium 
silicates with ratios greater than 0.8 CaO:Si02 
(Table III). The pKsp, values may be seen 
to vary around a value somewhat less than 7 which 
is reasonable for the K spi at 50°. It may be con
cluded, therefore, that the solution composition is 
almost immediately (after 20 minutes) controlled 
by the hydrated calcium silicate which forms on 
reaction of silica and calcium hydroxide solutions, 
since the silica-calcium hydroxide solution system 
for dilute solutions would show a much different 
solubility for silica.25

Surface Areas.— It is apparent from the results 
that samples 2, 4 and 5 which exhibit similar water 
adsorption surface areas of about 270 sq. m./g. 
were found to show pKSPl values of 7.0 ±  0.1. 
Therefore it is reasonable to conclude that the dif
ferences in full energies of the samples because of 
the differences in surface areas were not sufficient 
to cause marked changes in solubility.

Sample 1 with a mole ratio of 0.8:1 CaO: Si02 
and a surface area of 330 sq. m./g. exhibits a dif
ferent solubility product A SPi.

Sample 6 which is a well crystallized form of 
sample 2 shows a higher nitrogen adsorption 
surface area than sample 2. Nevertheless the 
pKspi value of sample 6 is 7.3 compared to the 
6.9 of sample 2, which indicates that sample 6 is

(27) H. Fock, Bar., 28, 408, 2734 (1891); Z. Kryst., 28, 337 (1891); 
Chem. Zentr., 68, I, 710 (1891); W. C. Lewis, "A  System of Physical 
Chemistry,”  Vol. I, Longmans, Green and Co., New York, N. Y., 
1916, p. 344.
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less soluble. Therefore, it is possible to conclude 
that the lower solubility of sample 6 is due to the 
lower free energy state of the well crystallized 
sample and that the larger surface area does not 
cause a substantial increase in solubility.

Yates28 has recently pointed out that colloidal
(28) P. C. Yates, paper presented in symposium “ Colloidal Silica 

and Silicates”  at 137th National Meeting of the American Chemical 
Society, Cleveland, April 13, 14, 1960.

silicate-water systems may be thermodynamically 
stable because of adsorption of ions which materially 
lowers the surface free energy.
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DETECTION OF METAL ION HYDROLYSIS BY COAGULATION:
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Coagulation and stabilization concentrations for aqueous thorium nitrate solutions were obtained as a function of pH 
using silver iodide, silver bromide and silver chloride sols in statu nascendi. At pH <  4 the coagulation concentration shows 
a constant value corresponding to a four-valent species, Th4+ or Th(H20 ) ,4+. With increasing pH the coagulation concen
tration increases and levels off at a value characteristic for trivalent counterions. It is believed, therefore, that the initial 
hydrolysis step of Th4+ consists in formation of [Th(H20 )i_ iO H ]2+ species. At still higher pH’s the coagulation concentra
tions again become much lower indicating high valent species, possibly a dimer [Th(H20 ) , - i0 H ]58+. Reversal of charge 
is produced by the hydrolyzed Th-species, whereas the four-valent Th-ion does not reverse the charge. The problem of re
versal of charge has been discussed and it is concluded that this effect is caused by OH-bridging of counterions.

Introduction
Hydrolysis of thorium ion already has been a 

subject of extensive investigations. However, ow
ing to the complexity of the problem, unambiguous 
conclusions are difficult to make and therefore dif
ferent authors have decided on different complex 
species as products of the hydrolysis process. 
Thus, Kraus and Holmberg5 believe that the main 
species in perchlorate medium are Th(OH)22+ and 
Th2(OH)26+ whereas Hietanen6'7 using the “ inert 
medium method”  found evidence for polynuclear 
complexes of the type Th[(OH)3Th]„(4+n) + and 
Hietanen and SilMn8 using the “ self-medium 
method”  claim the complexes are of Th2(OH)26+ and 
Th2OH7+ type. From Lefevbre’s calculations9 it 
appears that the predominant complex species is 
Th5(OH)128+ in addition to Th7(OH)x, Th2(OH)26 + 
and Th(OH)22+. Faucherre and Schaal10'11 con
cluded that during the hydrolysis process a tetra- 
mer [ThuO,]84" is formed. In an older work Chau- 
venet and Tonnet12 and Chauvenet and Souteyrand- 
Franck13 proposed the species Th(OH)22+ and

(1) Part I, E. Matijevi6 and B. Teiak, T h is  J o u r n a l , 57, 951
(1953) .

(2) Supported by the U. S. Atomic Energy Commission Contract 
No. AT(30-1)-1801.

(3) Participant in the NSF Summer Research Project, 1959.
(4) On leave of absence from Institute for Medical Research, Zagreb, 

Yugoslavia.
(5) K. A. Kraus and R. W. Holmberg, T h is  J o u r n a l , 68, 325

(1954) .
(6) S. Hietanen, Acta Chem. Scand., 8 , 1626 (1954).
(7) S. Hietanen, Rec. trav. chim., 75, 711 (1956).
(8) S. Hietanen and L. G. Sill6n, Acta Chem. Scand., 13, 533 (1959).
(9) J. Lefevbre, J. chim. phys., 55, 227 (1958).
(10) J. Faucherre and R. Schaal, Compt. rend., 225, 118 (1947).
(11) R. Schaal and J. Faucherre, Bull. soc. chim. France, 15, 143 

(1948).
(12) E. Chauvenet and J. Tonnet, ibid., [41 47, 701 (1930).
(13) E. Chauvenet and Mme. Souteyrnnd-Franck, ibid., [4] 47, 1128 

(1930).

T h 02+. Finally, Kasper’s14 conclusion is that the 
main hydrolysis product is Th(OH)3+.

Obviously, more work is required in order to 
clarify the problem of the hydrolysis of Th4+. 
Especially desirable should be the introduction of 
new techniques that would give an independent 
clue as to the hydrolysis products.

In an earlier paper1 we have shown that the co
agulation technique can be successfully employed 
in investigating metal ion hydrolysis. It is well 
known that the electrolytic coagulation of lyophobic 
colloids is influenced in a very sensitive way by the 
charge of the counterion in solution. Thus, any 
change in counterion caused by its hydrolysis that 
gives rise to species of different charge will be re
flected in the change of the critical coagulation con
centration of the solution in question. From this 
change, the charge of predominant new species can 
be determined which in turn can lead to conclusions 
as to the hydrolytic processes taking place in such a 
solution. If data, obtained using the coagulation 
method, are combined or compared with results 
obtained employing other techniques, such as po- 
tentiometric titration, conductivity, freezing point 
depression, etc., more conclusive answers regarding 
the hydrolysis products can be expected. The 
coagulation technique has another great advantage 
when compared with other common methods since 
it utilizes solutions of extremely low concentra
tions, ranging from 10~4 to 10-7 mole/1. This elim
inates the usual complications connected with the 
activity changes which appear at higher concentra
tions. Furthermore, since no addition of neutral 
salts are necessary in order to keep the activity co
efficient constant, the hydrolysis products can-

(14) J. Kasper, Dissertation, The John Hopkins University, Balti
more, Maryland, 1941.
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Fig. 1.— Coagulation curves of thorium nitrate for silver 
iodide sol in statu nascendi, 10 minutes after mixing the react
ing components. Concentrations: AgN 03, 1 X 10 ~4
N ; KI, 2 X 1 0 A'; Th(NOs)4, varied; (O )H N 0 3,5  X lO-» 
N, ( □ )  HNO3, 1 X 10-" N, (A) NaOH, 1 X  10-4 AT. Full 
lines and open points represent turbidity measurements. A 
denotes the coagulation limit and B the stabilization limit. 
Dashed curves and blackened points give corresponding 
pH’s.

Fig. 2.-—The plot of coagulation concentrations (lower 
curves) and stabilization concentrations due to the reversal of 
charge (upper curves) against pH for thorium nitrate on sil
ver iodide sol. Two different sol concentrations were em
ployed: O, 1 X 10~4 mole/1. and □ ,  5 X 10-4 mole/1. Agl.

not be influenced by possible complexing with for
eign ions.

We have used silver iodide, silver bromide and 
silver chloride sols in statu nascendi and coagulated 
them with solutions of thorium nitrate adding dif
ferent amounts of nitric acid or caustic soda. The 
pH of these solutions was also measured. The 
plots of coagulation concentrations against pH 
revealed the changes in charges in ionic species in 
solutions.

Another aspect of this work is the general study 
of coagulation effects of thorium salt solutions on 
silver halide sols. Of particular interest was the 
determination of the correct coagulation concentra

tion for the four-valent counterion, Th4+, and the 
effect of pH on the reversal of charge of the sol 
particles. The very diversified coagulation phe
nomena caused by thorium ions on silver halide sols 
have been studied before.15-21 However, no sys
tematic work on pH dependence of the coagulation 
and the reversal of charge has been done. Kruyt 
and Troelstra21 have investigated the influence of 
addition of H N 03 and NaOH on coagulation effects 
of thorium nitrate solutions on silver iodide sols, but 
only presented the data in a schematic way and did 
not follow the appreciable pH changes which accom
pany the hydrolysis of the thorium ions. Our 
present work at low pH gives a precise coagulation 
concentration for Th4+ species for silver iodide, sil
ver bromide and silver chloride sols in statu nas
cendi and, in addition, shows the correlation be
tween the stability limit caused by the reversal of 
charge and pH hi investigated sols. This has re
sulted in a better understanding of the reversal of 
charge phenomena.

Experimental
We have followed the coagulation of silver iodide, silver 

bromide and silver chloride in statu nascendi by mixing 
equal volumes (5 ml.) of silver nitrate solutions of constant 
concentration with solutions containing constant amounts 
of potassium halide component and varying amounts of 
thorium nitrate. The turbidity changes were measured 
by observing the light scattering at 45° in an Aminco light 
scattering microphotometer using the 546 m^ line. Nitric 
acid, when required, was added to the solution of halide 
and thorium components. However, when measurements 
were performed in the presence of NaOH, the silver nitrate 
and thorium nitrate solutions were mixed first, and the NaOH 
added to the halide solutions. This was done in order to 
prevent the formation of silver or thorium hydroxide due to 
the local supersaturations when the more concentrated stock 
solutions of NaOH were added. All measurements were 
performed at 25°. For a detailed description of the ex
perimental technique and the method of analyzing the data 
in order to obtain the critical coagulation concentration 
we refer to our previous papers.22,23

Half of the total amount of the prepared sol solution was 
used for turbidity measurements whereas the rest was 
utilized for pH measurements. A Beckman Model G 
pH meter was employed, the scale of which was calibrated 
with appropriate buffer solutions prior to taking pH read
ings.

All chemicals were of the highest purity grades further 
purified when necessary. Water was doubly distilled, the 
second time from an all-Pyrex still and regularly tested for 
pH and conductivity. All glassware was thoroughly cleaned 
and steamed before use.

Results
Three typical curves for coagulation of silver 

iodide sols by thorium nitrate solutions are given as 
an example in Fig. 1. The turbidities are taken 
from “ time-turbidity”  plots of each individual sys
tem 10 minutes after mixing the reacting compo
nents. This time has been found to be critical for

(15) G. N. Gorochowski and J. R. Protass, Z. physik. Chem., A174,
122 (1935).

(16) F. Bosch and H. Haemers, Natuurw. Tijdschr. Belg., 18, 90 
(1936).

(17) J. Gillis and J. Eeckhout, ibid., 19, 49 (1937).
(18) E. Matijevit and B. Teiak, Arhiv hem., 22, 62 (19509.
(19) B. Teiak, E. Matijevic and K. Schulz, J. Am. Chem. Soc., 78, 

1602, 1605 (1951).
(20) K. F. Schulz and E. Matijevic, Kolloid-Z., 168, 143 (1960).
(21) H. R. Kruyt and S. A. Troelstra, Kolloid-Beih., 54, 262 (1943).
(22) B. Teiak, E. Matijevic and K. Schulz, T h is J o u r n a l , 55, 

1557 (1951).
(23) E. Matijevi6 and M. Kerker, ibid., 62, 1400 (1958).
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the coagulation of silver iodide sols.22 Two of the 
given curves represent systems to which HNO3 (1 X  
10~4 and 5 X  10-4 mole/1.) was added, whereas the 
third one was obtained in the presence of NaOH 
(1 X  10~4 mole/1.). In all cases the concentrations 
of AgN 03 (1 X 10-4 mole/1.) and K I (2 X  10-3 
mole/1.) were kept constant. In all curves two 
limits, the coagulation limit (A) and stabilization 
limit (B), appear, the latter being caused by the re
versal of charge on the sol particles. The critical 
coagulation and stabilization concentrations are ob
tained by extrapolating the steepest part of limits A 
and B to zero turbidity. Corresponding pH’s are 
then read from pH curves at relevant concentra
tions, as indicated by arrows (for one curve) in Fig.
1. We have obtained such coagulation curves over 
a wide range of pH and plotted the coagulation and 
stabilization concentrations of Th(N 03)4 (expressed 
in moles/1.) against corresponding pH values.

Figure 2 gives such a plot for Agl-sol at two dif
ferent sol concentrations. The lower curves rep
resent the pH dependence of the coagulation lim
its and the upper curves that of the stabilization 
limits. The coagulation concentration of thorium 
ion increases from a lower limiting value at low pH’s 
to an upper limiting value at higher pH ’s. Experi
ments could not be extended to even higher pH’s 
since the simultaneous formation of metal hydrox
ides would interfere with the coagulation of silver 
iodide. The reversal of charge effect is restricted 
to a rather narrow pH range for both sol concen
trations being somewhat narrower for the sol of 
higher concentration.

The effects obtained with the silver bromide 
sol are represented in Fig. 3. The general pic
ture is similar to that of silver iodide. The only 
significant difference is in the trend of the coagula
tion concentration vs. pH curve at higher pH’s, 
where, after leveling off between pH 7 and 8, the 
curve drops again to values even lower than those 
obtained at low pH. Also, the reversal of charge 
region appears to be wider than in the case of Agl 
sols.

Finally, Fig. 4 gives the same plot for the silver 
chloride sol. The trend of the coagulation concen
tration vs. pH curve is similar to that of silver bro
mide, and the reversal of charge region is even 
wider than for both the silver iodide and the silver 
bromide sols.

Discussion
A. On Hydrolyzed Species of Thorium from 

Coagulation Effects.— It is apparent from Figs.
2, 3 and 4 that for all three silver halide sols, the 
coagulation concentration of thorium nitrate solu
tions decreases to a constant value below pH 4. 
This concentration is 1 X  10-6 mole/1. for Agl, 6 X
10-7 mole/1. for AgBr and 3 X 10-7 mole/1. for 
AgCl sol. The quantitative expressions for the 
Schulze-Hardy rule give precisely this range of 
values for four-valent counterions.24-26 Thus, we

(24) B. Teiak, E. Matijevic and K. F. Schulz, ibid , 59 769 (1955).
(25) E. Matijevic, K. F. Schulz and B. Teiak, Croat. Client. Acta, 28, 

81 (1956).
(26) E. Matijevic, D. Broadhurst and M. Kerker, This J o u r n a l , 63, 

1552 (1959).
(27) B. Teiak, E. Matijevic and K. Schulz, ibid., 56, 1507 (1951).

Fig. 3.— The same plot as in Fig. 2 for silver bromide sol: 
AgBr, 1 X 10-4 mole/1.

Fig. 4.— The same plot as in Fig. 2 for silver chloride sol: 
AgCl, 1 X 10-4 mole/1.

conclude that at low pH’s the four-valent thorium 
ion (Th4+, or Th(H20)x4+) is the predominant spe
cies in solution. This is in agreement with results 
obtained by Kraus and Holmberg.5 When pH be
comes higher than 4 the coagulation concentration 
increases until at pH ~ 7 , it levels off again at a 
much higher concentration of Th(N 03)4. This 
concentration is 5 X  10-5 mole/1. for Agl sol and 2 
X 10-5 mole/'l. for AgBr sol (for AgCl sol the value 
could not be determined unambiguously from Fig. 
4). Again, calculations carried out before24 -  26 re
veal that these concentrations correspond very well 
with critical coagulation concentrations of trivalent 
counterions. As a matter of fact, the experi
mentally obtained coagulation concentrations for 
La3+ and Al3+ under comparable conditions24 25’27 
for AgBr and Agl sols are in a very good agreement 
with the above cited values. We should keep in 
mind that for comparison purposes the molarities of 
thorium nitrate solution have to be multiplied by 3 
in this case, since coagulation concentrations are al
ways expressed in normalities of counterions in
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solution. It is, therefore, fair to assume that the 
thorium ion exists at pH >  7 in the form of trivalent 
hydrolyzed species. The simplest mechanism for 
such hydrolysis is given by the equilibrium equation
Th(H20)*4+ +  H20  [Th(H20)*_10H ]3 + +  H30  +

( 1)
It appears, thus, that in dilute thorium salt solutions 
the initial major step in hydrolysis is the formation 
of the trivalent monohydroxy ion. This is very 
similar to what has been established for the hy
drolysis of uranium (IV)28,29,32 and plutonium(IV) 
ions.28’30-32 Our findings are in agreement with 
conclusions drawn by Kasper.14 Kraus and Holm- 
berg6 calculated a rather low equilibrium constant 
for reaction 1. Even so, they found that they had 
to take it into account at their lower concentrations 
of Th salt solutions in order to reconcile their ex
perimental and calculated data. Since our working 
concentrations are still lower by 2 orders of mag
nitude it is reasonable that equilibrium 1 becomes 
predominant. In addition, we should also keep in 
mind that our results are obtained in aqueous solu
tion in the presence of very small quantities of for
eign ions, whereas Kraus and Holmberg worked in 
highly concentrated perchlorate solutions. The 
latter remark also refers to work by Hietanen6-7 as 
well as to that by Hietanen and Sill6n8 which was 
performed at very high concentration of thorium 
ions (0.5 and 0.7 mole/1.).

Our results on silver bromide and silver chloride 
sol indicate that at our highest pH range a rather 
sharp drop in coagulation concentrations of thor
ium nitrate again takes place. Especially in the 
case of AgBr sol, the coagulation concentrations 
were even lower than those obtained for four-valent 
Th-ion, indicating an existence of species of charge 
higher than four. We could not pursue our inves
tigations to still higher pH in order to obtain the 
lower limit of the coagulation curve which would 
give a definite answer as to the charge of counter
ions. However, the most probable next step in the 
hydrolysis equilibrium would be a dimerization of 
the trivalent species as

2[Th(H20)z_iOH]3+ [Th(H20)x_i0H]26+ (2)

As a matter of fact, the existence of species Thr  
(OH)26+ has been claimed by several investi
gators.6 '8.9.12

B. The Problem of Reversal of Charge.—From 
the colloid chemical point of view this work repre
sents a contribution to two problems. Firstly, 
it gives the coagulation concentration of a four- 
valent counterion for three silver halide sols, which 
can be utilized for theoretical calculations.26

In addition we have investigated systematically 
the dependence of the reversal of charge limit on 
several factors. It appears from Figs. 2, 3 and 4

(28) K. A. Kraus and F. Nelson, J. A m .  C h e m . Soe., 72, 3901 
(1950).

(29) R. H. Betts and R. M. Leigh, C a n .  J. Research, 28B, 5 1 4  
(1950).

(30) K. A. Kraus in “ National Nuclear Energy Series,”  Div. IV, 
Vol. 14B, No. 3.16, Edited by G. T. Seaborg, J. J. Katz and W. M. 
Manning, McGraw-Hill Book Co., Inc., New York, N. Y., 1949.

(31) J. C. Hindman, ref. 30, No. 4.4.
(32) J. J. Katz and G. T. Seaborg, “ The Chemistry of Actinide 

Elements,”  Methuen & Co., Ltd., London, 1957.

that the higher the charge density of sol particles 
the smaller is the region of reversal of charge. 
Thus, the Agl-sol, which is known to be the strong
est charged sol among three silver halides, shows a 
very narrow range where particles are of reversed 
charge. AgCl-sol, which shows the weakest charge 
has the widest range of reversed charged particles.

Another feature of our results is, that at lowest 
pH’s, where the counterion appears to have the 
highest charge, its ability to reverse the charge of 
sol particles completely disappears. Thus, the 
charge or valency of the counterion itself cannot be 
considered as solely responsible for the reversal of 
charge effect. This has been pointed out before by 
Kruyt and Troelstra,21 but they assumed that this 
effect was caused essentially by insoluble hydrox
ides. A similar conclusion was reached by Bosch 
and Haemers16 for coagulation of silver iodide by 
thorium nitrate. From our present experiments, it 
follows that soluble hydrolyzed thorium species 
cause the reversal of charge. Thus, the hydroxyl 
group in a counterion complex seems to be the main 
factor causing this effect. This is substantiated by 
adsorption experiments by Schulz and Herak,33 who 
have shown that thorium species are strongly ad
sorbed on positive rather than on negative silver 
halide sols. There is more evidence available that 
the hydroxyl group is responsible for the reversal of 
charge. We have made a survey of ions that have 
been found experimentally to cause this phenome
non, and they all contain in their ionic structure hy
droxyl groups, e.g., all heteropoly ions,34-35 citrate 
ion,36 hydrolyzed aluminum ion,1 etc. It is espe
cially interesting to note that the hexavalent hexol 
ion reverses the charge when incompletely disso
ciated but loses this ability when its hydroxyl 
groups become protonated.26 Thus, we believe 
that hydroxyl groups in soluble counterion species 
are responsible for their adsorption on sol particles, 
which in turn causes the reversal of charge. This 
naturally does not apply to detergents and similar 
ions that reverse the charge,37 but where the adsorp
tion is not due to hydroxy bridges.

Acknowledgment.—We wish to record our thanks 
to Mr. Charles Rapp for his assistance in a part of 
the experimental work.

DISCUSSION
R. H. Ottewili. (University of Cambridge).—Is it 

possible that the decrease in coagulation concentrations 
found at high pH values for silver chloride and silver bro
mide can be explained by the formation of silver oxide on 
the surface of the particles? Silver oxide appears very 
prone to form on silver bromide and it would be expected 
to be more so for silver chloride and less so fcr silver iodide. 
It is interesting that no decrease is found for silver iodide. 
It could be very useful to have some complementary meas
urements by another technique, e .g . , microelectrophoresis, to 
prove that the surface of the sol particles is not appreciably 
charged in this region.

E. Matljevi6.—Dr. Ottewill’s suggestion is a possi
bility. However, we believe that it is more likely that with

(33) K. F. Schulz and M. J. Herak, Croat. C h e m . A c t a ,  30, 127
(1958) .

(34) E. Matijevif and M. Kerker, T his Journal, 62, 1271 (1958).
(35) E. Matijevic and M. Kerker, J. A m .  C h e m . S o c . ,  81, 5560

(1959) .
(36) B. Tefak, et at., T h is J o u r n a l , 67, 301 (1953).
(37) E. Matijevi6 and R. H. Ottewili, J. C o l lo i d  S c i . ,  13, 242 

„  (1958).
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the Agl sol the decrease in coagulation concentration at 
higher pH’s does not occur because of an interaction of the 
iodide ion and the complex thorium ion with a corresponding 
change in charge. The iodide ion might act as a “ penetra- 
tor.”  At the present moment there is no proof for either 
assumption.

J. T h . G. O v e r b e e k  (University of Utrecht).— With 
reference to Dr. Ottewill’s remark, I want to report that in 
our measurements and those of P. L. de Bruyn at M .I.T. 
on the adsorption of I ~ and Ag + ions on A gl difficulties were 
encountered at high pH (9 or 10) but very definitely before 
the normal solubility product of silver oxide is reached. 
The silver iodide became darkly colored and adsorption was 
poorly reproducible.

E. M a t ij e v i<5.— In our experiments no changes in colors 
were observed. In the pH range investigated the silver 
halide sols retained the same appearance.

J. T h . G. O v e r b e e k .— If the transition of the flocculation 
value in going from valence 4 to valence 3 is exclusively due 
to the reaction Th4+ +  OH -  —>- ThOH3+, one might expeet 
the transition to be very similar for the three silver halides. 
However, according to Figs. 2, 3 and 4, the transition in
creases in steepness in the order Agl, AgCl, and AgBr.

E. M a t ij e v ic .— Some differences in the transition range 
probably are caused by specific properties of the three silver 
halide sols. It is known that these sols show slightly different 
effects when coagulated with mixtures of ions.

J. T h . G. O v e r b e e k .— How is it possible that the reversal

of charge concentration in Fig. 2 is lower than the floccula
tion concentration for the trivalent ThOH3+ if the reversal 
is due exclusively to  this trivalent ion?

E. M a t u e v ic .— As shown in Fig. 1, the pH in neutral 
and basic solutions depends strongly on the concentration of 
the thorium salt in solution. Thus, for the same coagula
tion curve the concentration limits for coagulation and stabi
lization appear at different pH’s. Since the stability limit 
is always at high Th-salt concentrations, the corresponding 
pH is lower, giving the stability range of recharged sols as 
presented in Fig. 2.

S. L e v in e  (University of Manchester).— What is the 
evidence for the dimerization described by your Eq. (2)?

E. M a tijb v h S.— The dimer is only given as a possible 
explanation for the drop in coagulation concentrations at 
high pH’s. It was, however, detected by a number of in
vestigators cited in the introduction of this paper.

R . R. I r a n i (Monsanto Chemical Company).— Do you 
feel that your technique is applicable to the hydroxyl com
plexes of ferric ion, particularly since several species have 
been reported to  coexist and their relative concentrations 
change with pH, e.g., Fe(OH )+2, Fe2(O H )î+4, Fe(O H )+, 
etc.

E. M a t ij e v ic .— In principle, there is no reason why the 
method could not be employed for hydrolysis of ferric ion. 
The coexistence of several species could imperil the de
ductions. However, if one of the species becomes predomi
nant its charge will be indicated by the coagulation be
havior.
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A system of equations is derived that describes pressure transients during non -steady-state flow of a fluid through a linear 
porous medium which contains dead-end pore volume. Analogous equations are shown to describe non-steady-state diffusion 
through fluid contained in such porous media. The equations are solved for a set of boundary conditions which are identical 
to those for which laboratory data were obtained. The theoretical and experimental results are in excellent agreement 
thereby establishing the validity of the equations.

Introduction
The conventional treatment of non-steady-state 

fluid flow or diffusion through porous media uses 
only two pore structure parameters. For fluid 
flow these are the porosity and permeability; for 
diffusion they are the porosity and tortuosity. 
Recently the adequacy of the two-parameter treat
ment has been questioned by Fatt3 for fluid flow 
through porous media and by Klute4 for diffusion 
in polymer films. These authors point out that 
dead-end pore volume (defined as volume which 
contains the flowing or diffusing species but through 
which there is no flux during steady-state fluid flow 
or diffusion) may alter transient fluid flow or dif
fusion behavior.

In this paper we derive equations for non-steady- 
state flow and diffusion in a general form which 
includes the dead-end volume. The resulting sys
tem of equations is solved for appropriate boundary 
conditions and the solutions compared with experi
mental data.

A
A0
c

G
Co
C
c
D
D.
G
G'
k
ko
h
H
L
L
M
M '
N
P '

P'2
P
Po
Pb
P 2
P
P2

Nomenclature
cross-sectional area of porous flow channel
cross-sectional area of orifice
compressibility
boundary concentration
initial concentration
variable concentration
dimensionless concentration, C  =  (C  — C0)/(C i — C0) 
diffusion coefficient
effective diffusion coefficient, Z)e =  D/e2 
a function 
a function
permeability of porous flow channel
permeability of orifice
a constant
a constant
length of orifice
length of porous medium
diffusion flow of solute in flow channel
diffusion flow of solute to sink
number of dead-end pores
dimensionless pressure in flow channel P ' P -  Po 

Pb -  Po
dimensionless pressure in sink P, P, -  Po 

Pb -  Po
pressure (variable) (Pi =  P) 
initial pressure (constant) 
boundary pressure (constant) 
pressure in sink (variable) 
Laplace transform of P ' 
Laplace transform of P\

(1) Taken in part from the M.S. theses of R. C. Goodknight, Janu
ary 1960, and W. A. Klikoff, Jr., June 1960, University of California, 
Berkeley.

(2) Send requests for reprints to I. Fatt.
(3) I. Fatt, Trans. Am. Inst. Mining, Met. Engrs., 216, 449 (1959).
(4) C. H. Klute, J. Polymer Sci., 41, 307 (1959).

Q volumetric flow rate in porous flow channel 
Q' volumetric flow rate toward sink 
R gas constant
S  parameter of the Laplace transform
t time 
T temperature
Vi pore vol. of porous flow channel (not including dead-end 

vol.)
Vi total volume of all sinks (chambers)
F0 volume of individual sinks (chambers)
Vi gas velocity (flux) cm./sec. in flow channel 
x  distance coordinate 
Y a constant
a diffusivity coefficient for liquid a = k/tfnyc 
a' diffusivity coefficient for gas a' — k/2<t>ip 
/3 a constant 
7 specific weight of gas

d2 d2 d2V2 the operator +  ^  +
9 tortuosity =  diffusion path length/L 
<tn porosity of porous flow channel (not including sinks) 

(<t>i =  Vi/AL)
<f> 2 V,/AL
p viscosity

During single-phase, non-steady-state fluid flow 
through porous materials, pressure transients are 
usually said to obey differential equations of the 
form

!  - (i)
if liquid is flowing, or

dP
s i  =  “ v2p2 (2)

if gas is flowing. Non-steady-state diffusion 
through the fluid contained in the pores of a por
ous medium is said to be described by an equation 
equivalent to equation 1, namely

f t  = D^ C (3)
. In the body of this paper the equations for pres
sure transients in a liquid-filled porous medium will 
be solved and the solution compared with experi
mental data. An identical but abbreviated treat
ment for diffusion, equation 3, is given in Appendix

Equations 1, 2, and 3 are derived with the as
sumption that there are no sources of flux within 
the system. The more general equations that de
scribe pressure transients contain a function that 
accounts for any sources of flux and have the form 

dP
=  «V 2P +  G(x, y, z, t) (4)

if liquid is flowing, or

f  =  <*'V2P 2 +  G’(x, y, z, t) (5)
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if gas is flowing, where G{x, y, z, t) and G'(x, t, z, t) 
are the source functions. The source whose 
strength is described by the G function may be a 
dead-end pore which contains compressed liquid or 
gas. If flow is into a dead-end pore, the pore is a 
sink and the G function has a negative sign. An ac
curate prediction of pressure transients in porous 
media which contain such dead-end pore volume 
requires that the source function be known expli
citly and that equations 4 or 5 be solved for the 
appropriate boundary conditions.

Fatt6 has shown previously that sintered glass 
probably does not have dead-end pores. He did 
not show, however, how much effect a given 
amount of dead-end pore volume would have nor 
what amount his method of measurement could 
detect. Klikoff6 has demonstrated experimentally 
that under certain conditions observable changes in 
the form of the pressure transient results when one- 
third of the total pore volume is dead-end volume.

Theory
We assume that in a porous medium there are 

uniformly distributed pores which have only one 
opening to the main pore structure. Furthermore 
we assume that the opening is in the form of a 
neck or construction whose cross-sectional area is 
much less than that of a pore. We assume steady- 
state flow in the neck between the dead-end pore 
and the main flow channel. This is a good as
sumption, if the volume of the neck is small com
pared to the volume of the dead-end pore. We 
also assume that the flow rate into the dead-end 
pore is so small compared to the rate in the x 
direction in the main channel that the average ve
locity remains in the x direction.

The continuity equation for this system is

div (fliyi) = — ^  (0171 +  0272) (6)
where

7i = 7o exp(cPi), (t = 1, 2) (7)
if the fluid is a liquid, and

7i = P7” ^ = x’ (8)

if the fluid is a perfect gas. In equation 6 and all 
following equations i  — 1 refers to the main flow 
channel and i  =  2 refers to dead-end volume.

From Darcy’s law we have
k ÒP,
M ÒX

(9)

By definition

= ¡ i ’ {i = h 2) (10)
Assuming isothermal flow, equations 6, 7, 9 and 

10 can be combined to give for liquid flow (assum
ing that liquid compressibility is small and inde
pendent of pressure)

dP _  k dtP _  dP2 
dl <t>u*c d.T2 dt

For isothermal gas flow, equations 6, 8, 9 and 10 
are combined to give

( 5 )  I .  Fatt, T h i s  J o u r n a l , 63 , 751 (1959).
(6) W. A. Klikoff, Jr., M.S. thesis, University of California, Berke

ley, June 1960.

( 12)dP =  J c _  dtps 02 dP2 
di 2<j>m dx2 0i dt

For laboratory analysis of the above equations 
the sinks are replaced by chambers connected to 
the flow channel by sandstone orifices of cross-sec
tional area A 0, length l0, and permeability k0. As
suming a continuous sink distribution the flow rate 
into an elemental sink is given by Darcy’s law as

Q, = A0Nk, 
pio P 2) dx (13)

The amount of fluid stored per unit time in the 
elemental sink is for liquids

ftc dft d 
y  L òt ax

and for perfect gases
n , f t  dP2 , 
Q = K L ^ t dx

(14)

(15)

When the flowing fluid is liquid, we equate 13 and 
14 and substitute into 11 to give

dP k 02P  f t  dP2
dt tpyic dx2 f t  di

and
d ft  =  k-AJP  -  f t )  
d t

(16)

(17)idoCVc
For gas as the flowing fluid we equate 13 and 

15 and substitute into 12 to give
dP =  d^P2 _  f t  d ft  
dt 20i/j dx2 f t  dt

and
d ft =  M oP i(P  -  Pj) 
d t

(18)

f d  o f t
(19)

For brevity in the following discussion we let 
k(̂ Ao
nio eft = H ( 20)

The method of solution of the system of equa
tions given by equations 16 and 17 is given in Ap
pendix II for the boundary conditions

h P '
P '(0, T) =  1. (L, T) =  0, P '(x , 0) =  P /(x , 0) =  0

The solution is

P'{x, t) =  1

where

£
n =  1

[sisin (2n — 1) 2 L "I exp(Sni)

SUL i(S).
( 2 1 )

(22)

=
- »  ( i  +  ' ( )  -  J

y ¡\H ( l + D  + “»■’

f}a = (2n -  1) 2 L

4-ffa/3n

(23)

(24)

Equations 18 and 19 probably can be solved by 
finite difference methods using an extension of the
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Fig. 1.— Dimensionless pressure versus time for labora
tory model with F ,/F j =  0.4859 (50 ccm. side chambers) 
and H  =  0.1347 sec.-1 (0.122 Darcy-cm. orifices).

Fig. 2.— Dimensionless pressure versus time for laboratory 
model. Curves 2 and 3 for model with F2/ F i =  1.6911 (174 
cm.3 side chambers), and H  =  0.0130 sec.-1 (0.0411 Darcy- 
cm. orifices). Curve 1 is for model with side chambers but 
no orifices in series. Curve 4 is for model with no side 
chambers.

Fig. 3.— Pressure along the main flow channel as a func
tion of time. Curves marked A are at 80 sec.; curves 
marked B are at 20 sec. Curves 1A and IB for main flow 
channel only. Curves 2A and 2B for main flow channel with 
174 cm.3 side chambers connected through 0.0411 Darcy-cm. 
orifice«. Curves 3A and 3B for main flow channel with 174 
cm.3 side chambers connected directly to channel (no orifices 
in series).

method given by Aronovsky and Jenkins.7 Such 
solution has not been attempted here. However, 
the excellent results of the analysis of the case of a 
liquid lends weight to the validity of equations 18 
and 19.

The series in equation 21 was evaluated by Good
knight8 by use of a FORTRAN program on an 
IBM 704 digital computer.

Experimental
The laboratory model was similar to that used by Fatt.3 

The model consisted of a main flow channel and nine sinks 
connected to it. Each sink was an empty chamber con
nected to the main flow channel through an orifice. The 
fluid used was air at pressures very close to atmospheric. 
The pressure drop across the system was never greater than 
0 02 atm. The change in compressibility from beginning to 
end of a run was never greater than 2%  and therefore the 
air is acting as a slightly compressible fluid.

The main flow channel was a 2 "  X  2”  X  60 " piece of 
sandstone quarried near Boise, Idaho. After coating with 
an epoxy resin, the permeability and porosity were measured 
and found to be 1.46 Darcys and 23.6%, respectively. The 
pore volume was 926 ccm.

To obtain access to the sandstone, holes were drilled into 
the plastic coating at each end and at nine equally-spaced 
points along one side. A quick-opening valve was installed 
at one end and needle valves in the nine holes along the side. 
An orifice and chamber were connected to each valve along 
the side of the main flow channel. The orifices were */«" X  

pieces of Boise sandstone mounted in plastic and then 
cut to 2 "  or 4 "  lengths. The average permeance of the 
nine 2"-long orifices was 0.122 Darcy-cm.; the nine 4"-long 
orifices had an average permeance of 0.0615 Darcy-cm. 
The 2 "  and 4 "  orifices could be connected in series to give 
nine sets of orifices with an average permeance of 0.0411 
Darcy-cm. The individual orifices deviated only a few 
per cent, from these averages.

Three sizes of chambers were used as sinks: namely, 50, 
125 and 174 cm .3 The 50 cm.3 chambers were of plastic tub
ing; the others were glass bottles.

Air at constant pressure, for application to the end of the 
flow channel, was obtained from two precision pressure reg
ulators connected in series to a 90 p.s.i.g. compressed air 
line. A continuous record of pressure versus time at any 
desired point on the flow channel was made by use of a Wian- 
cko pressure transducer feeding a Foxboro Dynalog chart 
recorder.

Discussion
Figure 1 shows a set of experimental and theoret

ical pressure transient curves which are typical of 
the nine combinations of chamber volume and ori
fice resistance. The agreement between the ex
perimental results and the solution of equation 21 
is within the probable experimental error. Figure 
2 compares the pressure transients, both experi
mental and theoretical, for a system containing 
dead-end pore volume with the predicted transient 
behavior, if the dead-end volume or orifice resist
ance is neglected. Curve 1 was calculated from 
equation 1 by including all the pore volume, dead
end plus main flow channel, in the a term and 
neglecting the resistance to flow between the dead
end pores and the main flow channel. Curve 4 
was calculated from equation 1 by including only 
the main flow channel pore volume in a. Fatt3 
and Klikoff6 have shown experimentally that 
curves 1 and 4 obtained from the laboratory model 
of Fig. 1 are in exact agreement with the theoretical 
curve obtained from the conventional solution of

(7) J. S. Aronovaky and R. Jenkina, Proc. 1st Natl. Congress Appl. 
Mech., Am. Soc. Mech. Engre., New York, 1952.

(8) R. C. Goodknight, M.S. thesis, University of California, Berke
ley, January 1960.
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equation 1. It is apparent from Fig. 2 that dead
end pore volume connected through a resistance 
changes the form of the pressure transient. Curves 
1 and 4 cannot be brought into agreement with the 
experimental curve by any simple modification of 
the a term. Agreement is brought about only by 
adding a source function to the basic differen
tial equation.

Figure 3 shows the effect of dead-end pore vol
ume on the pressure transient curve when this curve 
is plotted as pressure vs. distance. Curves 2A and 
2B are the pressure profiles, measured in the 
main flow channel, for a system with dead-end pore 
volume connected through an orifice. Curves 1A 
and IB are for a system with pore volume equal to 
the main flow channel pore volume; curves 3A 
and 3B are for a system in which there is no dead
end pore volume but in which the pore volume is 
equal to the total pore volume of the system of 
curves 2A and 2B ; in other words, for a system in 
which there is no resistance to flow through the 
orifices.

Fatt3 and Klikoff6 have demonstrated experi
mentally that the dead-end pore volume should be 
added to the main channel volume when using 
equation 1 if there is no resistance to flow be
tween the dead-end volume and the main channel. 
The theoretical reason for the simple addition of 
volumes in this case can now be explained. As H 
approaches infinity then P2 approaches P  and 72 
approaches 71. When y x =  72 then equation 6 be
comes

div(tfi7i) =  ~  (0i +  fa) (25)

Then, from the definition of 0, we have

div (V171) =
ÒY, (F, +  r 2)
òt A L (26)

Equation 26 shows that if there is no resistance to 
flow between the dead-end volume and the main 
flow channel, then the total volume is used to calcu
late a which in turn is used in equation 1.

If H — 0 then fa does not exist as far as any flow 
in the system is concerned, fa is then zero in equa
tion 25, and equation 26 becomes

div(viYi) = 071 y i 
òt AL (27)

Thus far nothing has been said about how one 
may measure the various parameters that appear 
in equations 16 and 17. In the laboratory model 
these parameters were built into the system. How
ever, in the case of a porous medium containing 
dead-end pore space, neither F2/F1 nor H  can be 
measured by any currently available laboratory 
procedure. A possible approach to this problem 
may be through a comparison of the measured 
pressure (or concentration) transients with those 
predicted from equations 1, 2 or 3. The presence 
of dead-end pore space connected through a flow 
resistance will cause disagreement. If there is 
disagreement, then estimates of F2/F i and II are 
made and equations 16 and 17, or 18 and 19 or 7A 
and 8A, are solved and numerically evaluated. If 
the proper choice of F2/ F i and H  was made, then 
equations 16 and 17, or their equivalent, will give 
a curve in agreement with the experimental data.

However, several pore structure parameters are 
combined in the terms F2/F j and H ; and, 
therefore, it is difficult to obtain a unique set of 
parameters by this method.

It is of interest to calculate the characteristics of 
a porous medium containing microscopic dead-end 
pores that would give pressure transients identical 
to those obtained on our laboratory model. If we 
consider the porous medium identical to the model 
used in the laboratory, then the resistance to flow 
into the dead-end pores is concentrated in the necks 
of these pores. Assuming these necks to be cylin
drical capillaries, we may determine the dimensions 
of a system that will give the pressure transients 
shown in Fig. 1. By Poiseuille’s law, the flow rate 
into the sink is

a - $ < p  - pi> - ’ r - %  <»>
and for the laboratory model

q = (P ~ Pl) = cK W  (29)
Equating dP2/dt in equations 28 and 29 we get 

irr*/8lV' =  koAfaloVc

Therefore, if we assume that all the other parame
ters are those of the system of Fig. 1 and also as
sume that l0 =  10-2 cm. and vB =  10~10 cm.3, we 
find that r == 0.268 X 10" 5 cm. In other words, a 
porous medium with the following characteristics 
would give the transients shown in Fig. 1: porosity 
23.6%; permeability 1.46 Darcys; 1.15 X  10® 
dead-end pores per cm.3 o f porous material; dead
end volume 10-10 cm.3 per pore; connecting 
capillaries of length 10""2 cm., and radius 0.268 X 
10 ~b cm. Hus is not a unique set of parameters. 
Any set that gives ih/v\ =  0.4859 and II =  0.1347 
sec.-1 would describe a system with the pressure 
transients of Fig. 1.

Conclusions
When a slightly compressible fluid is flowing in a 

linear porous medium which has dead-end pore 
volume separated from the main flow channel by a 
resistance to flow, the pressure transients are de
scribed by equations 16 and 17. A similar set of 
equations is available when the flowing fluid is a 
gas or for diffusion through the fluid contained in 
a porous medium.
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Appendix I
We consider a porous medium with porosity fa. 

The porous material is considered to have N  “ dead
end”  pores of volume Fc. The system has cross- 
sectional area A, length L, and tortuosity 6. We 
isolate an element of the system of length eta. The 
porous medium is assumed to be saturated with 
solvent. At x there is an amount of solute diffusing 
in the positive x direction equal to M % g./sec. At 
x +  dx the diffusion flow out of the element is ap
proximately M x +  (dMz/dx)dx g./sec. If the 
concentration of the solute is denoted by C(x, t), 
then from Fick’s first law we have
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M x DA<f>i d C  
B2 dx

(IA )

where D (D is assumed to be independent of C) is 
the diffusivity of the solute in the solvent. Now the 
difference between the diffusion flow into and out of 
the system is

DA<t>! d2C  , (2A)

and this difference must be equal to the amount of 
solute stored in the element per unit time plus the 
amount of solute lost to the “ sinks”  per unit time. 
Letting the diffusion flow toward the sinks be M ' 
g./sec., we may write

DA0 i d2C  , . dC , .
~ 8 T  à *  d* = * lA  dt dx +  M

(3A)

where
. àC  , 

0 ,A V t dx (4A)

is the amount of solute stored in the element per 
unit time.

We now make some assumptions concerning the 
sinks and M ' :  (i) To each element of volume A d x  
of the porous system there is assigned an elemental 
“ dead-end”  volume or “ sink”  of volume equal to 
(dx/L)V2 (F2 =  NV0); (ii) there is no commu
nication between these elemental sinks; (iii) each of 
these sinks is connected to the elemental volume 
(Adz) by a “ neck”  or capillary of cross-section A „  
and length lQ. The average cross-section of the 
sink is much greater than A 0 ] (iv) there is steady- 
state diffusion flow through the neck.

Letting C2(x, t) be the concentration of solute in 
the sink at x  and t, we may write

, Vi dC; , .
M = T ^ t dx (oA)

and from assumption (iv) 
n 4

M ' =  i p  (C  -  C,) (6A)

Replacing M ' in equation 3A by equation 5A we 
get

dC =  D d2C _  Vi dC2
dt 82 dx2 V, dt ( ' A ')

If5Aistoequal6A, (F2/L)d:c = V,, or (dx/L =  1 / n )  

Making this substitution and equating 5A and 6A '

^  =  n c  -  c y  (8A)

where
Y _  D.l.i

loVc

Note the similarity between equations 7A and 
8A and equations 16 and 17.

If the following boundary and initial conditions 
are used when solving equations 7A and 8A

C (x, 0) = C Jx, 0) = Co 
C(0, T) =  C,

Appendix II
We wish to solve

dP' _  Vi dP'j
dt a d x2 Vi dt

and

^  =  H (P ' -  P'i)

(IB )

(2B)

simultaneously, subject to the boundary conditions 
P '(o, t) = 1 (3B)

~  (£ , 0  =  0 (4B)

and the initial conditions
P'{x, 0) =  0 (5B)
P'-Ax, 0) =  0 (6B)

Let P  be the Laplace transform of P'

P  = J j  P ' exp( —St)dt 

and P2 be the Laplace transform of P '2 

Pi =  J ’q P 'i exp( —iS/)d<

We take the Laplace transform of equations IB, 
2B, 3B and 4B and make use of the initial condi
tions, equations 5B and 6B.

SP = «  ~  -  y  SPi ox2 Vi (7B)

SPi = H {P  -  P2) (8B)

P(0, S) = i (9B)

g ( b ,S )  = 0 (10B)

Solving equation 8B for P 2 and substituting into 
equation 7B, we get

d*  SH ) p  = 
d x2 a C  Vt (S +  H)\ ( 1 IB)

We let

p a r ^ v l (s +  H)\ (12B)

then we solve
d2P
5 ^  +  ^  = ° (13B)

we get by analog}' to the solution to the boundary 
value problem given by equation 21

subject to the boundary conditions equations 9B 
and 10B. This solution is
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p  _  COS — L) 
S cos (3L (14B)

We may invert, using the inversion integral
1 i*y  + i °

P \ x: t) =  P -: I .
¿TTt- J  y  — t

cos/5(x — L) e.xp(Si) 
S cos /3 L (15B)

Equation 14B is analytic except for isolated sin
gularities and one essential singularity and is single
valued. There is a simple pole at S =  0 and there 
are simple poles at those values of S for which /S =  
(2n — 1) (tt/2 L) \ n — 1 , 2 , . . . .  The essential 
singularity occurs at S =  —H.  Without regard to 
the conditions under which the inversion integral 
15B represents P'(x,t) and the integral over the 
infinite semicircle in the left plane tends to zero, we 
use a series representation for P'(x,t) by summing 
the residues of 14B. Neglecting the contribution 
(if any) of the essential singularity at S =  —II

P\X, t)
CO

-  e
p in  (2n — 1 ) exp(iSnO

where
1

2a/3„
H

Sa +  H )1

(16B)

and Sn is obtained by solving equation 12B with 
=  (in — l)(ir/2L). Where the symbol Sn ap

pears in a series without a superscript it is inferred 
that there are two series

2iS„+ =  -  j t f  ( l  +  p )  +  0/3* [ +

j/7  ^1 +  +  a/32| — 4otPJH (17B)

1"  ( ‘ + ft) + - ______________
y j  j i r  ( l  +  p )  +  a/3*p -  4ccPJH

We now show that equation 16B is the complete 
solution (i.e., that there is no contribution from the 
essential singularity at s = —77) by demonstrat
ing that P'{x,t) from equation 16B satisfies equa
tion IB to 6B.

The investigation of the convergence of equation 
16B proceeds in two steps. We first consider the 
case in which the radical of equation 17B is taken 
with the negative sign. For this case each term of 
the series of equation 16B is in absolute value equal 
to or less than

4 exp
7T ' (2n - 1)

Since
7T y  e x p (  — a 0n 2t l )

(2re- D
converges, by the ratio test, for b >  0, we have by 
the Weierstrass M-test that for this case (SD =  
Sa~) the series of equation 16B converges uniformly 
with respect to x and t for 0 ^ x ^ L and t ^ 6 >  0.

We next consider the case when the radical of 
equation 17B has the positive sign. Here we notice 
that as n —► °°, 0 c“ and Sn~ —*■ — H. For this 
case each term of the series in equation 16B is in ab
solute value equal to or less than

(18B)

(19B)

and
2S„~ = -

1

3- ' L ( ë ) .  <MB'
But the following integrals (with monotonie inte
grands) exist

dre
S(n)L dg(n)

dS

dS 1 Ç - B dS
x J  St S

(21B)
where Sof is evaluated from equation 17B taking /3 
=  d n  =  7 r / 2 L  and n is a continuous variable, 1 ^  

n ^ °°. By the integral test

i —
n -1  Sa+L

(22B)

converges. The Weierstrass M-test shows that 
for this case, (<Sn =  <Sn+), the series in equation 16B 
converges absolutely and uniformly with respect to 
x and t for 0 ^ x ^ L and t ^ 0. Furthermore, for 
t =  0 the two series of equation 16B combine to 
form the Fourier series for 1, which is uniformly con
vergent for 0 <  Xi ^ x ^ L. Therefore we are as
sured of the uniform convergence of P'{x.t) in the 
range 0 ^ x ^ L  for 0 <  fi ^ t and 0 <  x1 ^ x ^ 
L for t =  0.

We are justified then in integrating P'(x,t) term 
by term and we may therefore evaluate P+(x,t) us
ing the convolution integral. From equation 8B 
we have

P- - S T H P MB>
Therefore, since the inverse transform of 1/(S +  
H)  is e~Ht we get, using the convolution integral

P ’-lx, t) =  H J ‘ e-H U -r) p\ x , r)dT (24B)

and replacing P(x, t) in 24B by 16B and performing 
the termwise integration, we get

P\(x, t) =  1 -  H  E
fsin(2ra -  1) ||~j cSr.i

+
H)

sin (2n -  1)
»  E

" = i SUL (.Sa +  H )

2 L
( * \\ à S )„

-  1 (25B)

But by substituting the xralues of >Sn and Sn 1 from 
17B into the second series above, we find that

A  H [ Bin(2n ~  1} l z ]  = 4 A  [ sin (‘Ja ~  1} S ]  =  j

=1 SnL (S){Sa + H) Tn=l 2,1 ~ 1
(26B)

Therefore

P A x , t) =  1 -  E
H

Sa +  H

pin(2n  — 1) eSnt

«(i).
(27B)

and furthermore, the uniform convergence of this 
series with respect to x and t in the same region 
specified for P'(x,t) is ensured by the uniform con-
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vergence of P'{x,t) since each term of the series rep
resenting Pi(x,t) is in absolute value equal to or less 
than the corresponding terms of the series repre
senting P'(x,t).

It is a simple matter now to show that the series 
representations of bP'2/dt. dP'/dt and d'P'/dx2 
are all uniformly convergent. The series repre
sentation of dPi/dt is equal to the sum of the two 
uniformly convergent series representing HP  and 
—HPi. The terms of the series representing dP'/ 
df are in absolute value less than the terms of the 
uniformly convergent series representing dP2/dt, 
hence the series representing dP'/bt is uniformly 
convergent by the M-test. Finally, the series 
representing d2P'/dx2 is equal to the sum of the two

uniformly convergent series representing (1 /«*)• 
(àP’/àt) and (l/a)(Vi/Vi)(àPi/àt). We have 
shown then that the term-by-term differentiation 
of the series representing P ' and P'2, both with re
spect to x and t (twice with respect to x) is justified; 
furthermore, we have shown that the solutions 
P'(x,t) and Pt(x,t) satisfy the partial differential 
equations—equations IB and 2B.

That the solutions satisfy the boundary condi
tions—equations 3B and 4B—may be verified by 
inspection. The authors have verified that the 
solutions also satisfy the initial conditions— equa
tions 5B and 6B—by substitution; consequently, 
the validity of the series of residues is established. 
Furthermore, the solution is unique.

VISCOSITY-CONCENTRATION AND FLUIDITY-CONCENTRATION 
RELATIONSHIPS FOR SUSPENSIONS OF SPHERICAL 

PARTICLES IN NEWTONIAN LIQUIDS
B y  T . F. F o rd1

Dairy Products Laboratory, Eastern Utilization Research and Development Division, Agricultural Research Service, 
United Stales Department of Agriculture, Washington, D. C.

Received March 7, 1960

It was established by Bingham2 that plots of 
fluidity against concentration tend to be linear over 
considerable concentration ranges, whereas viscos
ity plots are always curved. Many illustrations, 
for proteins, have been given by Treffers.3 De- 
Bruijn4 and Vand5b have made use of such plots. 
In general, however, the fluidity function has re
ceived little attention, despite the first order recip
rocal relationship between the linear equation <f>/<p0 
=  1 — 2.5Cv (I) and the Einstein equation as usu
ally written 77/770 =  1 +  2.5CV (II). It is the pur
pose of this paper to show that the consensus of 
present theoretical and empirical equations for the 
flow of suspensions of rigid spherical particles alone 
makes I a closer approximation than II, and by 
re-examination of available data to support this 
conclusion to the extent it may even be suggested 
that equation I and its exact reciprocal, 77/770 = 
1 +  2.5CV +  6.25CV2 +  . . . (I ll) may describe ac
curately the flow of suspensions of rigid spheres in 
Newtonian liquids at low and moderate concentra
tions.

Collected Viscosity Equations and Their 
Reciprocal or Fluidity Forms

Various equations relating viscosity to concentra
tion for suspensions of spheres are listed in Table I 
together with the reciprocal or fluidity forms of each. 
For ready comparison all equations are given in 
Table I as power series, Y  == 1 +  aCv +  bCY2 +  cCv3

(1) Naval Research Laboratory, Washington, D. C.
(2) E. C. Bingham, “ Fluidity and Plasticity,”  McGraw-Hill Book 

Co., Inc., New York, N. Y., 1922.
(3) H. P. Treffers, J. Am. Chem. Soc., 62, 1405 (1940).
(4) H. DeBruijn, Rec. trav. chim., 61, 863 (1942); Proceedings of the 

International Congress of Rheology, Amsterdam, 1949, p. 11-95.
(5) V. Vand, (a) T his Journal , 62, 277 (1948); (b) 52, 300 (1948).

+  . .  ./where Y  designates either relative viscosity, 
77/770, or relative fluidity, 4>/<j>o, and Cv is the volume 
fraction of the dispersed phase. The several pairs 
of equations are exactly equivalent and are ob
tained, the one from the other, by long division. 
The over-all purpose of the table is to show that 
without regard to theoretical or experimental back
ground all of these equations are more nearly linear 
in the fluidity form.

It is seldom noted that Einstein’s derivation7 
really led to the equation tj/ tjo =  (1 +  0.5CV) /  
(1 — Cv)2, from which the series given in Table I 
are derived. This equation takes no account of 
interactions between particles. It applies, there
fore, over concentration ranges in which interac
tions can be disregarded; but these ranges may be 
considerably wider than those to which the simpli
fied form, IT, applies.

Interactions between particles have been con
sidered by various authors, in particular Simha and 
co-workers (c/. ref. 8), DeBruijn,4 and Vand.5*1 
DeBruijn,4 with Burgers,9 give a derivation which 
is unique in utilizing the fluidity function and is 
sem¡-independent of Einstein’s. DeBruijn obtains 
<t>/<t>o =  1 — 2.5Cv +  2.5kCv2. He evaluates the 
constant k in an empirical way by making 4>/<t>n =  
0 at Cv =  0.74, the volume fraction occupied by

(6) A catalog of viscosity equations converted to power series is 
also given by Bred^e and de Booys. Their list includes several earlier 
forms omitted here. H. L. Bredee and J. deBooys, Kolloid Z., 79, 31 
(1937).

(7) A. Einstein, (a) Ann. Physik, 19, 286 (1906); (b) 34, 591 (1911).
(8) R. Simha, (a) T h is  J o u r n a l , 44, 25 (1940); (b) J. Applied 

Physics, 23, 1020 (1952).
(9) J. M. Burgers, “ First and Second Report on Viscosity and 

Plasticity,”  N. V. Noord-IIollandsche Uetgeversmastschappij, Amster
dam, Holland, 1938.
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T a b l e  I
E x p r e s s io n s  R e l a t in g  R e l a t iv e  V is c o sit y  a n d  R e l a t iv e  F l u id it y  to  V o lu m e  C o n c e n tr a t io n  f o b  Su sp e n sio n s  o f

R ig id  Sp h e r ic a l  P a r t ic l e s

Author Year Ref.
Einstein 1906-11 (7)
DeBruijn 1942 (4)
Vand 1948 (5a)
Simha“ 1952 (8b)
Kynch“ 1956 (1 0 )

Arrhenius 1887 ( 11)
Vand 1948 (5b)
Robinson 1949 (16)

v/m
Viscosity form

-Theoretical equations-
Fluidity form

=  1 +  2.5<7, +  4(7, 2 +  5.5C . 3 . . .
1 +  2.5(7, +  4.7C , 2 +  7.77(7, 3 . . .  
1 +  2.5(7, +  7.349C,2 . . .
1 +  2.5Cv +  3.73Cv! + -6.04Ct, / ».. 
1 +  2.5(7, +  (7 .5  to 6.75)(7, 2 . . .

0/ 0o =  1 -  2.5(7, +  2.25CV -  1.25C,3. . 
1 -  2.5(7, +  1.552Ç,2 . . .
1 -  2.5(7, -  1.099C,2 ..  . 
y ’r- 2.5(7, 4- 2.52C ,2 -  6 .94(7,v ' . . 

■' 1 -  2 .5 (7 , - (1 .2 5  to 0 .50)C ,2 . . .
-E mpirical equations-

1 +  2 .5(7, +  3 .125C,2 +  2 .60(7,3.. ' 1 ^  2.5(7, +  3 .125C,2 -  2 .60(7,3. . .
1 +  2.5C , +  7.17C,2 +  16.2C,3 . . .  1 -  2.5(7, -  0.92C',2 +  4 .OC, 3 . . .
1 +  2.5(7, +  4.6C,2 +  8.4<7,3 : 1 -  2.5(7, +T  .65(7,» -  1 .()<7,s . . .

“ Both Simha’s and Kynch’s second and higher order coefficients change with concentration. The equations 
given are for dilute solutions. See text.

close-packed uniform spheres. This makes k =
0.6209 and gives the equations attributed to De- 
Bruijn in the table. It will be seen in the discus
sion of experimental results, however, that for rigid 
particles it is more probable that 4>/<pa =  0 at CV =
0.5236, the volume fraction in cubical packing. 
Imposing this condition makes k =  0.222 and the 
two equations become 77/770 =  1 +  2.507, +  5.1230V2 
+  9.9907,3 and <f>/<h =  1 -  2.507, +  1.127C,2, 
respectively.

DeBruijn’s and Vand’s equations both represent 
attempts to fit the complete concentration range. 
Recently Simha8b and more recently Kynch10 have 
deduced that the constants of the higher power 
terms must change with concentration. The equa
tions attributed to Simha in the table are expan
sions of one of his theoretical equations (7a) ap
plicable at low concentrations, up to 07, =  0.065. 
This equation contains a parameter defined by the 
relationship f 3 =  8(7max. where Cma*, may be either 
that corresponding to cubical packing, 07, =  0.5236 
( /  =  1.61), or to close packing, 07, =  0.74 ( /  =  1.81). 
In evaluating the constants for Table I cubical 
packing has been assumed. In his discussion Simha 
notes that to fit experimental data over the whole 
concentration range, /  must actually change from a 
value around 1.3 to less than 2. His final evalua
tion thus becomes semi-empirical.

Kynch’s derivative differs from Simha’s but the 
net result is about the same. Kynch states that a 
popular value for the second order constant in the 
viscosity equation is 6.25. This makes the second 
order constant zero in the fluidity form. Accord
ing to Simha’s treatment the second order constant
6.25 is possible, requiring only that /  be given the 
value 3\/2.5 or 1.357. Kynch’s observation is of 
interest in the light of statistical analyses to be pre
sented in the next section of this paper.

The empirical equation due to Arrhenius11 is usu
ally written in 77/770 =  kCy. For inclusion in the 
table it has been rewritten as expanded
as the series 77/170 =  1 +  kCv +  fcC,2/2 ! +  fc(7,3/3 ! 
+  . . ., and the constant k arbitrarily assigned the 
value 2.5.

The second and third order constants in the em
pirical equation assigned to Robinson in Table I 
are averages based on three extrapolated experi-

(10) G. J. Kynch, Proc. Roy. Soc. (London), A237, 90 (1956).
(11) S. Arrhenius, Z. physik. Chem., 1, 285 (1887).

mental values of sediment volumes for glass spheres,
1.77, 1,81 and 1.88, given by him. The reciprocals 
of these numbers, 0.565, 0.553 and 0.532, compare 
well with the volume fraction of uniform spheres in 
cubical packing, (4/3 r3)/(8 r3) or 0.5236.

Review of Experimental Results
Viscosity measurements which are sufficiently 

extensive and rigorous for mathematical analysis 
and on systems acceptable as models of suspensions 
of spherical particles are scanty. No data yet re
ported are adequate in all respects. This arises in 
part from uncertainties as to concentration and 
shape in molecular and colloidal solutions, and in 
part from uncertainties in correcting results on visi
ble particles for effects due to size alone. The ex
periments here considered were selected for various 
reasons, some merely because prominence previ
ously given them demands their inclusion. In 
every case the original data were carefully scru
tinized and recalculated. Insofar as justified, 
statistical methods were applied since the purpose 
was refinement of precision in establishing the con
stants in the type equation Y =  1 +  aCv +  bCv2 
+  cC,3 +  . . . .

Bancelin’s Experiments on Gamboge Sols.—
Bancelin’s experiments12 are the first in point of 
time and apparently were performed very care
fully. He prepared monodisperse suspensions of 
gamboge by centrifugation (the method of Jean 
Perrin), and for each fraction determined viscosities 
at various concentrations. Bancelin’s object was to 
test the Einstein equation which as then published 
was 77/770 =  1 +  C1,. He obtained as his average re
sult 77/770 =  1 +  2.9C,. He therefore wrote to Ein
stein who informed him that the equation should 
have been 77/770 = 1 +  2.5(7,. Bancelin’s paper 
gives values for a suspension containing particles
0.30 fi in diameter, at six concentrations between
0.0024 and 0.0211 ml. per ml. Least squares analy
sis of these data, using the type equation Y =  k +  
aCV) gives

77/770 =  0.9994 +  2.715(7, (S.E.E., 0.00069)
and

0/ 0o =  1.0000 -  2.549(7, (S.E.E., 0.00052)

Here, the numbers in parentheses are the standard 
errors of estimate of F, a convenient measure of the

(12) M. Bancelin, Compt. rend., 152, 1382 (1911).
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Nb

\^c

Fig. 1.—Fluidity-concentration plots for suspensions of 125-205/j diameter glass heads, data by Vand.6b Points for stirred 
suspensions (Couette) indicated by open triangles, for non-stirred suspensions by open squares. The method of extrapola
tion is described in the text.
fit.13 These results show that to a close approxi
mation, for these data k =  1, a necessary check, and 
that the experimental first order constant is much 
closer to 2.5 than to 2.9 as reported by Bancelin and 
repeatedly quoted since.

The data cover a low concentration range. Nev
ertheless, the measures of deviation given above in
dicate that over this concentration range the fluidity 
function is the more linear.

It is possible that for Bancelin\s gamboge the ex
perimental first order constant was actually about 
2.55, considering that errors in effective volume con
centration, due to slight departure from the 
spherical shape, for example, would be positive. If 
the concentrations be corrected accordingly by the 
factor 2.55/2.5, the data are now fit by

17/170 = 1 +  2.5CV +  6.75Cv2 (S.E.E., 0.00053)
and

=  1 -  2.5CV -  0.1CV2 (S.E.E., 0.00052)
Experiments on Suspensions of Glass Spheres.—

Suspensions of glass spheres have been used as model 
systems by Eirich, Bunzl and Margaretha,14 Eirich

(13) The standard error of estimate is the square root of the mean 
of the squared deviations, Sy =  y / 2d2/N. Other measures of the fit, 
mean deviations, standard deviations, and coefficients of correlation, 
agreed with the standard errors of estimate.

and Goldschmidt,15 Vand,5b Robinson,16 and Eveson 
and Whitmore (ref. 10).

The experiments by Eirich, et al., which were on 
yeast cells and mushroom spores as well as glass 
beads, are generally credited with establishing the 
first order constant within limits of ±0.3 by use of 
capillary viscosimeters, and within limits of ±0.2 by 
use of the Couette viscosimeter. The glass spheres 
used by Eirich, et al., were from 0.0125 to 0.0205 
cm. in diameter. Subsequent to their experiments 
it has been pointed out by Vand (vide infra) that 
use of particles of this size requires appreciable cor
rections of both Cv and 4>/4><; — 1, by factors which 
are related to the dimensions of the viscosimeters. 
Such corrections cannot be applied with assurance 
to Eirich’s capillary data, but they can be applied 
to the Couette data, and the Couette data are for a 
low concentration range, Cv =  0.01 to 0.08, not 
adequately covered by other workers with glass 
beads. A large scale plot of these data discloses 
that they do not extrapolate to <t>/<tx> =  1 at C =  0; 
and least squares analysis indicates that the Cv 
values are too low by the constant amount ACV =

(14) F. Eirich, M. Bunzl and H. Margaretha, Kolloid. Z., 74, 276 
(1936).

(15) F. Eirich and O. Goldschmidt, ibid., 81, 7 (1937).
( 1 6 )  J .  V. Robinson, ( a )  T h i s  J o u r n a l , 53, 1 0 4 2  ( 1 9 4 9 ) ;  (b) 55, 

4 5 5  ( 1 9 5 1 ) .
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0.0010, approximately. The CV values adjusted by 
this amount and the observed 0/0o — 1 values were 
corrected by the use of formulas later developed by 
Vand.6b Thus corrected the data are fit by the 
equation 0/0o =  1 — 2.50CV +  0.95CV2, S.E.E.,
0.0015. The data as given are fit by the equation 
0 /0 o =  1 -  2.39CV +  3.29CV2 S.E.E., 0.0018. 
These experiments by Eirich, et al., provide a sec
ond close check of the first order constant, 2.5.

Vand5b used the same glass beads as Eirich, et 
al., loaned to him by Prof. Eirich, but he suspended 
them in a more viscous liquid, made other refine
ments in technique, and extended the concentration 
range almost to saturation. Vand gives an average 
diameter of 0.013 cm. for these beads. Like Eirich, 
et al., he used two Ostwald viscosimeters, of different 
bore diameters, and a Couette viscosimeter, the 
Couette machine only at concentrations of 35% 
and higher.

Vand multiplied all of this CV and 0 /0 0 — 1 
values by specific correction factors for each instru
ment, and finally combined his corrected data as a 
composite plot. His final equation is designed to 
fit a smooth curve through these points. Inclu
sion of the Couette results has been criticized by 
Kynch10 on theoretical grounds. The data them
selves, however, provide sufficient reason for their 
reexamination. With both the Couette and Ost
wald instruments, at concentrations beginning 
immediately above CV =  0.35, different viscosities 
were obtained depending on whether the suspen
sions were stirred or not. These known deviations 
are greater than the total deviations at lower con
centrations. This fact is itself sufficient to exclude 
most of the Couette data, and some of the Ostwald 
data, or at least to diminish the weight to be given 
these data. It is noted also that Vand’s corrected 
values for his two Ostwald viscosimeters fall more 
nearly on smooth curves if plotted separately than 
if combined. This was confirmed by comparison 
of the fit of second order equations obtained by least 
squares analysis. The deviation of the two curves 
indicates a more empirical analysis than used by 
Vand.

A method of blind extrapolation in the direction 
of zero corrections is illustrated by Fig. 1. Here 
smooth curves through the original uncorrected 
Ostwald points are drawn in the two receding verti
cal planes, and the corrected Couette values and 
the extrapolated Ostwald curve are shown in the 
plane of the paper. The positions of the receding 
vertical planes are determined as follows: at CV =  0 
by requiring that the first order constants, 2.445 and 
2.405, found in the usual way by plotting (0/0o —
1)/CV against CV, shall extrapolate to 2.5 for an in
finite capillary; and at CV =  0.35 by placing the ex
perimental Ostwald 0 /0 o — 1 values, 0.760 and
0.680, and the corrected Couette value, 0.820, on a 
straight line. The two Ostwald curves thus placed 
in space and extrapolated into the plane of the paper 
give a third curve for which the corrections are cer
tainly reduced.

The assumptions involved are: (1) That the
first order constant is in fact 2.5. This is supported 
experimentally by Bancelin’s and Eirich’s results.
(2) That the Couette fluidity used at C\- =  0.35 is

approximately correct. This seems justified within 
limits by the apparent absence of stirring errors at 
this concentration, and by the fact the Couette 
corrections are in any case small (roughly one- 
fifth to one-tenth of the Ostwald corrections).
(3) That the effective or total corrections vary not 
only with bore diameter, but also with concentra
tion. This is supported by the observations that 
Vand’s 0 /0o =  1 corrections, for wall effects, are in 
fact averages of values which apparently vary, ap
proximately linearly, by as much as 12% over the 
range CV =  0.05 to 0.35.

The extrapolations actually were performed ana
lytically. Interpolated fluidities for the two Ost
wald viscosimeters at concentrations increasing by 
5% were taken from large scale plots, and also cal
culated from the second order equations fit to the 
original data by least squares. Using the analyti
cally interpolated Ostwald values and referring the 
extrapolation at CV = 0.35 to the corrected Couette 
values (Fig. 1), the extrapolated curve is fit over the 
range CV =  0.05 to 0.35 by the equation

0/0o =  1 -  2.5Cv -  0.11(7,.2 +  1.6CV3
Referring the extrapolations to the uncorrected 
Couette values the equation is

0/0o = I -  2.5(7v -  0.08Cv2 +  1.9CV3 
The graphically interpolated values give essentially 
the same constants. The uncertainty in the second 
order constant is ±0.10, approximately. Although 
the type equation Y =  1 ±  2.5CV +  6CV2 +  cCV3 is 
used here, the extrapolated curves are fit equally 
well, over most or all of the range CV = 0.05 to 0.35, 
by equations of the form 0/0o = 1 — 2.5CV +
dCV4.

While the above described extrapolations, based 
on the uncorrected data, seem to avoid many as
sumptions, they also include a certain error. This is 
because in the polynomial equations used the con
centration and all multipliers of it are involved as 
powers higher than the first. It is noted, however, 
that the CV corrections (multipliers) as calculated 
by Vand are less than half his 0 /0 o — 1 corrections 
for wall effects; and it is noted also that it is only 
in the latter and not in the concentration correc
tions that any reason for variation with concentra
tion is apparent. Accordingly, Vand’s corrected 
CV values were combined with his uncorrected 
6/6o—l values, and the various manipulations 
repeated. Referring the extrapolations to the cor
rected CV and corrected 9/60 — 1 Couette values at 
(7V = 0.35, for the range CV — 0.05 to 0.35 the 
equation obtained is

4,70, =  1 _  2.5C y  +  O.OOC'v2 +  1.4CV3

Referring the extrapolations to the corrected CVand 
uncorrected 0 /0 o — 1 Couette values the equation 
is

0/0o = 1 — 2.5 CV +  O.llCv2 +  1.5CV3

The uncertainty in the second order constant is
0.10, approximately.

The foregoing calculations all indicate that within 
the apparent accuracy of the data, in an equation of 
the form 0/0o =  1 — 2.5(7,- +  bCv2 +  cCv3 +  . . . ,  the 
second order constant “ b”  is numerically small, and 
may be zero.
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triangles). Data are by Robinson.17“

Robinson used beads 3 to 30 in diameter, an 
order of magnitude smaller than Eirich’s and Yand’s 
beads, suspended both in oils16* and in water- 
glucose solutions.161* He used a Couette viscosim
eter. The fluidity plot for his oil suspensions is 
shown in Fig. 2. Corrections according to Vand’s 
formulas have been applied, but practically the 
identical curve is given by the uncorrected data. 
Both this plot and the similar plot for the water- 
glucose suspensions confirm the general shape of the 
Vand extrapolated and Couette curve of Fig. 1, and 
particularly the final intercept in the neighborhood 
of Cv =  0.5236. It will be recalled that Robinson’s 
sediment volumes, obtained by centrifugal packing, 
also indicate approximately this value.

Sven Oden’s Experiments on Sulfur Sols.— 
Sven Oden’s viscosity measurements on sulfur 
sols17 do not support statistical analysis. The first

(17) S. Odin, Z. Vhyaik. Chem., 80, 709 (1912); "Der Kolloide
Schwefel,”  Nova Acta Regxae Soc. Set. Upsaliensis, (4) 3 (1913).

order constants obtained graphically vary from 2.95 
to 4.29, depending on particle size and temperature. 
Od£n used two size fractions, containing particles 
about 10 m/d and 100 rri/i in diameter, and tempera
tures from 5 to 40°. It is found that plots of the 
first order constants against temperature extra
polate to 2.5 at 95°, approximately, for both sizes of 
particles. Except in this indirect way Oden’s re
sults contribute little as a check of the Einstein 
equation.

The temperature extrapolations are of interest in 
connection with shells of bound water, postulated 
by Hatschek18 to explain the deviations noted. 
The implication above is that the shells disappear 
at 95°. It seems plausible, however, that shape 
factors are involved, the particles becoming more 
spherical as they approach the melting point.

Milk Fat, Latex, and Asphalt Emulsions.— 
Data on suspensions of milk fat (cream) variously 
diluted with fat-free milk serum, by Leviton and 
Leighton,19 are plotted in Fig. 3. One of their four 
sets of data has been omitted because the viscosity 

of the serum was made 
much higher than for the 
other three by addition of 
cane sugar. The curve 
drawn through the points 
(Fig. 3) is that determined 
by a theoretical equation20 
derived by the authors. 
This equation takes ac
count of the fact that milk 
fat is liquid,51 by making 
use of Taylor’s correction 
of Einstein’s constant 2.5 for 
sympathetic flow inside 
liquid particles. This cor
rection lowers the theoreti
cal first order constants to 
2.44, 2.45 and 2.39, respec
tively, for the three sets of 
data; the average experi
mental value is 2.44, cor
responding to a linear in
tercept at Cv =  0.41 as 
drawn. Although the di

mensions of the viscosimeters are not given, and 
therefore correction by Vand’s formulas is not at
tempted, the particles are so small these correc
tions would be negligible in any case. This is con
firmed by Leviton and Leighton’s comparison of 
two emulsions containing particles 3 m and 0.7 ju in 
diameter, for which exactly the same viscosities 
were obtained.

These data again confirm the Einstein first order 
constant, as well as Taylor’s correction, but they 
indicate a final intercept well beyond C7 =  0.5236. 
Since milk fat particles are liquid as well as spherical 
they should be sufficiently deformable to roll, one 
over the other, and therefore flow past the concen
tration corresponding to cubical packing is to be

(18) E. Hatschek, KolloidZ., 7, 301 (1910); 11,280 0912).
(19) A. Leviton and A. Leighton, T h is  J o u r n a l , 40, 71 (1936).
(20) Expanded as a polynorainal this equation is <p/<>'.: =  1 — 2.44 W 

+  2 . 9 8 -  2.4if* +  . . . .  where W = C , +  C, 1/ • +  Cv'Va.
(21) Viscosity 14 centipoises.

Fig. 3.— Fluidity-concentration plot for milk fat suspensions in fat-free milk serum. 
Three sets of data are by Leviton and Leighton.20 The solid curve drawn through the 
points is that determined by the theoretical equation developed by these authors. 
Compare the experimental points with those for rubber latex, Fig. 4.
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Fig. 4.— Fluidity-concentration plots for rubber latex (main plot) and asphalt emulsions (inserted box). Latex data are by 
Rhodes and Smith23; asphalt data by Eilers.2* Independent sets of data are indicated by different types of points.

expected. Cream can be concentrated to 72 to 
74% by centrifuging at room temperature, and an 
actual intercept in this neighborhood seems possible.

Fluidity plots for two natural rubber latexes and 
for two asphalt emulsions, derived from data by 
Rhodes and Smith,22 and Eilers,23 respectively, are 
shown in Fig. 4. Both of these sets of data have 
been used in connection with derivations of vis
cosity equations. In Fig. 4 the latex data are 
plotted as given by the authors, since a Hoeppler 
viscosimeter was used and Vand’s corrections there
fore do not apply. The first order constant cal
culated for the latex curve is about 2.8, and the 
final intercept is in the neighborhood Cv =  0.74. 
Both results are reasonable. Latex particles are 
often not spherical, may be pear shaped, and may 
even have tails: therefore, the first order constant 
could well include a shape factor. Latex particles 
also are plastic and deformable. These experiments 
are, therefore, of little value as a check of the 
Einstein equation.

The asphalt data, inserted box of Fig. 4, were first 
corrected by use of Vand’s formulas. The correc
tions are necessarily approximate. Eilers’ particle 
sizes range from less than 1.6 n to 9.7 n in diameter: 
a diameter of 5.6 fi based on the average particle 
volume was used. Eilers gives three capillary- 
diameters and apparently reports average viscosi
ties obtained with the three instruments: therefore, 
average Cv and <f>/<t>o — 1 corrections were appplied. 
Thus corrected a first order constant of 2.3, ap
proximately, is indicated. This is impossible since 
the viscosity of the asphalt used is so high that Tay
lor’s correction for sympathetic flow, as applied by 
Leviton and Leighton, is insignificant. Remember-

(22) E. Rhodes and H. F. Smith, J. Rubber Research Inst. Malaya, 
9, 171 (1939).

(23) H. Eilers, Kolloid. Z „  97, 313 (1941).

ing the errors involved, for the plot shown the tp/ifio 
— 1 values have been again multiplied by such a 
factor as to make a =  2.5; this makes L . ,  — 0.56, 
approximately. No really accurate interpretation 
of these data can be attempted because of the scar
city of points at low concentrations, which makes it 
impossible definitely to establish a first order con
stant.

Discussion
Limiting Equations, Viscosity and Fluidity.—

It appears that for dilute suspensions meeting the 
requirements of Einstein’s original derivation, the 
equation <f>/0o =  1 — 2.5Cv (1) is a closer approxi
mation than 77/770 =  1 +  2.5C'v (II). Within the 
limits of accuracy of available measurements, at low 
and even moderate concentrations, low order terms 
in Cv higher than the first tend to vanish when the 
fluidity function is used. Thus, the limiting fluidity 
equation describing the flow of suspensions of rigid 
spheres appears to be I, as given above. The limit
ing viscosity equation appears to be not II but the 
reciprocal of I, u/uo = 1 +  2.5CV +  6.25CVS +  . . . 
(III). This last compares with Einstein’s original 
complete equation, V 7Jo =  I +  2.5CV +  4.0CV2 +  
. . . (IV).

Complete Equations.—The distinction between 
limiting equations expanded to include hydro- 
dynamic effects not considered by Einstein, and 
equations expanded merely to cover wide concen
tration ranges is not always clear. In some deriva
tions the added effects have been imposed on II, 
not on IV. Such derivations nullify the basic 
hydrodynamics considered by Einstein, and are 
inadequate to the extent II is inadequate.

Empirical equations of the form #/$o =  1 — 
2.5CV +  mCTi> — nCvp+9 (VI), where p is at least 5, 
can be made *o fit experimental fluidity plots over
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the entire range of fluidities from 1 to zero. For 
Vand’s extrapolated and Couette curve (Fig. 1) the 
equation 4>/<h =  1 — 2.5Cv — 11 Cv5 — lLoCV is 
quite satisfactory. Apparently the first two terms 
suffice for flow subject to classical hydrodynamic 
analysis. The third and fourth terms can be inter
preted as due to appearance of effects resulting 
from the near approach of particles. The contribu
tion of the third term becomes significant at Cv —
0.25, approximately, at which concentration the 
least distance between spheres in cubical array is
0.218 times their diameter. The contribution of 
the fourth term becomes significant at Cv =  0.45, 
approximately, at which the separation distance is 
only 0.05 times the particle diameter. These transi
tion concentrations may mark in turn the onset of 
inhibition of rotation and of interlocking.

Equations such as VI, in which the last term is 
negative and increases rapidly in absolute value in a 
certain concentration range, can be adjusted to 
make $ /$ 0 =  0 at and above any specific concentra
tion, e.g., Cv =  0.5236; polynomials in which the 
last term or terms are positive give fictitious posi
tive fluidities at high concentrations; logarithmic 
s dries give fluidities which approach zero asymptot
ically. In neither of the last two cases is the flow 
behavior indicated in accord with the facts.

Correction Factors.—The various corrections 
evaluated and applied directly by Vand for his 
glass beads, and implicitly involved in the extrap
olations of his data described here, are in general 
•numerically unimportant with true colloidal sys
tems, e.g., gamboge, latex, sulfur sols, mushroom 
spores, fat Suspensions, and protein solutions. 
If for visible particles, such as glass beads, the cor
rections are to a certain degree inadequate, this 
certainly may be due in part to the several assump
tions and approximations necessary in their evalua
tion. It also may be due to omission of still other 
types of corrections. Correction of Cv for real or 
presumed shells of bound water, for example, would 
be comparable with the aggregate of the other Cv 
corrections used by Vand.

Applications.—The tangent to 4>/<t>o vs. C, plots 
Cv =  0 usually can be determined graphically with 
considerable accuracy. The slope of this line, the 
reciprocal of its intercept at <V<f>o =  0, is the first 
order constant in the equation <p/<pn =  1 — aCv +
. . . This constant is identical with the intrinsic 
viscosity. Its evaluation by using fluidity rather 
than viscosity data is the more accurate to the ex
tent the fluidity-concentration relationship is the 
more linear.

Since it seems established that for rigid spherical

particles the initial slope intercept should fall at 
Cv =  0.4, as required to make a =  2.5, and since it 
appears that the actual final intercept should be in 
the near neighborhood of Cv =  0.5263, the volume 
fraction of spheres in cubical packing, it follows 
that if for a given set of data a suitable multiplier of 
Cv, the dry volume fraction, will give a plot with 
these intercepts, then the particles must be spheres 
and the multiplier equal to V, the voluminosity.

Voluminosity, a term proposed by Bredee,24 25 is 
commonly defined as the ratio of the effective or 
hydrodynamic volume of a dispersed particle to the 
dry volume of contained colloid. As such it may 
include shape factors as well as corrections of the 
volume for hydration, solvation, and for electrovis- 
cous effects (cf. ref.26). For spheres the shape fac
tor is 2.5/2.5 or 1, making V  in this case a volume 
correction only.

DISCUSSION
R. H. O t t e w il l  (Cambridge University).— I think it is 

important to stress that one has to be careful about applying 
such viscosity-concentration relationships to systems which 
contain charged particles in solutions of low electrolyte con
centration. For example, in some recent work of Professor 
Overbeek and myself on very concentrated sols of silver 
iodide, containing near spherical particles of radius 250A., 
the coefficients of Cv2 and Cv3 were found to vary consider
ably with rate of shear and the electrolyte concentration of 
the suspending medium.

T. F. F o k d .— Reference to the electroviscous effect is made 
in the paper. It is agreed that in many systems large 
apparent changes in V  can be brought about by changes in 
the ionic environment. Such changes are insignificant for 
the systems here discussed.

J. G. B r o d n y a n  (Rohm and Haas Co.)—Is there any 
reason why you ignored Mooney’s equation which was 
derived using a functional method?

T. F. Ford.— Mooney’s equation (J. Coll. Set., 6, 162 
(1951)) is only one of many which were omitted. It could 
be included in Table I between Vand’s and Simha’s equa
tions. The expanded forms are

n /n 0 =  1 +  2.5CV +  (3.125 +  2.5 k)Cv +  • • • and 
0/0o =  1 -  2.5C-, +  (3.125 -  2.5fc)Cv2 +  ■■■

Mooney sets the value of k, for monodisperse systems, only 
roughly between the limits 1.35 and 1.91, the reciprocals 
of the volume fractions of uniform spheres in close packing 
and cubical packing, respectively. The actual value to be 
used is left for experimental determination. To fit Vand’s 
data he makes k =  1.43, and to fit Eiler’s data on (poly- 
disperse) asphalt he makes k =  0.75. In any case it will be 
seen that Mooney’s equation also is more nearly linear in 
the fluidity form. It was omitted in the interest of brevity 
and because it would contribute little to the basic conclusion.

(24) H. L. Bredee and L. A. Van Bergen, Chem. Weekblad, 30, 223 
(1933).

(25) J. T. G. Overbeek and H. G. Bungenberg de Jong, in H. G. 
Kruyt, "Colloid Science,”  Elsevier Publishing Co., Inc., New York, 
N. Y., 1949, Vol. II, p. 209.
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ULTRACENTRIFUGAL DETERMINATION OF THE MICELLAR 
CHARACTER OF NON-IONIC DETERGENT SOLUTIONS1

By C. W. D wiggins, Jr., R. J. Bolen and H. N. D unning

Petroleum Research Center, Bureau of Mines, U. S. Department of the Interior, Bartlesville, Oklahoma
Received March 10, 1960

An analytical ultracentrifuge has been used to determine the micellar molecular weights of micelles in four aqueous non
ionic detergent solutions at 25°. Transient state methods have been used extensively, and capillary synthetic boundary 
cells were used to determine relative optical concentrations. Molecular weights were determined for various times and 
concentrations to ensure accuracy. Three polyoxyethylated phenols formed micelles containing 100 to .300 molecules while 
Pluronic L-64, a high molecular weight condensate of ethylene and propylene oxides, does not exhibit micelle formation.

Introduction
Several properties of aqueous detergent solutions 

cease to vary with concentration or change radically 
at a concentration characteristic of the detergent. 
This anomalous behavior has been attributed to 
the formation of micelles. The concentrations at 
which such changes occur, critical micelle concen
trations, have been studied extensively and are 
usually in the parts-per-million range.2-4

The structures of detergent and soap solutions 
have been investigated by several methods, and 
these studies confirm the formation of micelles. 
Light-scattering methods have been used to deter
mine the micellar molecular weights of deter
gents,6-7 and X-ray diffraction studies have con
tributed much to the understanding of micelle forma
tion.89 The study of vapor pressure lowering of 
detergent solutions10 has also furnished valuable 
data. The theory of micelle formation has been 
studied, and a statistical mechanical theory has 
been described.11

The analytical ultracentrifuge provides a con
venient method for the determination of the 
micellar molecular weights of detergent micelles. 
The problem of micellar molecular weight deter
mination for non-ionic detergents is somewhat 
simpler than for ionic detergents since ionic mate
rials introduce charge effects that must be sup
pressed by buffering or treated theoretically.12

Transient state ultracentrifuge studies have 
many of the advantages of true equilibrium methods 
without the excessive time that equilibrium 
methods require.13 In particular, molecular 
weights may be obtained from transient state 
methods without independent determinations of 
diffusion coefficients. Synthetic boundary methods 
allow the determination of relative optical con-

(1) Presented before the 34th National Colloid Symposium, Bethle
hem, Pa., June 16-17, 1960.

(2) Lun Hsiao, H. N. Dunning and P. B. Lorenz, T h is  Jo u r n a l , 60, 
657 (1956).

(3) N. Sata and K. Tyuzyo, Bull. Chem. Soc., Japan, 26, 177 (1953).
(4) J. Grindley and C. R. Bury, J. Chem. Soc., 679 (1929).
(5) A. M. Mankowich, T h is  J o u r n a l , 58, 1027 (1954).
(6) P. Debye, J. Appl. Phys., 15, 338 (1944).
(7) P. Debye, T h is  J o u r n a l , 51, 18 (1947).
(8) P. A. Winsor, ibid., 56, 391 (1952).
(9) J. W. McBain and S. Ross, J. Am. Chem. Soc., 68, 296 (1946).
(10) H. Huff, J. W. McBain and A. P. Brady, T h is J o u r n a l , 55, 311 

(1951).
(11) C. A. J. Hoeve and G. C. Benson, ibid., 61, 1149 (1957).
(12) T. Svedberg and K. O. Pedersen, "The Ultracentrifuge,”  The 

Clarendon Press, Oxford, Reprinted by Johnson Reprint Corp., New 
York, 1959.

(13) H. K. Schachman, "Ultracentrifugation in Biochemistry,”  
Academic Press, New York, 1959, pp. 181-199.

centrations and avoid extremely precise determina
tions of specific refractive increments.14 15

Theoretical
The Spinco analytical ultracentrifuge, fitted with 

Schlieren optics, presents data as a plot of the rela
tive concentration gradient (dc/dr) verms radial 
distance x in the ultracentrifuge cell. Results of 
low-speed experiments may be used to calculate 
apparent weight average molecular weights of 
sedimentable particles.

The equation required for weight-average 
molecular-weight determination by transient- 
state methods at the meniscus16 17 is

Map RT  (dc/dx)m
( 1  —  P p )o j2 X mCm

(1)
where
Map =  apparent anhydrous wt. av. mol. wt. for a fixed time 

and concn.
R =  gas constant, ergs/mole/degree 
T  =  absolute temperature, °K.
a =  angular velocity of the centrifuge rotor, radians/sec. 
p_ =  density of the soln., g./ml.
V =  partial specific vol. of the solute, ml./g. 
c =  concn. of the solute, g./lOO ml. 
x =  distance from the axis of rotation to some point in 

the soln., cm.
m =  meniscus of the liquid

The concentration at the meniscus, cm, that is 
necessary for solution of equation 1 may be cal
culated from data obtained with the loss-of-plateau 
transient-state method1617 by

= e» + (xb- — xm2)

U i 2 (dc/dx)dx — Xb2 f  (dc/dx )dx l (2) 
X m  J X m  J

where
Co =  initial concentration 
b = base of liquid column

The term co in the above equation may be deter
mined from the specific refractive increment of the 
solute and optical constants for the ultracentrifuge, 
or synthetic boundary methods may be used. The 
concentration cx at any point x in the solution may 
be determined from the equation

Cx =  Cm +  f  (dc/dx)dx (3)
J  Xm

(14) S. M. Klainer and G. Kegeles, T his Jo u r n a l , 59, 952 (1955).
(15) W. J. Archibald, ibid., 51, 1204 (1947).
(16) A. Ginsburg, P. Appel and H. K. Schachman, Arch. Biochem. 

Biophys., 65, 545 (1956).
(17) D. B. Smith, G. C. Wood and P. A. Charlwood, Can. J. Chem., 

34, 364 (1956).
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A synthetic boundary experiment14 may be used 
to determine relative values of the initial concen
tration that are directly proportional to the con
centration on a weight basis. If the synthetic 
boundary cell is the same thickness as the cell for 
the transient-state experiment and if optical con
stants of the centrifuge are not changed for a given 
experiment, relative optical concentrations ob
tained from the following equation may be used to 
determine molecular weights.

i * X b
Co, rel. =  I (dc/dx),dx (4)

J  X m

where
(dc/dx), =  concn. gradient values for a synthetic bound

ary determination
The same solute concentration should be used for 
the synthetic boundary and corresponding transient- 
state experiment.

In practice, initial relative optical concentrations 
are computed from the synthetic boundary experi
ment by application of equation 4. The concen
tration at the meniscus Cm is calculated from equa
tion 2 using data from the transient-state experi
ments. Concentrations throughout the cell are 
then calculated by use of equation 3. Thus a 
plot of l/xc (dc/dx) against x may be made from 
which l/xc (dc/dx)m may be read. This value may 
then be used in equation 1 to calculate molecular 
weights.

Experimental
The four non-ionic detergents that were studied are de

scribed in Table I. All detergents were used as supplied 
by the manufacturers. The detergents were over 99% pure 
surfactant according to the manufacturers. Aqueous solu
tions of them gave a negative silver nitrate test indicating 
that halides were absent. The detergent solutions were pre
pared by weight in freshly redistilled water and stored for 
only a few days since the solutions sometimes molded after a 
few weeks storage.

A Spinco Model E ultracentrifuge, equipped with a rotor 
temperature indicator control (R T IC ) and phase plate 
Schlieren optics, was used.18 It is possible to sense tempera
tures to ±  0.02°, and exercise control to ±  0.1° over a range 
of zero to 40° with the RTIC  unit. The temperature-sens
ing element is a thermistor embedded in the base of the rotor. 
All ultracentrifuge and densitv experiments were performed 
at 25°.

Filled-Epon, 2.5°, double-sector cells of 12-mm. 
thickness were used for transient-state studies to 
allow simultaneous recording of the solvent base 
line and the transient-state Schlieren patterns. 
Filled-Epon, 2.5°, double sector, capillary-type, 
synthetic boundary cells of 12-mm. thickness were 
used for the determination of relative optical con
centrations and sedimentation velocity studies. 
The bottoms of the cells were approximately 7.21 
cm. from the center of rotation when the cells 
were in the rotors.

Eastman Metallographic photographic plates were used 
for photography of the Schlieren patterns. The coordinates 
of Schlieren patterns were read directly from the photo
graphic plates with a two-dimensional comparator. Values of 
the refractive gradient coordinates near the meniscus for 
transient-state patterns were located reproducible to approx
imately 1 to 2%  for a Schlieren angle of 60°. Values of the 
refractive gradient adjacent to the meniscus were obtained 
by extrapolation, since opposing, two-directional divergence 
of sharply defined fringes occurred. Readings taken within

(18) Technical Bulletin No. TB 6003B, Spinco Division Beckman
Instruments, Inc,, Palo Alto, California.

T a b l e  I
C o m po sit io n  o f  N o n - io n ic  D e t e r g e n t s

Detergent Manufacturer

Approx
imate«

mol.
wt.

Av. no.
oxy-

ethylene
groups/
molecule

Igepal CO-710, polvoxy- General Aniline 680 10.3
ethylated nonylphenol and Film Co.

Surfonic N-95, polyoxy- Jefferson Chem 640 9.5
ethylated nonylphenol ical Co.

Triton X-100, polyoxy- Rohm and Haas 635 9.7
ethylated octylphenol Co.

Pluronic L-64, conden Wyandotte 2850 24
sate of ethylene oxide Chemical
and propylene oxide
* Approximate molecular weights are taken from the 

manufacturers literature or the best available source.

approximately 0.15 cm. (plate distance) of the meniscus 
from the bisector of the proximal peripheral fringes of the 
central shadow could lead to an error of 10% in molecular 
weight.19 Approximately 0.10 cm. (plate distance) of the 
image of the bottom of the cell was obscured after careful 
alignment of optics, so a short extrapolation also was re
quired at the cell bottom.

The usual fluids used for bottom liners of the cells such as 
silicone oils and Kel-F pol}fmer oil could not be used due to 
interaction of these substances with the detergents. Since 
there is some chance for slight convection and other possible 
disturbances near the bottom of the cells, the refractive 
gradients at the cell bottoms were not used for transient- 
state molecular-weight calculations.

A planimeter, capable of measuring areas to four signifi
cant figures, was used for integrations required for the syn
thetic boundary experiments. The numerous integrals 
required for the transient-state studies were evaluated by 
numerical integrations.20

Partial specific volumes were obtained from pycnometric 
measurements of solut ion densities for a series of concentra
tions.21 The insulated pycnometer water-bath was main
tained at 25 ±  0.01°. The pycnometers had a volume of 
approximately 5 ml. and were aged for one year. Densities 
were determined in triplicate for a minimum of six detergent 
solutions for each detergent, including those to be ultra- 
centrifuged, in the concentration range of 0 to 3%  detergent, 
and densities were then converted to specific volume. Ex
panded plots of specific volume vs. concentration revealed 
that these plots were linear, within experimental error, to a 
few per cent, detergent concentration. A least squares fit of 
a straight line to the specific volume data resulted in an 
average deviation of ±  0.00003 in specific vohime for a typi
cal case, and the deviations were randomly distributed 
for various concentrations. However the specific volume 
curves significantly depart from linearity in the range of 30%  
detergent concentration as might be expected. Thus the 
slopes of the specific volume vs. concentration curves were 
easily obtained for calculation of partial specific volumes in 
the concentration range of interest. Partial specific volume 
of each detergent did not change, within experimental error, 
up to a few per cent, detergent concentration. Partial 
specific volumes are listed in Table II, and were re
producible to 3 units in the third significant figure. Partial 
specific volumes might be expected to change slightly for dif
ferent batches of the same detergent if the chain-length dis
tributions of the detergent polymers changed.

Results and Conclusions
The results for transient-state molecular-weight 

determination at various times of centrifugation 
and initial concentrations are summarized in

(19) R. Trautman and C. F. Crampton, J. Am. Chem. Soc., 81, 4036 
(1959).

(20) H. K. Schachman, “ Methods in Enzymology,“  Vol. IV, Aca
demic Press, New York, N. Y., p. 51.

(21) G. N. Lewis and M. Randall, “ Thermodynamics,“  McGraw- 
Hill Book Co., New York, N. Y., 1923, p. 38.
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Table II
P r o p e r t ie s  o p  N on- io n ic  D e t e r g e n t  So l u t io n s  a n d  M ic e lle sCi - ; ■ Î ■ '

Detergent
Initial concn., 

wt. %
Time of run 

min.
, Density,

25.00°, g./ml.
Micellar

mol. wt., X 10~4
Molecules ; 

micelle

Igepal 0.500 1200 0.9975 8.42
CO-710 .6973 1615 .9977 8.79

.9901 1474 .9981 8.24

.9901 11179 .9981 8.60
2.0245 980 .9993 8.47

• Av. 8.50 ± 1 .8 % 125
Surfonic 0.4945 1312 0.9976 16.4
N-95 .4945 2071 .9976 16.6

.7297 1443 .9979 17.2

.7297 1915 .9979 16.9
1.0161 1571 .9982 17.4
1.0161 1933 .9982 17.1

* hiUOW : Av. 16.9 ± 1 . 8 % 265
Triton .7049 1506 0.9979 5.96
X-100 .7049 1761 .9979 5.81

1.0073 1020 .9987 6.87
1.0073 1858 .9987 6.59

,■*,  Uuif-L'D: Av. 6.31 ± 6 . 7 % 100
Pluronic 1.0737 148 0.9985 0.277
L-64 1.0737 276 .9985 0.284

1.0737 404 .9985 0.290
1.4957 246 .9987 0.279

Av. 0.282 ± 1 . 6 % 1
Schlieren angle: 60° Camera magnification: 2.146
Temp. 25° Cell thickness: 12.00 mm.

Rotational speeds, r.p.m.

Type of Run Igepal CO-710
Rotational speeds, r.p.m. 
Surfonic N-95 Triton X-100 Pluronic L-64

Transient 9341 9341 9341 47600
Synthetic 9341 9341 9341 47600

Partial specific volume, 25°, ml./g.
0.914 0.910 0.916 0.890

Table II. The various experimental conditions 
resulted in a wide range of relative optical concen
trations at the meniscus. Polydispersity causes 
the calculated molecular weights to increase with 
concentration at the meniscus, while non-ideality 
effects are in the opposite direction.13 Thus mo
lecular weight determination at a variety of periods 
and concentrations should indicate if such effects 
are significantly influencing the calculated molec
ular weights. It appears that this is not the case 
for Igepal CO-710, Surfonic N-95, and Pluronic 
L-64 within the expected experimental error. It 
would be desirable to have data for lower concen
trations, but error in reading the concentration 
gradient curves for concentrations lower than those 
used could introduce much error.

Thus the average values of weight-average mo
lecular weights appear to be reasonable values for 
the true molecular weights of the detergents at the 
low concentrations involved. This in no way 
means that such non-ideality effects may not become 
important for high concentrations, since experimen
tal conditions were selected so that such effects were 
suppressed. Concentrations were thus kept as low

as practicable to minimize activity effects, and 
molecular weights were calculated for times of cen
trifugation as short as practicable consistent with 
good precision, to reduce any polydispersity effects. 
It has been shown that polydispersity effects often 
do not become apparent until after a reasonably 
long period of centrifugation in comparison to the 
attainment of equilibrium,16 even with consider
able polydispersity present.

The experimental deviation of the average of 
molecular weights calculated for Triton X-100 is 
somewhat higher than for the other detergents. 
This could mean that there is some dependence of 
the micellar molecular weight of this detergent on 
concentration in the concentration range studied. 
Such a deviation could also result from non-ideality 
effects or the presence of some unknown contami
nant. Hence it is difficult to isolate the contribu
tions of the many possible effects that cause the 
greater deviation for this detergent.

Pluronic L-64 is a quite interesting exception 
since the calculated micellar molecular weight shows 
good agreement with the estimated molecular 
weight of this detergent. This indicates that little
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or no micelle formation takes place. Such behavior 
is not unexpected since light scattering experiments5 
have shown that a homologous detergent does not 
form micelles. Therefore light scattering,5 and 
ultracentrifuge data give the same qualitative re
sults. These studies indicate that the number of 
molecules per micelle is highly dependent on the 
composition of the detergent.

Although Igepal CO-710 and Surfonic N-95 are 
similar detergents, the numbers of molecules per 
micelle are considerably different for the two deter
gent solutions. This is not unexpected, since the 
two detergents have been shown to differ markedly 
in other respects such as adsorption properties.22

DISCUSSION
M. E. G in n  (Monsanto Chemical Co.).— Is micellar 

molecular weight independent of total concentration as a 
general rule, as the data suggest?

C. W. D w ig g in s , J r .— As a general rule, it would not be 
expected that micellar molecular weights would be inde
pendent of the total concentrations. However, for the low 
concentrations and experimental conditions involved, the 
dependence appears to be low for the non-ionic detergents 
studied. It probably would become quite noticeable as 
the concentrations necessary for gel formation are ap
proached or at near the critical micelle concentration.

H. B. E le v e n s  (Elevens Associates).—Helix formation
(22) H. N. Dunning, Chem. Eng. Data Series, 2, No 1, 88 (1957).

seems to play a role in ethylene oxide and propylene oxide 
polymers. With this in mind, it would be easier to accept 
a value of 2-3 molecules per micelle rather than that of one.

C. W. D w ig g in s , Jr .— The Pluronic L-64, detergent was 
found to contain approximately 1 molecule per micelle, 
assuming that the molecular weight reported for this de
tergent is correct. Light scattering experiments of A. M. 
Mankowich gave an aggregation number of only slightly 
greater than 1 for a similar detergent.

D o n ald  G. D o b a y  (B. F. Goodrich Company).— Could 
you comment further on the great difference in number of 
molecules per micelle between surfactants of approximately 
the same chemical structure and composition?

C. W. D w ig g in s , J r .— At the present state of knowledge 
it would be quite difficult to explain this difference since 
there are many possible explanations. Rather weak 
forces are involved in micelle formation. Variation in 
chain length distribution could be partially responsible, 
or possibly slight contamination of the detergent by some 
unknown material. As detergents of higher purity and 
narrower chain length distribution become available, these 
questions perhaps can be resolved.

I r w in  H. B il l ic k  (E sso Research and Engineering).— 
Did you make any measurements of the critical micelle 
concentration?

C. W. D w ig g in s , Jr.'—Not in this work. Surface tension 
studies by Lun Hsiao, H. N. Dunning and P. B. Lorenz 
( / .  Phys. Chem., 60, 657 (1956)) indicate that the detergents 
studied, with the exception of Pluronic L-64, have critical 
micelle concentrations of the order of 10~4M . No break 
in the surface tension vs. concentration curve was observed 
for Pluronic L-64.

BLACK SOAP FILMS1
By J. T h . G. Overbeek2

Department of Chemistry, University of Southern California, Los A ngeles 7, California
Received July 18, 1960

During the aging of colored soap films, black spots are formed which are ultrathin parts of the film. They are usually 
separated from the colored part of the film by a sharp transition and grow spontaneously. The principal forces that govern 
their thickness are the electrostatic repulsion between the soap ions on the two faces of the film and van der Waals attrac
tion amongst all the molecules of the film. It is essential to take into account the fact that the electrostatic repulsion acts 
only across the water layer of the film, whereas the water layer and the soap molecules both contribute to the van der Waals 
forces. The equilibrium thickness of the black films presumably is determined by these forces and by the border suction 
(surface tension divided by the radius of curvature of the border surface). The rate of formation of black films depends 
on these forces and on the viscous resistance in the film. An extension of Frankel’s theory on the rate of film formation 
is presented, which takes the influence of electrostatic and van der Waals forces into account. In films formed from solu
tions of non-ionic detergents both electrostatic repulsion and steric repulsion play a role. Black films do not break spon
taneously but breaking may be caused by a number of effects, such as evaporation, dewetting of impurities, local heating, 
etc.

Introduction
Foams, soap bubbles and soap films are attrac

tive subjects for research, not only from a scientific 
and technical, but also from an esthetic point of 
view. It is a pleasure to observe the interesting 
structures of foams and the beautiful interference 
colors in not all but most soap lamellae. Freshly 
formed lamellae may be too thick to show colors, 
but they all drain under the influence of gravity and 
when they reach a thickness between a few microns 
and 0.1 micron the interference colors appear. 
Given time and enough stability, the films will 
drain further and become so thin that reflection 
from the front side and the backside are very nearly

(1) Invited lecture of the Foreign Guest of Honor, 34th National 
Colloid Symposium, Lehigh University, June 16, 1960.

(2) Van’t Hoff Laboratory, State University of Utrecht, Utrecht, 
The Netherlands.

in counterphase and the film looks black. These 
black regions are often sharply separated from the 
colored part of the film or bubble. They seem to 
be holes, and as early as 1672 Hooke3 reported 
“ On holes in soap bubbles.”  Newton4 also studied 
these “ holes”  and observed that black films of 
different thickness could exist next to each other. 
Gibbs5 was quite explicit about black films. 
He described the sudden thinning from colored 
to black “ very much as if there were an attrac-

(3) Ft. Hooke, Communication to the Royal Society, March 28. 
1672; see T. Birch, History of the Royal Society, A. Millard, London, 
1757, Vol. I ll, p. 29.

(4) I. Newton, “ Opticks,”  Book II, Part I. exp. 17, Dover Publ., 
New York, N. Y., 1952, based upon the 4th edition, W. Innys, London, 
1730.

(5) J. W. Gibbs, “ On the Equilibrium of Heterogeneous Substances, 
see “ Collected Works,”  Yale University Press, New Haven, 1948, 
p. 311 ff.
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tion between the surfaces of the film, insensible 
at greater distances, but becoming sensible when 
the thickness of the film is sufficiently reduced.” 
He observed a thicker rim between the black 
and the colored film and concluded that the black 
part is not simply formed by extension of the 
film, but by a spontaneous disproportionation 
of the thicker colored film into black film plus a 
thick rim around it. Finally he remarked, “ That 
which is most difficult to account for in the forma
tion of the black spots is the arrest of the process 
by which the film grows thinner. It seems most 
natural to account for this, if possible, by passive 
resistance to motion, due to a very viscous or 
gelatinous condition of the film.”

We shall see how these very pertinent remarks 
by Gibbs remain significant for modem soap film 
research.

The first question to be answered is, Why should 
we be so much interested in soap films and particu
larly in the black ones which are certainly not the 
most beautiful? The main reason is that foams, 
and in particular isolated soap films, are very 
simple “ colloidal”  systems. The thinning seems 
to indicate that they are on their way to breaking, 
but in the formation of the black film the breaking 
is prevented or at least greatly retarded. In 
soap films we have a simple model for the behavior 
of very thin liquid layers between solid particles 
or emulsion droplets, and we may obtain a better 
understanding of coagulation of suspensions and of 
breaking of emulsions by studying soap films. More
over, there is the practical interest in foams. Some 
people, such as the manufacturers of shaving cream, 
or beer, or the users of froth flotation, want to 
stabilize them. Others, such as distillers, or oil 
producers, look eagerly for ways to destroy foams.

Formation of Black Films.—A black film can be 
formed in two different ways. It may form spon
taneously somewhere in the middle of a colored, 
usually rather thin, film and grow in area at the 
expense of the colored film. It may be formed also 
at the border (called Plateau border, or Gibbs 
border) which surrounds a soap film, where it is 
attached to a frame, to other films (in a foam) or to 
the horizontal surface of a liquid. Due to the 
curvature of the surface such a border is always a 
seat of suction (lower pressure) with respect to 
adjacent flat film. Mysels, Shinoda and Frankel6 
pointed out that this suction acts more strongly on 
a thick film than on a thin film, and consequently 
there is a tendency for thicker film to be sucked in 
and thinner film to be generated at these borders 
(see Fig. 1). When the film surface is mobile, 
this is the main process by which a soap film be
comes thinner. This idea can be extended to the 
welt between black and colored film. The welt can 
be considered as a kind of border, sucking in the 
colored film and generating more of the black one, 
the excess liquid accumulating in the welt and 
usually breaking away from it in two-dimensional 
droplets, which flow to the lower parts of the 
film.7

(6) K. J. Mysels, K. Shinoda and S. Frankel, “ Soap Films, Studies 
of Their Thinning and a Bibliography,”  Pergamon Press, New York, 
N. Y., 1959, p. 20 ff.

(7) Ref. 4, plates III and VI» between pp. 62 and 63.

Fig. 1.—Border suction (Ap )  acts more strongly on thicker 
parts of the film, sucks in thick film and generates thinner 
film.

When the black film is subjected to mild evapo
ration a second, thinner, black film is formed,8 
but we will limit our discussion nearly exclusively 
to the first.

Thickness of the Black Film.—The black film is 
too thin to show interference colors, but it does 
reflect some light. Light reflected from the front 
and the back surface has a phase difference slightly 
exceeding 180°, and thus it is not completely 
extinguished.

The ratio of reflected and incident light intensities 
(light beams perpendicular to film) is given by 

I/Io =  4r2 sin2 (2imd/\)

where r2 =  (n — l ) 2/(n  +  l ) 2 is the reflection co
efficient of one surface, n is the (average) refractive 
index of the film, d its thickness and X the wave 
length in vacuum of the light used. From a 
measurement of the intensity of the reflected light, 
the thickness of the film can be determined. It 
varies between slightly less than 100 A. and about 
500-700 A. The second black film (the one caused 
by evaporation) is about 50 A. thick.

Theoretical Discussion.— We must explain: (a) 
the great stability of these ultrathin structures, 
either colored or black; (b) the spontaneous forma
tion of black films, and the fact that they do not 
thin indefinitely; (c) the multiplicity; (d) the 
mechanism(s) by which they ultimately break.

The explanation of the fact that soap films can 
stand a great deal of deformation without rupture 
has been given by Gibbs.9 Adsorption of the 
soap molecules at the water-air interface is ac
companied by a lowering of the surface tension. 
Loeal extension of the film entails a decrease in the 
amount of soap adsorbed per unit area and thus 
leads to an increase in the surface tension, which 
tends to contract the extended part of the film, 
thus preventing it from becoming dangerously thin. 
Variants of Gibbs’ theory have been presented by 
Marangoni,1* and much more recently by Ewers 
and Sutherland.11 The first actual measurement of 
film elasticity has been made very recently by 
Mysels, Cox. and Skewis.12

As this cause for stability is not a particular 
property of the black films, we shall not discuss 
it further.

An attraction between the surfaces of the film 
as postulated by Gibbs might explain the sudden

(8) Ref. 6. p. 70 £f.
(9) Ref. 5, p. BOO ff.
(10) C. Marangoni, Fusi. Agosto, Piave, 1865; cf. Ann. phys., (5) 

143, 337 (1871); Nuovo Cimento, (3) 3, 50, 97, 192 (1879).
(11) W. E. Ewers and K. L. Sutherland, Australian J. Sci. Res., 

AS, 697 (1952).
(12) K. J. Mysels, M. C. Cox and J. Skewis, private communica

tion; see also Abstracts of Papers presented at A. C. S. Meeting, 
Sept., 1959.
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Fig. 2.—-Upper part: two thick films far apart; lower 
part: films rearranged into a thin one and a very thick one. 
The interaction between the diagonally-marked parts A and 
B is only present in the lower picture and explains the de
crease in potential energy in the rearrangement.

Fig. 3.— Apparatus for studying black films: the pressure 
p regulates the difference in pressure between the border and 
the film. The reflection of light projected through the upper 
window (inclined to avoid undesirable reflections) on the 
soap film is used to determine its thickness. Apparatus was 
constructed by Boekelman and Duyvis, and is very similar 
to that used by Derjaguin and Titijevskaja.

onset of the formation of the black film and the 
abrupt transition between the black and the 
colored film. De Vries13 has proposed that such 
an attraction may be due to London-van der Waals 
forces. Indeed, it is well known how the existence 
of surface tension is explained by the fact that 
molecules near the surface are attracted toward 
the interior of the liquid by intermolecular at
traction forces. In a very thin film the proximity 
of the two surfaces makes this inward attraction 
somewhat weaker or, in other words, lowers the 
free energy of the film and acts as a factor favoring 
further thinning of the film. De Vries pointed out 
that this effect is exactly equivalent to the force 
between two semi-infinite layers of solution sepa
rated by an air gap of the same thickness as the film, 
and can be treated quantitatively on this basis.

There are different ways in which this effect 
can be treated. One of them is illustrated in Fig.
2. If a film becomes thinner and the total inter
face of the system is not changed, the material 
lost by the film must be added somewhere else in 
the system, either in the bulk of the liquid or, 
energetically equivalent, to increase the thickness 
of an already thick film. The upper part of Fig. 2 
depicts two thick films, each divided by an imagi
nary plane into a thin and a thick layer. The 
potential energy of each of the thick films is built

(13) A. J. de Vries, Rec. trav. chim., 77, 383 (1958).

up from the interactions between all individual 
pairs of molecules. After the rearrangement 
shown in the lower part of the figure, the potential 
energy of the total system is changed by the inter
action between the : two diagonally hatched 
parts of the thick film and this makes the lower 
situation more stable than the upper one. The 
actual difference A V  between the energy of the two 
situations (per cm.2 of thin film formed) is given 
by14,15

AV =  A/12*H*

where A is the Hamaker-van der Waals constant, 
and H  is the thickness of the thin film. Con
sequently the van der Waals attraction is equiva
lent to a pressure on the film equal to

P  =  A/6tH 3

It has been shown both experimentally and 
theoretically that the above equations require 
modification when H  is of the same order or larger 
than the wave length connected with the London- 
van der Waals forces. In that case, retardation 
of these forces plays a role. However, the thickness 
of the black films is usually such that the van der 
Waals forces are not affected by retardation, and 
one of the important aspects of black film research 
is that it may furnish a tool for the determination 
of non-retarded van der Waals forces.

Van der Waals forces ultimately would lead to 
bursting of the film unless some opposing force 
stops the process. This opposing force has been 
recognized by different authors—Bikerman,16 Der
jaguin,17 and others—as being due to the electro
static repulsion between the layers of adsorbed 
soap ions. If this is correct, the thickness of the 
black film ought to depend on the thickness of the 
electric double layer and consequently on the 
salt content of the soap solution. Derjaguin 
and Titijevskaja18 have devised an ingenious ex
periment, in which they measure the thickness of 
black films under different levels of border suction. 
A sketch of the essential parts of the apparatus is 
shown in Fig. 3. They find a good agreement 
between calculated and measured film thickness, 
considered as an equilibrium between border suc
tion and electrostatic repulsion, calculated on the 
basis of Gouy-Chapman double layers (see Fig. 4). 
Van der Waals forces were not taken into account. 
They would not influence the results perceptibly 
for thick films, obtained at low ionic strength, 
but one would expect them to make the thin films 
still thinner. However, the thin films obtained 
by Derjaguin at high ionic strength are actually 
even thicker than the calculated value based on 
repulsion and border suction. Derjaguin ascribes 
this to a special structure of the solvent, rather in 
line with Gibbs’ suggestion of a “ gelatinous be
havior.”

The exact nature of this gelatinous layer is not
(14) J. H. De Boer, Trans. Faraday Soc., 32, 21 (1936).
(15) H. C. Hamaker, Physica, 4, 1058 (1937).
(16) B. V. Bikerman, “ Foams, Theory and Industrial Applications," 

Reinhold Publ. Corp., New York, N. Y., 1953, p. 154.
(17) B. V. Derjaguin, Disc. Faraday Soc., 18, 24 (1954).
(18) B. V. Derjaguin and A. S. Titijevskaja, “ Gas-Liquid and 

Liquid-Liquid Interfaces," Proc. 2nd Int. Congr. Surf. Activity, Vol. I, 
Butterworth, London, 1957, p. 211; see also ref. 17.
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clear. There appears to be a contradiction with 
information derived from electrokinetic phenomena, 
which, if anything, suggest only a very thin layer 
of increased viscosity near a phase boundary. 
Mysels19 has suggested that the presence of micelles 
in the film might prevent further collapse. In the 
author’s opinion this question is still unsettled. 
More experiments, also below3 !lhe c.m.c., are 
desirable.

It is, of course, tempting to do similar experi
ments with soap films between oil layers. They 
have indeed been done by van den Tempel,20 
although without regulation of the border suction. 
He found the predicted dependence of the thick
ness on the ionic strength, but just as in Derjaguin’s 
case, the films at high salt content are thicker than 
calculated. '

If the situation in black soap films can be de
scribed as an equilibrium between van der Waals 
attraction, electrostatic repulsion and some border 
suction, then this forms an ideal case for the appli
cation of the theory of the stability of lyophobic 
colloids as developed by Derjaguin and Landau21 
and by Verwey and Overbeek,22 because this theory 
is based on the same forces. As the van der Waals 
attraction changes in inverse proportion with some 
power of the thickness and the electrostatic re
pulsion varies exponentially with the thickness of 
the film, a plot of the potential energy of the film 
against its thickness shows a sharp dip for very 
small thickness. At intermediate thickness there 
may be a maximum, which can act as an energy 
barrier, and there is a shallow minimum at larger 
thickness (see Fig. 5). The stable black film is 
supposed to correspond to this shallow minimum.

Experimental information obtained at my labora
tory in Utrecht by Duyvis and at the University 
of Southern California by Skewis is in qualitative 
agreement with this picture. ; Recent results ob
tained by the Bulgarian authors Scheludko and 
Exerowa23 even allow the calculation of the 
Hamaker-van der Waals constant from such 
experiments. It is found to be equal within a 
factor 2 or 3 to A =  5 X 10~13 ergs, in good agree
ment with theoretical predictions.

However, since a hydrophobic colloid usually 
flocculates at a salt content of about 0.1 molar 
monovalent electrolyte, one would expect soap 
films to break at or below that limit. But good 
soap films do not break, even at 1 molar. This 
probably should be explained by the fact that elec
trostatic repulsion acts between the ionic heads 
of the soap molecules, but van der Waals attrac
tion includes the hydrocarbon tails as well. This 
is equivalent to a shift between the origins of the 
attraction and repulsion curves over maybe 10 or 
20 A. In that case the repulsion acts against 
a less steep part of the attraction as is illustrated 
in Fig. 6. Calculation shows that a shift of only 
a few A. is enough to prevent breaking by even the

(19) K. J. Mysels, private communication.
(20) M. van den Tempel, J. Colloid Sci., 13, 125 (1958).
(21) B. V. Derjaguin and L. Landau, Acta physicochim. U.R.S.S., 

14, 633 (1941).
(22) E. J. W. Verwey and J. Th. G. Overbeek, “ Theory of the 

Stability of Lyophobic Colloids,”  Elsevier, Amsterdam, 1948.
(23) A. Scheludko and D. Exerowa, Kolloid. Z., 168, 24 (1960).

p in d.yne/em.2
Fig. 4.— Thickness H  of sodium oleate films (in A.) as a 

function of the border suction (in dynes/cm.2) and sodium 
chloride content, from Derjaguin and Titijevskaja.11'18 All 
solutions contain 10-2 M  sodium oleate. The molarity of 
sodium chloride was varied from-0.001-0.1 M, and is indi
cated in the figure.

Fig. 5.— General form of potential energy V vs. thickness 
H  and pressure p vs. H  for a combination of electrostatic re
pulsion with van der Waals compression. In equilibrium 
with a border suction, Ap, the black film would correspond 
to point B.

highest possible concentration of monovalent elec
trolyte. This would not be the case for bivalent 
ions, but lack of solubility of soaps of bivalent 
metals makes this a difficult point to check.

Another point is connected with the formation 
of the black film. As this takes place spontaneously 
and at a finite rate, and requires work against vis
cous resistance, it is by no means certain that the 
black film, as usually found, is a true equilibrium 
structure. Frankel24 has worked out a theoretical 
treatment of the relation between the thickness of 
a soap film and the rate at which it is drawn out of 
a border, considering the whole process as a steady 
state.

This theory is based on the idea that when the 
film is drawn it passes from a region of low pres
sure (the border) to a region of high pressure (the- 
flat film). The pressure gradient squeezes out- 
some of the solution in viscous laminar flow. The 
slower the film is drawn, the more efficient this 
squeezing process and the thinner the film becomes. 
The predicted proportionality between film thick
ness and the 2/ 3 pownr of the rate of drawing was 
confirmed for film thicknesses between 0.1 and 6p. 
The constant of proportionality agreed with 
prediction.12'24

(24) Ref. 0, Chapter V, p. 47 £f.
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Fig. 6.—Demonstration of stabilizing influence of a small shift in origin between repulsion curve and attraction curve; 
(6a) repulsion and attraction have the same origin; (6b) repulsion curve ¡b shifted a distance 25 (twice the tnickness of the 
hydrocarbon part of the soap layer) to the right.

For very thin films van der Waals forces and 
electrostatic repulsion also contribute to the 
pressure gradient. This can be expressed quanti
tatively in an equation for drawing of a film of 
thickness T +  26, at a rate v

v T
9 , 2y ] A  d 3y  2y 3
Z J  +  2,7, dx3 +  3i?

A
16tt(2/ +  5)4

We'J’V < p V e  2iiv i dy  
7re2 \ dx

where <p =  (exp(ze\f//2KT) — l)/(ex p (ze\p/2KT) 
+  1) and 2y +  26 is the film thickness in the transi
tion region between the border and the flat film, 
5 is the thickness of the hydrocarbon part of one 
soap layer, x is the coordinate perpendicular to the 
border in the direction of drawing, y is the surface 
tension, r, the viscosity of the solution, A the van 
der Waals-Hamaker constant, e the dielectric con
stant in the double layer, K  and T the Boltzmann 
constant and the temperature, e the elementary 
charge, z the valence of the counter ions, ip the 
electric potential at the ionic heads of the soap 
molecules and k the reciprocal of the Debye length.

This equation has been solved using the digital 
computer facilities at the Western Data Processing 
Center at the University of California at Los 
Angeles. Due to the large choice of parameters 
the data are not yet complete. Preliminary results 
indicate an easily detectable influence of van der

Waals forces and electrostatic repulsion at low 
rates of drawing and high salt content. They also 
indicate that the excess tension required to pro
duce black films may be extremely small and in 
certain cases even negative, pointing to the pos
sibility of spontaneous growth of these films. 
Moreover, there are regions where the film thickness 
changes very rapidly with little change in rate or 
excess tension in agreement with the abrupt transi
tion between black and colored film. It seems also 
as if the black film formed is not very far from equi
librium, but this conclusion is very definitely a 
preliminary one. Application of this line of 
thought to the welt is planned, but will be more 
difficult, because the welt grows, and thus there is 
no stationary state. The welt, although quali
tatively similar to a double border, is too thin to 
admit direct quantitative application of the sta
tionary state treatment. This would require that 
somewhere in the middle of the welt flow is practi
cally loss free, as is the case in a real border far 
from the film. However, viscous losses cannot 
be neglected in any part of the welt.

Before finishing this lecture I wish to mention 
two subjects briefly. The first is that of foams 
stabilized by non-ionic detergents. My co-worker 
Duyvis at Utrecht made a number of measure
ments on films stabilized by polyethylene oxide 
soaps. He found two “ equilibrium thicknesses,”
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one at about 700 A. probably connected with a 
weak but long range electrostatic repulsion (low 
ionic strength) and a second one at about 80 A. 
where we assume that the repulsion mechanism is 
the mechanical interference between the poly
ethylene oxide chains from both sides of the film.

The second topic is concerned with how and why 
a film breaks. According to our discussion so far, 
it should not break at all. Electrostatic repulsion 
keeps the film above a minimum thickness and it 
can be shown conclusively that the activation 
energy for the formation of a hole in such a film 
is extremely large, so that the process does not 
occur spontaneously.26

In practice, however, small amounts of impurity 
may accumulate on the frame to which the film is 
attached and break the film by dewetting. Evapo
ration, driving the film thickness below the thick
ness of the maximum in the potential energy curve, 
is another common mechanism leading to breaking. 
It may also lead to the thinner second black film 
if this structure, consisting presumably of only two 
layers of soap with some water of hydration, is 
stable. In principle a very tall film or one in 
a very strong gravitational or centrifugal field 
could break under its own weight, either because 
the excess surface tension required to carry the 
weight becomes too large, or because gravity pushes 
the film over the energy barrier. Figure 7 shows 
a combination of van der Waals, electrostatic and 
gravitational energy which would just lead to 
film breakage because the Y -H  line has at best a 
horizontal slope. The gravitational energy is 
equal to pghH, where p is the density of the solution, 
H the film thickness, g the gravitational accelera
tion and h the height above the surface of the bulk 
liquid.

Any gradient in the surface tension, caused,
e.g., by local heating, local evaporation or local 
contamination, will lead to an extension of the part 
of the film with the lower surface tension and lead 
to rupture.

The study of rupture of the films has as yet not 
made much progress, but it is obviously important, 
also for exploiting the parallels between soap 
films and problems in emulsion and suspension 
stability.

The subject I have chosen for this lecture is one 
on which research is by no means finished, but I 
believe that it is a rich source of information, 
interesting per se, and allowing conclusions which

(25) A. J. de Vries, Rec. trav. chim., 77, 383, 441 (1958).

are of value to many other fields of colloid science.
To conclude the lecture a movie was shown of a 

horizontal soap film in which a colored central 
part was surrounded by a black rim. The movie 
as shown was accelerated about 60-fold as compared 
to reality. In the picture the growth of the welt 
could be seen very clearly, also that the welt de
tached dropwise and that the “ drops”  floated down
ward to the lower and thicker parts of the film. 
Furthermore it showed some of the complications 
met with, such as the effect of evaporation.
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Previous work has shown that the free surface adsorption of nitrogen, corrected for any capillary condensation, is de
scribed by the equation (F /F m)2-76 =  1.305/(log pa/p). Investigation of other adsorbates shows that by suitable modifica
tion of the constants the equation is of general applicability for adsorption beyond the first layer. A single isotherm for a 
given adsorbate makes possible accurate prediction of the free surface isotherm of this adsorbate on any sample. Com
parison of the computed free surface isotherm with the experimental one is used to detect capillary condensation.

Frenkel,1 Halsey2 and Hill3 have independently 
suggested that at high relative pressures, where 
an adsorbed film is several molecular layers in 
thickness and its properties approach those of hulk 
liquid, the isotherm may be described by the 
equation

- i n  p/po =  (1)

where s is an exponent based upon the decay of 
surface forces with distance. Discussions of this 
general equation and applications to specific iso
therms have been given by Bowers4 and by Meyer.6

Most of the published type II isotherms extend
ing to high relative pressures are for powder 
samples. If the Frenkel equation is applied to 
these isotherms widely variant results are obtained. 
The reason is that the isotherm of a powder sample 
is the sum of two effects, (1) adsorption in the multi
layer film on “ free surface”  and (2) capillary con
densation at contact points between particles. 
The relative magnitude of the two effects varies 
from sample to sample because the amount of 
capillary condensation depends upon the size and 
shape of the granules and upon the closeness of 
packing or the average number of contacts per 
particle.

In a previous study of nitrogen isotherms6 it was 
found that the extent of interparticle condensation 
could be evaluated by comparing the experimental 
data with a free surface isotherm that gave the mul
tilayer adsorption not due to capillary condensa
tion. It was also observed that the ideal nitrogen 
isotherm was independent of the solid substrate. 
At all relative pressures above 0.2p0 the number of 
statistical layers was strictly a function of the rela
tive pressure.

The ideal nitrogen isotherm fits a modification of 
the multilayer equation, in the form

(F/Fm)2-75 k _ 1.305
log po/p log p„/p (2)

This is in agreement with Halsey,2 who used data for 
a single sample, anatase, finding the exponent to 
have a value of 2.67.

(1) J. Frenkel, “ Kinetic Theory of Liquids,”  Oxford University 
Press, 1946.

(2) G. D. Halsey, J. Chem. Phys., 16, 931 (1948).
(3) T. L. Hill, “ Advances in Catalysis,”  Vol. LV, Academic Press, 

New York, N. Y., 1952; J. Chem. Phys., 14, 263, 441 (1946); 15, 767 
(1947); 17, 580, 668 (1949).

(4) R. Bowers, Phil. Mag., [7] 44, 467 (1953).
(5) L. Meyer, Z. physik. Chem., 16, 331 (1958).
(6) C. Pierce, T h is  J o u r n a l , 63, 1076 (1959).

The observation that nitrogen adsorption in the 
multilayer region is independent of the substrate 
makes it of interest to investigate the applicability 
of the Frenkel (or Frenkel-Halsey-Hill) equation 
to other adsorbates and to see how the constants 
vary with different molecules and different sur
faces. To better control effects of capillary con
densation selected samples, previously studied by 
nitrogen, were used. Ethyl chloride was chosen as 
adsorbate, as an example of a molecule whose struc
ture is quite unlike that of nitrogen.

Experimental
Throe samples were used: Sterling M T (3100), a graphi- 

tized carbon black from Cabot.7 The nitrogen isotherm, 
reported by Holmes and Beebe,8 9 is reproduced in Fig. 1. 
As previously noted6 there is no detectable interparticle 
condensation below 0.95p0. Silica, a fluffy Si02 powder, was 
previously studied by Young.8 The nitrogen isotherm 
shows no appreciable interparticle condensation below 
0.95po. Graphon, Lot 1925, a graphitized carbon black from 
Cabot.7 Previous work has shown that at high relative 
pressure there is extensive condensation between the particles 
which make up an aggregate.

All samples were evacuated at 300°, to remove pread
sorbed vapors. The physical appearance of the silica 
sample indicated that possibly some water, taken up while 
sealing it into the adsorption bulb, was not removed 
by this treatment. The sample showed a tendency to 
agglomerate, not noted in the original material.

Isotherms were determined gravimetrically at 0° by 
removing and weighing the bulb after each addition o f. 
vapor. After each weighing the adsorbed vapor was 
pumped off before a new addition was made. This was 
to avoid any possible adsorption-desorption effects attend
ant upon the alternate warming and cooling of the bulb as 
it was removed from the bath for weighing.

The isotherm of graphite M T is shown in Fig. 1, with its; 
nitrogen isotherm for comparison. Isotherms of silica 
and Graphon are given in Fig. 2. All measurements were 
carried to 0.95po or higher.

The applicability of eq. 1 was tested by plotting the 
amount adsorbed vs. log po/p, on a log-log scale as was done 
by Halsey.8 Log-log plots of the three isotherms are- 
shown in Fig. 3. To facilitate plotting, the amount ad
sorbed was for all samples reduced to an arbitrary power of 
10 so that the initial adsorption falls in the first decade of 
the plot. This brings all plots to the same decade without 
altering the slope. A study of the isotherms and these 
plots yields the conclusions:

1. The slopes of the log-log plots are the same for the 
silica and carbon samples. That is, the multilayer ad
sorption is, like that of nitrogen, independent of the sub
strate surface.

2. The slope of the log-log plot for ethyl chloride is 
different from that for nitrogen. The isotherm for carbon

(7) Provided through courtesy of W. R. Smith and W. B. Spencer, 
Godfrey L. Cabot, Inc., Cambridge, Mass.

(S) J. M. Holmes and It. A. Beebe, T h is  J o u r n a l , 61, 1684 (1957).
(9) G. J. Young, J. Colloid Sci., 13, 67 (1958).
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M T was used to compute the number of statistical layers, 
n, as a function of relative pressure. A Vm value of 2.52 
m g./g . was chosen by the location of the inflection point, 
since the shape of the isotherm precludes use of a BET 
plot. The n values therefore are not absolute but probably 
good to ± 1 0 % . This uncertainty does not affect the rela
tive values, only the absolute. A plot of the n values vs. 
log Po/p is shown in the lower portion of Fig. 3. It is, 
of course, parallel to the plots taken directly from the 
isotherm.

3. The plot of n values for ethyl chloride fits the equation 

( v / r . y . -  -  -  (3)

The values of n for various relative pressures are given in 
Table I, which has for comparison the previously determined 
nitrogen values.

T a b l e  I
N u m b e r  o f St a t is t ic a l  L a y e r s  A d so rb ed  

S u r fa c e

ON A

v/pa N, C.H.C1 CFsCI,
0.30 1.39 1.27 1.17

.40 1.54 1.43 1.36

.50 1.70 1.63 1.60

.60 1.90 1.89 1.95

.70 2.17 2.22 2.35

.80 2.58 2.75 3.05

.90 3.35 3.85 4.70

.95 4.40 5.40

4. The log-log plot for the Graphon isotherm is linear 
only up to O.7p0- At higher pressures there is more ad
sorption than predicted by the straight line, which gives 
only the contribution of multilayer adsorption on a free 
surface. Above 0.7p0 experimental points fall above the 
straight line and the divergence increases with rising pres
sure. This divergence is due to the contribution of capil
lary condensation at contact points between the particles. 
The existence of such condensation, not shown by the 
isotherm itself, is conclusively demonstrated by the di
vergence of the data from the straight line.

Carman and Raal,10 Kiselev11 and others have experi
mentally compared isotherms for loose powders and porous 
materials having the same surface as the powder, to detect 
the effect of pores upon the isotherm. When there are no 
small pores that fill at low relative pressure the powder data 
are not needed. The isotherm is determined for the porous 
sample and the data plotted as in Fig. 3. The linear por
tion, extrapolated as needed, gives the isotherm that would 
be obtained from the powder.

5. When the n values for a vapor have been determined 
from the isotherm of a sample whose adsorption gives a 
sufficiently long straight line interval in the log-log plot, 
these values can then be used to determine Vm from the 
isotherms of other samples. A log-log plot of isotherm 
data is made as in Fig. 3. Within the linear region the 
ratio V/n for given relative pressures gives Vm. A compu
tation from the silica isotherm is given in Table II.

T a b l e  II
C o m pu t a tio n  o f  Vm fro m  S il ic a  I sotherm

p/Po

Amount 
adsorbed, V, 
mg. C2H6C1 n

V/n = Vm 
(mg. C, 1LC1)

0.40 25 1.43 17.5
.50 28 1.63 17.5
.60 33 1.89 17.5
.70 39 2.22 17.6
.80 48 2.75 17.4
.90 68 3.85 17.6

(10) P. C. Carman and F. A. Raal, Proc. Roy. Soc. (London), 
A209, 59 (1951).

(11) A. V. Kiselev, “ The Structure and Properties of Porous Ma
terials (Colston Papers),“  Butterworth Scientific Publications, London, 
1958.

Fig. 1.— Ethyl chloride isotherm of Sterling M T (3100). 
The nitrogen isotherm of Holmes and Beebe is given for com
parison. The crosses on the nitrogen are the adsorption com
puted from the n values.

Fig. 2.— Ethyl chloride isotherms of silica and Graphon.

6. The two isotherms of Fig. 2 show a distinct contrast 
in the primary adsorptions below Fm. Silica adsorbs so 
weakly that there is no clearly defined inflection in the 
isotherm when the first layer is completed. Graphon, on 
the other hand, adsorbs strongly and there is a sharp in
flection at the start of the multilayer adsorption. Despite 
these differences the adsorptions beyond the first layer are 
identical for the two samples.

7. The nitrogen and ethyl chloride isotherms of M T 
(Fig. 1) show some interesting effects of adsorption on a

M
g. of C

äH
6C

l/g.
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p/Pa-
0.95 0.90 0.80 0.G0 0.40 0.20

Fig. 3.— Log-log plots for ethyl chloride isotherms of 
Graphon (G), silica (Si02) and Sterling M T 3103 (M T). 
Lower plots are n values for CF2C12 and C2H-,C1.

P/Po-
Fig. 4.-—Freon 12 isotherms of Carbolac 1 and silica, from 

Carman and Raal. The free surface isotherm of Carbolac is 
obtained by subtracting the amount adsorbed in small pores 
from the total.

uniform surface. On such a surface, where the adsorbed 
molecule can move about freely, the forces between mole
cules (lateral interactions) cause the isotherm to be convex 
to the pressure axis below Vm. On uniform carbon samples 
this effect is pronounced in ethyl chloride isotherms12 
which do not complete the first layer until the relative pres
sure is near O.Oopo or higher. Nitrogen isotherms on such 
samples have a similar shape but Ura is completed at such 
low pressure that ordinarily the convex shape is overlooked. 
In extreme cases the lateral interaction effect is so strong 
that the isotherm becomes practically vertical below Fm. 
Frequently this is referred to as a “ phase transition.”

(12) J. Mooi, C. Pierce and R. N. Smith, T h is  J o u r n a l , 57, 657 
(1953).

Another effect of a uniform surface is found in the nitro
gen isotherm of M T at relative pressures between 0.3 and 
0.4po- As previously discussed6 the isotherm fits eq. 2 
above 0.4p0 but not below this value. The proposed ex
planation is that the first layer is not packed to the normal 
state of 16.2 A .2 per nitrogen atom when the inflection point 
is reached. Between 0.3 and O.4p0 normal packing is 
achieved and thereafter the multila3'er adsorption is the 
same as for any other surface. Ethyl chloride does not 
show this first layer effect; the isotherm is normal through
out the multilayer region.

The similarities and differences in the multilayer adsorp
tions of nitrogen and ethyl chloride suggest the possibility 
that the Frenkel equation, with suitable modification of the 
constants, may be of general applicability to type II iso
therms. Halsey2 showed that it applies to the adsorption 
of water and nitrogen by anatase and Bowers4 that it ap
plied to adsorption of nitrogen, oxygen and argon by a 
metal foil. As a further test the isotherms of Carman and 
Raal10 for CF2C12 on a fluffy silica and on Carbolac 1 were 
investigated. These isotherms are replotted in Fig. 4. 
Using Carman and Raal’s value of 1.17 mmoles for Vm 
the n values were computed for the silica sample. A 
log-log plot of these values is shown in Fig. 3. Its slope 
differs appreciably from those of nitrogen and ethyl chlo
ride. The plot gives for Freon 12 (CF2C12) the equation

(V/Vm )>■» = 0.685 
log po/p (4)

Selected n values are given in Table I.
As previously shown6 from the nitrogen isotherm the ad

sorption by Carbolac 1 can be broken down into two parts, 
(1) adsorption in small pores and (2) adsorption on free 
surface not in these pores. A similar analysis was made of 
the CF2C12 isotherm, using the n values of Table I. A 
computation from the adsorptions at 0.4 and 0.8po gives

at 0.8 8.60 mmoles =  3.06 Vm +  U0 
0.4 5.95 mmoles =  1.35 Vm +  Fc

Solving, Fc =  3.80 mmoles to fill the small pores and 
Vm =  1.57 mmoles to cover the surface not in the small 
pores.

The area of the free surface is computed by use of the 
silica data. Since 1.17 mmoles forms Vm for a silica area 
of 300 m.2/g ., 1.0 mmole covers 258 m .2. The free surface 
of Carbolac is therefore 1.57 mmoles/g. X 258 m.2/mmole =  
405 m.2/g . A similar computation for nitrogen gave a 
free surface area of 460 m .2/g ., an excellent agreement.

As a further test of the comparison between nitrogen 
and Freon the volume of the small pores was computed. 
Using the V0 values gave 0.29 ml. for N2 and 0.31 ml. for 
CF2C12. Here, too, the agreement is excellent.

To test the validity of this analysis a corrected Carbolac 
isotherm was constructed by subtracting Vc values from the 
experimental ones. This free surface isotherm is shown as 
the middle curve of Fig. 4. A log-log plot from this cor
rected isotherm gave a straight line of proper slope, linear 
from 0.4 to 0.85p«. The uncorrected isotherm does not 
give any linear region.

Conclusions

In view of the general applicability of a modified 
Frenkel equation to the various isotherms studied 
it seems safe to conclude that: (1) The Frenkel 
equation, with suitable adjustments of the two 
constants, will fit the multilayer region of most (or 
perhaps all) type II isotherms provided there is 
no capillary condensation. (2) A plot of volume 
adsorbed vs. log po/p, on a log-log scale, is a con
venient test for capillary condensation. If there is 
no capillary condensation the points fall on a 
straight fine, which represents the free surface iso
therm. Condensation causes increased adsorp
tion. (3) For a given adsorbate the slope of the
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log-log plot is independent of the adsorbent. A 
single isotherm for a non-porous sample permits 
computation of generally valid n values for the ad
sorbate used. (4) In the linear region of a log-log 
plot the monolayer volume, Fm, may be accurately 
determined from the ratio V/n after the n values 
have once been experimentally determined. This 
method can be used for isotherms which are convex 
to the pressure axis below Fm, where the BET plot is 
not possible. (5) The free surface adsorption of 
samples with small pores and the volume in these 
pores may be separately computed from a single 
isotherm by use of simultaneous equations for the 
volume adsorbed at two relative pressures.

DISCUSSION
A. C. Z e t t l e m o y e r  (Lehigh University).— Your log- 

log plots are for small and rather simple molecules. Would

we expect the same slope, for example, for butyl alcohol? 
Also, are the BUT areas for Graphon and for a 350 m.2 
graphite much in error due to capillary condensation?

C o n w a y  P ie r c e .— A s Halsey points out, the slopes vary 
greatly with different adsorbates. Butyl alcohol un
doubtedly will give quite different values. I do not think 
the BET areas of the samples you mention are affected by 
the interparticle condensation. This occurs only at high 
relative pressures, far above the VTa point.

P. L. W a l k e r , Jr. (Pennsylvania State University).— 
You find a free surface area for Carbolac of 460 m.2/g. 
using nitrogen. The electron microscope surface area for 
Carbolac is about 250 m.!/g . Do you interpret the difference 
as due to surface roughness?

C o n w a y  P ie r c e .—Either to that or to uncertainty in 
the electron microscope value. Various workers have told 
me personally that for the very fine Carbolac particles the 
microscope values are not as reliable as for blacks com
prised of larger particles.
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THEORY OF A MODIFIED POISSON-BOLTZMANN EQUATION. I. THE 
VOLUME EFFECT OF HYDRATED IONS
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By applying Kirkwood’s work, which is based on classical statistical mechanics, the general form of the correction to the 
Poisson-Boltzmann equation due to the short-range forces between the ions is obtained in the case of the diffuse layer of a 
single, charged colloidal particle immersed in an aqueous electrolyte. The correction can be expanded in powers of the 
electrolyte concentration and terms up to the square of the concentration are determined. The general expansion is applied 
to the particular case of a plate-like particle immersed in a 1-1 electrolyte in which it is assumed that the hydration shells 
of the positive and negative ions are impenetrable and have the same diameter. This is compared with the so-called method 
of local thermodynamic balance, which has been used by a number of authors. Here, however, the volume fraction statistics 
of Flory has been assumed, in preference to the various interpretations of molar fraction statistics considered by these authors. 
It is shown that, provided the distance from the plate is greater than two or three molecular diameters, this method will 
give the correct form of the term in the above expansion which is linear in the electrolyte concentration. However, it fails 
to reproduce correctly the next (second-order) term, proportional to the square of the concentration, the principal reason 
being that no account is taken of the variation of the mean electrostatic potential over a distance of the diameter of the hydra
tion shell. It is also demonstrated that the form of the volume correction to the Poisson-Boltzmann equation changes in 
the immediate vicinity of the colloidal plate.

1. Introduction
This paper is concerned with a particular problem 

in the equilibrium of non-homogeneous systems. 
This is to investigate the effect of the finite vol
umes occupied by the ion complexes on the equa
tions governing the distribution of ions and the 
electrostatic potential in the diffuse part of the 
electric double layers in colloidal solutions. Let the 
position of a point in such a double layer be denoted 
by the vector q and let nfiq) be the average num
ber per unit volume at q of ions of type i, charge 
e,. Then the fundamental equation from which 
the mean potential p =  ^(q) is determined reads

m m
V-D = 4ir ^ 2  ei7ii(q) = 4x ^  e m 0 exp j — |3Fi(q))

l —l ¿ = 1

( 1.1)

Here D is the dielectric displacement at the point 
q, m is the number of ion types and 8  =  1/kT 
where k is Boltzmann’s constant and T the abso
lute temperature. Vi =  Fi(q) is the potential of 
the mean force acting on an ion of type i stationed 
at q, the zero of Vi being chosen at a specified refer
ence point where ni =  np for i — 1 ,••■, m. If 
dielectric saturation is ignored then we may re
place the left-hand member of (1.1) by — tv V  
where t is the dielectric constant of the medium 
(assumed independent of position). If further 
e,p is substituted for Vi then (1.1) becomes the 
familiar Poisson-Boltzmann equation.

The latter equation is, of course, also used in 
discussing the properties of the self-atmospheres of 
the ions in homogeneous electrolytes. Two quite 
different approaches have been made to improving 
its accuracy. The first of these is a rigorous appli
cation of classical statistical mechanics to a model 
representing a homogeneous electrolyte: it was
initiated by Fowler1 and developed further by 
Onsager2 and Kirkwood.3 More recently, the 
work of Kirkwood has been extended by Hiickel

* Visiting Scientist, Division of Applied Chemistry, National Re
search Council, Ottawa, Canada, on leave of absence from the Uni
versity of Manchester.

(1) R. H. Fowler, “ Statistical Mechanics/' Cambridge University 
Press, 2nd edition, 1936.

(2) L. Onsager, Chem. Revs., 13, 73 (1933).
(3) J. G. Kirkwood, J. Chem. Phys., 2, 767 (1934).

and Krafft4 who were concerned with introducing 
the volume effect referred to above. The analysis 
of these authors has been discussed by Bell and 
Levine5 in a preliminary report and in the present 
paper a fuller account of this work will be included. 
The only objection of any substance to this first 
approach is that the solvent is treated as a con
tinuum, with a uniform dielectric constant, whereas 
a completely accurate theory would take the dis
crete nature of the solvent into account. In view of 
the great difficulties encountered, however, this 
approximation seems justified and the main aim of 
this paper is to apply the method of Kirkwood3 
to the volume effect in diffuse layers.

The second approach to the problem of ion equi
librium can be described as the method of local 
thermodynamic balance, a term used by Prigogine, 
Mazur and Defay.6 It is postulated that the 
medium can be divided into sub-regions each of 
which may be treated as containing a statistical 
assembly at a uniform electric potential p. The 
electrochemical potential of an ion of charge e, 
at a given point is thus the sum of a function of the 
local ion concentrations and e,p. The Poisson- 
Boltzmann equation is derived if ideal mixing is 
assumed and if, in addition, effects due to ion self
atmospheres, compressibility (électrostriction), 
polarization of the ion complexes and dielectric 
saturation of the solvent medium are neglected. 
Local balance is thus the basis of the Derjaguin- 
Verwey-Overbeek theory of colloid stability which 
uses the Poisson-Boltzmann equation. It is also 
assumed in the theories of the double layer, based 
on modifications of the Poisson-Boltzmann equa
tion, due to Bikerman,7 Grimley,8 Freise,9 
Ohlenbusch,10 Bell and Levine,11 and Sparnaay12

(4) E. Huckel and G. Krafft, Z. physik. Chem., 3, 135 (1955): 
see also M. J. Sparnaay, ibid., 10, 156 (1957); Trans. Faraday Soc., 53, 
306 (1957).

(5) G. M. Bell and S. Levine, Disc. Faraday Soc., 24, 69 (1957).
(6) I. Prigogine, P. Mazur and R. Defay, J. chim. phys., 50, 146 

(1953); see also I. Prigogine, ibid., 49, 79 (1953).
(7) J. Bikerman, Phil. Mag., 33, 383 (1942).
(8) T. B. Grimley, Proc. Roy. Soc. (London), A201, 40 (1950).
(9) V. Freise, Z. Elektrochem., 56, 383 (1952).
(10) H. D. Ohlenbusch, ibid., 60, 607 (1956).
(11) G. M. Bell and S. Levine, Trans. Faraday Soc., 53, 143 (1957).
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and in the theories of strong electrolytes of Eigen 
and Wicke,13 Falkenhagen and Kelbg,14 and 
Dutta.15 The question of how far the local 
balance assumption is valid is thus of considerable 
importance. Recently Cahn and Hilliard16 and 
Hart17 have developed a theory of the thermody
namics of non-homogeneous systems in which 
the local free energy depends on both the local 
composition and the composition gradients. This 
is undoubtedly an improvement on local balance 
theory but it has not been applied so far to the 
diffuse layers in colloids.
2. Statistical Treatment of Short Range Interac

tions
It will be supposed that a single charged col

loidal particle is immersed in a volume V of elec
trolyte and that V is very large compared with 
the part of V in which the electrolyte distribution is 
influenced by the charge on the particle (i.e., the 
diffuse layer). If N, is the total number of ions 
of type i in V  and if the reference point is taken 
distant from the particle in the “ bulk”  of the elec
trolyte then the reference point density ni0 can be 
identified with the average density N,/V. The 
total number of ions of all kinds in V is denoted by 
N. In some of the work below it will be necessary 
to consider the N  separate ions regardless of species 
and in this case the suffices r, s and t will be used. 
Where the m ion types are considered, however, 
the suffixes will be i, j  and k. The position of an 
individual ion r will be denoted by qr and the cor
responding volume element by dqr. Thus mul
tiple volume elements are expressed as

N N
dr =  I J  dq., d r «  =  J [

3 = 1 3 = 1, Ŝ r
iV

dq„ d r(rt> =  I I  dq., etc. (2.1)
s =  l ,  s^ r , sj^t

If IFn is the total energy of interaction for a given 
configuration of the N ions, then the potential Fr 
of the mean force on ion r is given by

exp ( - 0 F r(qr)| =  Q x - 'V f  exp (-/3TFN)d r «  (2.2) 
where

Qs =  / e x p ( - ? i r N)dr (2.3)

(It will be understood that in all cases not other
wise specified, integration is over the volume
F.) Let 1FN- i be the total energy of interaction 
for a given configuration of the JV-l ions, with 
ion r omitted, and let (7r(qr) be the short-range 
interaction of ion r at qr with all the other ions in 
the solvent medium. It should be noted that 
both IFn- i and [7r(qr) include interaction terms 
with the colloidal surface: for example 1Fn- i 
will have the familiar electrostatic image terms and

(12) M . J. Sparnaay, Rec. trav. chim. Pays-Bas, 77, 872 (1958).
(13) M . Eigen and E. Wicke, Z. Elektrochem., 56, 551 (1952); T his 

Journal, 58, 702 (1954).
(14) H . Falkenhagen and G. Kelbg, Ann. Physik, 11, 60 (1952).
(15) M . Dutta, Proe. Natl. Inst. Sci. India, 19, 183 (1953); Nature 

wiss., 40, 5 (1953): see also M . Dutta and M . Sengupta, Proe. Natl. 
Inst. Set. India, 20, 1 (1954); M . Sengupta, ibid., 22, 13 (1956).

(16) J. W . Cahn and J. E . Hilliard, J. Chem. Phys., 28, 2 5 8  ( 1 9 5 8 ) ;  
SO, 1121 (1959); 31, 688 (1959).

(17) E . W . Hart, Phys. Rev., 113, 412 (1959); 114, 27 (1959).

the Coulomb interaction with surface ions which 
constitute the charge on the particle.

It was shown by Kirkwood3 that
exp 1 -0 F ,(q r)] =  r,(qr) exp { -0 F ,» (q r)) (2.4)

where the factor f  r is the contribution of the short- 
range forces, given by

W _ v ¿/exP [-fflTFu -1 -fr~ Ur(q,) I Id r «
V - ' f  exp[—0|IFn_, +  F r(q,)H dr (2.5)

and Fr°(qr) is the part of Fr(qr) due to the electro
static interaction of the ions: the zero of Fr° is 
taken at the specified reference point where n\ =  n;° 
and f r =  1. “ Ion size”  effects depend on the short- 
range forces so that it is the factor f r which will 
be considered in this paper. The formalism in
troduced above was developed by Kirkwood3 
for the self-atmosphere of an ion. in a strong elec
trolyte. But it can be applied, as will be done here, 
to a diffuse layer. (Our notation differs in some 
respects from Kirkwood’s.)

If urB( qr—qs!) is the short-range interaction 
between ion r at qr and ion s at qs and if Mr(qr) is 
that between ion r at qr and the wall of the col
loidal particle, then

ELOlr) = « , +  z.ur. (2-6)

Here the sum X  with the term s = r  omitted is
8=1 M : ' ' ^‘¡■‘■ I tillJ* ■

JL N
denoted simply by 2S and the double sum X  X) with

1 »=1(-1
the terms s =  t, s =  r, s =  r omitted will be similarly 
denoted by 2a2t. It is convenient to introduce 

fr. = fr. ( |qr - q . i l -  exp( —/?«„) — 1 (2.7)
9 r =  Qr (qr) = exp(- P u r) (2.8)

so that

exp[ — 0t/,(qr)] = Sr
N
X [ ( l  + /, .)  =
s= l.s * r

Sr[l +  2s/ „  +  2 „ 2 t / r . / r t  +  '  ' (2.9)

Substituting (2.9) the numerator on the right-hand 
side of (2.5) is given by
Qs- 1  ffr[l +  F _12. f  fr. exp( —0F,)dq, +

V -*2s2 t f f „ f n  exp(—0Fst)dq.dq, +  • • ■] (2.10)
where

O x-. =  f  exp(-01F N_ ,)d T «  (2.11)
exp(—0V.) =  On- . - 1 V f  exp(-0lVN-.)dT<~> (2.12)

and
exp( =  On- i- 'F *  f  exp( — 0TFn_ i)dT(r,l) (2.13)

so that Fs is the potential of the mean force acting 
on ion s and Fst the potential of the mean forces 
acting simultaneously on ions s and t in an assembly 
of IV — 1 ions. Since N  is very large there is a negli
gible difference betweeen these and the cor
responding quantities for the assembly of N  ions. 
It is convenient to define
Cr,(qr) =  / /r. ex p (-0F ,)d q . =

f  /r.C. exp( — 0F.°) dq. (2.14) 
Fr,(q„ q.) =  e x p ( -0 F „ )  -  exp ( - 0 ( F r +  F.)J (2.15) 

dr„t(qr) =  f f r . f n  F.t(q„ qt) dq. dq, (2.16) 
Substituting in (2.10) the numerator in (2.5) is 
given by
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Q n - 1 3 r [ l  +  F 12 aCra +  F as » 2 t  ! Cr«Crt +  d r» t ! +  . . . ]

(2.17)
The denominator on the right-hand side of (2.5) 

is the average over the volume V of the numerator,
i.e., of the expression given by (2.10) or (2.17). 
Since V  is very large compared with the volume 
occupied by the diffuse layer, this average virtually 
is equal to the expression given in (2.17) with the 
terms replaced by their “ bulk”  values at points 
distant from the colloid particle. The wall inter
action energy Mr(qr) is zero except when qr is within a 
distance of molecular order from the colloidal wall 
and hence the bulk value of grr is 1. Also Fa is 
zero outside the diffuse layer and / ra is zero except 
for small values of |qr — q8l so that, in the bulk of 
the electrolyte

Cn, =  y /r .d q s  =  br3 (2.18)
which is independent of qr. If both ions r and s 
are distant from the colloidal particle Fra and Fra 
are denoted, respectively, by F°ra and F°rs. As 
Fr and Fa are then both zero, it follows from the 
definition (2.13) of Fia that

F°rs =  exp ( —|8T°r») — 1 (2.19)
The product / ra/ rt is non-zero only when ions s and 
t are both near to ion r. Thus when qr is distant 
from the particle, drst will assume a constant 
bulk value to be denoted by d°rat. Hence the de
nominator of (2.6) is
Qn-1 [1 +  F -12 sbrs +  F _ !2.2t i&rs&rt +  +  . . . ]

(2.20)

The value of cra depends only on qr and on the 
ion types to which ions r and s belong. The 
cra may thus be replaced by the set of m2 position 
dependent functions cy. Similarly the ¿rat can 
be replaced by the set of to3 position dependent 
functions dijk and the constants bTR and d°TSt by bn 
and d°ijk, respectively. The sums over the indi
vidual ions in (2.17) and (2.20) can then be changed 
to sums over the ion types. If NiV  is replaced by 
ni° and the transformed expressions (2.17) and (2.20) 
are substituted into (2.6), then retaining terms up 
to the second degree in the ion densities

in  m

Y  Y  aj0Wk0 (cijCik - Cijbik + dijk - d°ijk) + ...
f = l k = l

( 2.21)

where f ; is the short-range force factor for an ion 
of type i at a given point in the dispersion medium. 
However, by the definition (2.14) the Cij depend 
on the f  j, so that to develop fj as a series in the ion 
concentrations it is necessary to use an iterative 
process. If we define

c°ii = S  f m  exp(—(3Fj»)dqi (2.22)
then, from (2.14) and (2.21) it follows that, to the 
first degree in the ion densities

m
Cij = c°ij +  Y j  1 s  /ijffjC°jk X 

k = 1
exp ( —jSFj°)dqj -  c°ij bjk) +  ... (2.23)

Hence, retaining terms up to the second degree 
in the ion densities, (2.21) becomes

fi = Si 1 + Y  ni° (̂‘i ~ fcu) +
.7 =  1

1TL 771

Y  12 ni° nk° 1 c°ij(c®ik - 6ik) +  f  dugfi\k X
j  = i *=i

exp( — |8Fj°)dqj — bjkC°ij +  dijk — ¿ “¡¡kl +  . . . ]  (2.24)
No approximations have been made in deriving 
this result other than the assumption that a 
dilute colloidal solution is being considered. When 
the ion of type i is beyond two or three molecular- 
diameters from the wall it is possible to simplify 
(2.24) by putting grj =  1 for i =  1, - - -, m. This 
point will be further discussed for the particular 
model used in the next section.
3. Equal Impenetrable Hydration Spheres in a

1-1 Electrolyte
To illustrate the determination of the volume 

factor fj, a plate-like uniformly charged colloidal 
particle, in contact with an aqueous electrolyte 
and large enough for edge effects to be neglected, 
will be considered. The colloid surface may thus 
be regarded as a section of an infinite plane and the 
perpendicular distance from this plane of a point 
in the diffuse layer will be x. To evaluate the 
quantity c°ij at the point x it is necessary to con
sider an ion of type i  at x and a second ion of type 
j  in its vicinity at a distance x-, from the plate wall. 
Fj° will then be a function of Xj in the integral
(2.22) for C°ij. The case where x is greater than a 
few molecular diameters, so that we may put 
gi =  1 for all i, will be considered first. Since 
/¡j will differ significantly from —1 only for small 
values of the separation between ions i and j, 
whereas Fj°(xj) represents a “ long-range” electro
static term, we shall expand exp[—(iVj0(xj)] 
in a Taylor series about the point x-, = x. It 
follows from (2.22) that

c° v,(x) = exp[ -/3Fj°(x)][&ij -  ¿ ¡ ip f l M i )  +
dx

2 m" + (3.1)

where
hi = f  (Xj -  x)/ij dqj, OTij = f  (Xj -  x Y ! ij dqj (3.2) 
The simplest application is to a 1-1 valency type 
of electrolyte in which the hydration shells of 
anions and cations are regarded as hard spheres of 
the same diameter. Then m =  2, ei =  — e2 =  e, 
ni° =  n2° =  n, say, and for all i and j

/ii = -1 , 111 -  qjl < a ; /ij = 0, |q; -  qj| >  a (3.3) 
Using (2.18) and (3.2)

bij = -- j -  = b, say; l-,-, = 0 ; mp = - ba2 (3.4)

for all i  and j. With this hard-sphere model it is 
reasonable to assume a “ distance of nearest ap
proach”  d of an ion center to the wall, such that

g\ =  1, x > d; g-, =  0, x <  d, i = 1,2 (3.5)

The electrostatic potentials of the mean force will 
be written as

Fj° =  +  X, F2° =  - e *  +  X  (3.6)

where is the mean potential at the point x and X  
is a correction term which will be described below;
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the zeros of \p and X  are taken at x =  0 and for 
simplicity it is assumed that X  has the same value 
for the two ion types.

The factor f  , can be expressed as a series in powers 
of the “ excluded volume fraction”  nb and our ob
ject will be to obtain the first and second-order 
terms proportional to nb and (nb)2, respectively. 
For first-order terms no error is caused when 
Qi is put equal to 1 if x  ^ d +  a and for second-order 
terms if x ^ d +  2a. If now 4> =  Y  =  fiX 
and dashes denote differentiation with respect to 
x, then making use of the above formula, the terms 
of the first degree in the n f  in (2.24) are given by

m
X .  nj° (c°ij — 6ij) = 26n[exp( — Y) cosh <t> — 1] +
j = l

^ na2b exp( — Y )[cosh <t> j ( 0 ') £ +  ( K ')2 — Y"\ +

sinh 0 (4 -  20 'F ')]  (3.7)

The second term on the right is second-order and a 
first approximation to it is obtained by putting 
Y =  0 and applying the classical Poisson-Boltz- 
mann equation to simplify the resulting expression 
in 0. For a 1-1 electrolyte, the latter equation 
reads

<t>" =  ko2 sinh <p, (3.8)

where Ka is the Debye-Hiickel parameter of the 
electrolyte given

ko2 =  8wne28/e

A first integral of (3.8) is
(0 ')2 =  2*02(cosh 0 -  1) (3.9)

If (3.8), (3.9) and the condition X  =  0 are substi
tuted into the second term on the right-hand side 
of (3.7) it becomes

—  ̂p(nb)2 (cosh <f> — 1)(3 cosh 0 +  1) (3.10)

where the constant p is defined as fie2/ea
It is well known that the determination of X  in 

electrolyte theory is very difficult and the problem 
becomes even more involved in the case of electric 
double layers. We shall suggest here a first ap
proximation to X, applicable when both the elec
trolyte concentration and the electric field in the 
diffuse layer are not too large. Let k be the 
“ local”  Debye-Hiickel parameter, defined by

** = (ill +  m )  ~  Ka2 cosh 0 (3 11)
6

where nx and n2 are the densities of the two ion 
types at position x. If, for simplicity, the col
loidal wall is assumed to be metallic, then X  is given 
approximately by

X 4ex
JL
2 ea

exp( — 2nx.) —

( l  +  r  ~  1  +  to) 8r \dx )  dn (3.12)

where r = «a and t0 =  K0a. The first term is the 
“ screened”  image term, the second is due to the 
self-atmosphere of each ion which has been treated 
by Loeb,18 Williams19 and Hill20 and the third

(18) A. L. Loeb, J. Colloid Sci., 6, 75 (1951).
(19) W. E. Williams, Proc. Phys. Soc. (London), A66, 372 (1953).
(20) T. L. Hill, T h is J o u r n a l . 61, 548 (1957).

represents the polarization energy of an ion in the 
electric field of the diffuse layer, which has been 
considered by Bikerman,7 Bolt,21 Prigogine, Mazur 
and Defay6 and Sparnaay.12 Making use of the 
experimental work of Hasted, Ritson and Collie22 
it may be assumed that

de/d n  = 10M/N
where N is Avogadro’s number and 8  is a negative 
constant of the order of 5-10. (The derivative 
d«/dn of the dielectric constant of the electrolyte 
« with respect to the ion density, n, is taken at 
constant electric field, pressure and temperature.) 
Making use of (3.9) and (3.11) it is possible to 
express (3.12) as

pX  =  Y = —pT oe1 j~exp { —2 tq(x/ffl)v/cosh 0}
2 ea

x/cosh 0  — 1

+

(1 +  ro)(l +  roVcosh 0) 2irNe402a

2 Toz/a
, 103roe5 , u ~|

+  M ^ (COsh* -  1]J
(3.13)

At T =  25°, ko =  V7/3.04 X  10-8 where 7  is the 
electrolyte concentration in mole/1. and in the table 
the values of F for <j> =  1,2,3 and 7 =  0.01 and 0.1 
are given, assuming that x =  1.5 X  10-7 cm. 
8  =  —6 and a =  5 X  10~8 cm. It is seen that 
¡F/0| < <  1 and it will be assumed therefore that 
(3.10) is a reasonable estimate of the second-order 
term in (3.7).

y = 0 01 7 = 0.1

1 2 3 i 2 3

-  Y 0.053 0.080 0.122 0.025 0.055 0.028

For second-order accuracy it is possible, in the 
terms with factor nfn\? of equation (2.24), to neglect 
the variation of Fj° over the range of integration in 
c°ij (which is given by (2.22) and to put Fj° equal 
to ej\p(x) so that
Cij(z) ~ f  f a  exp ( dq, = b exp ( - p e t f i x ) }

(3.14)
Thus (putting <7j =  gk =  1)
y /u e°jk  exp ( —PFj°)dq, ~  b f },, exp { -p (e ;  +

ek)0(xj)l dq; «  62 exp [ -p(e-, +  ek)0 (x )l, (3.15)

and hence
m _
X  Z) i“711*0 1 (C°U -  &ij)c°ik +  yVijcV exp 

j = l i = l
( —/SPj0) dqj — c°iji)jk) = 8 b h i*  cosh 0  (cosh 0 — 1)

(3.16)

The terms dijk —d°ijk in (2.24) remain to be con
sidered. Exact evaluation is difficult but we shall 
be able to estimate the magnitude. Since the ion 
complexes are hard spheres of radius a, both 
Fjk and F°jk are infinite when the distance ]qj — 
qkl (which will be denoted by rjk for brevity) is 
less than a. Hence, from (2.15) and (2.19)
Fjk -  F°jk = 1 — exp j — p { V j +  Fk)l, rjt < a  (3.17)

(21) G. H. Bolt, J . Colloid Sci., 10, 206 (1955).
(22) J. B. Hasted, D. M. Ritson and C. H. Collie, J . Chem. Phys., 

16, 1 (1948).
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When rjk >  0, Fjk — Fj — Fk is the Coulomb inter
action of the ions j and k partially screened by their 
interpenetrating atmospheres. If Fjk is defined as

F'jk = Fjk -  V; -  n  (3.18)

then it follows from (2.15) and (2.19) that
Fjk -  F°jk = exp[—/S(Fj +  Fk)][exp(-jSF'ik) — 1] — 

[exp(—/!F°jk) — 1, rjk > a (3.19)

which reduces to (3.17) when rjk <  a if both F'jk and 
F°jk are equated to infinity. According to the 
Debye-Hiickel theory of electrolytes F'jk is given 
approximately by

F'jk «  e- ^  (3.20)e 1 +  r Hi
and the corresponding approximation to F°jk is 
obtained by replacing r by t0 in (3.20).

It is convenient to write
dijk — ¿°ijk = S  /¡i/ik (Fjk — F°jk) dqjdqk = v\jk +  fs jk)

(3.21)
where ^ k  and Lik are the contributions from the 
regions r,k <  a and rjk >  a, respectively. As in the 
other second-order terms, the variation of Fj and 
Fk over the small range of volume in which fafik j*- 0 
will be neglected and we shall put Fj =  Fj° =  
ej\l/{x). It follows from (3.17) that
V.jk =  [1 -  exp ( —/5(cj +  ek)iA(x)}] X

I /¡j/ik dqjdqk (3.22)
J  rjk<a

For a 1-1 electrolyte the right-hand side of (3.22) 
will clearly vanish if ions j  and k are of opposite 
sign. Also, since the positive and negative ions 
are assumed to have equal hydration shells, 
/¡i is independent of the ion types i and j  and for 
hard spheres the integral on the right is equal to 
1562/32. This is a familiar result which yields the 
third virial coefficients in the equation of state of 
imperfect gases for the hard sphere model.23 It 
follows that

(23) J. O. Hirschfelder, C. F. Curtiss and R. B. Bird, “ Molecular 
Theory of Gases and Liquids,’* John Wiley and Sons, New York, 
N. Y., 1954.

£  £  nj»«kVjk -  (6re)8[cosh 2 4 . - 1 ]  (3.23)
j =1k=1

To determine £ijk it is necessary to consider the 
integral

^ j k  —  I  f i j f i k G  j k d q j d q k  =
J  r j k > a

8t* I fa /ikG'jkrijrikrjkdr.jdrikdrjk 
J  r j k > a

p 2 a  C a  p a
= 8 tt* I G'jknicdrjk I Tijdrij I rikdrik

J a  J r j k — a  J r j k — m

=  j  G’ ik (r6jk -  12a2rsjk +  16aV8jk) driU

(3.24)
where, for brevity

G'jk = exp(—iSF'jk) — 1 (3.25)
The limits of integration in (3.24) can be obtained 
from a study of Fig. 1. If 0 , P and Q define the 
centres of ions i, j  and k, respectively, then P and Q 
must lie inside a sphere of radius a and center O. 
If the distances OP =  nj and Pa =  rjk are fixed, 
Q lies on a sphere of radius rjk, center P and 
therefore r;k varies from OR =  rjk — r,;j to OS =  a. 
For fixed PR =  rjk the distance OP =  ry can 
now vary from OR =  rjk —a to a and finally rjk 
lies in the range a to 2a. Inserting the form (3.20) 
for F'jk and introducing F =  r-^/a

7,w(t) = “  32 <3-26)
where

H ( p , t ) = | (r5 -  12»3 +  16»J) X

L1 - exp (< n n £ )]dt; (327)
and the minus and plus signs refer to like- and 
unlike-charged ions j  and k, respectively. Flaking 
the same approximations as in (3.22), it follows 
from (3.19), (3.21), (3.24) and (3.25) that

{¡¡k ~  exp [ —/S(ej +  ekMzfiljkfT) — I jk(ro) (3.28) 

and it is readily seen that 
2 2 . .
£  £  raj°nk°{jjk - ~  6W [(cosh 0 - l)H(-p,r) + 

f = l k = l  i 0

K ( p , t , to) ] (3.29)

where, making use of (3.11), r =  r0\/cosing and 

K (P,t,t,) =  | -  12«3 +  16»s) X

[-Q fr^)— ‘(5 t5 )]* <“ >
Two limiting cases are the following. If the 

Coulomb interaction between ions j  and k .is 
entirely neglected, then for rjk >  a, F'jk =  F°jk =  0 
and£ijk =  0; therefore (3.29) vanish. At the other 
extreme if the screening effect due to the self
atmosphere of the ions is ignored

F'jk = F°jk = W ^ k  (3.31)
and this will apply in the limit of zero electrolyte 
concentration when r =  t0 =  0. Then
K(p, 0,0) =  Oand
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Tj/ r»\ 2 I- 17 , , /  5 , 17 87 .
m ~ P ,  0) =  5 [ g -  -  exp( - P )  (  -  2 +  lô  P ~ 4 0 P

ë p* ~ è ô pt + m pS)  + ^ (_p/2) ( -  t  +

1 5 P 15
2 44 2

P 4 5 P 180 ' +80 P* +  360 î>6)  

l  p ’  ( l 6  + 3p -  i  p ’ )|J!?,;p/2) -  E, ( p ) ) ]

E ( x )  =  f° l~ , exp (—t)dt (3.32)

Making use of (3.7), (3.10), (3.16), (3.23) and 
(3.29) for the particular model considered in this 
section, the equation (2.24) becomes
f  =  fi =  => 1 +  26n jexp( — Y) cosh <f> — 1} +

8b V  £(cosh <j> — 1) jcosh <£ — 1^ (1 +

f f ( —p,T))(cosh <f> +  1) -  ^  p (3 cosh <t> +  1)| -

j1̂  K(p,r, to) ]  +  . . .  (3.33)

Substituting into (2.4), the modified Poisson- 
Boltzmann equation (1.1) becomes

=  —8ime[ exp( — Y ) sinh <f> (3.34)ax

where f  is given by (3.33). This expression is 
valid to second-order terms for distances x >  
d -f- 2a.

To illustrate the values of II and K  numerically, 
we choose p =  1 which corresponds to the diameter 
a =  7.1 X  10-8 cm. at T =  25° and e — 78.5 and 
at zero electrolyte concentration K ( 1,0,0) =  0 
and H (—1,0) =  0.608. This is the maximum 
value that H  can attain for the given p. Some 
values of H  and K  at two concentrations calcu
lated by numerical integration, are given in the 
table.

TO = 0.7, y  = 0.089 mole/I.
T 0 m - l,r) X(l,r,ro)

0.9 1.09 0.306 0.0470
1.4 2.08 0.224 0.110

ro =  0.35, y ~ 0.0 22  mole/I. 
r <f> //( —  l,r) AT(1,t ,to)

0 .7  2.08 0.351 0.155 
0 .9  2.58 0.306 0.201

The term in K  constitutes a small correction to 
the second-order term in (3.33), and will be ignored 
in the discussion which follows. The contribution 
to the second-order term which is proportional 
to p is due to the variation of the potential func
tion 0 over a distance of magnitude a. It is true 
that this effect first makes its appearance in the 
second-order term, but it does form an important 
part of this term. Thus, for large <f> we may re
place the expression in the brackets on the
right-hand side of (3.33) by cosh2 0 -jl — M (1 +  H) 

— ^  pj- t« 0.25 cosh20 if p =  1 and II = 0.3. For 

small 0, the expression approaches the value  ̂ 02

{ l  ~  X  i1 +  ~  | ^  -0-210- and here
(apart from the contribution from K) the presence 
of the expression in p results in a change in sign 
in the second-order term. Comparison of the first 
and second-order terms in (3.33) for potentials 
of 50 mv. (0 =  2) which may occur at distances

of 1-2 X  10~7 cm. from the wall, indicate that the 
ratio of these terms can be an appreciable fraction 
at electrolyte concentrations as low as 7 =  0.1.

Conditions at points too near to the wall to 
permit the assumption g\ =  1 will now be considered. 
It is seen from (2.22) and (3.3) that in evaluating 
c;j(x) it is necessary to integrate over a sphere of 
radius a with center at a point distant x from the 
wall. From (3.5), if x <  d +  a this sphere is divided 
into two parts by a plane parallel to the wall and 
at a distance d such that in the portion of the sphere 
nearest to the wall ¡ft =  0 and in the other portion 
¡ft =  1. The quantities hy and defined in (2.18) 
and (3.2), are now replaced by

6*ii -  5(1 -  «(01. hi* =  ^ b a (  1 -  <*)* (3.35)

where

! ; - . ( * -  d)/a, s(l) = 2 (1 "  \ 1 +  ^ 3)  (3 36)
and — ?>ij* is the actual volume of the outer portion 
of the sphere. It is verified readily that if use is 
made of (3.9) and the term proportional to n2 is 
ignored, then for x <  d +  a, (3.33) is replaced by 
f  =  1 +  26n ( I  cosh <f> — 1) -f- MQbIn)'/, sinh <j> (cosh <j>

-  1)V. +  . . . ,  L =  [ l  — s(l) -  ^  a (1 -  0* dY/d * ]

exp( — Y), M =  ±  | \/3p’A (1 -  i’ )2 exp( - 7 )

(3.37)
where the plus or minus sign depends on whether 
the charge on the wall is positive (0 >  0) or negative 
(0 <  0). When x >d  +  a, t — 1, sit) =  0, the last 
term on the right-hand side of (3.37) vanishes and 
(3.37) is reduced to the first two terms of (3.33). 
When x =  0, ( =  0 and s =  1/2. It is seen that the 
“ steric hindrance”  of the wall alters the form of 
the linear term in the expansion for f  and intro
duces a new term proportional to n1''1. It is dif
ficult to estimate the ratio of these two terms, since 
the function Y  =  Y(x), which may not be small 
very close to the wall, has not been determined.

It is not difficult to obtain the term in f  propor
tional to n2 but since the function Y(x) is not 
known and the model of hard spheres is perhaps 
too crude at such small distances from the wall, 
we shall not give the results. The alteration in 
the expression (3.15), in which we have assumed 
9 i — 9 k =  1 is, however, of special interest. From 
the definition (2.22) of Cjk° the condition gk =  1 
implies that ion j  must be at a distance Xj >  d +  a 
from the wall. For this to be true over the whole 
range of integration with respect to ¡7, in (3.15), the 
coordinate x of ion i must be greater than d +  2a. 
Thus, for the model of hard spheres assumed here, 
the term proportional to n2 in f  takes different 
analytical forms in the three regions d <  x <  d +  a, 
d +  a <  n <  d +  2aandd +  2 a <  x <  co24; thethird

(24) G. Kelbg (Disc. Faraday Soc., 24, 72 (1957)) has objected to the 
Taylor series which the author& has originally introduced in the case 
of the atmosphere surrounding a spherical hydrated ion of diameter a  
on the grounds that the function f  f (R) is not analytic throughout 
the range a  <  /? <  60 where R is the radial distance from the ion 
center. This objection does not apply to the expansion (3.1) since 
Fj°(x) is an analytic function of x: the spherical case can be treated 
similarly. Kelbg has also remarked that the form of t(R) in the 
range a  <  R <  2 a  will be different from that in 2a <  R <  02: the equa
tion 5 obtained by the authors5 applies to the latter region.
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order (n3) term will assume different forms in 
four regions and so on. The wall, as it were, 
affects the distribution in successive boundary 
layers of ions. It appears therefore that in the 
immediate vicinity of the colloidal wall the ex
pression for f  becomes very complicated. Thus 
theories of volume correction, however accurate in 
their application to a bulk phase, may be inadequate 
for the important regions adjacent to the wall. 
Previous theories of the volume correction have 
failed to demonstrate this property.

4. The Local Balance Method
If x(«0 denotes the logarithm of the number of 

arrangements in unit volume available to n0 sol
vent molecules and to nh -,71m ions of the various 
types then, on the assumption of local balance

Xi -  Xi° =  P(«iiA +  X,),  i  =  1, . . . ,  m (4.1)

where xi =  dx/drii and X; is the correction 
term due to image, self-atmosphere and polariza
tion effects. The superscript 0 indicates that the 
quantity concerned is taken at the reference point 
where \p =  0 (For the expression on the left-hand 
side of (4.1) see Bell and Levine (§2) where, how
ever, the approximation Xi =  0 was made.) If 
eyp +  Xi is identified with Vi° it is clear from (1.1) 
and (2.4) that the local balance theory gives the 
short-range interaction or “ volume correction”  
factor f  i in the form

In fi =  In m/n,0 +  x. — x(nO (4.2)

A lattice type theory of solutions can be applied 
to the particular model of a 1-1 electrolyte de
scribed in §3 in the following way. Suppose that 
Vo is the partial volume of a solvent molecule and 
ui =  hvo the partial volume of an ion of type i with 
its hydration shell: here v\ =  c2. Then kx(nj) 
is essentially an entropy of mixing of molecules of 
different sizes. A zeroth order approximation is 
given by Flory’s formula

m
x(7»i) =  -  53 ni In y\ (4.3)

»' = 0
where y\ =  Vin, is the volume fraction of component 
i, the solvent component being given the index
0. Volume fraction statistics have already been 
applied to hydrated electrolytes by Glueckauf26 
and Miller.26 It will be assumed that v0 and h 
are uniform throughout the diffuse layer. And

m
so the relation 53 =  1 defines na in terms of

<=o
nh -,n m. Also as in §3 ft =  f 2 = f.

Let the proportion of unit volume occupied by 
hydrated ions be £ so that

S =  («i +  ni)vji (4.4)
At a point distant from the wall

$ =  2nv0h =  £,) (4.5)
Then, as deduced in Bell and Levine3 (equation 11), 
substitution of (4.3) into (4.2) gives

r -  n = ft = (i -  i)* (i -  b )~ *  (4.6)
Thus, substituting (4.1) and (4.2) into (4.4)

(25) P. J. Flory, J. Chem. Phys., 10, 51 (1942).
(26) E . Glueckauf, Trans. Faraday Soc., 51, 1235 (1955): see also 

R. A. Stokes and R. H. Robinson, ibid., 53, 301 (1957).

=  2 /w if  cosh <fi exp ( — Y) =  £0(1 — J)* (1 — £0)~A X
cosh 0 exp ( — F) (4.7)

From (4.7) it is possible to express £ and therefore 
by (4.6), f  as a series in powers of £0 giving, finally
1 =  1 — 2nh2vv [exp ( — F) cosh <j> — 1 j +

2h3n% 2 (cosh 0 — 1)|(3A — 1) cosh <f> —
( h -  1)} +  . . .  (4.8)

The right-hand sides of (3.33) and (4.8) agree 
up to the first-order linear terms in the correction 
factor f  for the volume effect if we put

hh' o =  4ira3/3  =  — 6 (4.9)
Since the most closely packed assembly of rigid 
spheres cannot occupy the whole volume, the partial 
volume of a hydrated ion in lattice theory will be 
rather larger than the volume of this ion in im
perfect gas theory, that is we may expect hv0 >  
ra 3/Q. It follows from (4.9) that if the first-order 
terms in the two equations are to agree then it is 
necessary that h <  8. Further, if the terms 
in p and K  are omitted from the second-order 
term on the right-hand side of (3.33), then it is 
readily verified that agreement up to second-order 
terms in n is obtained between (3.33) and (4.8) 
provided

/  =  (1 +  16/A)/15 (4.10)
and since h <  8, this implies /  >  0.2. This result 
is unexpected since the theories of Kirkwood and 
of local thermodynamic balance are based on such 
different premises. The absence of a term in
(4.8) which arises from the variation of the po
tential ^ over a distance of the order of the di
ameter demonstrates, however, that from the 
nature of its basic assumptions a local balance 
method cannot give the terms depending on the 
gradients of intensive properties which occur in 
accurate equilibrium equations of non-homogeneous 
systems. In this particular case the consequence 
is that the local balance results, though correct 
to first-order terms in the volume fraction, over
estimate the second-order terms. In these cir
cumstances it does not seem worthwhile to examine 
the more correct but also far more elaborate 
methods (Guggenheim27) of evaluating the func
tion x(wj), which occurs in the local balance 
theory.

We shall now briefly consider the local balance 
method for more general short-range interactions 
between the ions. If /¡j is a function of the distance 
rij between the centers of the ions of types i  and i 
then, from (2.18) bn =  by,. If the positions con
sidered are far enough from the wall for all the 
Qi factors occurring to be equated to 1 then it is 
easy to show that a x function can be found which 
gives fi correctly to the first order. From (2.24), 
if only first degree terms in the ion densities are 
retained, then

m
l  = i +  53 (n) ~ »¡°)&ii,

i = i ™
In fi -  2 J  (« i  -  nj°)feii (4.11)

7 =  1
By (4.2) a function xfaj) can be found which 
gives these approximate expressions for In fr, 
since, using (4.11)

(27) E. A. Guggenheim, “ M ixtures,”  Oxford University Press, 1952-
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5 In fi/drej =  feu =  by, =  d In G/dre; (4.12)

and this is the necessary and sufficient condi
tion that the distribution function x exists. Ex
pressions like (4.11) for the volume factor have 
been used by several authors writing on electrolytes 
(Falkenhagen and Kelbg,’4 Grimley8 and Schlogl28) 
and on diffuse layers (Freise,9 Ohlenbusch10). 
One form used by Eigen and Wicke13 is

f  =  [1 +  (n/N )(cosh v  -  1 ) ] - '  (4.13)

where their is to be identified with the exclusion 
volume — b. It was pointed out by the authors6 
(see also Robinson and Stokes26) that in the lattice 
model used by Eigen and Wicke their W-1 ought 
rather to be identified with the actual ionic volume 
which is Vs of the exclusion volume, so that the 
basis of (4.13) is rather doubtful. Also (4.13) 
overestimates the second-order term at large </>.

DISCUSSION
J. T h . G. O v e r b e e k  (University of Utrecht).— Can you 

indicate under which conditions the uncorrected Poisson- 
Boltzmann equation can be applied reasonably well and 
what would be the first corrections to take into account?

S. L e v in e .— A convenient way of answering Professor 
Overbeek’s question is to compare the work of previous 
authors with the results obtained in this paper. The 
approach of all these authors is essentially equivalent to 
the method of local thermodynamic balance and, as in our 
paper, they consider a single plate-like particle. M. J. 
Sparnaay (ref. 12) treats the volume effect of the hydrated 
ions, the polarization energy of the ions and the dependence 
of the dielectric constant of the diffuse layer medium on 
both the electric field (dielectric saturation) and the con
centration of ions. By restricting the potential of the col
loidal wall and the electrolyte concentration, only small 
deviations from the Poisson-Boltzmann equation are ob
tained. The volume and dielectric saturation effects act 
in the same direction, both tending to deplete the ionic con
centration in the diffuse layer. The polarization energy has 
the same tendency since the hydrated ion complex is less 
polarizable than a "complex”  of water molecules occupying 
the same volume. Sparnaay finds that the correction due 
to the dependence of dielectric constant on ionic concentra
tion has the same form as that due the polarization energy 
but is opposite in sign and three times as large. The volume 
effect seems to be the main source of deviation from the 
Poisson-Boltzmann equation. At a surface potential of 
100 mv. and a 1-1 electrolyte concentration of 0.01 N, the 
corrections to the potential distribution amount to 10-20%. 
Sparnaay retains the linear terms in the ionic densities in all 
these effects and his treatment breaks down when the 
concentration is 0.1 N  or greater. Our only objection to 
his analysis is the omission of the image and self-atmosphere 
terms which counteract and indeed may exceed the polariza
tion energy term. It is unlikely that this will change the con
clusion that the volume effect constitutes the main correc
tion at small potentials and small electrolyte concentrations.

H. Brodowrsky and H. Strehlow (Z. Elektrochem., 63, 
262 (1959)) introduce the dependence of dielectric constant 
on electric field and electrolyte concentration and the 
volume effect. Now in their theory of strong electrolytes 
at higher concentrations, M. Eigen and E. Wicke (ref. 13) 
proposed two limiting models to describe the short-range 
interactions of the ions. The first is precisely that treated 
in Eq. 3 and 4. On physical grounds it seems possible that 
the distance of nearest approach may be considerably 
smaller for oppositely charged ion pairs than for similarly 
charged pairs. In the second model of Eigen and Wicke, 
which is adopted by Brodowsky and Strehlow in their treat
ment of the volume effect, it is assumed that like charged 
ion pairs have impenetrable hydration shells, whereas the 
hydration shells of unlike charged pairs are completely

(28) R. Schlogl, Z. physik. Chem., 202, 379 (1954).

penetrable. This model of hydrated ions readily is intro
duced into the general equations derived in our paper and 
here again it is found that although the Eigen and Wicke 
local balance formula, as used by Brodow sky and Strehlow, 
provides the correct linear term in the ionic densities, it is 
incorrect in the quadratic term. Also Brodowsky and Streh
low ignore the image and self-atmosphere terms and the 
polarization energy, i.e., they equate our y to zero. Their 
calculations extend to larger values of both the electrolyte 
concentration (of a 1-1 valency type) and the surface 
potential than do those of Sparnaay and therefore yield 
larger departures from the solution of the Poisson-Boltzmann 
equation. They also find that the volume correction and the 
dielectric saturation affect this solution in the same direction, 
producing a larger potential difference across the particle- 
electrolyte interface for a given surface charge density. 
This increase is more marked the larger the surface charge 
density, amounting to 30% or more at charge densities above 
16 microcoulombs per cm.2. Their treatment of the depen
dence of the dielectric constant on ionic concentration is very 
approximate and they find this correction to be secondary.

There are a number of objections to the work of these 
authors. At large electrolyte concentrations (>  0.1 N  
of a 1-1 type) or large surface potentials (>  100 mv., say) 
the quadratic and higher order terms in the ionic densities 
in the volume correction become significant and these are 
not given correctly by the Eigen-Wicke theory. Also, 
the region of the diffuse layer where the corrections will be 
largest is precisely that nearest to the colloidal wall and we 
have shown that next to the wall the form of the volume cor
rection will differ from that in the "interior”  of the diffuse 
layer. Finally, their expression for the dependence of 
dielectric constant on electric field strength (derived by
F. Booth (J. Chem. Physics, 19, 391 (1951)) takes no 
account of électrostriction, which may be appreciable at 
large electric field strengths.

G. H. Bolt (J. Colloid Sci., 10, 206 (1955)) treats the case 
of a colloidal w all which is so highly charged that only the 
oppositely charged ions need be assumed to be present in 
the diffuse layer. He takes into account the polarization 
energy of the ions, the self-atmosphere effect, the dielectric 
saturation and the volume effect, using semi-empirical ex
pressions for the latter two. He finds that the self-atmos
phere and volume corrections tend to balance each other, 
although the former is the larger quantity up to ion con
centrations of 1 N. The dielectric saturation and polariza
tion energy corrections also offset each other for surface 
charge densities less than 20 microcoulombs per cm.2. 
However, Bolt’s expression for the polarization energy is 
incorrect and so he overestimates this term by a factor of 
almost 2. (The factor 2ei +  c0 in his Eq. (3), where eo is 
the dielectric constant of the water and e; that of hydrated 
ion complex should be 2e0 +  ei). Bolt follows D. C. Grahame 
(J. Chem. Phys., 18, 903 (1950)) in his treatment of dielec
tric saturation but A. D. Buckingham (ibid., 25, 428, 1956) 
shows that Grahame’s equations are incorrect, which may 
account for the difference in sign between the correction for 
dielectric saturation calculated by Bolt and that by Spar
naay and Brodowsky and Strehlow. Also, he omits the de
pendence of the dielectric constant on the ion concn. and 
at least for small wall potentials and electrolyte concns. 
Sparnaay shows that this effect is three times as 
large as that from polarization of the ions. Bolt’s conclu
sion, therefore, is in much doubt.

The above three papers appear to be the only ones where 
an attempt is made to treat the various corrections to the 
Poisson-Boltzmann equation simultaneously. Others have 
considered one or two of the effects to the exclusion of the 
others but this is not justified, particularly at large potentials 
and electrolyte concentrations. The conditions under 
which the uneorrected Poisson-Boltzmann equation can be 
applied is indicated roughly by Sparnaay’s results, namely, 
for moderate potentials (<  100 mv.) and small electrolyte 
concentrations (<  0.01 N for a 1-1 electrolyte). At higher 
potentials and concentrations, the work so far is inconclusive 
because of the omissions and incorrect treatments. Fur
thermore, our analysis strongly suggests that it will be neces
sary to divide the immediate vicinity of the colloidal wall 
into successive layers, each of which requires separate treat
ment. The Stern theory is in fact a first step in this direc
tion. I would suggest that at large potentials and concns. 
the volume and dielectric constant effects are the main ones.
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HEATS OF IMMERSION. IV. THE ALUMINA-WATER SYSTEM - 
VARIATIONS WITH PARTICLE SIZE AND OUTGASSING TEMPERATURE

By W. H. W ade and Norman IIackerman

Department of Chemistry, The University of Texas, Austin, Texas 
Received March 7, 1960

Samples of a-, y - and amorphous-alumina with surface areas from 0.222 to 221 m.1 2/g. were studied following vacuum 
outgassing treatments over the temperature range, 100-450°. In addition, weight loss measurements were made as a 
function of temperature. Usually a substantial increase was noted for the heats of immersion with decreasing specific 
area and increasing outgassing temperature. These studies are consistent with the normal alumina surface being covered 
with a maximum of 19 OH’s/lOO A.*.

Introduction
It has been shown in previous communications 

from this Laboratory1-2 that there is a large de
crease in heat of immersion per cm.2(Aifi) with 
increased specific area of silica samples on immer
sion in water. Moreover, most silica samples 
have AHi variations with outgassing temperature 
which are interpretable in terms of the normal 
existence on silica surfaces of both physically 
(reversibly) adsorbed water molecules and chemi
cally bonded surface hydroxyl goups. Silica surfaces 
once stripped of their surface -OH groups rehydrate 
at a rate too low to be observed in most calorim
eters.1-2

The belief is generally held by others that the 
coverage of simple oxides with surface hydroxyl 
groups is probably the rule rather than the ex
ception.3-6 With specific regard to alumina, the 
existence of surface hydroxyl groups can be in
ferred from infrared spectroscopic measurements,6 
dye adsorption studies,7 high temperature heat of 
adsorption measurements3 and from the present 
heat of immersion measurements.

The present investigation was designed to com
pare alumina to silica with respect to the variation 
of the immersional heats with particle size and 
water content (both physically adsorbed and 
chemically bonded) of the surface. Furthermore, 
the effect of crystalline modification (a- or 7-) 
of the alumina substrate on A H i  is raised but 
unfortunately can be answered only unsatis
factorily.

There is only a single published estimate8 9 of 
the surface energy of alumina—a value of 560 
ergs/cm.2 obtained from heat capacity measure
ments on 7-alumina.

Experimental
Samples.— The eight samples of A120 3 studied are listed 

in Table I along with their purity, specific surface area and 
crystalline modification. The purities and crystalline 
modifications are those quoted by the manufacturers.

(1) A. C. Makrides and N. Hackerman, T his Journal, 63, 594
(1959) .

(2) W. H. Wade, R. L. Every and N. Hackerman, ibid., 64, 355
(1960) .

(3) A. G. Oblad, S. W. Weller and G. A. Mills, ibid., 59, 809 (1955).
(4) J. H. de Boer, J. J. Steggerda, J. M. H. Fortuin and P. Zwieter- 

ing, “ Second International Congress of Surface Chemistry,”  Butter- 
worth Scientific Publications, London, 1957.

(5) A. C. Zettlemoyer, Chem. Revs., 59, 937 (1959).
(6) A. Babushkin and A. V. Uvarov, Doklady Akad. Nauk S.S.S.R., 

110, 587 (1956).
(7) J. H. de Boer, “ The Dynamic Character of Adsorption,”  Chap

ters VII and VTII, Oxford University Press, New York, N. Y., 1953.
(8 ) R. Fricke, F. Niermann and C. Fiechtner, Ber., 70B, 2318 (1937).

The B .E .T . surface areas were measured by Kr adsorption 
in a volumetric adsorption apparatus previously described.8 
Above 100° surface areas of all samples were independent of 
outgassing temperature and, hence, water content of the 
surface. Samples F and H were furnished with the sup
pliers N2 adsorption areas of 64 and 210 m.2/g ., respectively. 
This agreement with the Kr areas is good and for uniformity 
only the Kr areas were used. The samples had been pre
pared by high (1000-1300°) temperature calcination of 
trihydrates and alums with the exception of sample F, 
prepared by flame hydrolysis, and sample II, prepared by 
precipitation of the hydroxide followed by calcination at 
a temperature low enough to prevent collapse of the internal 
pore structure. Samples D and E had been made from 
B and C by micronization.

Sample
Manufacturer’s

designation

T a b l e  I
Purity,

%
Area

(m.*/g-)
Cryst.
mod.

A“ T -6 0 99.8 0.222 0-A I 2O3

B 6 Alucer MC 99.96 2.72
c 6 Alucer HS 99.7 3.04 0 -A I2O3

D 6 Alucer MCB 99.96 3.12 Q1-AI2O3

E 6 Alucer HSB 99.7 4.56 ofAJjOa
F* Alon C 99.9 65.2 7 -A I2O3

Gb Alucer MA 99.96 109 7 -A 120 j

H“ F-20 99.0 221 Amorph.
“ Supplied by Aluminum Company of America. 6 Sup-

plied by Gulton Industries, Inc. e Special low-chloride 
Alon C supplied by Mr. Gregor Berstein of Godfrey L. 
Cabot, Inc.

The samples, before immersion, were outgassed at 10-5 
mm. Hg for 72 hours in Pyrex bulbs and were sealed off on 
the outgassing apparatus. The outgassing temperatures 
listed in Table II are accurate to ± 3 ° .

T a b l e  II
H e ats  o f  I m m er sio n  (E r g s / cm .s)

t(°c.) A
0.222

B
2.72

c
3.04

-----Sample m.:
D E 

3.12 4.56
!/g .-------a

7 - 8
F

65.2
G

109
h ‘

221
100 656 581 370 552 532 412 384 323
150 724 676 590 578 513 436 361
200 821 765 399 673 680 490 401
250 838 856 901 567 561 453
300 847 931 468 875 714 1011 628 514
350 861 1009 728 682 581
400 870 1076 508 1019 712 719 640
450 837 742 682

“ Data of Good, et al. 12

Calorimeter.—The calorimeter has been described pre
viously.1 It is of the twin adiabatic type with thermistor 
temperature sensing elements. All measurements were 
made at 25 ±  0.1°. Two types of Pyrex sample bulbs 
were used in these studies: (A ), a thin-wall-spherical bulb 
which was shattered completely during immersion (measured 
heat of breakage is 0.1 ±  0.05 joule), and (B ), a thick-wall-

(9) M. J. Joncich and N. Hackerman, T h is J o u r n a l , 57, 674 
(1953).
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convoluted cylinder only the tip of which was broken2 
(measured heat of tip breakage is less than 0.02 joule). 
Type (B) bulbs were used for the two samples of lowest 
area and Type (A ) for the remaining samples.

There were four electrical calibrations for each sample 
immersion. The average deviation for these runs was less 
than ± 1 % . All values given in Table II are the averages 
of a measurement from each calorimeter. Sample weights 
varied from 10 to 0.1 gram depending on the sample area. 
Total temperature changes during immersion varied from 
1 X  10-3 to 1 X  10~4 degree. Differential baseline tem
perature variations were less than 2 X  10 degree over the 
20 minute periods required for a measurement.

Weight Loss Measurements.—The samples, after equili
bration with water vapor at 25 ±  1°, were heated in air. 
Weighings were taken at 50° temperature intervals with 
intervening 24 hour time intervals. Just prior to weigh
ing, the samples were allowed to cool to room temperature 
in a desiccator. Weighing operations were performed on a 
semimicro analytical balance of 0.02 mg. readability.

Results and Discussion
The A //i’s measured in the present work are 

given in Table II and Fig. 1 along with one set of 
literature values. Two trends are noticeable: 
first, a general decrease of AH\ with increasing 
specific surface area and second, a generally large 
increase of AHi with increase in outgassing tem
perature. The former feature will be discussed 
first.

Particle Size Effect— If one considers AH-, values 
for the lower outgassing temperatures, the only 
exception to the first trend is the 3.04 m.2/g. 
sample. In addition to this discordant fact, the 
AH\ for the 4.56 m.2/g- material, prepared by 
micronization of the 3.04 m.2/g . parent, is con
siderably enhanced. Experience with both the 
silica-water system and the 2.72-3.12 m.2/g. 
parent-daughter pair of the present study would 
dictate a lower AH\ for the 4.56 m.2/g . species 
than for the 3.04 m.2/g . sample. All the following 
discussion will be presented with no further con
sideration of the 3.04 m.2/g . sample C.

It is still startling to the authors how regular 
this particle-size variation is at the lower outgas
sing temperatures. However, this relationship 
does appear to be more complex at the higher out
gassing temperatures where two types of behavior 
exist— one being represented by samples A and E 
and the other by the remaining samples. Ap
parently this difference in behavior at higher 
temperatures is substantially masked by several 
layers of water which remain physically adsorbed 
at the lowest outgassing temperatures studied.

The only alumina-water immersional data for 
samples of known surface area to be found in the 
literature10-18 are in general agreement with the 
present work. Stowe’s A Hi values of 310 and 300 
ergs/cm.2 for gel samples of specific area 244 and 
340 m.2/g ., respectively, are slightly lower than 
those found in the present investigation but due 
to the differences in sample pretreatment they may 
be entirely compatible. The work of Puri, et al.,u 
is somewhat anomalous since they observe large 
changes in surface area (determined from water 
adsorption isotherms) over an outgassing tem-

(10) V. M. Stowe, ibid., 56, 484 (1952).
(11) B. R. Puri, S. Mittal and L. R. Sharma, Res. Bui. Panjab TJniv., 

Ill, 3 0 9  ( 1 9 5 7 ) .
(12) C. A. Guderjahn, D. A. Paynter, P. E. Berghausen and R. J. 

Good- T h i s  J o u r n a l , 63, 2 0 6 6  ( 1 9 5 9 ) .

perature range where pore collapse and sintering 
does not usually occur for alumina gels. They 
find a rather random variation of A //; with out
gassing temperature with an average value of 278 
ergs/cm.2. The data of Good, et al., (see Table II) 
fit the scheme of AHi vs. particle size but it was 
impossible to reproduce their findings of a long 
time lag for attainment of thermal equilibrium. 
On the contrary, all the alumina samples studied 
were at 9 5 + %  thermal equilibrium five minutes 
after sample breakage. Runs were extended over 
30 minute periods in several cases to check this 
behavior. Since the wetting of as little as 0.5
m.2 of surface is measurable to ± 2 %  reproduci
bility, the phenomena observed by Good, et al., 
should have been detected easily.

In previous studies on the silica-water system,1-2 
the hypothesis was advanced that grinding im
parted an amorphous substrate character to the 
substrate surface layers. That an amorphous sub
strate should show reduced immersional heats com
pared to a crystalline surface has been explained 
qualitatively.2 This argument cannot be extended 
bodily to cover the present set of data. Samples 
A, B, F and G, although of widely varying specific 
area, all exist as individual single crystals formed 
during the calcination process. Unless some fun
damental but as yet obscure reason exists for the 
occurrence of an increased amorphous character of 
•the surface with decreased particle size, then some 
other explanation of the large divergence in AHi 
for these samples must be found. In fairness to 
the previous arguments,2 it should be noted that 
sample D, prepared by grinding B has a de
pressed AHi and that the amorphous gel, G, has 
the lowest AHi measured other than C.
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Fig. 2.

An interesting grouping of the data occurs 
according to a- or 7-crystalline modification. 
Whether this grouping is accidental or whether the 
heats of immersion are to this extent sensitive to 
crystalline form must be left for a more detailed 
study where both the a- and 7-forms are investi
gated over a wider range of particle sizes. In 
view of both the uncertain characterization of the 
7-aluminas13 and their small but still measurable 
water content at the calcination temperatures 
used, it is perhaps best to say that the lower heats 
of immersion of the 7-aluminas simply are the 
results of immersion of samples of greater surface 
water content than the corresponding a-aluminas. 
Better crystallographic classification of the 7- 
aluminas will be necessary in order to clarify this 
point.

Outgassing Temperature Effect.—There are two 
types of outgassing pretreatment behavior of the 
samples. Samples A and E show an initial in
crease followed by complete independence of 
A i f f  at outgassing temperature above 200° whereas 
the remaining samples show a continuous increase 
in immersional heat with outgassing temperature 
over the entire range (the upper limit of 450° is 
dictated by collapse of the Pyrex sample bulbs).

Heat of immersion measurements for the silica- 
water12 and calcite-water14 systems showed the 
complete removal of physically adsorbed water 
between 2 0 0 -2 5 0 °  and, indeed, this would be 
expected if adsorption -energies are less than a' 
liberal 1 5 -2 0  kcal./mole. The A //)  vs. outgassing 
temperature for samples A and E are indicative

(13) A. S. Russell, Aluminum Res. Lab., Tech. Paper No. 10, 
Aluminum Co. of America, Pitts., Pennsylvania, 1953.

(14) W. H. Wade and N. Hackerman, T h is J o u r n a l , 63, 1639 
(1959).

of this single mode of existence of water on the 
surface. The continuous increase of AH\ of the 
remaining samples leads one to postulate the exist
ence of chemically bonded surface hydroxyl groups.

Crystallographic data15 show that the lattice 
of a-alumina consists of hexagonal close-packed 
layers of oxygen ions separated by aluminum ion 
layers where the A l+++ occupy positions in the 
middle of the O”  triangles. Using the closest
0 - 0  spacing of 2.49 Á., one calculates 19 O” /100
A. 2 in the oxide ion sheet. Since a surface with 
this oxide sheet exposed represents the most 
dense possible packing of oxide ions and if one as
sumes that each of these oxide ions in the surface 
is normally converted to a surface hydroxyl group, 
then there is a maximum of 19 OH’s/lOO Á.2 
on the a-alumina surface. This can be compared 
to 8 OH’s/lOO Á.2 on quartz.16

For a direct check on the existence of water 
bonded above 200° (rather arbitrarily chosen as 
the maximum temperature that H20  would main
tain in chemical identity due to the large bonding 
forces necessary for its surface localization), 
weight loss measurements were run on samples
B, C, F, G and H. The results of these are shown 
in Fig. 2. With the exception, once again, of 
sample C, there is a direct correlation between 
total weight loss at a given outgassing tempera
ture with the A Hi. Over the temperature range 
of 200-400° the water loss for samples B, F, G 
and H corresponds to 14, 5, 5 and 6 surface OH’s / 
100 Á.2, respectively. All these values are suf
ficiently less than the theoretical maximum to 
indicate that it would not be exceeded at still 
higher temperatures. The correlation between 
the weight loss and A Hi studies is similar to that 
found in the silica-water system2 in that it clearly 
seems that low surface area samples have the higher 
concentration of surface hydroxyl groups. In
frared studies will be needed for a more direct 
check on the existence of surface hydroxyl groups 
on these samples.

As distinct from the silica-water behavior,12 
the AHi vs. t(°C.) does not pass through a maxi
mum. This indicates a rapid rehydration to the 
aluminol structure. Recently measured water 
adsorption isotherms17 on several of these alumina 
samples outgassed at temperatures above 200° 
all show hysteresis at coverages below a monolayer 
indicating lack of reversibility in the desorption 
of surface hydroxyl groups at 25°.

At the present time, it is impossible to explain 
the discrepancies between samples A and E and 
the remaining samples with regard to the non
existence of surface hydroxyl groups on just the 
two samples.

In conclusion, it should be noted that attention 
has been focused only on relative variations in 
AHi with a consideration of their absolute magni
tude being outside the present scope of attack. 
It has become increasingly obvious that in this

(15) R. W. G. Wyckoff, “ Crystal Structures,”  Interscience Pub., 
Inc., New York, N. Y., 1948.

(16) R. K. Iler, “ The Colloid Chemistry of Silica and Silicates," 
Cornell University Press, Ithaca, N. Y., 1955.

(17) R. L. Every, W. H. Wade and N. Hackerman, unpublished 
data (1960).
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regard very little can be inferred from the bulk 
structural and thermodynamic properties of solids. 
In other words, the statement that “ a solid is in 
its standard state”  has little or no significance with 
respect to its surface properties. To be specific, 
“ the immersional heat of a substance”  at the present 
time is a meaningless assemblage of words unless 
one can describe completely all the parameters of 
the surface, adsorbent, and adsorbate phases.
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DISCUSSION
L. A. R omo  (E. I. du Pont de Nemours & Co.).—Since 

surface crystallinity appears to be an important factor, I 
would suggest that electron diffraction be used to determine 
variations. Do the surface areas stay constant as a function 
of degassing temperature? What is the evidence you have 
for the presence of free vibrating hydroxyl groups on anhy
drous AI2O3 surfaces?

W . H. W a d e .— For all samples, the BET areas were found 
to be independent of outgassing temperature. There are 
several infrared studies which show discrete surface OH 
bands.

A. C. Z e t t l e m o y e r  (Lehigh University).— The question 
of double layer formation seems not to have been con
sidered. The small amounts of impurities present may pos
sibly produce quite different alumina-water interfaces

from sample to sample. In this laboratory such heat 
effects have been detected easily for the model system of 
graphite immersed into surfactant solutions; even trace 
calcium (a few parts per million) gives differences in heats 
of immersion. Do you believe such effects might be con
tributing?

W. H. W a d e .-—I would say that the regularity of the 
data is very surprising if your hypothesis is correct.

G e o r g e  R.' L e s t e r  (Universal Oil Products).— You 
have stated that the calcinations were done by the manu
facturer. The outgassing experiments might be very suscep
tible to time and storage between calcination and outgas
sing. Secondly, my own calculations, based on a spinel 
structure for «-alumina, indicate that the average number of 
0 “  ions in the 100, 110, 111 planes is about 11 ions per 100 
Â.1 2 *. This may explain the lower OH loss for the two 
samples of a-Al20 3. If the “ amorphous”  sample is really a 
mixture of true «-AhOj and amorphous A120 3, as often has 
been suggested, this explanation may apply also.

D. J. C. Y a te s  (Columbia University).— I wish to con
gratulate Dr. Wade on his statement that “ little can be 
inferred from the bulk structural and thermodynamic 
properties of solids.”  While as to your general statement 
that the low area materials are more crystalline than 
high area materials, I agree, but I think that there may 
be exceptions. For instance, the spectra of the OH groups 
on Alon C are quite different from those on the higher 
area alumina gel (Peri, ACS meeting, Sept., 1959). The 
peaks on Alon C are smeared together, while the better- 
crystallized alumina gel showed three distinct peaks. 
This is what one would expect from the flame process used 
in manufacturing Alon C.

W. H. W a d e .-—At the present time, I have found no 
correlation between extent of surface OH coverage and 
crystallinity.

THE SORPTION OF GASEOUS HYDROGEN CHLORIDE BY DRY 
LYOPHILIZED d-LACTOGLOBULIN1

By Wasyl S. IInojewyj and Lloyd H R eyerson

School of Chemistry, University of Minnesota, Minneapolis, Minn.
Received March 7, 1960

The sorption of gaseous HC1 by dry lyophilized /3-lactoglobulin was studied at 27°. HCI is held so firmly on some of the 
sorption sites that it cannot be removed by pumping to a high vacuum. The results show that the amount remaining sorbed 
on the protein is some reciprocal function of the temperature.

Earlier work in this Laboratory2 showed that 
gaseous HCI was very strongly sorbed by insulin at
— 78.9 and 20°. The protein used in that study 
was the zinc crystalline insulin. In that work it 
was not possible to determine the total effect of the 
zinc in the sorption process. However, the 
amounts of HCI bound more or less permanently 
depended on the temperature of the sample dur
ing the desorption process. As the temperature 
was lowered, the protein bound more and more 
HCI. About five times as much was bound at
— 78.9° as was held at room temperature. It was 
felt desirable to repeat the sorption studies of IICl 
by a protein having no metal ions in the structure. 
Qualitative studies on the sorption of HCI by lyo-

(1) Supported by a grant from U.S.P. Health.
( 2 )  L. H . Reyerson and Lowell Peterson, T h is J o u r n a l . 59, 1 1 1 7

( 1 9 5 5 ) .

philized /3-lactoglobulin, carried out in the Carls- 
berg Labora^orium by one of the authors (L.H.R.) 
indicated that the amounts sorbed were relatively 
large. This preliminary study also indicated that 
the protein was quite stable in that the protein 
containing adsorbed HCI was not appreciably hy
drolyzed when put into water. This is in contrast 
to the marked hydrolysis of the peptide-like bond 
in nylon when it contained adsorbed HCI. Since a 
great deal is known about lyophilized /3-lactoglobu
lin, it was decided to determine quantitatively the 
sorption of IICl by this protein. A complete ad
sorption isotherm was obtained at 27°. Following 
desorption the amounts of HCI retained at 10~6 
mm. pressure were determined at 27, 40 and 60°.

Experimental
The 3-lactoglobulin used in this study was a fresh sample

of the same protein, obtained from the Carlsberg Labora-
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Pressure mm.
Fig. 1.

torium, on which sorptions of H20  and D 20  were obtained.3 
125.8 mg. of this protein was weighed into a glass bucket 
which was suspended from a McBain quartz spiral balance 
which had a sensitivity of 2.285 mg./mm. Extension of 
the spiral was measured with a traveling microscope having 
a sensitivity of ±0.002 mm. The sample and the quartz 
spiral were thermostated as previously described.3 Equi
librium pressures in the sj'stem were measured by a mercury 
manometer using a cathetometer reading to ±0 .02  mm. 
Prior to admitting gaseous HC1 to the system, a complete 
adsorption-desorption isotherm of H20  vapor was deter
mined for this sample at 27°. The protein weighed exactly 
the same at the completion of the desorption of HjO as 
it did before H20  vapor was admitted to the sample. The 
adsorption part of this isotherm is shown as the upper 
curve in Fig. 1. The results were identical with those re
ported in the previous study.3

Following this, dry gaseous HC1 was admitted to the 
highly evacuated system containing the protein and a 
complete sorption isotherm was determined in the same man
ner as previously described.2 Liquid HC1 of 99.87% purity 
was redistilled several times and the liquid from the last 
distillation was vaporized to provide the gas used in the 
sorption. Amounts of HC1 adsorbed were determined up to 
5.484 mmoles per gram of protein at an equilibrium pressure 
of 325.3 mm. The adsorption isotherm is given in Fig. 2. 
The first equilibrium point (1.9 mmoles/g.) w\as reached in 
about 3 hours, the equilibrium HC1 pressure being 4.515 
mm. Following this first rather rapid adsorption, each 
successive point required from two to three days for equi
librium to be reached. This is from six to ten times longer 
than was required for the sorption of H-O. This very slow 
process of adsorption indicates that a sizable energy of 
activation is involved

The HC1 was then desorbed as rapidly as possible and the

(3) L. II. Reyerson and W. S. Hnojewyj, T h is  Jo u r n a l , 64, 811 
(1900).

T a b l e  I
R e s id u a l  A m o u n ts  o f  IIC1 H e ld  b y  t h e  P r o t e in  as 
S om e  R e c ip r o c a l  F u n ction  of t h e  T e m p e r a t u r e  a t  a

P r e s s u r e  o f  1 0 m m .

T e m p . ,  ° C .
T im e  o f  d e s o r p t io n , 

h r.
M m o le s  o f  H C1 b o u n d  

p e r  g. o f  p r o te in

2 7 1 5 6 1 . 5 4 0 4

4 0 5 0 1 . 4 6 3 0

6 0 1 1 8 1 . 1 7 6 3

system pumped down to a pressure of 10“* mm. When 
equilibrium was finally reached, 1.540 mmoles/g. of HC1 
remained sorbed on the protein. The protein was then 
heated to 40° again and evacuated to 10-8 mm. Some HC1 
was removed during this process. The protein was then 
heated to 60° and the evacuation repeated. At this 
temperature the protein still retained 1.176 mmoles/g. 
HC1. These three desorptions took about 10 days to 
complete and the results are given in Table I. With the 
residue of adsorbed HC1 still on the surface of the protein, 
a second adsorption of water vapor was carried out at 27°. 
Curve 2 in Fig. 1 gives the isotherm for this second sorption 
of H20 , based on the original weight of the protein.

Results and Discussion
It is evident from these results that this protein 

has nowhere near the number of sites available for 
binding HC1 as it has for H20  and D20. Except 
for the first isotherm point which was reached in a 
few hours, all other points required days to reach 
equilibrium, indicating a high energy of activation 
and some probable form of chemisorption. The iso
therm appears to be flattening out as it passed a 
vapor pressure of more than 300 mm. At the
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Fig. 2.

highest point reached, 204 molecules of HC1 were 
bound per molecule of protein. This is about half 
as many as the number of D20  molecules which had 
to be adsorbed for the maximum exchange of deu
terium observed in our previous study.3 While 
all of the H20  and D20  molecules are released by 
the protein during complete desorption at 10-6 
mm.p., only slightly more than two thirds of the ad
sorbed HC1 molecules can be removed by a high 
vacuum at 27°. Heating the protein to 40 and 
then to 60° resulted in slight additional desorptions 
as shown in Table I. It is interesting to observe 
that the number of HC1 molecules remaining ad
sorbed at 27° just equals the number of active 
amino groups in the side chains of this protein. 
Prolonged heating and evacuation at 40 and 60° 
only removes one fourth of these molecules, indi
cating a strong chemical bonding. However, the 
presence of these strongly bonded HC1 molecules 
has only a minor effect on the adsorption of H20  as 
is shown as curve 2 in Fig. 1. If each HC1 bonded 
to an active side-chain amino group prevented an 
H20  molecule from being adsorbed, then it was es
timated that the isotherm for H20  on the protein 
permanently holding HC1 molecules ought to be 
similar to the dotted line 3 in Fig. 1. Isotherm 2 
in Fig. 1 lies slightly below isotherm 1, indicating 
that the residual HC1 molecules do have some slight

effect on the relaxation of the structure of the pro
tein insofar as the adsorption of H20  is concerned.

Since the numbers and kinds of amino-acid resi
dues are well known for /3-lactoglobulin4 and com
pletely established by Sanger6 for insulin, it was de
cided to determine the ratio of the number of 
HC1 molecules bound at zero pressure to the num
ber of active amino groups in the side chains of these 
two proteins (57 for /3-lactoglobulin and 14 for insu
lin) at the several temperatures studied. The re
sults are shown in Fig. 3. In the case of insulin, 
where the data at lower temperatures were avail
able,2 the ratio is greater than 1.5 at 0° but at 27° 
the ratio for both proteins is nearly unity and it 
falls slightly thereafter, reaching about 0.75 at 60°, 
the highest temperature studied. These results 
seem to be a reasonable proof that the adsorbed 
HC1 molecules are most tightly bound by the amino 
groups on the side chains of the proteins. This 
binding may well be of a chemical nature. It 
seems likely from these results that the adsorption 
of the HC1 on the side chains prevents the opening 
up of the protein molecule and it does not seem 
probable that the backbone peptide links get a 
chance to adsorb many HC1 molecules, and if ad-

(4) K. Linderstr0 m-Lang, Souvenir, J. Soc. Biol. Chemists, India, 
191 (1955).

(5) F. Sanger, Bull. soc. chim. biol., 37, 23 (1955).
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Fig. 3.

sorbed the bonding appears to be weak. Qualita
tive experiments by one of us (L.H.R.) at the 
Carlsberg Laboratorium definitely showed that this 
same protein with a maximum amount of HC1 ad
sorbed was not hydrolyzed at the peptide links 
when placed in water. The CO-NH bond in ny
lon does hydrolyze under similar conditions, as is 
shown in our earlier work in this Laboratory.6

Thus there seems to be no question but that the 
same dry lyophilized protein behaves very differ
ently toward H20  and D20  than it does toward dry

(6) L. H. Reyerson and L. Peterson, T h is  Journal, 60, 1172 
(1956).

gaseous HC1, and this seems only reasonable. The 
number of molecules of D20  needed for the maxi
mum exchange3 shows that H20  and D20  must, in 
part, be adsorbed on the peptide bonds in the back
bone of the protein. The maximum number of 
HC1 molecules found adsorbed in this study slightly 
exceeds the number of side chains of the amino-acid 
residues which have active groups on which adsorp
tion could occur. Certainly the very strong bond
ing of the HC1, which remains on the protein at es
sentially zero pressure, can be accounted for by its 
being bonded to the amino groups on the side chains 
of the protein.
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PHASE SEPARATION IN POLYELECTROLYTE SYSTEMS. I. COMPLEX
COACERVATES OF GELATIN

By Arthur Veis and Catherine Aranyi 
Armour and Company, Research Division, Central Research Laboratories, Chicago, Illinois

Received March 7, 1960

The complex coacervation of mixtures of gelatins of different isoionic pH (p i =  5.0, 9.0) was studied in a test of the ap
plicability of the Voorn-Overbeek thermodynamic analysis of the coacervation process. The compositions of the coexisting 
phases at equilibrium and the total amounts of gelatin in each phase were determined as functions of the equilibration tem
perature and initial mixing concentration, Ct . Concentrations ranged from 0 to 1%  gelatin and temperatures from 10 to 
50°. A parameter, 6, was defined to describe the intensity of the coacervation. In general it was found that 9 increased 
as the temperature was decreased. In isotherms above the gelation temperature (t >  40°) 9 decreased as the total gelatin 
concentration increased. At t < 40° plots of 9 vs. Ct showed a minimum which shifted to lower values of Or as t was de
creased until, at 10°, the minimum disappeared and 9 increased with increasing Ct . These data could not be fitted in with 
requirements and assumptions of the Voorn-Overbeek theory, A change in the model of the reacting system has been 
suggested in which electrostatic aggregates are formed in the initial mixture even at t > 40°. The coacervation equilibrium 
is supposed to exist between dilute solutions of large, nearly neutral polyion aggregates and the concentrated phase of inter
twined but not specifically aggregated random coils. Coacervation in the region where gelation is significant ( t <  40°) is 
more complicated and must be treated separately.

A binary liquid mixture will form a stable, homo
geneous solution if the condition

/d*F>\
KòN zJ n i .t .p

> 0 ( 1)

is satisfied for all values of the mole fraction W2 of 
component 2. When this inequality fails, then 
spontaneous demixing or phase separation occurs. 
Overbeek and Voom 1 and Voorn2’3 have taken this 
fundamental thermodynamic approach to the prob
lems involved in “ complex coacervation,” the spon
taneous liquid-liquid phase separation that fre
quently occurs when solutions of oppositely 
charged polymeric polyelectrolytes are mixed in 
the same solvent. They reasoned that the critical 
conditions for phase separation could be deter
mined from analytical expressions for the free en
ergy of mixing of the polyelectrolytes and solvent. 
When the polyion concentration was greater than 
the critical demixing concentration, the equilibrium 
concentrations also could be determined by equat
ing the chemical potentials, derived from F, in both 
liquid phases.

The crux of the problem became that of formu
lating F in simple enough terms so that the subse
quent calculations could be carried out and still re
tain the significant experimental parameters. 
Overbeek and Voorn set

R total (T) — Rmixing (M) -f" R electrostatic (e) (2)

and then substituted the Flory-Huggins approxi
mation for Fm. Fe was calculated by treating the 
polyions as the sum of single charges and approxi
mating the total electrical interaction free energy by 
the Debye-Huckel theory. Their final result was

m  = ^  i n * (3)
in which

Ar =  total no. of lattice sites in the system 
r-, =  no. of sites occupied by particle i 
<r\ =  charge density of particle i

(1) J. Th. G. Overbeek and M. J. Voorn, J. Cellular Comparative 
P h y s io l49, Suppl. 1, 7 (1957).

(2) M. J. Voorn, Ree. trav. chim., 75, 317, 405, 427, 925, 1021 
(1956).

(3) M. J. Voorn, Fortschr. Hochpolym., Forseh Bd. 1, S192 (1959).

a  =  electrical interaction constant,
j~ 4*8*17« /J_\ 

3D iD k T v j \ k T j
v — site volume
0i =  volume fraction (or site fraction) of particles of 

type i
The critical conditions for coacervation were de

rived from equation 3 for the symmetrical two- 
component case in which each polyion was of the 
same size (r2 =  r2 =  r, subscripts 2 and 3 refer to the 
polyions, 1 to the solvent) and charge density 
(02 =  <r3 =  o’) and both were present in equal initial 
concentration (02 =  fa =  <£)■ For the solvent n  =  
1, co = 0. The result, equation 4

<jh =  —  r ----------- 1----------- 1  (4)
9a* L(1 -  0 )2G +  0) J W

showed that coacervation would take place at or
dinary temperatures in water only when oh  j>
0.4 since <t> «  1. Similarly, Voorn2 used equation 
3 as the basis for evaluating <j>1 and <t>u, the polyion 
volume fractions in equilibrium liquid and coacer
vate phases, for the symmetrical case. He was un
able to obtain solvable equations relating o and 
r to <pl and <t>n  but by approximations found, equa
tion 5, that at large r (r >  10s) 4>u was nearly in-

0SL-, «  « v 3 (5)
dependent of r and depended only on the charge 
density and, through a, on the temperature and 
solvent. From equation 5, however, one can see 
that small changes in o are reflected by large varia
tions in 0n. The polymer size, at large r, is impor
tant in regulating <t>1 and 011 only when o is close to 
its critical value.

Complex coacervation is of special interest be
cause it may be involved in many natural biological 
phenomena that appear to be influenced by inter
actions of oppositely charged macromolecules. It 
seemed appropriate to us to explore the applicabil
ity of the thermodynamic analysis described 
above to biological macromolecules and to proteins 
in particular.

The model and approximations used in the 
Voorn-Overbeek treatment place definite limita
tions on the choice of experimental systems. The 
major assumptions are: (1) that the heat of mixing
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of polyion and solvent be zero; (2) that the charge 
densities are sufficiently low so that Fe can be given 
by a Debye-Huckel work term; and (3) that Fyir; 
can be expressed in terms of the Flory-Huggins lat
tice solution theory. These assumptions require:
(1) that the polyions have the unperturbed random 
coil configuration; (2) that the charges be distrib
uted throughout the solution without regard to 
the fact that they reside on the polymer chains;
(3) that there are no specific intermolecular asso
ciations between polyions; and (4) that, at the 
least, the solvent-solute interactions be the same 
for each partner in the coacervation process.

Gelatin is one of the few proteins that have the 
random coil configuration, and it is well known that 
gelatins of different isoionic points can be prepared 
by proper choice of preconditioning of the gelatin 
stock. Furthermore, experiments on gelatin mix
tures, made for other reasons,4 5 had resulted in the 
formation of two phase coacervate systems. When 
isoionic solutions of gelatins of different pi are 
mixed, they titrate each other to equal charge. 
From titration curves,6 the net charge on each gela
tin (pi =  5 and 9) is ~ 1 5  ionized groups per 10s 
grams in the absence of added salt at pH 6.5. Thus 
the net charge density is relatively low. In view of 
the similarity in structure and chemical constitu
tion one might also expect that non-electrostatic 
interactions between gelatin molecules and be
tween gelatin and water would be nearly independ
ent of the gelatin source. Finally, according to the 
theory given above, once the critical molecular size 
is exceeded, the actual magnitude of the molecular 
size does not greatly influence <j>n. Thus, one 
would not expect the molecular-weight heterogene
ity of the gelatins to be a severe handicap. For all 
these reasons, we chose to investigate the gelatin- 
gelatin complex coacervation system in detail.

Experimental Procedure
The basic data required to establish the coacervation 

phase relationships are simply the compositions of the co
existing phases at equilibrium, the total amounts in each 
phase, and the equilibrium temperature. Such data were 
obtained from essentially straightforward measurements 
but we found that many extreme precautions were re
quired to achieve reproducible behavior. Therefore, these 
direct experiments must be described in some detail.

I. The Gelatins. Characterization and Analysis.— 
All measurments were made with two commercial gelatins: 
gelatin A, an acid-precursor pig-skin gelatin from the 
Grayslake Gelatin Company, and an alkali-precursor 
calf-skin gelatin, B, from the Peter Cooper Corp. These 
gelatins were selected because their light-scattering weight- 
average molecular weights appeared to be identical.6 
Their sedimentation coefficients were also identical although 
their intrinsic viscosities were not.6 The characterization 
data are given in Table I.

The sedimentation velocity measurements, though yield
ing the same average apparent <S° values, showed some dif
ferences in boundary spreading indicating that the molecu
lar weight and/or shape distributions were not identical, 
in accord with the viscosity data.

The p i ’s were determined by the ion-exchange method of 
Janus, Kencliington and Ward.7 Larger batches of each

(4) A. Veis, J. Anesey and J. Cohen, “ Recent Advances in Gelatine 
and Glue Research,”  Pergamon Press, 1957, p. 155.

(5) A. W. Kenchington and A. G. Ward, Biochem. J., 6 8 , 202 
(1954).

(6) A. Veis and J. Cohen, J. Polymer Sei., 26, 113 (1957).
(7) J. W. Janus, A. W. Kenchington and A. G. Ward, Research, 4,

247 (1951).

T a b l e  I
C h a r a c t e r iza t io n  o f  A an d  B G e la tin s

Gela
tin Type M . X 10-«

Sw in 0.1 
M  KC1

>n 0.2
M  KC1 pi

A Acid-
precursor 3.3 ±  0.3 5.0 0.42 8.95

B Alkali-
precursor 3.3 ±  0.3 5.0 0.58 5.00

gelatin were deionized by this same technique. Complete 
desalting was essential. All coacervation experiments were 
carried out with deionized gelatins.

Since the deionized gelatin solutions were free of any 
other components, refractive index measurements were 
convenient for concentration determinations. The biuret 
method8 was also used. Calibration curves of refractive 
index vs. concentration, and biuret complex optical density 
vs. concentration were identical for both A and B and mix
tures of A and B. In practice, refractive index measure
ments were used to establish most carefully the concentra
tions of the stock gelatin solutions. The more rapid but 
less precise biuret method was used to analyze the coacer
vation mixtures. The basic calibrations were established 
with gelatin whose moisture was determined by drying at 
110° to constant weight.

II. The Coacervation Equilibrium System.— This study 
has been restricted to the simplest case, that of “ sym
metrical”  mixtures of equal amounts of each gelatin. 
The total amount of gelatin was varied, however. Each 
system was set up essentially as follows.

Stock solutions of each deionized gelatin were made up in 
doubly distilled water. The concentrations of these solu
tions were determined interferometrically at 40°. Indi
vidual solutions of appropriate amount and concentration 
were then prepared, at 40°, and equal amounts of solutions 
of A and B at identical concentrations were mixed in an 
appropriate sized centrifuge tube. The mixing also took 
place at 40°. The mixtures were then transferred to a bath 
at the appropriate temperature and were equilibrated at 
that temperature for 30 ±  1 minutes. The centrifuge 
tubes were transferred to a Servall centrifuge and spun for 
5 minutes at 26,000 X g. As soon as the centrifuge stopped, 
the tubes were transferred back to the temperature equili
bration bath and allowed to stand for about 15 minutes. 
By this time, the coacervate had formed a liquid layer at 
the bottom of the tube and a very sharp boundary separated 
the phases. An aliquot was pipetted from the dilute 
equilibrium liquid for concentration analysis. The centri
fuge tubes were next placed in a Beckman tube sheer and 
were cut just above the phase boundary. The remainder 
of the equilibrium liquid was discarded, and the coacervate 
layer was allowed to gel. The small amount of equilibrium 
liquid could then be washed off with cold distilled water. 
At this point, either the coacervate concentration was de
termined or the total amount of gelatin in the coacervate 
was measured. Duplicate experiments were analyzed in 
these alternate ways so that the coacervate volumes could 
be calculated. When the coacervate volumes were large, 
they were measured directly in a special device built for this 
purpose.

The material balance for each coacervation system is 
given by equation 6 in which

F t Ct  =  VcCc +  VlCl ( 6 )
V  and C refer to volume and concentration, respectively, 
and the subscripts T , C and L refer, respectively, to the 
total system, the coacervate phase, and the equilibrium 
liquid phase. Of these, Cl and CcVc can be determined 
most accurately. However, Cc could also be determined 
satisfactorily in large scale experiments. An analysis was 
accepted only when all values checked the over-all material 
balance.

The complications in this simple procedure are the result 
of the aggregation and gelation of gelatin at temperatures 
lower than 40°. We found that, to achieve reproducible 
results, the time and temperature schedules had to be ad
hered to strictly. It was particularly important that the 
thermal history of each gelatin solution was identical and 
that the A and B solutions be mixed at 40° and then cooled

(8) A. G. Gornall, C. J. Bardawill and M. M. David, J. Biol. Chem., 
177, 751 (1949).
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liquid phases. In every case, even at temperatures 
as low as 4°, the equilibrium layers were liquid.

Once phase separation had taken place, two 
different kinds of behavior could be noted on fur
ther cooling. Rapid cooling set the entire system 
to a turbid gel. Slow cooling gelled the coacervate 
and caused the precipitation of a new coacervate 
phase from the equilibrium liquid.

Heating a coacervated system to 40°, if carried 
out without agitation, reduced the turbidity of the 
layers without causing them to disperse. Indeed, 
the low-temperature coacervates frequently were 
water clear at 40°. In such re warming experi
ments it became apparent immediately that the 
coacervates were not of uniform composition but, 
depending on the temperature at which they were 
formed, consisted of two or more layers. The ini
tial concentration of the system also affected the 
number of coacervate layers and their relative 
amounts. In general, when several coacervate 
layers were present, they did not have the same 
turbidity.

These qualitative remarks point out the complex
ity of the system when gelation and aggregation 
phenomena accompany the coacervation process. 
These complications will be dealt with in more 
detail in later papers in this series. For the present, 
however, we will focus our attention on Cc,«,P 
and 6  where these refer to the average or total 
values for all of the coacervate layers considered as 
one phase. Figures 4, 5 and 6 show plots of Cc,p 
and 6  isotherms, respectively, at 35, 30, 25.5, 
19, 15 and 10°. In the 6  isotherms one can see 
the progressive increase in the intensity of coacer
vation as T decreases and a decided change in 
the character of the 9-Ct relationship. The latter 
change coincides with the presence of multi-layer 
coacervates in the higher Ct region. For example, 
the 35° coacervate consists of two layers. The 
higher density layer is turbid, the lower density 
layer clear at 40°. The turbid layer increases in 
volume, just as the 40° coacervate does, until 
Ct 6—7 X 10~3 g./cc. and then decreases 
sharply as Ct is increased further. The clear layer 
becomes visible at Ct w  5 X  10~3 g./cc. and in
creases in volume as Ct is increased.

Discussion
I. The Applicability of the Voom-Overbeek 

Model for Coacervation.— The Voorn-Overbeek 
treatment of the complex coacervation phase equi
libria predicts, through equation 5 (and eq. 42 
ref. 2b), the equilibrium concentrations of the 
supernatant and coacervate layers in terms of the 
parameters a and r which represent the charge 
density and polyion size. For any given r and a, 
above the critical value for Ct, the mixture of op
positely charged polyions should separate spon
taneously into two layers of fixed composition, 
Cl and Cc, and only the amounts of the two phases 
should vary as the total concentration progresses 
from Cl to Cc. It is obvious from the data pre
sented in the preceding section that these direct 
requirements of the phase rule are not satisfied 
although the systems come reproducibly to an 
apparent equilibrium. At every temperature, 
the equilibrium concentrations depend on the total

CT X 103, g./cc.
Fig. 4a and b.— Coacervate concentration as a function 

of initial concentration at temperatures below the critical 
gelation temperature: (A) A, 35°; O, 30°; (B) o, 10°; 
X , 15°, the smooth curve represents the data at 25.5° com
puted from the equation
Cc =  0.07283 -  11.52Ct +  1.978 X

103Ct 2 -  1.185 X  105Ct 3
The standard deviation <r was 4.49 X 10 _3. The equation 
was computed by the same techniques given in the legend 
of Fig. 2.

polyion concentration at the initial mixing. This 
behavior can be explained in terms of the existence 
in the real case of more than the two components 
of the idealized model.

A. The Effect of Molecular Weight Hetero
geneity.— Since gelatins are known to be hetero
geneous with respect to molecular weight, it is 
pertinent to consider first the effect of this type of 
heterogeneity on the phase diagrams, assuming 
that the Voorn-Overbeek model applies to each 
of the homologous series of polyions.

Consider a system composed of polycations P j+, 
P2+, Ps+ and a single polyanion Q-  in equivalent 
amount. Further, let the ratios of amounts of 
P i+, P2+ and P3+ be some fixed values (a constant 
mixture of P’s) and assume that the critical con
centrations of P ’s for coacervation with Q are 
Ci', CVand C3' such that C\ <  C2' <  GY. As Ct is 
increased from zero, a coacervate PiQ will begin 
to form when Ci >  GY in an amount proportional 
to (Ci — Ci'). Only PiQ will form a separate layer 
until C2 exceeds C2' when a new coacervate P2Q 
will form along with PiQ in an amount proportional 
to (C2 — C2'). Similarly, coacervate P3Q will 
only form after C8 >  CY. A plot of p vs.Ct for this 
case, e.g., Fig. 7, would consist, starting from the 
critical value of CY, of three linear segments of in
creasing slope. On the other hand, a plot of the 
average Cc vs.C t  would show a negative slope since 
the Voorn-Overbeek treatment predicts that the
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CT X  103, g./cc.
Fig. 5.— The fraction of gelatin in the coacervate phase 

as a function of initial concentration at temperatures below 
the critical gelation temperature: A , 35°; □  , 30°; ©, 25.5°; 
• ,  19°; X , 15°; O , 10°.

lower the critical concentration for coacervation, 
the higher the coacervate concentration will be. 
The best data against which to test these con
siderations are those of Figs. 1 and 2, representing 
the coacervation at 40°, in the non-gelation region. 
The p vs.C t  plot is exactly the opposite of that de
scribed above and, although Cc decreases with in
creasing Ct, the slope of the Cc vs. Ct plot is not 
monotonically negative. At lower temperatures 
(25 to 10°) where gelation-type aggregation does 
occur, the p-Cr plots begin to approximate the 
shape of the curve for the heterodisperse system 
but the C c ~ C t  curves are still different in character 
(Figs. 4b and 5). Thus, heterodispersity in molecu
lar weight cannot give rise to the observed behavior, 
within the framework of the Voorn-Overbeek treat
ment.

B. Self-suppression of Coacervation.— The
shapes of the p-Cr and Cc-Cr  plots are similar to 
the three-component case of self-suppression of 
coacervation noted in mixtures of polymer salts 
P+A~, B+Q~ where the diffusible microions B+ 
and A -  increase the ionic strength as the total

polyion concentration is increased. In this case, 
however, the critical requirement is that the micro
ions must be distributed in nearly equal concentra
tion in both phases. In our system of isoionic 
polyampholytes, the only microions are H+ and 
OH-  and H + is at a concentration less than 10~® 
eq./l. in each phase. It is possible to cons.der the 
excess balanced, fixed charge on each polyampholyte 
as contributing to the total ionic strength but these 
charges cannot be distributed over the entire solu
tion and hence cannot be used to explain the con
centration dependence of Cc and Cl. We are, 
therefore, obliged to consider other sources for the 
apparent deviation of the coacervation of poly
ampholytes from the phase rule and from the 
Voorn-Overbeek model.

C. The Behavior of Isoionic Gelatin Solu
tions.—The behavior of salt-free isoionic solutions 
of randomly coiled polyampholytes has been de
scribed by Ehrlich and Doty10 and applied to 
gelatin solutions by Boedtker and Doty9 and by 
Veis and Cohen.6 According to these works two 
effects are evident. First, because of the attrac
tion of oppositely charged segments of the same 
molecule the extension of that molecule in space is 
decreased from that of the unperturbed random 
coil configuration. Second, because of the inter- 
molecular attractive force resulting from charge 
fluctuations11 large intermolecular aggregates may 
be formed under conditions where gelation-ag
gregation phenomena are absent. The electro
static aggregates in isoionic solutions may be quite 
large.

Thus, even at 40° the behavior of the isoionic 
gelatin solutions before mixing cannot be repre
sented in terms of non-interacting random coils as 
required by the Voorn-Overbeek treatment. 
Furthermore, the electrical charge cannot be con
sidered as being uniformly distributed throughout 
the solution.

When mixtures of isoionic gelatins of different 
p i are made, a net charge is induced on each type 
of molecule and strong intermolecular electrostatic 
interactions cause new aggregates to form. These 
aggregates are governed in size by the initial con
centration of the mixture but, once formed, are 
stable and can be diluted (at zero ionic strength) 
without dissociation. According to Boedtker and 
Doty9 the electrostatic aggregates are more dense, 
compact structures than the gel-type gelatin 
aggregates. Clearly, it should not be assumed that 
the component polyions of any mixture of oppositely 
charged polyions at low ionic strength can ever 
exist as independent molecules. Thus, the coacer
vation equilibrium must be established between 
dilute solutions of aggregates, of near zero net 
charge, and the concentrated coacervate phase.

Since reaching this conclusion, we have begun 
a series of experiments on the state of aggregation 
in the equilibrium phase. These studies are not 
ready to be described in detail but the preliminary 
results confirm that aggregates are present in the 
dilute equilibrium phase. For example, a mixture 
of gelatins A and B at 40° and at Ct =  7 X  10 ~3

(10) G. Ehrlich and P. Doty, J. Am. Chem. Soc., 76, 3704 (1954).
(11) J. G. Kirkwood and J. B. Shumaker, Proc. Natl. Acad. Sci., 38, 

863 (1952).
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g./cc. was made in an analytical ultracentrifuge 
cell. The cell was spun at 20,000 X g for a few 
minutes to bring down the coacervate phase. The 
cell speed then was increased and the sedimenta
tion of the equilibrium liquid observed. The Sm 
value computed from these observations was 71.3 
S and this should be compared with the Sto values 
of 5.0 for each gelatin alone, shown in Table I. 
Light scattering measurements4 also indicated the 
presence of aggregates in the equilibrium liquid.

D. Gelatin and the Critical Conditions for 
Coacervation.— Returning to the Voorn-Overbeek 
model, equation 4 places a minimum value of about
0.4 for the critical product a3r. For either gelatin 
(from titration curves and the data of Table I) 
considered as independent molecules, r is approxi
mately 104 sites and (rnet at pH 6.5 is ~ 3  X 10-3 
charges/site so that cr3r becomes ~0 .3  X  10~3. 
This is far below the critical value for coacerva
tion. If, alternatively, one uses the total charge 
on a gelatin molecule at pH 6.5 as -Overbeek1 
suggests, o-Totai » 4  X  10-2 and o-Totarr ^  0.6. 
This latter value probably is appropriate for use 
when discussing the freely distributable charge in 
the concentrated coacervate phase but certainly 
cannot apply to the dilute equilibrium phase nor 
to the initial gelatin mixtures at low C't .

Thus, independent gelatin molecules of the size 
studied and at the pH of our experiments, should 
not have formed coacervates. Assuming that a 
is relatively independent of the environment, r 
would have to be on the order of 107 to surpass 
the critical value. From this point of view we are 
again led to conclude that the independent mole
cule-uniform charge distribution model cannot be 
valid for the dilute phase.

E. The Temperature Dependence of the Co
acervation Process.—From equation 3 and the 
approximation of equation 5, it would appear that 
Cc should depend on the temperature only through 
the electrostatic interaction coefficient a in the 
non-gelation range. In turn, a is a function of 
(DT)~3/*. It is difficult to evaluate the dielectric
constant exactly for both phases and for such com
plicated solutes but it seems reasonable to take the 
change in D with T to be the same as that of water. 
Values of D, (DT)‘/\ a and a2 are listed in Table
II.

T a b l e  II
T h e  V a r ia t io n  o p  th e  E l e c tr o st a tic  I n te r a c tio n  Co

e f f ic ie n t  w it h  T e m p e r a t u r e

(, °c. D
(pure water)

(D T ) ’ 12x io-« a

10 84.11 3.67 4.007 16.05
20 80.36 3.61 4.073 16.59
30 76.75 3.55 4.148 17.78
40 73.78 3.48 4.236 17.94
50 69.94 3.40 4.334 18.78

Accordingly, equation 5 predicts that Cc should 
increase about 4%  for each 10° rise in the tempera
ture. A change in Cc of that order of magnitude 
is within the range of the experimental error at 40 
and 50° and the Cc data cannot verify this dif
ference. However, p decreases significantly be
tween 40 and 50°. Because of the relatively large

Total concn.
Fig. 7.— An example of the expected effect of molecular 

weight heterogeneity on the fraction of gelatin in the co
acervate phase. If the system contains four components 
whose relative amounts and critical concentrations for 
coacervation for each of these components are fixed values 
as given below, the fraction of material in the coacervate 
phase will follow the course shown in the diagram. The 
numbers in the various parts of the diagram represent the 
component species that make up the coacervate phase at 
each stage of the process. See the text for the detailed 
explanation.

Relative Critical Total concn. Concn. ofamt. of concn. for at which the each comeach com coacervation components ponent when
ponent, for each reach their coacervation

% component critical concn. can occur
1 0.25 Ci' =  0.25 Ct, =  1.00 Ci ^ 0.25
2 0.25 Ci' =  1.00 CT, =  4.00 Ci S 1.00
3 0.25 Ct' =  1.25 Ct, =  5.00 Ct ë  1.25
4 0.25 Ct' =  1.50 Ct, =  6.00 Ct ê  1.50

volume of equilibrium liquid p is most sensitive to 
changes in Cl and indicates that, at constant 
C t , Cl should increase with increasing temperature. 
This is verified by the direct Cl measurements.

A plot of Cc and Cl as a function of temperature 
at constant C t  (C t  chosen close to the inflection 
point of each Cc vs. Ct isotherm), Fig. 8, shows that 
the coacervation process clearly follows two 
different mechanisms. The discontinuity in Cc
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0 2 4
C X  103, g./cc.

Fig. 8.— The equilibrium liquid and coacervate polyion 
concentrations as a function of temperature at constant 
initial concentration CT =  6 X  10- , g./cc., X  =  Cl; O, Cc-

as a function of T probably matches the signifi
cant onset of thermal (non-ionic) gelation at the 
lower temperatures. However, the decrease in 
Cc between 40 and 30° is greater than that pre
dicted by the variation in a, so that, again, the 
Voorn-Overbeek model does not appear to apply 
in detail to the real coacervation process.

H. The Concentration Dependence of Co
acervation.—The reaction considered by the ther
modynamic analysis outlined in the introduction 
may be written schematically as
(A) [F + T  Q Ict, independent <

random coils
[P+ +  Q-] Cl , independent +  [P+ +  Q-] Cc,independent 

random coils random coils

According to the preceding discussion, however, 
the real system could be better represented by a 
series of reactions
(B-l)

( B - 2)

[P + ] Ct , isoionic IQ Ic t , isoionic ----- >-
aggregates aggregates

[P Q Ic t , aggregates

[P Q I Ct , aggregates < —
[PQI Cl , aggregates +  tP+ +  Q~1 Cc, independent

random coils

or
( B - 2' )  [ P Q ] C t , aggregates

[P Q I CL, aggregates T  [ P Q lc c .  aggregates

Since the equilibrium concentrations of the two 
phases are dependent on the initial mixture con
centration, Ct reaction B-l must itself be the con
centration-dependent step. We assume that it is 
both rapid and, in a practical sense, irreversible 
at very low ionic strength. The aggregation ap
pears to be irreversible because of the high acti
vation energy required to separate the densely 
entangled oppositely charged polyion chains. 
At 40° the average aggregate size at any given 
value of Ct is some fixed value, not dependent on 
the length of time the mixtures stand, since the 
amount of coacervate and the equilibrium concen

trations of each phase were the same whether 
determined immediately or after the mixtures had 
stood for several hours. This is not true at lower 
temperatures where thermal gelation interactions 
proceed for many hours. However, even in these 
cases, the rates of gelation and hence the coacer
vate phase distributions are reproducibly governed 
by the mixing conditions and elapsed time.

One can draw some interesting conclusions on 
the behavior of gelatin mixtures from the fact that 
C c  is highest at low Ct (at 40°) and that C c  and, 
especially, p drops precipitously at Ct '-'0.7 X  
10~3 g./cc. Since general thermodynamic con
siderations of phase Separations in polymer solu
tions show that the concentrated phase is more con
centrated the larger the polymer size, the aggregate 
must, on the average, be larger in the more dilute 
solutions. This can be rationalized in the follow
ing way.

In the individual solutions at high dilution, the 
isoionic gelatin molecules attract each other by 
charge fluctuations to form large isoionic clusters. 
The individual molecules in these clusters have 
nearly the unperturbed random coil extension.10 
Because of their large effective volume, the gelatin 
molecules rapidly fill the solutions at successively 
higher concentrations until the entire system is 
like a vast network of entangled chains. Under 
these conditions, individual isoionic clusters be
come smaller, and ultimately unnecessary, be
cause the charge fluctuations leading to the specific 
intermolecular associations are now diffused 
throughout the solution. Upon mixing the two 
isoionic solutions the isoionic clusters coalesce to 
dense, nearly neutral aggregates. As in the 
individual solutions, the average number of chains 
participating in the initial aggregate becomes smal
ler as Ct becomes larger because of the greater 
chance of intermolecular contact and because the 
original molecular clusters were smaller. At 
sufficiently high concentrations, the difference 
between the state of the gelatin in randomly en
tangled dilute solutions and in more concentrated 
solutions becomes so slight, energetically speaking, 
that coacervation drops abruptly as predicted by 
equation 5.

From the data of Table I, the gelatins we stud
ied have a weight-average molecular weight of 
'—'3 X 105 and a z-average mean-square end-to- 
end extension of '—400 A. From these parameters, 
a gelatin solution would be effectively filled (all 
unperturbed molecules in contact with the extremi
ties of other molecules) at a concentration of about
3.0 X 10~3 g./cc. This is the correct magnitude 
to satisfy the above picture.

This way of looking at the gelatin system dic
tates the choice of reaction B-2 rather than B-2'. 
Specific aggregates should not be favored in the con
centrated phase. It also shows that a reinterpre
tation of the relative roles of the electrostatic and 
entropy terms in bringing about coacervation is 
required.

In spite of the change in the model, equation 2 
still expresses the general case in which Fm and Fe 
can be treated separately. According to reaction 
A, the electrostatic attractive forces drive the
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system to the phase separation because Fe is re
duced in the concentrated phase. Fm , which in
creases on phase separation, works against coacer- 
vation. However, from the point of view of B-2, 
Fe is already minimized in the dilute solution by 
specific charge neutralization so that there is no, 
or relatively little, gain to be made on phase sepa
ration. However, the gelatin goes from ordered 
aggregates in dilute solution to the more disordered 
coacervate phase, giving rise to an increase in 
entropy on phase separation. Thus, the entropy 
change drives the phase separation with little 
contribution from the electrostatic interactions 
(except through the initial electrostatic establish
ment of the PQ aggregates, B -l).

Conclusions
We commented earlier that the concentration 

data could be explained only in terms of having 
more than two components in the P+Q~, H20  
system. However, the model drawn in the pre
ceding section allows a different interpretation of 
that statement. We now conclude that each 
coacervation equilibrium system can be treated as 
a two-component system but that the size and 
charge density of the PQ aggregate, the real 
“ solute,”  is different in every case and depends on 
the mixing concentrations. The equilibrium meas
ured is therefore a different one at every mixing 
concentration.

In qualitative terms, the coacervation of neutral 
aggregates rather than randomly coiled linear 
polyions reverses the roles ascribed by Voorn 
and Overbeek to the electrostatic free energy change 
and the entropy change in driving the system 
toward phase separation. The control that dif
fusible microions exert is phenomenologically 
identical for either system. In the Voorn-Over- 
beek model, an increase in ionic strength lowers 
Fe and reduces both the tendency toward coacerva
tion and the coacervate concentration. In our 
model the addition of salt should, through reaction 
B -l, reduce the aggregate size and hence reduce

the coacervate concentration. Since the salt would, 
in addition, reduce Fe in both phases, our model 
should be more sensitive to salt. This is in accord 
with our observations that the dilute mixtures of 
gelatins are extremely sensitive to salt contami
nation.

All of the remarks above are restricted, to the 
situation where thermal aggregation is absent. 
It is quite evident that when gelation occurs the 
coacervation intensity is increased and the con
centration dependence of the coacervation is 
changed so that Cc ultimately increases as Ct in
creases (10 to 20° range). The aggregates formed 
are not uniform. The systems are truly multi- 
component and may separate into three or more 
distinct phases. Coacervation in the presence of 
gelation thus requires a separate analysis, experi
mentally and theoretically.

The succeeding papers in this series will deal with 
the complex coacervation phase separation in 
terms of the coacervation and properties of ag
gregates rather than independent molecules and 
with the coacervation of gelatin gels, two separate 
types of protein-protein interaction.

DISCUSSION
J. T h. G. O v e r b e e k  (University of Utrecht).— I agree 

completely with Dr. Veis that the Yoorn-Overbeek theory 
is not applicable to these salt-free gelatin complex coacer- 
vates. At higher salt content the aggregates in solution 
would be expected to break down and then perhaps the con
ditions for application of Voorn’s line of thought might be 
more favorable.

A r t h u r  V e is .— I believe that at higher salt concentra
tions the independent random coil model would apply. 
In fact, the decrease in Cc(Fig. 1) at Ct =  0.6 X 10-3 g./cc. 
probably indicates this same type of change in the interact
ing system. In this case, the balanced fixed charges on the 
gelatin provide the atmosphere of high ionic strength. The 
way in which the coacervate concentration decreases with 
the total concentration from that point on is typical of the 
way Bungenberg de Jong’s data show the effect of increas
ing salt concentration. However, the aggregation effects 
at very low ionic strength are not restricted to the case 
of polyampholytes. Hence, Voorn’s treatment will not, 
in general, be applicable to the very low ionic strength 
regions where the coacervation intensity is greatest.
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A method was developed to measure the enzymatic activity of trypsin recovered from agar gels. From unirradiated gels 
this activity was always less than that from a corresponding solution containing no agar. The amount of trypsin inactivated 
in gels by a given dose of radiation was much less than that in trypsin solutions where there was no agar. This was con
trary to expectations based on previous studies of gels containing dyes. This inhibition of inactivation in agar is presumed 
to result from an interaction between agar and trypsin. For example, a complex may form such that susceptible sites of the 
trypsin are shielded from reaction with radiation-produced radicals. Alternatively, the micellular structure of agar may 
hinder the trypsin from unfolding once it reacts with a radical.
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Introduction
Many cells are seriously affected by an absorbed 

radiation dose of 103 rads (r.); in fact, most mam
mals are killed by this dose delivered to the 
whole body. Yet it may require as much as 106
r. before an appreciable fraction of individual 
biochemicals are inactivated3 when irradiated 
outside of the cell.

There are a number of potential explanations 
for this thousand-fold disparity. One of these is 
that the mechanisms of energy absorption and 
movement within biological structures is such that 
absorbed energy is “ funnelled” to critical sites 
within the cell.4 5 The research reported here was 
designed to provide an evaluation of this possibility.

It is generally recognized that energy absorbed 
from ionizing radiation can inactivate biological 
material in at least two ways. A direct effect 
presumably occurs when the radiation produces a 
primary event, such as an ionization, within the 
molecule itself; this can occur either in the dry 
state or in solution. Indirect effects result from 
reactions between solute molecules and products 
resulting from the action of radiation on water. 
The latter presumably are produced by the 
reactions

HOH» — . » ■ HOH+ +  e " (la )
HOH + — =► H+ +  OH0 (lb )

e -  +  HOH» — HOH- (1c)
H O H - — >  OH -  +  H° (Id )

in which the ejected electron travels a considerable 
distance before being captured. Thus, a spatial 
separation of the radical and ion species occurs. 
As the products diffuse, they can undergo numerous 
reactions: they may recombine to form HOH again, 
react with solutes and dissolved gases or they can 
combine with other radiation products to form 
H2°, H20 2°, H 02°, etc.6

(1) In part from a thesis by Elizabeth S. Augenstine submitted to 
the University of Maryland in partial fulfillment of the requirements 
for the M.A. degree in Science Education.

(2) Division of Biology and Medicine, U. S. Atomic Energy Commis
sion. On leave-of-absence until July 1960 from the Biology Depart
ment, Brookhaven National Laboratory, Upton, New York.

(3) In this paper the term inactivation is used to designate any solute 
changes which fall into the particular category being measured experi
mentally

(4) L. Augenstine, “ Joint Committee on Atomic Energy Hearings 
on Fallout,”  1958, p. 123.

(5) E. Augenstine, master’s thesis, University of Maryland, 1959.
(6) A. O. Allen, T h is  J o u r n a l , 52, 479 (1948).

Much work has been done on the irradiation of 
biochemicals in the dry state or in solution. Dale7 
was the first to show that enzymes in very dilute 
solutions containing only pure enzyme could be 
inactivated by doses of the order of 104 instead of 
the 106 r. or greater necessary for direct inactiva
tion of dry preparations8 or impure solutions.9 
Potentially both direct and indirect effects should 
occur when living cells are irradiated since they 
may contain as much as 90% water. However, 
the amount of indirect inactivation of a particular 
component should be relatively small because of the 
many competing solutes normally present in a cell.

In attempting to assess the importance of various 
mechanisms in promoting radiobiological damage it 
is necessary to recognize that the dry state and 
solutions containing only one highly purified solute 
are not representative of cellular conditions. 
Rather a cell has a gel-like composition with a cor
responding semi-ordered structure. Experiments, 
by Gevantman, et al. , 10 discussed below, suggested 
this “ structuredness”  might act as a framework 
which would promote efficient migration of energy 
in one form or another to critical structures or 
molecules. Thus, the energy absorbed could be 
more efficient in inactivating individual biological 
components within the cell.

An agar gel can be made very similar in consist
ency and atomic number to tissue.11 Therefore, 
it was felt that a study of the effects of radiation 
on an enzyme in agar12 should be worthwhile. 
Since the gels we used were 98-100% water, the 
same primary reactions that are produced in aque-

(7) W. Dale, Biochem. J., 34, 1367 (1940); 36, 80 (1942).
(8) E. Pollard, Advances in Biol. Med. Phys., 3, 153 (1953).
(9) (a) R. Havard, Brit. J. Radiol., 8 , 787 (1935); (b) C. Scott,

Med. Research Council {Brit.) Spec. Rept. Ser., No. 223 (1937).
(10) (a) L. Gevantman, R. Chandler and J. Pestaner, Technical 

Report USNRDL-TR-163, MS 081-001, U. S. Naval Radiological 
Defense Laboratory, San Francisco 24, Calif., May 29, 1957; (b) 
L. Gevantman, Rad. Res., Suppl. 2 (1960).

(11) M. Day and G. Stein, Nucleonics, 8 , 34 (1951).
(12) Some of the reasons which led Gevantman, et al-,10 to choose 

agar from eleven different compounds considered, also recommended 
it for the present research: (i) the substance should be adequately 
soluble in water and yet in low concentration produce a firm gel; (ii) 
it should be relatively inert to the dose of radiation employed; (iii) 
it should be inert to the reactants and products formed in the gel as a 
result of the irradiation; (iv) it should go into solution at the lowest 
possible temperature in order to minimize the thermal inactivation of 
added trypsin. Other gel materials including pectin, silica, Kelgin 
and Kelgin XL were tried, but gelation was not achieved under our 
experimental requirements. Gelatin would have been undesirable 
for these studies because trypsin could digest it.
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ous solutions should predominate. Further, the 
diffusion constants for mono and divalent cations 
were found to be nearly the same in gels as in solu
tion.13 Radicals would be expected to behave 
similarly to the cations. Thus the subsequent re
actions of the radiation-produced radicals in agar 
gels should be comparable to those in solution, with 
the exception that effects of convection and mixing 
are eliminated.11 These properties were exploited 
by other workers to obtain the three-dimensional 
dosage distributions produced by high-energy 
electrons in agar blocks containing dyes. 10’u -14

Besides the usual indirect effects, we expected 
additional inactivation might result from the 
“ tunneling”  mechanisms postulated above. This 
expectation was based on the results of the studies 
conducted by Gevantman and co-workers. They 
reported an increase in the amount of “ inactiva
tion”  per unit of radiation as the gel concentra
tion was increased. For instance, as agar concen
tration was increased from 0 to 1% there was a 
linear increase of almost a factor of three in the 
irradiation yield for a trichloroethylene-brom 
cresol purple system. A lesser increase of only 
60% was observed in the production of free I from 
KI as the agar concentration was raised from 0.3 
to 1.0%.11

In the research reported here the enzyme, 
trypsin, was X-irradiated: in solution alone;
in solution with methylene blue as a competing 
solute for the radiation-produced radicals; and 
alone in agar concentrations from 0 to 2%. The 
expected increase in trypsin inactivation with an 
increase in gel concentration was not observed. 
In fact, quite the opposite was found—agar exerted 
a strong inhibitory effect on the amount of inacti
vation produced. Investigations of the reasons 
for this marked difference in behavior from the dye 
systems have led to a number of conclusions con
cerning the nature of the trypsin-agar interactions 
which may be important to an understanding of 
radiobiological effects at the macromolecular and 
cellular levels.

Experimental Procedures
It was necessary to have experimental materials as free of 

“ contaminants”  as possible since radiation-produced radi
cals will react with other solutes in addition to trypsin.7’ 16 
Thus, special procedures, as well as "conductivity water”  
having a specific resistance of 5 X  107 ohms were employed 
in making up solutions or in cleaning equipment to be used 
before or during the irradiation.5

Preparation of Solutions. 1. Trypsin.— A stock 25 nM 
solution was made up in sodium phosphate buffer. It was 
found that the trypsin (2 X  crystallized, Worthington Bio
chemical Co.) did not completely dissolve in the buffer. 
Therefore, 50 mg. was put in 90 ml. of 6 X  10~* M  HC1 in 
an open beaker and carefully pulverized and agitated with 
a stirring rod. When all granules had disappeared, 10 ml. 
of 0.1 M  NaH2PO, was added to adjust the pH to 4.5. 
During preparation and storage, precautions were taken 
to minimize trypsin deactivation by either heat or “ surface 
denaturation.” 16

2. Agar.— Appropriate amounts of Difco Bacto-Agar 
in 100 ml. of 0.01 M  NaH2PO, were heated with continuous 
stirring until a clear solution was obtained (at about 90°).

(13) A. Thomas, "Colloid Chemistry," McGraw-Hill Book Co., 
New York, N. Y „  1934, p. 479.

(14) S. Goldblith, B. Proctor and O. Hammerle, Ind. Eng. Chem., 
44, 310 (1952).

(15) L. Augenstine, Rad. Res., 10, 89 (1959).
(16) R. Ray and L. Augenstine, T h is  J o u r n a l , 60, 1193 (195G).

Upon cooling to 50° the required aliquots were immediately 
pipetted (using warmed pipets) into mixtures of trypsin 
and 0.01 M  NaHjPO, to give the desired final agar concen
trations (0 to 2% ). The 100 ml. of agar solution was 
freshly prepared for each experiment to avoid excessive 
hydration changes upon standing.

The Difco Bacto-Agar had been purified during its 
manufacture by removing extraneous matter and pigmented 
portions and reducing salts to a minimum. An indication 
of its relative purity can be ascertained from the fact that 
a 0.2%  solution had very little absorption between 200 and 
800 m#i.

Irradiation.— Two different irradiation arrangements 
were used.

KVP mA
Filtra
tion, 

mm. A1
Dose
rate,

r./min.
Max. dose 

delivered, r.
Temp.,

°C.
A17 100 5 11 ' V» 28 10,000 20-25
B 250 30 V< 285 171,000 4 or 25

Since trypsin will absorb onto glass,16 all solutions were 
irradiated (and assayed) in polystyrene vials. Polystyrene 
was chosen because it was known to contain only a minimal 
amount of material which would act as competing contami
nants.15 The vials were placed in a circular lucite-brass 
rack designed (1) to permit temperature control and (2) 
to achieve more uniform dosage distribution within the 
vials by providing a “ constant-scattering environment.” 5 
Dosages were calibrated with a Pricke dosimeter18 in which 
the F e+2 is oxidized to F e+3 by radiation-produced radicals. 
Aliquots of the Fe2SO.i solution having the same volume as 
the trypsin samples were irradiated under identical condi
tions in the lucite-brass rack.

Hemoglobin Assay. 1. In Solution.— Following ir
radiation the enzymatic activity remaining was measured 
by a modification of the assay method of Anson.19 Di
gestion of the stock solution of hemoglobin (H b) was car
ried out for various lengths of time depending upon the 
trypsin concentration. Digestion was stopped by adding 
5%  trichloroacetic acid and the mixture was allowed to 
stand for at least one-half hour before filtering through 
Whatman #3 paper. Finally the optical density (OD) 
of the filtrate was measured at 280 mp. The OD was found 
to be directly proportional to trypsin concentration when 
unirradiated samples containing different trypsin concentra
tions were assayed for a fixed length of time.

2. In Agar.— If Hb solution was added to unirradiated 
trypsin gels no digestion occurred. To recover active 
enzyme it was necessary to freeze the gels before assaying.80 
After standing at Dry Ice temperature for at least 1 hour 
and preferably overnight, the samples were placed in a 
water-bath at room temperature for one-half hour. At 
that time they were assayed according to the Hb procedure 
outlined above. The OD was directly proportional to the 
trypsin concentration in unirradiated samples containing 
as much as 2%  agar. However, in all experiments more 
activity was recovered from those unirradiated samples 
having no agar than from those containing appreciable 
amounts. The data from three experiments shown in 
Fig. 1 are typical and show the reproducibility to be ex
pected from this assay method in agar. Using appropriate 
controls it was determined that the loss in trypsin activity 
did not result solely from the 50° temperature at which the 
agar and trypsin were mixed.

More activity was recovered when the frozen samples 
were pulverized before assaying. However, there was the 
danger that material would be lost in the transfer from the 
mortar back to the vial for assaying and it was difficult to 
be certain that all samples were pulverized equally. Since 
the addition of a pulverization step made for an unduly 
cumbersome procedure for a large number of samples, it 
was ordinarily not used since adequate activity could be 
recovered without it.

(17) We are indebted to Prof. D. T. Morgan, Jr., Botany Dept., 
University of Maryland for the use of setup A and to the Biology and 
Medical Departments at Brookhaven National Laboratory for setup B.

(18) J. Weiss, A. Allen and H. Schwartz, "Proc. Intern. Conf. 
Peaceful UseB Atomic Energy,”  Geneva, Vol. 14, 1956, p. 179.

(19) M. Anson, J. Gen. Physiol.. 22, 79 (1938).
(20) This procedure was adopted following the suggestion of Dr. C. 

Markert, Biology Department, Johns Hopkins University that freezing 
should break up the internal gel structure.
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Other procedures to recover enzymatic activity from the 
gels were tried without success. T o liquefy the agar- 
trypsin gel required a temperature of at least 72°. Trypsin 
is rapidly inactivated at that temperature. Nevertheless, 
it was thought that a quick burst of heat might liquefy the 
gel before the trypsin was appreciably inactivated. How
ever, no success was obtained with an infrared lamp even 
though only two minutes of heating were required and the 
Hb solution was added immediately upon liquefaction.

Results and Discussion
Trypsin in Solution (No Agar).— The reliability 

of the data obtained with the present procedures 
and facilities was tested by using a recently de
veloped method of analysis.15 According to that 
method, in the range of solute concentrations where 
indirect radiation effects predominate, a plot of the 
reciprocal, l / r tr, of the inactivation yield (in 
molecules/unit dose) versus the reciprocal, l/NtT, 
of the concentration of trypsin should give a 
straight line: (a) whose intercept is the probability 
that a trypsin molecule will be inactivated in a 
collision which results in the elimination of a radia
tion-produced radical; and (b) whose slope is a 
measure of the reactivity of any “ competing 
solutes” — either those added in the form of a second 
solute or those present as contaminants in the water. 
In the presence of added solutes the slope should 
increase, but the intercept remain unchanged.

A  straight line having negative slope was ob
tained when samples from a particular trypsin 
concentration were irradiated and the log OD 
(i.e., log activity remaining) was plotted against 
the dose, D (e.g., see the data in Fig. 2A). This 
indicated that inactivation was first order so that 
the yield could be described by

where Dn is the dose necessary to reduce activity 
to 1/e its initial value. ,

For trypsin (without the addition of other solutes) 
irradiated in solution at pH 4.5 with concentrations 
between 0.5 and 5.0 ixM, the slopes and intercepts 
of plots of 1/Ftr versus 1 /Artr were consistent with 
values determined previously.15 In addition, the 
intercept did not change significantly when methyl
ene blue (either 2 or 4 ¡iM) was added as a compet
ing solute and the increases in slope were compar
able to those reported previously. In general, 
the deviation of individual points from the ex
pected straight lines was ± 1 0 %  or less and the 
reproducibility (between daily runs) of the values 
for the slope and intercept was also about ±  10%.

Trypsin in Agar Gels.— In one set of experiments
2.5 fiM trypsin in pH 4.5 NaH2P 04 buffer con
taining 0, 0.2, 0.4,............. , or 2.0% of agar was
irradiated (using setup A) with doses up to 10,000 
r. Inactivation could be demonstrated definitely 
only in those samples containing no agar. Inas
much as the D37 for 2.5 ¡iM trypsin irradiated in 
solution alone is about 7500 r. these results were 
quite unexpected. The findings of Gevantman, 
et al.,10 showed that trichloroethylene and potas
sium iodide are inactivated to a greater extent in 
agar than in “ pure” solution. This established 
that the agar does not compete effectively for the 
radicals responsible for inactivating these two 
compounds and, further, that the gel may lead to

AGAR CONCENTRATION ( IN %  ).

Fig. 1.— The effect of agar concentration on the amount 
of enzymatic activity which can be recovered from unirradi
ated gels containing 2.5 ¡j-M trypsin at pH 4.5 (three separate 
experiments).

a more efficient utilization of the absorbed energy. 
The work of Day and Stein11 showed that agar 
also does not compete for the radicals responsible 
for the methylene blue inaetivation. Since trypsin 
and methylene blue are co-competitors for radia
tion-produced radicals, the same radical species 
must be involved in inactivating both. Thus, it is 
concluded that the agar is not competing for the 
radicals which inactivate trypsin. It has also 
been pointed out previously that the migration of 
radicals should not be seriously affected by the 
gel structure. This conclusion is consistent with 
the results of Gevantman and Day and of Stein. 
From the above considerations as well as those to 
follow, it appears very likely that trypsin inacti
vation in the gels is depressed because of an inter
action between agar and trypsin.

For example, agar-trypsin complexes would be 
expected inasmuch as agar has a negative charge 
and trypsin a positive charge at pH 4.5.21 If 
so, susceptible trypsin sites may be shielded. 
Direct reaction between the agar and critical surface 
groups could either chemically alter or mask them 
so that they are unavailable to attack—it has been 
estimated that in solution about 2.5% (100 A.2) 
of the surface of the trypsin molecule is involved in 
inactivation by radicals.22 However, even if the 
critical site is not directly involved in bonding 
with the agar, reaction with a radiation-produced 
radical could still be sterically hindered. This

(21) (a) H. Terayama, C. A., 46, 2989g (1951), original in 
Japanese; (b) an interaction is known to occur between agar and 
catalase. Terayama found that agar caused a striking inhibition of 
catalase activity when the catalase bad a positive charge. He at
tributed this to a colloid-ionic combination.

(22) L. Augenstine, “ Proceedings 1st National Biophysics Confer
ence,”  eds. H. Quastler and Ii. Morowitz, Yale Univ. Press, New 
Haven, Conn., 1957, p. 154.
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Fig. 2.— The enzymatic activity which can be recovered 
following the irradiation (with various doses) of 2.5 ,iM tryp
sin in 0,0.05 and 1%  agar made up in phosphate buffer at pH 
4.5, 6 or 8. These results were obtained from irradiations 
carried out at 0°. Limited data obtained at 25° were not 
significantly different.

could result from bonding at a nearby site or even 
a change in molecular conformation induced by the 
formation of the complex.

Alternatively, the known micellular structure of 
the agar23 may provide a “ cage effect.”  It has 
been postulated by L. Augenstine that the inacti
vation of an enzyme requires a considerable rear
rangement in its structure.24 If trypsin is rigidly 
held within an agar micelle, it could be prevented 
from undergoing large structural rearrangements. 
In this manner incipient inactivation initiated by 
a radical could be prevented from proceeding to 
completion. Thus, inactivation depending upon 
an unfolding of a trypsin molecule should only 
occur after the gel structure surrounding that mole
cule has been sufficiently disrupted.

Six studies employing dosages as high as 170,000 
r. and three different pH’s indicated that both 
the formation of a complex and a cage effect may 
contribute to the depression of the inactivation 
yield of trypsin in agar. The selected data shown 
in Fig. 2 present the main features observed. 
Those in 2A show that in the absence of agar 
there is no significant difference in the inactiva
tion rates at pH’s 4.5, 6 or 8. As agar is added in 
low concentration the inactivation rate decreases. 
The data in Fig. 2B demonstrate that the magni
tude of the decrease depends upon the pH. This 
pH effect is such as would be expected if the forma
tion of a complex between trypsin and agar was 
involved; that is, the increase in pH should tend 
to neutralize the positive charge on the trypsin. 
Even though the amount of inactivation for a given 
dosage is decreased by a factor of 30, the inacti
vation still follows first-order kinetics. However, 
for larger agar concentrations, at which a firm gel 
is formed, the inactivation yield apparently can 
no longer be completely described by equation 2. 
Although the reliability of the data is less at the 
higher agar concentrations and longer irradiation 
times (up to 10 hours), results such as those in 
Fig. 2C suggest that there is an initial drop in 
recoverable activity followed by a return to ap
proximately the initial value, with increasing dose. 
With sufficient irradiation the activity would 
eventually all be destroyed. The dosages necessary 
to produce the two suggested inflection points ap
pear to increase as pH decreases for the three 
pH’s tested.

An initial decrease in activity followed by an 
apparent increase with larger doses would be~ con
sistent with the notion that not only can radiation 
inactivate the trypsin but it can also disrupt the 
micellular structure responsible for maintaining 
a cage effect. Some observations on the assay 
method are also in accord with a cage effect. That 
the amount of activity which can be recovered

(23) T. Takahashi and S. Miyake, C. A., 47, 9523h (1953). Original 
in Japanese.

(24) (a) L. Augenstine and R. Ray, T h is J o u r n a l , 61, 1385 (1957); 
(b) L. Augenstine, Rad. Res., Suppl. 2, in press (1960).
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utilizing the freezing technique declines with 
increasing agar concentration is shown by the data 
in Fig. 1. However, the amount of activity 
recovered can be increased if the Hb solution is 
added before the gel solidifies or if the gel is more 
thoroughly broken up (e.g., by pulverizing) before 
the assay is performed.?6 In some of the 1% 
gels and in all of the 2% gels, rings of agar were 
seen on the filter paper following digestion. There
fore, some of the trypsin was likely not released 
from the agar structure which remained. With 
the highest doses the rings remaining after digestion 
contained less material and appeared to be more 
“ porous.”

A more definitive evaluation of the relative con
tributions of the two types of interactions to 
the decreased trypsin inactivation in agar will 
probably require detailed studies of at least two 
types: (a) measurements of the physico-chemical 
changes produced by radiation in agar gels and in 
agar-trypsin mixtures; and (b) determinations of 
the extent and nature of the protection from radia
tion damage afforded to trypsin by very low levels 
of agar. If the masking of solute sites susceptible 
to attack by radicals is an important factor in 
radiation-inactivation in gels, then the ratio of the 
size of the solute to the size of the individual micelles 
may be an important consideration. Thus an 
evaluation of the effect of the size of the solute on 
the enhancement or depression of its inactivation 
in agar seems worthwhile.
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knowledge helpful suggestions made by C. Markert,

(25) R. Feinstein, Arch. Biochem. Biophya., 79, 399 (1959), reported 
increased catalase recovery from mouse liver homogenates when 
1% of a non-ionic detergent, Triton X-100, was added.
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wishes to especially thank Professor Orval L. 
Ulry, Education Department, University of Mary
land, for arranging that the thesis based upon this 
chemical research could partially fulfill the require
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DISCUSSION
L. K. Ja m e s .-—May not an alternative explanation for the 

inhibition of trypsin inactivation in the agar gel lie in a 
consideration of ordered water within the gel structure and 
surrounding the enzyme?

L. G. A u g e n s t in e .—-Intuitively I would doubt that this 
alone could account for the large inhibitions we observe, 
except, of course, as disarrangement of ordered water may 
be a crucial step in the formation o f an agar-trypsin complex 
or in the induction of a conformation change. However, 
this is one of many possible explanations which cannot be 
ruled out by our present data.

The reasons for initially choosing the trypsin-agar system 
are discussed in the text. We now know, however, that 
some of the features of this system are quite undesirable for 
investigating the current problems of interest. I still feel 
that the idea that absorbed energy may be “ funnelled”  to 
critical sites within the cell as a result of the semi-ordered 
structure of biological material is a reasonable one and 
should be evaluated more critically. Accordingly, we would 
welcome suggestions of other more desirable systems.

L. H. R e y e r s o n .— Although you pointed out the reasons 
for initially rejecting gelatin, you might want to reconsider 
it because of the ease with which it can be liquefied and thus 
the trypsin recovered. Silica gels would also seem to offer 
many advantages.

J. T h . G. O v e r b e e k .— It- might be worth while to try 
polymethacrylic acid cross-linked by divinylbenzene or 
polyvinyl alcohol as described by A. Katchalsky as the gel 
basis because the degree of cross-linking and the degree of 
swelling can be changed at will.
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Negative silver bromide sols in statu nascendi were coagulated by potassium, barium and lanthanum nitrate in isodielectric 
mixtures of water with methanol, n - propanol and isopropyl alcohol, respectively. Dielectric constants varied from 80 to 
29. The results are compared with those for water-ethanol mixtures published previously. Coagulation concentrations 
decreased with a lowering of the dielectric constant and with an increase in the concentration of stabilizing ions (Br- ). 
Coagulation concentrations of individual counterions were approximately the same for a given concentration of the stabilizing 
ion and mixtures of different solvents having the same dielectric constant. The results are discussed in the light of the current 
theories of stability and coagulation of lyophobic colloids.

Introduction
In a series of previous papers2-6 numerous re

sults of the influence of ethanol, acetone, dioxane 
and glycine in aqueous solutions on the electrolytic 
coagulation of negative silver halide sols in statu 
nascendi were described and, compared. The 
change of the dielectric constant (DC) of medium 
in these investigations covered the range from 126 
(2 M  glycine solutions) to 30 (87 wt. %  of ethanol). 
These results have shown several regularities in the 
behavior of silver halide sols in mixed solvents, the 
main one being a direct relationship between the 
coagulation values of a given counterion and the 
DC of the medium. Compared with the values for 
water, the coagulation values of K N O 3, Ba(NOs)2 
and La(N03)3 have generally decreased in media of 
lower DC and increased in glycine solutions.

However, a comparison of coagulation values of 
the same counterion in mixtures of different sol
vents with water (water-ethanol, water-acetone or 
water-dioxane) having the same DC, showed ap
preciable differences indicating specific influences 
of the solvent used. In case of isodielectric mix
tures, coagulation values of mono-, di- and tri- 
valent counterions were the highest in dioxane 
mixtures, intermediate in acetone, and the lowest 
in ethanol solutions.6 The differences were partic
ularly significant at greater concentrations of sta
bilizing ions in solution and with sols of higher 
charge.

In view of this specific influence of solvents of 
various chemical composition we decided to under
take some additional investigations of the coagula
tion of negative silver bromide sol in statu nascendi, 
using a series of homologous solvents of similar 
chemical properties and structure. The solvent 
mixtures, used were water-methanol, water-l-pro- 
panol and water-isopropyl alcohol in the range of 
DC from 80 to 29. The results are compared with 
those for water-ethanol media obtained previously.

Since current theories of the stability and coagu
lation of lyophobic colloids include also the influ
ence of DC of medium, the experiments described in

(1) Clarkson College of Technology, Potsdam, New York.
(2) B. Tezak and J. Kratohvil, Arhiv hem., 24, 1 (1952).
(3) B. Tezak, et al., T h : s J o u r n a l , 57, 301 (1953).
(4) B. Tezak, E. Matijevic, K. Schulz, J. Kratohvil, R. Wolf and

B. Cernicki, J. Colloid Sci., Supplement 1, 118 (1954).
(5) B. Te2ak, E. Matijevid, K. F. Schulz, J. Kratohvil. M. Mirnik 

and V. B. Vouk, Disc. Faraday Soc., 18, 63 (1954).
(0) J. Kratohvil and B. Tezak, Arhiv hem., 27, 73 (1955).

this communication may serve as a test of these 
theories.

Experimental
Negative silver bromide sols in  statu nascendi were used. 

They were prepared by mixing a silver nitrate solution with 
a solution containing KBr (or HBr) and the coagulating 
electrolyte. Every run consisted of several systems having 
constant concentrations of AgNO, and halide component 
but various concentrations of the coagulation electrolyte. 
The concentration range of the latter was determined ac
cording to its coagulation ability under the given experi
mental conditions. In all measurements the concentration 
of bromide ions was kept higher than the concentration of 
silver ions; however, the constant excess concentration was 
changed from run to run in order to investigate the influence 
of the charge density of sol particles. All reaction solutions 
were prepared in mixed solvents of desired composition.

The coagulation process was followed by changes in 
light scattering intensities (0 =  45°) in a Pulfrich-Zeiss 
photometer with an attachment for turbidity measure
ments. The temperature was kept constant at 20°. 
The details of the experimental technique and the method 
for analyzing the turbidity data for the determination of 
coagulation concentrations have been described previously., '6

In order to obtain the isodielectric mixtures of desired 
dielectric constants, the required compositions were cal
culated from the data of Akerlof7 8 and are listed in Table I. 
The corresponding water-ethanol mixtures used in previous 
investigations3'6 and utilized in this paper for comparison 
purposes were of slightly different dielectric constants. 
However, these differences were very small and could not 
affect the coagulation concentration by more than the ex
perimental error in coagulation measurements themselves.

The data on ethanol-water mixtures are also included in 
Table I .

T a b l e  I

C o m p o s it io n  o f  W a t e r - A l c o h o l  M i x t u r e s  a n d  C o r r e 

s p o n d i n g  D ie l e c t r i c  C o n s t a n t s  (D C ) a t  20°
Concn. of organic solvent, wt. %

DC Methanol 1-Propanol
Isopropyl

ale.
,------ Ethanol

Wt. %
1-------.

DC
80.4 0 0 0 0 80.4
62.5 37.5 25.0 24.0 29.6 62.7
50.5 62.0 42.0 40.5 49.0 51.0
39.5 85.5 57.5 56.0 68.0 40.0
29.0 75.0 71.0 86.8 30.5

All chemicals were of reagent grade purity. Solvents 
were distilled several times over silver nitrate. Their 
refractive index and density was checked before use. The 
concentrations of all components are given for the final 
volume (10 0 ml.) of the reaction mixtures.

(7) B. Tefak, E . Matijevic and K . Schulz, T his Jou rn al , 55, 1557
(1951)

(8) G. Akerlöf, J. Am. Chem. Soc., 54, 4125 (1932).
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Results
A graphical analysis of the kinetics of coagula

tion7 showed that the critical time for coagulation 
of negative silver bromide sol in all solvent mixtures 
used was approximately ten minutes after mixing 
the reaction components. Thus, the 10-minute 
coagulation curves were used for graphical deter
mination of the coagulation values.

Because of the large number of experimental re
sults, the graphical presentation was preferred to 
tabulation. In Figs. 1 to 4 results are plotted as 
logarithms of coagulation concentrations of coagu
lating electrolyte (expressed in normalities) for 
various media vs. the logarithm of the total con
centrations of stabilizing bromide ions. The re
sults for water and water-ethanol mixtures from 
previous papers3'6 are also included. It should be 
mentioned here that the great dependence of the co
agulation concentration on the excess concentration 
of stabilizing ion requires experiments in a range of 
Br-  concentrations. Furthermore, the data must 
be compared only at equal Br-  concentrations. 
Otherwise erroneous conclusions could easily be 
drawn.

In the determination of coagulation concentra
tion of potassium ion, the sum of concentrations of 
both K N 03 and KBr was utilized. In the case of 
coagulation with Ba(N 03)2 and La(N 03)3 we did 
not take into account the concentration of K + in
troduced by KBr (or H + from HBr). The con
centration of KBr (or HBr) was in most cases ap
preciably smaller than the critical coagulation con
centration of the potassium as counterion. There
fore, no significant effect of ion pair coagulation 
should be expected.9

Figure 1 represents the results for a monovalent 
coagulation ion (K+). The coagulation values for 
all solvent mixtures and at all concentrations of sta
bilizing ion decrease as the DC of the medium de
creases. In addition, the coagulation values de
crease with increase of the concentration of Br- , 
whereas in pure aqueous solutions the coagulation 
concentration of monovalent ions usually increases 
with increasing concentration of stabilizing ions.10 
Although the values for various isodielectric mix
tures are somewhat scattered, this scatter is ran
dom and all values for a particular DC tend to 
crowd around a mean value. Only coagulation 
values in isopropyl alcohol-water mixtures were 
always somewhat greater than for 1-propanol solu
tions.

Similar results were obtained with Ba(NOs)2 as 
the coagulating electrolyte (Fig. 2). The decrease 
of coagulation values with increasing concentration 
of stabilizing ions was even more pronounced than 
with K N O 3.

Additional experiments were carried out using 
hydrobromic acid instead of potassium bromide but 
no influence of the acidity of the medium could be 
detected (Figs. 1 and 2). This is in agreement with 
our previous results for acetone and dioxane solu
tions.6

(9) B. Teiak, E. Matijevi£, K. F. Schulz, R. Halassy and I. Kostin- 
£er, Proc. Int. Conf. Surface Activity, 3, 607 (1957).

(10) E. Matijevic, K. F. Schulz and B. Teiak, Croat. Chem. Acta, 28, 
81 (1956).

Fig. 1.— Critical coagulation concentrations of Iv+ (from 
KNO, and KBr) vs. log concentration of B r- . In water- 
ethanol mixtures (circles) HBr was used instead of KBr as 
stabilizing electrolyte.

LOG. CONC B r“ {N).

Fig. 2.— Critical coagulation concentrations of Ba(N 03)j 
vs. log concentration of Br- . In water-ethanol mixtures 
(circles) HBr was used instead of KBr as stabilizing electro
lyte.

However, in the case of coagulation by lanthanum 
nitrate the acidity of the medium had a definite in-
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LOG. CONC. Br-  (N).

Fig. 3.— Critical coagulation concentrations of La(NÜ3)3 vs. 
log concentration of B r“ (from KBr.)

Fig. 4.— Critical coagulation concentrations of La(N 03)3 
vs. log concentration of Br“  (from HBr). Full circles denote 
the values for A1(N03)3.

fluence as can be seen when Figs. 3 and 4 are com
pared. Coagulation values were always smaller 
for acid solutions irrespective of the DC of the me
dium. Since lanthanum is a polyvalent ion sus
ceptible to hydrolysis, the coagulation values ob
tained in acidic solutions should be accepted as rep
resentative for the unhydrolyzed ion. In solutions 
of higher pH the hydrolytic products have a smaller

charge and hence a lower coagulation ability. It 
has been shown recently that coagulation effects 
can be utilized successfully in detecting such hy
drolysis processes.11 Otherwise, the effects of lan
thanum nitrate on coagulation in mixed solvents 
resemble those of K N 03 and B a(N 03)2.

Some measurements with A1(N03)3 in water- 
ethanol mixture (DC 50.5) in acid solutions were 
performed and the results included in Fig. 4. It 
can be seen that there is no difference in coagula
tion values as compared to La(N03)3.

Discussion
Although many papers have been published 

dealing with the influence of solvents on coagulation 
of lyophobic colloids (see e.g., literature surveys 
given by Ostwald, et al. , 12 and Kratohvil13), the situ
ation in this field leaves much to be desired. This 
is partly due to the lack of systematic investiga
tions using media of a wide range of dielectric con
stants. In addition, the sols used were fre
quently not too well defined and were poorly repro
ducible, and the experimental techniques used in 
observing the coagulation process were very crude.

It also should be emphasized that the results from 
the literature indicate the need for distinguishing 
between the coagulation in the presence of rela
tively large amounts of organic solvents, where 
DC is changed considerably and coagulation in the 
presence of small quantities of added organic com
pounds (non-elect rolytes), especially if the latter 
have pronounced properties as surface-active 
agents. This distinction is not always realized 
leading sometimes to rather obscure conclusions 
(see e.g., Kruyt,14 p. 332). In addition, very little 
emphasis is given to hydrolysis and complexing 
effects of counterions in various mixed solvents.11’16

Our results reported here combined with those 
published previously should give a clearer picture of 
the phenomena involved when coagulation of lyo
phobic sols is performed in mixed solvents. We 
wish to emphasize some characteristics of our 
experimental investigations: (a) use of well-de
fined sols (at least in regard to stoichiometric 
composition, exactness, ease and reproducibility of 
their preparation); (b) suitable and reliable 
method for following coagulation processes; (c) 
unambiguous criteria in determination of coagula
tion values, based on the analysis of kinetics of 
coagulation; (d) very wide range of composition 
and properties of solvent.

Data from the literature, dealing with additives 
which cause considerable change of DC, all indi
cate the same general correlation between coagula
tion value and DC as predicted by coagulation 
theories.3’6’12’16-19 Present results are also in quali-

( 1 1 )  E. Matijevic, M. B. Abramson, K. F. Schulz and M. Kerker, 
T h is J o u r n a l , 64, 1 1 5 7  ( 1 9 6 0 ) .

(12) Wo. Ostwald, H. Ivokkoros and K. Hoffmann, Kolloid-Z., 81, 
48 (1937).

(13) J. Kratohvil, Ph.D. Thesis, University of Zagreb, 1954.
(14) H. R. Ivruyt, “ Colloid Science,” Vol. I, Amsterdam, 1952.
(15) B. Teiak, E. Matijevi6, J. Kratohvil and H. Fiiredi, Proc. 

Symp. Co-ordination Chem., Copenhagen, 1953, p. 92.
(16) B. Derjaguin and L. Landau, Acta Physicochim., U.S.S.R., 14, 

633 (1941).
(17) E. .1. Verwey and J. Th. O. Overbeek, “ Theory of the Stability 

of Lyophobic Colloids,” New York, N. Y., 1948.
(18) E. L. Mackor, Rec. trav. chim., 70, 841 (1951).
(19) B. Tezak, Arhiv kem., 22, 26 (1950).
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tative agreement with such theoretical predictions. 
The quantitative comparison of various theoretical 
requirements with our experimental results in dif
ferent solvents was extensively treated in previous 
papers.56

It has been shown6 that Ostwald’s theory of 
constant activity coefficients12 could not be success
fully applied to our results. Since the main postu
late of Ostwald’s theory may be directly derived 
from the Derjaguin-Landau-Verwey-Overbeek 
theory (D -L -V -O ),16’20 one could infer also the in
applicability of the latter theory. In fact, neither 
exact nor approximate check of D -L -V -0  theory 
is possible. The coagulation values should be pro
portional to the third power of the DC of medium. 
However, the expression which defines the coagula
tion value contains besides the DC two other quan
tities which should change when the composition 
and properties of the solvent is changed. These 
are the attraction constant A of long-range van der 
Waals-London forces and the Stern potential of 
the double layer, ips. Nothing is known about the 
values of constant A when medium is changing (the 
values for vacuum or air as medium, measured ox 
calculated, may differ as much as four orders of 
magnitude21-24), while the Stern potential is not 
measurable by a direct experimental method.26 
The evaluation of this potential by indirect meth
ods, is not a very reliable procedure,18 26 and to carry 
this out for a large number of solvent mixtures 
would be a formidable task, if possible at all.

However, it should be emphasized that the de
crease of coagulation values with the increase of 
the concentration of stabilizing ions in solution, ob
served in our experiments for all counterions and 
all solvent mixtures used, is completely inconsistent 
with the D -L -V -0  theory. In fact, the contrary 
was to be expected (cf. ref. 17, Fig. 31, p. 120).

We have shown previously,2-6 following the rea
soning by Tezak,5'19 that there exists a good linear 
correlation between the logarithms of coagulation 
values and the critical distance for the formation of 
ionic pairs (Bjerrum’s distance) as given by the ex
pression cd = z1z2e2/2DkT, where Z\ and z2 denote 
the ionic charge of the coagulating and stabilizing 
ions, respectively, e is the elementary electric 
charge, D is the dielectric constant of the medium, 
k Boltzmann constant and T absolute temperature. 
Since DC is widely varied in our experiments, the 
calculated Bjerrum’s distances change considerably 
(from 3.7 to 28 A.). A typical plot is represented 
in Fig. 5, where the coagulation values at one con
centration of Br-  (0.0004 Ar) are used. The linear 
trend is obvious for all three counterions over the 
whole range of DC, except at DC lower than 39.5 
for lanthanum ion as coagulant. Coagulation abil
ity of polyvalent ions in media of lower DC was 
discussed in a previous paper.15 The linear corre
lation between the logarithm of coagulation value

(20) V. B. Vouk, Nature, 170, 762 (1952).
(21) J. Th. G. Overbeek and M. J. Sparnaay, Disc. Faraday Soc., 18, 

12 (1954).
(22) B. V. Derjaguin and I. I. Abricossova, ibid., 18, 24 (1954).
(23) B. V. Derjaguin, I. I. Abricossova and E. M. Lifshitz, Quart. 

Revs. {London), 10, 295 (1956).
(24) A. P. Prosser and J. A. Kitchener, Nature, 178, 1339 (1956).
(25) M. Mirnik, Disc. Faraday Soc., 18, 204, 207 (1954).
(26) H. Reerink and J. Th. G. Overbeek, ibid., 18, 74 (1954).

BJERRUM’S DISTANCE, C<1 (Â.).

Fig. 5.— Critical coagulation concentrations vs. Bjerrum’s 
distance for various values cf the dielectric constant. The 
data for various isodielectric mixtures fall within short 
vertical lines.

BJERRUM'S DISTANCE, cd (Â .).

Fig. 6.— Critical coagulation concentrations vs. Bjerrum’s 
distance as they change with the valency of counterions for 
several dielectric constants. The points denote the mean val
ues of coagulation concentrations for various isodielectric 
mixtures.

and Bjerrum’s distance was even better for systems 
with higher concentrations of bromide ions.

Tezak’s conception may be tested in another 
way, i.e., by plotting the logarithm of coagulation 
value versus Bjerrum’s distance as it changes with 
the charge of counterions at constant value of DC. 
This is illustrated in Fig. 6, using the same data as 
in Fig. 5. Again the linearity is obtained as re
quired. It was shown, previously, that the same 
linear relationship was also obtained using other 
solvents (water-glycine, water, water-acetone, 
water-dioxane) and the same silver halide sol.5 
However, when solvents of basically different
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chemical constitution were employed (such as alco
hols, ketones, etc.) the straight lines obtained in 
“ Bjerrum’s distance-coagulation concentration”  
plots for the same DC did not coincide, clearly indi
cating specific effects in addition to the major ef
fect of the DC. In our present paper all data for a 
series of solvénts of homologous chemical composi
tion (all alcohols) gave one single straight line. 
Therefore, the DC should be considered as the 
dominating factor when the solvent is changed if 
the specific factors are eliminated.

Finally, we would like to mention that results 
of other investigators using different sols could be 
successfully interpreted utilizing the ion-pairing 
concept. This was shown for results of Ostwald, 
et al. 12 (AS2S3 sol in water-ethanol), Weiser and 
Mack27 (HgS sol in water-propanol) and Mackor18 
(Agi in water-acetone). The fact that the results 
for several different sols over a wide range of dielec
tric constant (from 126 to 29) and through a con
centration range of counterions from about 10 _1 to 
nearly 10~7 N  could be interpreted in the same way 
is quite striking.

Acknowledgment.— We wish to record our thanks 
to Professor Bozo Tezak for his interest in this 
work.

DISCUSSION
V ic t o r  K . L a  M e r  (Columbia University).—Between

(27) H. B. Weiser and G. L. Mack, T h is  J ournal ., 34, 101 (1930).

what ions is the Bjerrum distance calculated? What is 
the meaning? Does it not amount to plotting against 1 ¡D 1

J. P. K r a t o h v ii. (National Research Council).— The 
Bjerrum distance was calculated for the stabilizing ion 
(Br“ )-countor ion (K +, Ba++, La+++) pair. The diagram 
corresponds to a 1/D plot.

J. T h. G. O v e r b e e k  (University of Utrecht).— The fact 
that the slope of the lines representing the relation between 
log of the coagulating concentration and valency is not 
identical to the slope between log C  and 1 /D  shows that the 
Bjerrum distance is not the only determining factor in 
these cases.

E. M a tt jevic .—We certainly agree that the Bjerrum 
plot is the first approximation. This also follows from the 
fact that isodielectric mixtures of water with solvents of 
different chemical composition give different coagulation 
values for the same sols and same counter ions. However, 
it is obvious that this plot fits experimental data quite well

J. T h . G. O v e r b e e k .— The increase in coagulation value 
with decrease of Br~ concentration may be related to the 
reduced supersaturation of AgBr which leads to fewer and 
larger particles. Larger particles would have a higher 
energy barrier and the smaller number would lead to slower 
coagulation kinetics, both factors leading to higher con
centration for coagulation.

E. M a t ij e v iií— We firmly believe that the decrease 
of the coagulation concentration with increase of the 
concentration of stabilizing ion is a general effect. We 
have found it with all silver halide sols. In addition, 
under comparable experimental conditions, the coagulation 
values for trivalent ions are the lowest for the Agl sol and 
the highest for AgCl sol. As is well known, the Agl is the 
least soluble silver halide.
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STRUCTURE ON MICELLE FORMATION IN BENZENE SOLUTION
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Light scattering measurements have been used to determine micellar properties of several pure non-ionic compounds, 
including the four isomeric isohexide monostearates and polyoxyethylene glycol ethers of dodecanol and tridecanol. In the 
case of the stearate esters the presence of an endo-ester group appears to be necessary for micelle formation; data on the 
alcohol derivatives seem to indicate that the geometry of the groups which make up the interior of the micelle is more 
significant structurally than that of the lipophilic heads.

One of the problems associated with the study of 
the surface properties of non-ionic compounds is 
the fact that many of these materials, as prepared 
commercially, are heterogeneous mixtures of homol
ogous compounds. Nonetheless, as shown in 
previous papers in this series,1 and as will be demon
strated in subsequent papers, a great deal of useful 
information may be obtained from the study of 
such compounds. On the other hand, it is neces
sary to check conclusions drawn from such data 
by reference to measurements on reasonably pure, 
well-characterized compounds.

The present study concerns itself with the be
havior of the four isomeric monostearate esters of 
the dianhydro-hexitols, and with that of poly
ethylene glycol ethers of dodecanol and tridecanol. 
The ether-alcohols studied were the pure hexa- 
ethylene glycol ether of n-tridecanol, the hexa- 
ethylene glycol ether of tridecyl (Oxo-process) 
alcohol, the monoethylene glycol ether of n- 
dodecanol, and the diethylene glycol of n-dodecanol. 
In addition, the corresponding commercial com
pounds, i.e., polyoxyethylene (6) tridecyl alcohol, 
polyoxyethylene (1) lauryl alcohol, and polyoxy
ethylene (2) lauryl alcohol also were studied.2 
Micelle formation was observed by means of 
light scattering measurements in benzene solution.

Experimental
Materials.— The preparation of the pure compounds will 

be described elsewhere. The isohexide esters were of not 
less than 98% purity (based on saponification equivalent), 
except that the isosorbide mono(endo)stearate may have 
contained up to 10% of the exo-ester, as indicated by the 
infrared spectrum. The purity of the ethers of n- 
tridecanol and n-dodecanol was better than 96% (based on 
hydroxyl number); that of the hexaethylene glycol ether 
of tridecyl alcohol was about 92%. The commercial mate
rials were used as received.

All solutions were made up volumetrically in freshly- 
distilled reagent grade benzene, and reagent grade iodine 
was used in the determination of the critical micelle concen
trations by the method of Ross and Olivier.3

Methods.—The light scattering measurements were 
carried out in a conventional Brice-Phoenix Light Scatter
ing Photometer4 using the standard 40 X  40 X  120 mm.

(1) (a) P. Becher, T h is  J o u r n a l , 63, 1675 (1959); (b) P. Becher 
and N. K . Clifton, J .  C o l l o i d  S c i . ,  14, 519 (1959).

(2) Although the implication of our nomenclature should be clear, 
it is perhaps well to define it exactly. The term "hexaethylene glycol 
ether-”  implies the derivative of a polyoxyethylene chain containing 
e x a c t l y  six units, while the term "polyoxyethylene (6)-”  implies a 
polyoxyethylene chain containing an average of six units. Similarly, 
the use of the terms "n-dodecanol, n-tridecanol" implies the straight 
12- or 13- carbon alcohol in the highest purity obtainable, while 
"lauryl, tridecyl" implies the commercial material obtainable under 
that designation.

(3) S. Ross and J. P. Olivier, T h is  J o u r n a l , 63, 1671 (1959).
(4) Phoenix Precision Instrument Co., Philadelphia, Pa.

semioctagonal cell. Measurements were carried out at 
435 myu. All solutions were clarified by pressure filtration 
under dry nitrogen through a Corning UF (ultrafine) 
sintered glass disc. The usual precautions to exclude dust 
and other extraneous matter were taken.

Refractive index increments were measured with a Phoenix 
Automatic Recording Differential Refractometer.4 The 
values found are listed in the last column of Table I.

T a b l e  I
M ic e l l a r  P r o p e r t ie s  in  B e n ze n e  So lu tio n

Compound
CO

(g./dl.) Mm n
dn/dc 

(ml./g.)
Isosorbide mono (exo) stearate None -0 .050 3
Isosorbide mono(endo) stearate 0.51 14,300 35 -  .0344
Isomannide monos^earate 0.35 9,000 22 -  .0433
Isoidide monostearate None -  .0414
Monoethylene glycol n-dodecanol 

ether None -  .0975
Diethylene glycol n-dodecanol ether 0.22 9,800 34 -  .0595
Polyoxyethylene (1) lauryl alcohol None -  .0862
Polyoxyethylene (2) lauryl alcoho: 0.10 20,900 73 -  .0745
Hexaethylene glycol n-tridecanol 

ether 0.12 45,500 99 -  .0531
Hexaethylene glycol tridecyl alcohol 

ether 0.13 45,100 98 -  .0542
Polyoxyethylene (6) tridecyl alcohol 0.27 12,000 26 -  .0566

In this connection, it should be noted that the measure
ments reported herein cannot be considered to be of the 
highest precision, both because of the low solute turbidity 
and the low refractive index increment. However, it is 
probable that the values are correct to within ± 1 0 % .

Results
In agreement with the data of previous workers 

on monoglyceride esters,5 the monoesters form 
only relatively small micelles, when, indeed, any 
micelles are formed at all. However, when micelles 
are formed they tend to be somewhat bigger than 
those of the monoglycerides, for reasons which will 
be apparent from the subsequent discussion.

The critical micelle concentrations (c0), micellar 
molecular weights (M m), aggregation numbers 
in), and refractive index increments (dn/’dc) for 
the various compounds studied are given in Table
I. As can be seen, no evidence for micelle forma
tion is found for the isosorbide mono (exo) stearate 
and the isoidide monostearate esters, as well as 
for the comparable monoethylene glycol ether of n- 
dodecanol and the polyoxyethylene (1) lauryl 
alcohol, at least up to the maximum concentration 
studied, i.e., 1.20g./dl.6

(5) P. Debye and W. Prins, J. Colloid Sci., 13, 86 (1958).
(6) There is some indication, based on rough iodine solubilization 

observations, that some micelle formation may occur with at least the 
esters at very high concentrations, e.g., about 10 g./dL
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ISOIDIDE

b.
Fig. 1.—(a) Fischer projection formula of l,4:3,6-dian- 

hydrohexitol. (b) The three possible types of orientation of 
the hydroxyls in dianhydrohexitols. The ring drawn with 
the light lines is to be thought of as being in the plane of the 
paper; the ring drawn with heavy lines is tilted slightly out 
of the plane of the paper. Only the endo-hydroxyls can form 
hydrogen bonds (indicated by dashed lines).

The light scattering data show no appreciable 
dissymmetry, and the slope of the Hc/r vs. c plot is 
in all cases zero, corresponding to a second virial 
coefficient of zero. This is consistent with the 
small size of the micelles.

Discussion
The 1,4:3,6-dianhydrides of the isomeric hexi- 

tols, D-glucitol (sorbitol), D-mannitol and l -  

iditol have the general structure indicated by the 
projection formula of Fig. la. However, the struc
ture so portrayed is insufficient to indicate the dif
ference in symmetry exhibited by these compounds. 
The fused tetrahydrofuran rings are cis-oriented,
i.e., they are not coplanar but folded toward each 
other. A representation of this is attempted in 
Fig. lb, where the ring drawn with the lighter lines 
(the 1,4-ring) is to be thought of as in the plane 
of the paper, while the ring drawn with heavy 
lines (the 3,6-ring) is to be imagined as tilting slightly 
up out of the paper plane.

It follows that the hydroxyl groups may be or
iented into the fold between the two rings (endo- 
hydroxyl) or out of the fold (exo-hydroxyl). It 
thus turns out that in the case of isosorbide (1,4:
3,6-dianhydro-D-glucitol) there exists one exo
hydroxyl (the 2-hydroxyl of the hexitol), and one 
endo-hydroxyl. Isomannide (1,4:3,6-dianhydro 
D-mannitol) has both hydroxyls endo-oriented; 
while isoidide (l,4:3,6-dianhydro-L-iditol) has two 
exo-hydroxyls.

It should be noted that the endo-hydroxyl may 
form a hydrogen bond to the ether ring-oxygen of 
the opposite ring, which is sterically impossible for 
the exo-hydroxyl. The possibility of hydrogen- 
bond formation is indicated by the presence of 
dashed lines in the structures of Fig. 1 b.

From these considerations, it appears that four 
isomeric monoesters of the three isohexides can 
be prepared, i.e., two isomeric isosorbide esters, 
and one each for the other isohexides. It is thus 
possible to investigate the effect of the endo- or 
exo-nature of the free hydroxyl, and, by the same 
token, the effect of the position of the ester linkage, 
on the micellar properties of these compounds.

If we consider that the presence of c.m.c. and the 
consequent formation of micelles is evidence of 
surface activity, we can attempt to correlate the 
presence or absence of surface activity with the 
various structural factors. This is done in Table 
II, where a plus sign indicates the presence of the 
property and a minus sign the absence.

T a b l e  II
R e la tio n  b e t w e e n  St r u c t u r a l  F actor s  a n d  M ic e l l a r

Micelle Hydroxyl Ester OH H-
Compound former Exo Endo Exo Endo bonded

Isosorbide mono(exo)-
stearate — + + — +

Isosorbide mono(endo)-
stearate + + — + —

Isomannide monostearate + + - + +
Isoidide monostearate - + + - -

We might suppose that an exo-hydroxyl would 
confer a slightly more hydrophilic character to 
the hydrophilic moiety of the molecule, than the 
endo-hydroxyl, since the latter is inside the fold 
of the rings, and is hydrogen-bonded in addition. 
Whether or not this is correct, the a -priori assump
tion that this might be the controlling factor in 
determining surface activity is shown to be false 
by the data of Table II. In fact, examination of 
these data leads to the somewhat surprising con
clusion that it is only the presence of the ester 
linkage at an endo-hydroxyl that leads to surface 
activity.

It might be pointed out that if the free exo- 
hydroxyl does in fact make a small contribution to 
the hydrophilic character of the molecule, the isosor
bide mono (endo) stearate should be slightly more 
surface active than the isomannide ester. This 
would appear to be the case, but the data are prob
ably insufficiently precise to be certain.

The fact that a hydroxyl group apparently is 
less hydrophilic than an ether-oxygen would per
haps serve to explain the smaller micelles formed 
by monoglyceride stearates6 where the total 
hydrophilic contribution comes from the presence of 
these groups.

The data for the n-dodecanol derivatives offer 
little in the way of interpretative difficulty. Ob
viously, the addition of one mole of ethylene oxide 
contributes so little in the nature of hydrophilic 
properties that solubility in benzene remains un
affected and no micelle formation occurs. On the 
other hand, the addition of the second ethylene 
oxide group, to form the diethylene glycol ether,
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produces a molecule in which the hydrophile- 
lipophile nature is such that micelle formation is 
necessary in order to maintain solubility.

The same general observations apply to the 
commercial, heterogeneous, lauryl alcohol deriva
tives. However, there is a considerable difference 
between the c.m.c. and micellar molecular weight of 
the diethylene glycol ether of n-dodecanol and of the 
polyoxyethylene (2) lauryl alcohol.

From these data, it would appear as though the 
polyoxyethylene (2) lauryl alcohol behaves as 
though it were less lipophilic than the correspond
ing pure compound. Evidently, the effect of the 
molecules on the high side of the distribution on 
micellar behavior is less than those on the low side.

The data on the tridecanol derivatives cast 
some light on the effect of structure also. For 
example, virtually identical results are obtained 
with the hexaethylene glycol ethers of the n- 
tridecanol and of the Oxo-process tridecyl alcohol. 
This occurs in spite of the fact that the Oxo- 
process material is highly branched, and thus has 
an effective chain-length much lower than the 
straight-chain material, an effect which shows up, 
for example, in the critical micelle concentrations 
of the water-soluble derivatives.“* It would thus 
appear that, all other things being equal, the size 
of the micelle is largely dictated by the properties 
of the solvophobic portion of the molecule, which 
makes up the micelle interior.

If we now compare the data on the hexaethylene 
glycol ethers with that on the polyoxyethylene (6) 
tridecyl alcohol, however, significant difference 
arises, not only among the homologs, but with 
respect to the dodecanol derivatives.

As opposed to the dodecanol derivatives, the 
polyoxyethylene (6) tridecyl alcohol appears to 
be more lipophilic than the corresponding homo
geneous compounds. Consequently, it may be 
concluded that here the compounds of lower 
ethylene oxide content have the controlling effect 
on micelle formation.

In fact, it is this sort of effect, rather than the 
opposite effect found with the lauryl alcohol deriv
atives, that would be expected. If we assume, with 
Flory,7 that the distribution of ethylene oxide 
chain lengths is represented by the Poisson law,

(7) P. J. Flory, “ Principles of Polymer Chemistry,”  Cornell Univer
sity Press, Ithaca, N. Y., 1953, pp. 336-339.

the curve is skewed so that more than half of the 
product (in terms of mole fraction) is at a chain 
length lower than the nominal one.

Thus, for example, more than 60 mole %  of the 
product has a chain-length of six or lower in a 
polyoxyethylene (6)-compound. On the other 
hand, it should be pointed out that 75 mole %  
of the polyoxyethylene (2)-compound is in this 
condition.

The difference, however, is that more than half 
of this 75 mole %  is composed of polyoxyethylene
(0)- and polyoxyethylene (l)-compounds which 
have little or no contribution to make to the sur
face activity in this solvent. Hence, they act as 
mere diluents, and .the effective chain length is 
thus much higher. In the case of polyoxyethylene
(6)-compounds, this diluent is no more than one 
or two per cent.

At much higher polyoxyethylene chain lengths, 
from the nature of the Poisson distribution, very 
little difference in behavior between the compounds 
of exact composition and average composition would 
be expected.
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pure compounds by Dr. L. W. Wright, and Messrs.
L. Hartmann, R. H. Hunter, R. H. Varland and
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DISCUSSION
D a v id  B. F o r d y c e  (Rohm and Haas Co.).— How were 

the hexaethylene glycol derivatives prepared?
P a u l  B e c h e e .— Pure tetraethylene glycol was converted 

to hexaethylene glycol by a Williamson ether synthesis, and 
the glycol coupled to the alcohol in precisely the same way.

D o n a l d  G. D o b a y  (B. F. Goodrich Company).— Can 
you comment on any work you may have done on the 
relation between the size of micelles in different solvents?

P a u l  B e c h e e .— At the moment we have no such data. 
Compounds in this marginal solubility range are quite dif
ficult to work with. I don’t think there is any reason to 
expect a simple correlation.

G . M. G a n t z  (General Aniline and Film Corporation).— 
Was there much lauryl alcohol in the 2 mol commercial 
product?

P a u l  B e c h e r .— The commercial product contained about 
75% of alcohol plus 1 mol product.
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EQUILIBRIUM CONSTANTS FOR THE FORMATION OF POLYNUCLEAR 
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sity of Rochester, Rochester, N. Y.
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pH titrations have been analyzed to determine the over-all dimerization constants K m  and the trimerization constants 
K tt for the tridentate 1:1 chelates in the uranvl-malate, -citrate and -d-tartrate systems at 25°. For these three systems, 
respectively, log K m  was found to be 7.76, 7.68 and 5.54 (±0 .0 4  in each case) at a =  0.136 and 9.08, 9.04 and 6.76 (± ca . 
0.05) at infinite dilution. At a = 0.20, pKxr was 10.56 ±  0.05 for the uranyl-malate system and 9.7 ±  0.12 for the uranyl- 
d-tartrate system. The unexpected increase in the tendency of uranium to polymerize after tridentate chelation is explained 
on the basis of decreased 5f orbital participation in the uranium to oxygen bonds of the uranvl entity as a result of deformation 
of the normally-collinear uranyl entity. The fact that relative to the uranyl-malate system the uranyl-d-tartrate system 
has a lower K m  but higher K t, is believed due to more hydrogen bonding plus greater inductive effect in the tartrate ion than 
in malate ion. In accord with these hypotheses, the equimolar uranyl-meso-tartrate system seems to contain a mixture of 
unhydrolyzed mononuclear bidentate chelate and olated binuclear tridentate chelate.

In previous studies2 on the reaction of uranyl 
nitrate with Z-malic, d-tartaric and citric acids the 
following conclusions were reached: (i) in equi
molar systems, and also in excess carboxylic acid, 
each of these a-hydroxy polycarboxylic acids 
reacts with uranyl ion in the pH range 2—4 to form 
predominantly binuclear 1:1 tridentate chelates. 
The chelation involves two carboxylate groups and 
one alcoholic OH. (ii) At about pH 4 these dimers 
begin to react further until at about pH 7 the 
chelates, although still tridentate, are entirely in 
the trinuclear state. The trinuclear system is a 
mixture of 3:3 and 2:3 chelates.3 The trimers lose 
their alcoholic hydrogen atoms by pH 7.

In the present paper pH titrations have been 
analyzed to determine the equilibrium constants 
for the formation of the three binuclear tridentate 
chelates and for the reaction of two, the uranyl- 
malate and the uranyl-d-tartrate dimers, to form 
the 3:3  trimers.

Experimental
Materials.— The chemicals used were: Mallinckrodt AR 

citric acid, d-tartaric acid, potassium nitrate and uranyl 
nitrate; Eastman white label f-malic acid, and Aldrich 
Chemical Company l- and meso-tartaric acids, and d-malic 
acid. The uranyl nitrate stock solution was standardized 
gravimetrically by ignition to U3Oa. All carboxylic acids 
were standardized by titration. All solutions were prepared 
under nitrogen with boiled deionized water.

Methods.—The experimental technique involved point- 
wise titrations. Standardized CCh-free sodium hydroxide

(1) This paper is based on work performed under contract with the 
United States Atomic Energy Commission at the University of 
Rochester Atomic Energy Project, Rochester, New York.

(2) (a) I. Feldman and W. F. Neuman, J. Am. Chem. Soc., 73, 2312 
(1951); (b) W. F. Neuman, J. R. Havill and I. Feldman, ¿bid., 73, 
3593 (1951); (c) I. Feldman and J. R. Havill, ibid., 76, 2114 (1954); 
(d) I. Feldman, J. R. Havilland W. F. Neuman, ibid., 76, 4723 (1954).

(3) In this paper, ligand/uranium ratios are employed in accord with 
the well-accepted suggestions of Fernelius, et oZ.4 In our previous 
papers2 the reciprocals (U/ligand) were used. However, as in the 
preceding paper,2*1 a ratio in arabic numerals has no significance with 
regard to the polymeric state of a complex. The polymeric state is 
indicated by ratios in italics. Furthermore, for the sake of simplicity 
the polynuclear chelates will be referred to by the common uranyl- 
ligand name, such as “ uranyl-citrate”  dimer, despite the fact that they 
are all anionic. Conformity to rigidly-correct nomenclature4 would 
require very frequent use of lengthy names such as: bis-(monohydro- 
gencitrate)-/i-diol-dioxouranium(VI) ion.

(4) W. C. Fernelius, E. M. Larsen, L. E. Marchi and C. L. Rollinson,
Chem. Eng. News, 26, 520 (1948).

was added dropwise slowly from a buret to mixtures of uranyl 
nitrate and carboxylic acids in volumetric flasks, each flask 
being shaken constantly by hand during this addition of 
base. Necessary amounts of potassium nitrate solution were 
added to furnish the desired ionic strength and solutions were 
brought to final volume with boiled deionized water. Ali
quots of these original mixtures were diluted with potassium 
nitrate solutions of the proper concentration to give solutions 
of various total uranium concentrations. Solutions were 
shaken and then stored two to four days in the dark at 25 ±  
0.5° in a constant-temperature room, after which pH read
ings were taken in the same room using a Beckman Model 
G pH meter. The storing time was sufficient to ensure 
equilibrium.

The electrode system was calibrated in terms of pcH ( =  
— log hydrogen ion concentration) with standard HCIO, 
solutions below pH 4 and with acetate buffers above pH 4. 
These calibrations were performed at the various ionic 
strengths of interest, using potassium nitrate as an inert salt. 
Solutions were kept under a nitrogen atmosphere at all 
times, including during pH measurement.

Results
Dissociation Constants of Carboxylic Acids.—

Determination of equilibrium constants for the 
uranyl nitrate-carboxylic acid systems required 
knowledge of the dissociation constants of the 
carboxylic acids in terms of concentration units 
at ionic strengths prevailing in this study. Appli
cation of the Debye-Hiickel equation to the ap
parent constants of Bates, et al.,6fi using their 
values for the ion-size parameter gives concentra
tion constants pK\ and pK2, respectively, of 2.85 
and 4.32 for citric acid and 2.82 and 3.94 for d- 
tartaric acid at an ionic strength of 0.136.

The concentration constants for malic acid and 
meso-tartaric acid at p of 0.136 ±  0.003 were de
termined by the method described by Edsall and 
Wyman.7 In this method pcH values were meas
ured for a series of buffer solutions prepared by 
adding varying amounts of C 02-free sodium hy
droxide to a constant concentration of carboxylic 
acid, the ionic strength being kept approximately 
constant by addition of potassium nitrate. The 
applicable equation is7

(5) R. G. Bates and G. D. Pinching, J. Am. Chem. Soc., 71, 1274 
(1949).

(6) R. G. Bates and R. G. Canham, J. Research Natl. Bur. Standards, 
47,343 (1951).

(7) J. T. Edsall and J. Wyman, “ Biophysical Chemistry," Vol. 1, 
Academic Press, Inc., New York N. Y ., 1958, pp. 479-482.
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h = (H +) +  B
L (H +) '* (H +) 2 J •

K,
.  +  (H +) ' (H

K, 1
+)2J

where (H+) =  10_pcH, B =  concentration which 
added base would have if there were no reaction, 
and T =  total concentration of carboxylic acid.

Table I represents the titration of meso-tartaric 
acid, from which pK\ and pK 2 were calculated to 
be 2.99 ±  0.02 and 4.44 ±  0.03, respectively, at 
n =  0.133 ±  0.003. The same procedure yielded 
pKi and pK 2 values of 3.15 ±  0.04 and 4.68 ±
0.02 for Z-malic acid and 2.81 ±  0.04 and 3.95 
±  0.02 for d-tartaric acid. As expected, identical 
titration curves were obtained for d- and Z-malic 
acid and for d and Z-tartaric acid. As an indication 
of the reliability of these constants, the cZ-tartaric 
acid pK ’s may be compared with those of Bates, 
et al., cited above. No literature values seem to 
exist with which the meso-tartaric acid and malic 
acid values can be compared at p. =  0.136.

T a b l e  I

ing amounts to give B/T from zero to ca. 2.6. 
Aliquots of each of these solutions were then 
diluted with 0.136 M  potassium nitrate to give 
three more series of solutions having total uranium 
concentrations of 0.005345, 0.002138 and 0.001069
M. Calculations showed that the ionic strength 
in each series remained within 0.135 ±  0.002 for 
each solution. pcH measurements were made 
after two days.

The concentration equilibrium constant was 
calculated for each of the 44 solutions for each of 
three cases
Case I: U 02++ +  X "  U 02X
Case II: U 02++ +  X “  +  H20  U 02X (O H )- +  H+
Case III: 2U02++ +  2X~ +  2H20  Z£*Z Dimer“  +  2H +

Case I.—All parenthetical quantities below 
represent molar concentrations at equilibrium.

(U 02X ) = I  [(H +) +  B -  (H X -)  -  2 (X -;j (1)

Ignoring the virtually-negligible hydrolysis of 
uncomplexed uranyl ion in these solutions,9 gives

D isso c ia tio n  C o n st a n t s  o f  tocsc-T a r t a r ic  A cid  
T =  0.04275M ; temp. =  25 ±  0.5°; p =  0.133 ±  0.003

B X 10* pcH h pK\a pKth
1.022 2.70 0.3528 3.001 4.27“'
2.043 2.81 .4201 2.976 4.24“'
4.086 3.06 .5798 2.963 4.33d
6.129 3.36 .7679 3.007 4.477
8.172 3.68 .9802 3.011 4.430

10.215 4.02 1.2058 2.997 4.416
12.462 4.40 1.4622 3.131' 4.415
14.301 4.74 1.6747 4.404
16.344 5.49 1.9119 4.472

Av. 2.99 ± 0 .0 2 4.44 ± 0 .0 3
“ pK i values calculated from successive H pairs. 6 pK, 

values calculated from each h using average pK\. 5 This 
value ignored since (H2X ) =  only 2%  of T. d These values 
ignored since (X “ ) i  only 2%  of T.

Cannan and Kibrick8 determined apparent dis
sociation constants at /x =  0.2 for malic and dl- 
tartaric acids. By subtracting from each apparent 
constant their value for the negative logarithm 
of the hydrogen ion activity coefficient, i.e.,
0.1, one obtains concentration pK  values at p =
0.2 of 3.16 and 4.58 for malic acid and 2.78 and 3.84 
for dZ-tartaric acid. The latter values were used 
for d-tartarie acid at p. =  0.2.

Dimerization of Tridentate Chelates.— In titra
tion curves, presented in the preceding paper,2d 
for equimolar mixtures of uranyl nitrate with each 
of the tridentate acids (malic, citric, d-tartaric), 
the first inflection point occurred near pH 3.5 
when B/T (ratio of moles of added sodium hy
droxide to total number of gram atoms of ura
nium) was three. This point was believed to repre
sent completion of the formation of the diolated 
(or oxolated) binuclear chelate.

To investigate the dimerization, eleven solutions 
were prepared equimolar, 0.01069 M, in uranyl 
nitrate and carboxylic acid, 0.10 M  in potassium 
nitrate, and containing sodium hydroxide in vary-

(8) R. K. Cannan and A. Kibrick, J. Am. Chem. Soc., 60, 2319 
(1938).

(U02X ) =  T — (U 02++) (2)

Since the uranyl ion and the carboxylic acids 
studied react 1:1 in equimolar solutions at the first 
inflection point2a'c
(U 02++) =  uncomplexed [(H ,X) +  (H X “ ) +  (X “ )] (3)

Substituting this sum into the term /  defined by

gives
/  =  (H2X )/(U 0 2++) (B

r 1 +  A + % l “
L +  (H +) +  (H + f J (5)

where Ki and K2 are the first and second dissocia
tion constants of the carboxylic acid in molar con
centration units.

Combining (1) to (5) gives

(U02++) 2T -  (H +) -  B 
1 +  g ~ ~ (C )

where
= _____ (H+)2 -  X Æ

0 (H+)2 -  A'i(H+) +  K , K 2

From (4) and K iK 2 =  (H +) 2(X ~)/(H 2X ), one ob
tains

(X - )  X iAV(UO! + +)
From equations 2 and 7 one can then obtain the 
equilibrium constant

(UO.X) fH +)\T -  (U 0 2++))
1 (U 02 ++)(X ") A'1A\f(U02* +)5

Case II.—The calculations for case II differ 
from those of case I only in that the factor two in 
the denominator of equation 1 is replaced by the 
factor three, resulting in (8)

(U02++) = 3T -  (H+J -  B 
2 +  g (8)

(9) J. Sutton, J. Chem. Soc., Suppl. Ho. 2. s275 (1949), gives constant 
of 1.14 X 10-8 for hydrolysis of UOj + + to Uj06++ at n =  0.15. In 
each solution less than 0.5% of uncomplexed uranium hydrolyzed, the 
calculation being made by treating this hydrolysis as a secondary correc
tion to (UOj + +) obtained by equations 6 and 8 below.
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Hence
K  (H+XUOjXOH-) (H +)3(7' -  (UO,++))

11 (U02++)(X-) ' K,K*f( U02++)*
Case III.— For case III

2 ( Dimer- ) = ’ [(H +) +  B -  (HX~) -  2 ( X - ) ]  =

T -  (U()2 + +)
resulting in equation 8 again. The equilibrium 
constant Km  is then given by

K , /  (H+)(Dimer-)'A (H+)»(7’ -  (U02 + -))'A  
1 (U02++)(X- ) 2‘AX1XV(U02++)*

In Table II are presented the titration results 
obtained for the equimolar uranyl nitrate-citric

T a b l e  II
T i t r a t i o n  o f  E q u i m o l a r  U r a n y l  N i t r a t e - C i t r i c  A c i d  

S y s t e m  a t  2 5 °  a n d  m  =  0 . 1 2 6
pell B/T log Ki log K 11 log /Tin1 /2

T = 0.01069 M
2.02 0 5.24 2.70 3.82
2.05 0.1892 5.37 2.73 3.82
2.07 .3822 5.53 2.81 3 86
2.11 . 5733 5.64 2.79 3 83
2.15 .8600 5.97 2.88 3 87
2.22 1.147 6.32 2.83 3 81
2.29 1.433 6.28 2.84 3 78
2.36 1.703 2.88 3 79
2.45 2.005 2.90 3.79
2.57 2.294 2.92 3.80
2.76 2.580 2.92 3.78

Av. 2.84 ± 0 .0 6 3.81 ±  0.03

T = 0.001069 M
2.73 0 6.65 2.39 3.87
2.76 0.1892 2.35 3.82
2.79 .3822 2.37 3.83
2.82 .5733 2.39 3.84
2.87 .8600 2.43 3.84
2.91 1.147 2.54 3.95
2.99 1.433 2.47 3.87
3.08 1.703 2.41 3.80
3.17 2.005 2.53 3.89
3.32 2.294 2.46 3.31
3.53 2.580 2.51 3.85

Av. 2.44 ± 0 .0 6 3.85 ±  0.03

acid system for the highest and lowest T  values
studied, 0.01069 and 0.001069 M. It is imme
diately evident that only the log / fm 72columnshows 
unquestionable constancy independent of concen
tration. The same constant, 3.84 ±  0.03, also was 
obtained at T =  0.00534 and at 0.002138 M.

There is no hint of constancy at any concentration 
in the log K\ column even for the early part of the 
titration. There appears to be a positive trend 
of 0.22 log unit in the log Ku  column for the higher 
concentration. Similar trends occurred for the 
titrations at T =  0.00534 and 0.002138 M. How
ever, it is seen that at the lowest concentration 
Ku  might possibly be considered constant. In a 
given titration an increase of 0.22 log unit in log 
Ku, as for T =  0.01069 M, might possibly be ex
perimental error due to a cumulative pH error of 
only 0.05 unit. However, the regular negative

trend shown in Table III in the average log Ku  
values with decreasing concentration, amounting 
to 0.40 unit for a tenfold change in concentration, 
unquestionably is real.

T a b l e  III
A v e r a g e  L og K  V a l u e s  a t  25° a n d  ju =  0.136

Ligand
T X 103, 

M
pcH

Range log Ku log X iii1 /ï
Malate" 1.069 2.83-3.59 2.44 (± 0 .1 0 ) 3.89 (± 0 .0 5 )

(d or l) 2.138 2.62-3.37 2.58 ( ±  .07) 3.90 ( ±  .03)
5.345 2.36-3.08 2.74 ( ±  .08) 3.88 ( ±  .03)

10.69 2.14-2.90 2.84 ( ±  .09) 3.85 ( ±  .04)
Citrate” 1.069 2.73-3.53 2.44 ( ±  .05) 3.85 ( ±  .03)

2.138 2.51-3.27 2.60 ( ±  .04) 3.88 ( ±  .04)
5.345 2.21-2.97 2.70 ( ±  .06) 3.81 ( ±  .03)

10.69 2.02-2.76 2.84 ( ±  .05) 3.81 ( ± .  02)
Tartrate” 1.069 2.84-3.64 1.37 ± (  .04) 2.81 ( ±  .04)

(d or /) 2.138 2.62-3.40 1.49 ( ±  .04) 2.79 ( ±  .04)
5.345 2.36-3.12 1.60 ( ±  .06) 2.73 ( ±  .04)

10.69 2.15-2.92 1.76 ( ±  .06) 2.73 ( ±  .04)

Very similar results were obtained for the uranyl
nitrate-malic acid system. In fact, virtually the 
same value, 3.88 ±  0.03, was obtained for log F m ‘/! 
as for the uranyl-citrate system. Needless to say, 
d-malic acid reacted exactly as did the ¿-malic acid.

For the uranyl-d-tartrate system the results 
were only slightly less conclusive. The same 
results were obtained for both l- and d-tartrate 
systems. For each titration log K\ showed a large 
trend and there was a positive trend of 0.14 and
0.26 in the log Ku  column, but there was also a 
negative trend of 0.05 to 0.12 in log K u ih at each 
of the four concentrations studied. However, as 
is shown in Table III, the average value of log 
Kiii1/,) 2.77 ±  0.04, was independent of concentra
tion, whereas the average log Ku decreased 0.39 
unit with tenfold decrease in concentration. The 
trend obtained for log K m 1, for each titration could 
be produced by a cumulative pH error of only 0.01 
and 0.03 unit and is believed to be insignificant10 
in view of the constancy in the average log K m '*  
values. Furthermore, the variation with T in 
average log Ku  is practically the same as for the 
uranyl-citrate and uranyl-malate systems, as 
expected if all three systems consist principally of 
dimers formed according to Case III.

The constants ifm « in terms of activities were 
estimated by extrapolation to infinite dilution of 
plots of log / fm 7’ vs. ju1/! determined at seven ionic 
strengths for equimolar solutions over a ¡i range of
0.0030 to 0.058. For each solution T was 8.550 X 
10 _4 M. Except for the solution of lowest n, 
varying amounts of potassium nitrate were present. 
At each /*, three B/ T ratios were studied: namely,
0.72, 1.44 and 2.15. For each system, the plots 
conformed to the Debye-IIiickel equation,11 which 
for the dimer system gives

lo g iu il 'A  =  log Xnia'A — log 7 d ~‘A t h +
7UOV+7X"

log X lIIa 'A
5/Im‘A

1 +  Baii'A
(10) Though considered insignificant this slight trend may be due to 

a remnant of CO2, the effect of which might be noticed on the tartrate 
chelate without being detected for the stronger malate and citrate 
chelates. In pointwise titrations performed with no precautions being 
taken to exclude CO2, log K m 1/* trends of 0.4 occurred for the tartrate 
systems, but only 0.1 unit trends were obtained for the malate and
citrate systems.
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where K& is activity constant, and a and A are the 
Debye-Hiickel constants. A value of 5 was used 
for a. All points fell within 0.05 log unit of the 
Debye-Hiickel curve. The extrapolated activity 
constants, log Kui&h, were 4.54, 4.52 and 3.38 for 
the uranyl-malate, -citrate and-d-tartrate systems, 
respectively, with uncertainties estimated to he 
about ±  0.05 unit.

Trimerization of Tridentate Chelates.—The sec
ond inflection point in the titration curves of 
equimolar mixtures of uranyl nitrate with each 
of the acids, malic, citric and d-tartaric, occurs in 
slightly alkaline solution when B/T equals l 2/ 3 
plus the number of carboxyl groups in the original 
carboxylic acid.2d The 2/ 3rds factor was in
terpreted as an indication of completion of a tri
merization, represented as: 3/ 2 dimer“  +  20H 
trimer-5, for the uranyl-malate and -tartrate sys
tems and V2 dimer“  + 5 0 H - —► trimer-8, for the 
uranyl-citrate system.

The trimer state was shown2d to consist of a 
mixture of two trinuclear chelates, having 3:3 and 
2:3 ligand/uranium ratios,3 except in solutions 
having large excess of carboxylic acid, in which 
case only the 3:3 form was present.

Continuous-variations curves showed that in 
the equimolar uranyl-malate system (T  = 0.005 M , 
ti =  0.11) at pH 7.5 about 10% of the uranium is 
bound in a 2:3 complex, the rest being in the 
3:3 state, but in twofold excess malate practically 
all the uranium is in the 3:3 state. For the 
other two systems, urany 1-tart rate and uranyl- 
citrate, even 2:1 ligand/uranium mixtures contain 
a small amount of 2:3 chelate.

To determine the trimerization constant for 
the 3:3 uranyl-malate chelate, five 100-ml. solu
tions were prepared containing 0.01069 M  uranyl 
nitrate and 0.02138 M malic acid (i.e., 2:1 ligand/U 
ratio), various NaOH concentrations (26.50, 27.00, 
27.50, 28.00 and 28.50 ml. of 0.2043 M  NaOH), 
and sufficient KNO3 to give an ionic strength of
0.20. Five, 10.0 and 25.0-ml. aliquots of each 
solution were diluted to 50 ml. with 0.20 M  K N 03. 
pH readings were taken after the solutions had 
been stored four days.

The trimerization constant is K yr =  (Tr-5)- 
(H +)2,/(D“ ) ‘/:, where (D=) and (Tr-5) represent 
2:2 dimer and 3:3 trimer concentrations, respec
tively.

Since these solutions had pH values between the 
first and second inflection points, they should con
tain only 2:2 dimers and 3:3 trimers, no uranium 
remaining uncomplexed. Hence

T =  (D - ;  +  3(Tr ~5) (9)
Since the first and second inflection points for 

titration of an equimolar mixture occur at B/T 
ratios of 3 and 32/ 3, respectively 
B +  (H )+ -  (O H - ) -  (H X -)  -  (2 X -) = 6(D ") +

l l (T r -5) (10)
Solving these two equations simultaneously 

gives (Tr-5).
(T r -5) =  \ [B +  (Hri -  (O H - ) -  (HX~) -  

______________ (2 X -) -  3T] (11)
(11) R. G. Bates, "Electrometric pH Determinations," John Wiley 

and Sons, Inc., New York, N. Y., 1954, p. 51;

B/T.
Fig. 1.—Titra'ion curves of equimolar uranyl—meio-tartrate 

. and uranyl-rf-f art rate systems at 25°; T - 0.05 M.

and
(D -)  = \ [T -  3(T r-5)] (12)

Good constants were obtained for each total 
uranium concentration. They are summarized 
in Table IV. The average pKyr was 10.56 ±
0.05. The very slight apparent trend in pKyr 
may be due to our assumption that the Lewis 
ionic strength principle is valid in these solutions 
even though the trimer is pentavalent. An error 
in this assumption would affect mainly the solu
tion of highest T.

T a b l e  IV
T r im e r iza t io n  C o n st a n t  for 3:3 U r a n y l - M a l a t e

C h e la t e  in  2: 1 M a l a t e / U r a n iu m  Syste m  a t  ix == 0.2 AND
25 00

T x  10«, M pcH Range pKTr
10.69 5.57-6.14 10.63 ± 0.04
5.345 5.63-6.19 10.58 = .01
2.138 5.65-6.23 10.49 - .02
1.069 5.72-6.30 10.53 .03

Av. 10.56 ±  0.05
0 %  U as trimer ranged from 20 to 70%  at each T.

For 2:1 tartrate/uranium systems, a trend of
0.10 to 0.15 in the calculated pKyr was obtained 
at each total uranium concentration. The average 
pAriv values calculated were 9.96 ±  0.03 (for the 
highest T), 9.68 ±  0.07, 9.56 ±  0.08, and 9.64 
±  0.03 (for the highest 7’), 9.68 ±  0.07, 9.56 ±
0.08, and 9.64 ±  0.03 (for the lowest T). The 
over-all average pKrr, 9.7 ±  0.12, majr be con
sidered as an approximate value for the 3:3 uranyl- 
tartrate chelate, even though there obviously is a 
small amount of 2:3 chelate even in a 2:1 mixture.
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n o

/;?
o /C \  ^V, b \ - o
K /
0 = C - O H

Fig. 2.— Hydrogen bonding in tartaric acid.

No attempt was made to obtain even an ap
proximate trimerization constant for the uranyl- 
citrate system. There are two reasons. First, 
the ratio of 2:3 chelate concentration to the 3:3 
concentration is even greater for this system than 
for the tartrate system.2d Second, ionization of the 
third carboxyl group occurs during the trimeriza
tion step. The pK  for this ionization should not 
be the same as for uncomplexed citric acid and, 
hence, is unknown.

U ranyl-meso-T artrate System.— Titrations of 
equimolar uranyl nitrate-wieso-tartaric acid solu
tions were performed. A conventional (continu
ous) titration curve for this system is given in Fig. 1. 
It is immediately obvious that meso-tartarie acid 
and d-tartaric acid react differently with the 
uranyl ion. Whereas no precipitate forms in the 
uranyl-d-tartrate system until pH 11, for the 
uranyl-meso-tartrate system a precipitate is visible 
at about pH 3 (point P) when B/T equals three.

Despite this precipitation the continuous' ti
tration curve shows a very sharp rise at B/T equal 
to exactly 32/3- Since this ratio is that of the 
second inflection point characteristic of the uranyl- 
d-tartrate and uranyl-malate systems, trimer 
formation is indicated for the uranyl-meso-tartrate 
system also. However, trimerization seems to 
reach completion at a slightly lower pH than for 
the d-tartrate and malate systems.

In a pointwise titration (i.e., a number of 
separate solutions with varying B/T) slight pre
cipitation was noticed after four days for mixtures 
having B/T equal to two and T as low as 0.00534
M. Analysis of the pointwise titration curves was 
therefore attempted only for those solutions in 
which no precipitation occurred, i.e., up to B/ T =
2. Equimolar solutions having total uranium 
concentrations of 0.001069, 0.002138, 0.003207,
0.005345 and 0.01069 M  were studied. At each 
value of T, there was a large positive trend of 
about 3 log units in log Kj, and negative trends in 
log K n ih increasing from 0.2 unit at the lowest 
value of T to 0.6 unit at the higher T value. For 
log Kn, apparently constant values of 1.34 ±
0.02 and 1.47 ±  0.01, were obtained at total 
uranium concentrations of 0.001069 and 0.002138 
M, respectively. At the three higher concentra
tions, log Kn  also showed trends, increasing with 
T, as shown in Table V.

It seems obvious that before precipitation no 
single species can be considered as the principal 
ion in the uranyl-meso-tartrate system. Rather, 
there is indicated a mixture of species for which 
the average number of hydroxyl ions reacting for 
uranium lies between 2 and 3.

T able V
A'll FOR URANYL-mesi>-TARTRATE SYSTEM AT 25° AND

»  =  0.136
T X 10*, M log Kn

1.069 1.34 ±  0.02
2.138 1.47 ±  0.01
3.207 1.70 — 1.58
5.345 1.70 —  1.61

10.69 2.01 —  1.73

Discussion
The uranyl-malate and uranyl-citrate dimers 

have the same formation constants, log Am » =  
2 X 4.53 =  9.06. Hence, the third carboxyl 
group of citrate must remain completely undis
sociated up to the -first inflection point and has no 
role either in the initial chelation or in the dimeri
zation.

These two dimers are more stable than the ura- 
nyl-d-tartrate dimer, for which log Am » = 
2 X 3.38 =  6.76. Doubtless, some portion of this 
stability difference is attributable to the smaller 
basicity of the tartrate ion which results from (i) 
the inductive effect of its non-chelating alcoholic 
OH group and (ii) the fairly strong hydrogen bond 
between this alcohol group and the carboxyl group 
beta to it (see Fig. 2), since the chelation strongly 
enhances the dimerization. However, a large part 
of this stability difference probably is due also to the 
relative strength of the intemuclear bonds in each 
dimer, since some dimer bridges must be broken 
in the formation of the trimer. A coordination 
number of nine would be required if both tridentate 
chelation and diol bridging were present in the 
trimer.

The titration results (i.e., B/T =  3 at first in
flection point and constancy of Am ) do not prove 
the nature of the intemuclear bridges, although 
it is our belief2d that they are olation or (oxolation)

bridges, as in X U (02)

H
/ ° \<  > U (0 2)X . 
X X  
H

It has been

suggested by a referee, however, that equally- 
plausible dimer structures are the non-olated struc
tures

II

in which the bridging groups are the alcoholic 
oxygens from which the hydrogens have dis
sociated. Structure I seems unlikely since the 
uranyl-glycolate12 and uranyl-salicylate13 systems 
contain only mononuclear complexes below about 
pH 3.5 even though the complexing is strong in both

(12) S. Ahrland, Acta Chem. Scand., 7, 489 (1953).
(13) B. Hok-Bernstrom, ibid., 10, 163 (1956).
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systems. Polymerization in these systems begins 
above pH 3.5, but it almost certainly involves ola- 
tion since it also starts near this pH in virtually all 
uranyl systems containing monodentate or biden- 
tate ligands. The failure of the uranyl-meso- 
tartrate chelate to dimerize completely seems to 
eliminate Structure II.

The dated structure postulated by us is also 
contrary to normal expectation12-14 for it indicates 
that the tendency of uranium to hydrolyze and 
dimerize by olation is increased14 15 16 by tridentate 
chelation despite the fact that the chelating oxygen 
atoms should lower the positive charge density 
about the uranium atom. In this case, however, 
it is possible to offer (below) a plausible explana
tion on the basis of deformation of the normally- 
collinear uranyl entity, because of mutual repulsion 
of the uranyl oxygen atoms and the chelating oxy
gens of the tridentate ligands, with subsequent re
hybridization of the bonds in the uranyl entity.

Uranyl Ion Structure.— The uranyl ion is con
sidered to be “ a linear ion disturbed to a certain 
extent by strong local fields.” 16 The collinearity 
persists in a number of solid uranyl compounds and 
in U O 317 and in aqueous uranyl perchlorate solu
tion.18 The special stability of the uranyl entity 
has been attributed by Connick and Hugus19 
and by Eisenstein20 to strong participation of 5f 
orbitals in <7 and x-bonds. The latter showed 
that linear df hybrid orbitals (for two bonds) 
are exceptionally strong and that strong x-bonds 
can also be formed by overlap of the two remain
ing stable 5f uranium orbitals with 2p orbitals of 
the oxygen atoms. One would expect, therefore, 
that the waters in a hydrated uranyl ion are con
nected to the uranium by bonds which are chiefly 
electrostatic with possibly a slight f-covalent con
tribution.

A dded  June 28, 1960.— Since this paper was submitted 
there has appeared a paper by Li, et al,,21 in which they claim 
that in the pH region 1.9 to 2.5 the 1:1 iirar^'l-citrate com
plex is a monomer with log A'M\ =  8.5, the Cit—3 ion being 
assumed as the ligand. Their conclusions seem in error for 
several reasons.

First, it has been shown previously21* that the third 
carboxyl hydrogen of citric acid is not removed in the 
uranyl-citrate system until above the first inflection point, 
which occurs at B/T =  3 (near pH 3.5) not only for this 
system but also for the uranyl-malate and uranyl-tartrate 
systems. The latter two ligands have only two carboxyl 
groups. In addition, the second buffer region in the titration 
of the uranyl-citrate system begins near pH 4 and ends near 
pH 7 at B/T =  4V>, exactly one unit higher than the B/T 
value of 3V> obtained for the uranyl-malate and uranyl- 
tartrate systems. Further, hi the present paper we obtained

(14) S. Chaberek and A. E. Martell, ’ ‘Sequestering Agents,”  John 
Wiley and Sons, Inc., New York, N. Y., 1959, pp. 24 and 75.

(15) One can calculate from Sutton’s constant5 that only 1 % of the 
uranium in 0.01 M  uranium perchlorate is hydrolyzed at pH 3 and 
u = 0.15, whereas it appears that for each of the tridentate systems 
about 90% of the uranium is hydrolyzed in equimolar solution of the 
same pH, n, and total uranium concentration.

(16) J. J. Katz and G. T. Seaborg, “ The Chemistry of the Actinide 
Elements,”  John Wiley and Sons, Inc., New York. N. Y., 1957, p. 177.

(17) W. H. Zachariasen, Acta Cryst., 7, 795 (1954V
(18) L. H. Jones and R. A. Penneman, J. Chem. Phys., 21, 542 

(1953).
(19) R. E. Connick and Z. Z. Hugus, Jr., J. Ain. Chem. Soc., 74, 

6012 (1952).
(20) J. C. Eisenstein, J. Chem. Phys., 25, 142 (1956).
(21) N. C. Li, A. Lindenbaum and J. M. White, J. Inorg. Nucl.

Chem., 12, 122 (1959).

almost exactly the same stability constant for dimer forma
tion in the uranyl-citrate and uranyl-malate systems.

Second, Li, et al., have erroneously attributed to us the 
postulation of the dimer formula, (UOiCit^-2. The formula 
put forth by us is the diolated structure, (HCitUG2OH)2~!. 
Accordingly, their linear equation (16) has incorrect slope 
and intercept and should be
n /( l  — n)(A  ~*1 =  A(HA)M(OH)/A3j +  [/Corner X

2Tm(1 -  fm )(A -*)/AV]
However, the use of this equation alone easily can lead to 

an erroneous conclusion since a small, but real, trend in the 
n /( l  — n)(A -s ) values might be ignored. This is evident 
from the table below, in which are presented the results of 
the first titration of Li, et al., i.e., titration of 50 ml. of solu
tion containing (0.01 M  U0 2(1S03)2,' 0.01 M  citric acid, 
0.01 M  HC1, 0.11 M  NaCl) with 0.2986 M  NaOH.

NaOH,
ml. pH

log
Li, r.l al.

Xmonomer
Feldman®

log K l 
Feldman b

1 .0 1.98 8.50 8.49 4.08
2.0 2.10 8.50 8.49 3.97
3.0 2.21 8.57 8.55 3.95
4.0 2.33 8.63 8.64 3.98
4.5 2.40 8.56 8.68 3.99

“ Calculated from data of Li, et al., using their formula for 
A monomer. ‘ Using data of Li, et al., but our formula for 
Adimer. AV'dimer values are compared with K monom„  since 
both contain (H +)3 and, therefore, are affected to the same 
extent by any pH error.

It is obvious that the first titration of Li, et al., shows a 
better constancy for K ‘/i,Um,T than for A mon. On the other 
hand, more constant values for log A mo„ are calculated for 
their second and third titrations, the values being 8.45 for 
titration of (0.01 M  U 02(N 0 3)2, 0.02 M  citric acid) and 8.6J 
for titration of (0.04 M  U02(N 0 2)2, 0.05 31 citric acid). 
However, this difference, 0.15 log unit, cannot be ignored, 
for the trends in the log AAnmer values for their second and 
third titrations amount to only 0.26 and 0.18 log unit.

The inconsistent results o: Li, et al., probably derive from 
non-attainment of equilibrium in their continuous titrations, 
a phenomenon we encountered in our own preliminary work. 
Our finding that the time required for constant pH to be 
attained was even greater than 24 hours for some solutions 
led us to resort to pointwise titrations, pH’s being measured 
at least 48 hours after preparation of solutions.

Effect of Deformation on Electronic Structure of 
Uranyl Entity.—Although two <r(df) and two 
xf-bonds appear to be also possible for a non-linear 
uranyl-entity,20 their strengths should be less than 
in the collinear arrangement. Hence, resonance 
between this configuration and other possible con
figurations involving some f-covalent contribution 
to the secondary (non-uranyl) bonds in a uranyl 
chelate could be significantly large i f  the uranyl 
entity is deformed sufficiently in the chelate. 
From a semi-quantitative calculation22 it appears 
that in the formation of the tridentate chelate a 
deformation of roughly 20 degrees from collinearity 
should occur in the uranyl entity.

Any increase in the covalent nature of the bonds 
to waters of hydration (which occupy coordination 
sites not occupied by the tridentate ligand) should 
increase the acidity of these water molecules, re
sulting in increased tendency of the uranium to 
hydrolyze and dimerize.

Effect of Deformation on Relative Strengths of 
the Dimers.— The extent of non-linearity produced 
in the uranyl group should be an inverse function 
of the chelate bond distances, which in turn should 
vary inversely with the magnitudes of the negative 
charges on the chelating oxygen atoms. Further,

(22) I. Feldman, T h is  J o u r n a l , 64, 1332 (1960).
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the decrease in 5f orbital participation in the uranyl 
entity when its linearity is destroyed should be least 
for minimum bending.

Thus, in the uranyl-d-tartrate dimer the induc
tive effect of the non-chelating OH group and the 
hydrogen bond effect combine to cause a smaller 
uranyl-entity deformation than in the uranyl- 
malate dimer. Consequently, the OH bridges 
should be weakest in the uranyl-tartrate dimer, 
because of the greater residual 5f orbital partici
pation in the uranyl entity and the consequent 
greater reluctance of the uranium to form addi
tional bonds having some 5f character.

Since some of these bridges must be broken 
during trimerization, the uranyl-tartrate dimers 
should, as they do, trimerize more easily than the 
uranyl-malate dimers. This may even explain 
the observation noted previously211 that in uranyl- 
malate systems having large excess of malate (lig- 
and/U =  5) trimerization is considerably slower 
than in similar uranyl-d-tartrate or uranyl- 
citrate systems.

Monodentate and Bidentate Ligands.— Since 
monodentate and bidentate ligands can arrange 
themselves about the equator of the uranyl entity, 
so that their chelating oxygens are about 2.9 Â. 
from the uranyl oxygens, they should have little 
tendency to distort the uranyl entity. Hence, 
the above discussion requires that there be no 
increase in the tendency of uranyl ion to hydrolyze 
after complexing by monodentate or bidentate 
ligands. This condition appears to be satisfied. 
Stability constants for a number of uranyl com
plexes containing monodentate ligands have been 
tabulated by Katz and Seaborg.16 A  number of 
uranyl-monodentate ligand salts have been crystal
lized and all are normal salts or double salts con
taining no hydrolysis constituent.16

Bidentate ligands also show little, if any, tend
ency to increase uranyl ion hydrolysis. Titrations 
of equimolar solutions of uranyl ion and the di- 
carboxylic acids, oxalic and malonic, show a first, 
inflection point near pH 3 when B/T =  2 and a 
visible precipitate very soon thereafter, indicating 
formation of the unhydrolyzed complex. The 
normal salt U 02C204-3H20  has been prepared.16 
Glycolate ion also chelates uranyl ion strongly 
but does not increase its tendency to hydrolyze.12

On the other hand, bidentate chelation will not 
prevent hydrolysis of the uranyl ion at higher pH’s 
where uncomplexed uranyl ion normally hy
drolyzes. In the uranyl-salicylate system13 the 
initial chelate U 02X + begins to hydrolyze to the 
hydroxo monomer at ca. pH 3 for 0.3 M  solution, 
this reaction nearing completion at ca. pH 5. The 
uranyl-lactate chelate was shown2d to be com
pletely in the trinuclear form by pH 5.5 for 0.05 M  
equimolar solution, at least one log unit lower than 
the pH where the tridentate chelates are completely 
trimeric. This latter phenomenon is in agreement

with the observation, discussed above, that the 
weaker uranyl-d-tartrate dimer trimerizes more 
readily than the stronger uranyl-malate dimer.

The Uranyl-meso-Tartrate System.— It follows 
from the above discussion that at low pH (below P 
in Fig. 1) an equimolar uranyl-roeso-tartrate system 
should contain a mixture of the binuclear tridentate 
chelate (as in uranyl-d-tartrate system) and un- 

/  COO ■
/  \

hydrolyzed bidentate I C—0 — U 

V H

—

chelates. Depending on the pH the mononuclear 
chelates may be U 02X  and/or U 02HX+. The 
titration results agree with this expectation; i.e., 
below point P between two and three hydroxyl ions 
react per uranium.

This prediction resulted from a consideration of 
the steric arrangements and hydrogen bonding in 
the tartaric acids. Atom models indicate that two 
strong hydrogen bonds can exist simultaneously in 
d-tartaric acid, both bonds closing six-membered 
rings, represented by a and b in Fig. 2. On the 
other hand, meso-tartaric acid can have only one 
strong and one weak hydrogen bond, or two bonds 
of intermediate strength. Accordingly, d-tartaric 
acid has lower pKi and pK 2 (2.82 and 3.94 at m =
0.136) values than does meso-tartaric acid (2.99 
and 4.44). The latter in turn has lower pK  
values than malic acid (3.15 and 4.68), which ob
viously can have only one hydrogen bond.

Atom models also show that in malate and d- 
tartrate ions the three oxygen atoms which are 
responsible for tridentate chelation can form a 
roughly equilateral triangle without any weaken
ing of hydrogen bonds. When the tridentate 
chelate is formed, the hydrogen bond present in 
this triangle undoubtedly is ruptured completely 
because of repulsion of the hydrogen by the posi
tive uranium atom, but, for steric reasons, triden
tate chelation by the meso-tartrate ion requires 
rupture of both hydrogen bonds. However, biden
tate chelation by one carboxyl group and one al
cohol group of the meso-tartrate ion would allow 
both hydrogen bonds to exist.

Hydrogen bonding would thus stabilize the biden
tate chelate by about 10 kcal. per uranium relative 
to the energy of the tridentate chelate. On the 
other hand, the tridentate chelate would benefit 
by a chelate effect of about 2 kcal.22 per uranium. 
Even more important, there is surely a favorable 
enthalpy effect for the binuclear tridentate chelate, 
but the magnitude is not excessively large since 
A F° for the formation of the uranyl-d-t art rate 
dimer is only 4.9 kcal. per uranium. The mono
nuclear bidentate and binuclear tridentate chelates 
should therefore exist in equilibrium, as it appears 
is the case.

(22) C. G. Spike and R. W. Parry, J. Am. Chem. Soc., 75, 2726 
(1953).
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REFLECTIVITY OF FATTY ACID MONOLAYERS ON WATER
By D. T. F. M a r p l e  a n d  T. A. V a n d e r s l i c e

General Electric Research Laboratory, Schenectady, New York 
Received November 7, 1959

Changes in reflectance caused by a monolayer film of fatty acid on a water surface have been measured. Measurements 
were made at near normal incidence and 4000 A. wave length with several fatty acids. Measurements were also made on 
stearic and palmitic acid at 2537 A. wave length and at 4000 A. with polarized light and a high angle of incidence. The fatty 
acid monolayers were compressed with oleic acid to about 30 dynes/cm. pressure for all the measurements. The reflectance 
change is caused by interference between light reflected at the air-film and film-water interfaces. For stearic and palmitic 
acid, if the index of refraction of the monolayer is assumed to be the same as that for solid acid, the observed reflectance changes 
at 4000 A. agree with the calculations, provided the film thickness is taken to be about 3 A. less than the molecular chain 
length of the solid. Reduced film thickness may be due to immersion into the water of the hydrophilic group at the end of 
each chain, or to tilt of each chain away from an axis perpendicular to the water surface. Measurements on monolayers of 
other fatty acids at 4000 A. showed that the reflectance changes varied as the square of the number of carbon atoms in the 
molecular chain, and thus approximately as the square of the film thickness, as expected theoretically. The effects of change 
in wave length and angle of incidence are consistent with the interference theory. The reflectance change is sensitive to the 
purity of the water used as the film substrate, probably because impurities in the water change the film thickness.

Theory
When a smooth surface is coated with a thin 

film of a transparent substance, the reflectivity of 
the surface is changed due to interference between 
the radiation reflected at the air-film and film- 
substrate interfaces. Expressions for the reflec
tivity of such a system have been derived and sum
marized by Heavens.1 The film is assumed to be 
homogeneous, isotropic and transparent. The 
reflectivity R at any angle of incidence is given in 
Heavens’ notation as

Ti1 + 2TjTi cos 2t>i -f- r22 
1 — 2rir2 cos 25i +  r ^ Y (Heavens eq. 4 (48))

( 1)
where n and r2 are the Fresnel coefficients. A sub
script s or p is added to R, n  and r2 to denote the 
polarization of the incident radiation. The thick
ness parameter is given by

hi =  — ^—  cos <j>i (2)

where di is the film thickness, and A is the wave 
length of the radiation.

At normal incidence Rs =  RPt and in the special 
case of very thin films (¿i <  0.1) simplification of 
the expressions results if the cos 2h term is expanded 
in a power series. Only the first two terms are 
retained in the numerator, and only the first term 
is retained in the denominator. If R* is the re
flectivity at di = 0, then with these approximations 

R — R* AR —4ri426i! ....
R* R ~  rt* +  2n n  +  r{- { )

Apparatus and Procedure.— The changes in reflectance due 
to the monolayer films were expected to be a few per cent, or 
less. Therefore a bridge circuit was used for the reflectivity 
measurements. Two beams of radiation from an incandes
cent lamp were directed by mirrors toward two trays of 
water and the reflected beams from the trays were picked up 
by the photocells.

To reduce vibration of the water surfaces the trays were 
mounted on a weighted base (about 50 lb.) hung by springs 
from a supporting framework. The weighted base was 
magnetically damped in three perpendicular planes.

For measurements at 4000 A. radiation was obtained from 
a 500 watt projection lamp in a water-cooled housing and 
Corning number 5850 filters were placed over each photocell. 
With the lamp operating at about 2950°K., these filters

gave a spectral band width of about 800 A. centered at 4000 
±  100 A. For the measurements at 59° angle of incidence 
the optics were rearranged and a Polaroid was placed over 
each phototube, passing the s component of the radiation.

For the measurements at 2537 A. the filters were removed 
and a 4 watt Germicidal lamp was substituted for the 500 
watt incandescent lamp. Tests with filters showed that less 
than 5%  of the radiation of this lamp was at wave lengths 
longer than 3100 A.

The bridge was designed so that the balance would not be 
sensitive to slight changes in battery voltage or radiation 
intensity. The electrical drift in the balance of the bridge 
was less than two parts in 106 in one minute. Vibration of 
the water in the trays caused unsteadiness in the balance of 
the bridge of about two parts in 104 under average conditions. 
After agitation of the trays, three to five minutes were re
quired for the waves to die out to this residual valve of noise.

Eastman Kodak (E .K .) and Armour “ research grade”  
(Arm.) stearic acids were used. All the acids used were 
analyzed chemically to find the acid number, and all ap
peared to be quite pure on this basis. Tap water, distilled 
water and quartz distilled water stored in polyethylene tanks 
were tried in different experiments. Monolayers were pre
pared by the usual method of dropping a benzene solution of 
the fatty acid on the cleaned water. They were compressed 
to a fixed surface pressure of 30 dynes/cm. by oleic acid.2 
Under this compression the films were of the solid type. All 
measurements were made at room temperature without 
special temperature control.

After reading the unbalance of the bridge, a monolayer of 
the same acid under identical pressure was placed on the 
second tray and a reading taken to determine whether the 
original balance point with two clean surfaces was reached. 
In practice the original balance point usually was closely 
approached, indicating that the two films were the same.

Results
In about a third of all the trials a film was pro

duced which had visible flaw in the field of view of 
the photocells. Flaws included crumpled films, 
paraffin spots from the edge of a tray carried onto 
the water surface by the benzene, or dust. Only 
data from films that were free of visible flaws are 
included in Table I and Table II. In these tables 
measurements on a given acid are in the same verti
cal column and measurements on different days are 
grouped together horizontally. The weighted 
mean value of the reflectivity change for each acid 
is given at the bottom of each vertical column. 
Weight factors were assigned by a systematic 
procedure.3 Probable errors were estimated from

(1) O. S. Heavens, “ Optical Properties of Thin Solid Films,”  Aca
demic Press, New York, N. Y., 1955, pp. 49-58.

(2) N. K. Adam, “ Physics and Chemistry of Surfaces,” 3rd Edition, 
Oxford Press, New York, N. Y.
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T a b l e  I

S u m m a r y  o f  t h e  R e f l e c t a n c e  C h a n g e s  O b s e r v e d  a t  4 0 0 0  A .  W a v e  L e n g t h  a n d  1 6 °  A n g l e  o f  I n c i d e n c e

Name of acid and carbons in chain
Myristic Palmitic Stearic“ Arachidic Behenic Cerotic

13 15 17 19 21 25
Mean Mean Mean Mean Mean Mean
A R/R, % 2wb A R/R, % 2w A R/R, % 2w A R/R, % 2w A R/R, % 22 A R/R, %

Run
A 0.36 ± 0 .0 3 11 0 55 ±  0.04 9 0.71 ±  0.92 7 1.36
B .39 ±  .03 8 .57 4 .77 ±  .03 6 1.08 6
C .68 ±  .03 6 1.03 17
D .76 2 .9 13 1.08 4

Grand mean .375 ±  .03 19 . 55 ±  .03 13 72 ±  .03 21 1.02 ±  0.05 19 1.04 ±  0.04 21 1.36 ±  0.08

“ Eastman Kodak Co. stearic acid. b Dw is the sum of the weights for data used to obtain a mean.

T a b l e  I I A

S u m m a r y  o f  t h e  R e f l e c t a n c e  C h a n g e s  O b s e r v e d  a t  

2 5 3 7  A . w i t h  D i s t i l l e d  W a t e r  a n d  w i t h  T a p  W a t e r

Stearic acid Palmitic acid
AH/.i, X, AE/Ä,

Water % i . Â. Type %
a 1.85 ±  .07 17 2537 E.K.
a 2.05 13 2537 Arm.
c 3.19 8 2537 Arm. 3.46
b 1.90 6 Arm.

T a b l e  I I B

S u m m a r y  o f  R e f l e c t a n c e  C h a n g e s  O b s e r v e d  a t  5 9 °  

I n c i d e n c e  A n g l e

Stearic acid Palmitic acid
A R/R, X, A R/R, X.

W ater
. b

%  — w Â. Type %
1.89 db 

0.05

Sw A.
23 4000

“ Res. lab. distilled water. b Quartz distilled water. * Tap 
water.

the scatter and total weight for the observations 
on a given acid, and are given in Table I.

Discussion
The scatter between repeated observations on 

one acid in a given run, given in Table I, is un
comfortably small compared to the differences 
between average values for different runs. It is 
possible that the chemical composition of the films 
was different in different runs. Distilled water was 
always used in the trays in the experiments included 
in Table I. The water was changed several times 
and the pans were washed with detergent and re
waxed in the course of all the observations. Ter
mination of the hydrophilic ends of the molecules hi 
the film by metal ions, such as Zn, Ca, 11a, etc., 
might modify the film thickness. Owing to the 
lack of definite knowledge on this point however, 
the results for each acid in different runs may have 
been averaged together and further discussion will 
be concerned with the average values of the re
flectivity changes.

Solid stearic acid is a monoclinic crystal. The 
chain length of the molecule in the crystalline solid 
as measured by X-ray diffraction is 24.4 A. and the 
index of refraction nz =  1.53.4 When laid down as

(3) Unit weight was assigned to an observation on a film in one pan 
only. Weight two was assigned to the average of two observations 
made in succession (first on one pan and then on the other) if the 
initial and final balance readings differed by more than 10% of the 
change of balance. Weight four was assigned if the initial and final 
balance readings differed by less than 10% because this indicated that 
probably the films were free of flaws, the watei was adequately cleaned 
before either film was laid down, and that little dust fell into the field.

(4) A. N. Winchell, “ Optical Properties of Organic Compounds,”  
Academic Press, New York, N. Y., 1954, pp. 23—24.

a compressed monolayer on water, the chain is 
nearly perpendicular to the water surface. Equa
tion 3 may be used with the observed values 
AR/R =  0.72, A =  4000 A. and n =  1.53 to 
deduce the film thickness. The result, 21.5 A., 
is about 3 A. less than the molecular chain length 
of the crystalline solid.6

A similar calculation for palmitic acid, with 
A R/R =  0.55, n =  1.53, X =  400 A. gives d =
18.8 A., about 4 A. less than the X-ray diffraction 
chain length of 22.9 A.6

These differences may be due to the fact that the 
hydrophilic, (COOH), ends of the molecules in the 
film are immersed in the water to some depth, 
thus reducing the thickness of that part of the 
film having a refractive index markedly different 
from water. Another possibility is that even 
when compressed by oleic acid the molecules on 
the surface are tilted, which reduces the average 
film thickness. Lyons and Rideal6 have sug
gested that the molecules in compressed fatty acid 
monolayers are all tilted to an angle of 26 V20 to 
the surface normal. It is interesting that this tilt 
angle accounts very well for the thickness difference 
noted above. A third possibility is that the index 
of refraction of the film differs significantly from 
that of the solid: for example, calcium stearate 
films on glass have refractive index 1.47.7

To a first approximation the numbers of carbon 
atoms in the molecules N  are proportional to the 
film thickness di and hence by eq. 3 if all the acids 
have the same index of refraction, it is expected 
that A R/R is proportional to N 2. Figure 1 shows 
this relation is satisfied by the observed values to 
within the accuracy of observations, except for 
arachidic acid. The reason for the discrepancy 
in this case is not known.

Langmuir has deduced the thickness of several 
compressed fatty acid monolayers from measure
ments of the weight and film area.8 9 If from these 
film thickness values 3 A. is subtracted to account 
for immersion of the hydrophilic groups in the 
water, an effective thickness of the film of each acid

(5) In the present case, with angle of incidence of 16°, the difference 
between Rn or Rp and R as given by eq. 4 (48) for normal incidence is 
less than the experimental error. For example, exact calculation with 
d =  21.5 A. and n = 1.52 gives (AR/R), = 0.68% (AR/R)p =  0.72%. 
Eq. 4 (48) for 0 = 0 gives (AR/R), = (AR/R)P = 0.72%.

(6) C. G. Lyons and E. K. Rideal, Proc. Roy. Soc. {London), A124, 
333 (1929).

(7) K. B. Blodgett, J. Am. Chem. Soc., 57, 1007 (1935).
(8) I. Langmuir, ibid., 39, 1848 (1917).
(9) N. K. Adam, “ The Physics and Chemistry of Surfaces,”  Oxford 

Press, New York, N. Y ., p. 25, points out that these results may be in 
error because of unknown changes in the density of the film from the 
bulk density.
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is obtained. Figure 2 shows a plot of the square of 
this effective thickness against observed values of 
AR/R. These points he on a straight line that does 
not pass through the origin. Assuming that 
the thickness calculation is correct, then two 
alternate assumptions, or a combination of them, 
will account for this result. The first assumption 
is that the index of refraction of acids shorter than 
N =  13 increases with decreasing N. The line on 
Fig. 2 then curves to pass through the origin. 
The alternate assumption is that the index of re
fraction of all the acids is the same and greater 
than about, 1.53, and also that the hydrophilic 
ends of the chains are immersed to about 10 A. 
in the water. The line in Fig. 2 then is straight, 
but displaced to the left and passes through the 
origin, while the increased index accounts for the 
observed reflectance change from the thinner films. 
It appears unlikely that the films of fatty acids are 
immersed as much as 10 A. in the water.

Comparison of the results in Table IIA for the 
Eastman Kodak stearic acid and the Armour re
search grade stearic acid on either kind of distilled 
water shows that they are the same, within the 
experimental error. On the other hand, the re
sults with either stearic or palmitic acid show that 
the reflectivity change measured on tap water is 
significantly greater than for distilled water. This 
may result from a change of either the thickness or 
the refractive index of the film. In the case of 
stearic acid, if the refractive index is assumed un
changed, o the thickness must increase from 21.5 
to 27.5 A. to account for the results; or, if the 
thickness is assumed unchanged, the refractive 
index must increase from 1.53 to 1.64. Of course, 
a combination of both is possible.

It has been suggested that the hydrophilic end 
of the stearic acid molecules may be immersed 
about 3 A. in the water. If, on tap water, the 
hydrophilic end is terminated in a metal ion, the 
thickness of the film may be increased. If one 
assumes that the metal ion (monovalent Ca for 
example) rests with its center in the plane of the 
water surface, and with the stearic acid joined to 
the calcium, then a thickness increase of 4 or 5 A. 
may result, somewhat less than the 6 A. needed if 
the refractive index is unchanged.

For stearic acid on distilled water at normal 
incidence, the ratio of the reflectivity change at 
2537 to that at 4000 A. is 2.71. The inverse square 
of the wave length ratio is 2.5. If the refractive 
index of the acid were the same at both wave 
lengths, these ratios should be the same. An in
crease of refractive index from 1.53 at 4000 to
1.538 at 2537 A. would account for this difference 
and is a reasonable possibility. However, if the 
absorption coefficient of stearic acid at 2537 A. is 
greater than 105 cm.-1, the theoretical ratio, cal
culated above assuming negligible absorption, 
is in error.

The reflectance change for 59° incidence and s 
polarization was calculated for palmitic acid, (d =
18.8 A., n =  1.53), as +0.202%. This result is in 
good agreement with the observed value, Table 
IIB, and provides additional proof of the correct
ness of the idea that the reflectance changes are

Fig 1.— Per cent, change in reflectivity, AR/R, for several 
fatty acid monolayers on water, as a function of the square of 
the number of carbon atoms in the molecule N.

(t-3)2 (ANGSTROMS)2

Fig. 2.— Per cent, change in reflectivity, AR/R, for several 
fatty acid monolayers as a function of the square of the ef
fective thickness.

due to interference. The reflected intensity ob
tained with the polarizers set to pass the p com
ponent of radiation was smaller than the s com
ponent by about a factor of 30 (as also expected 
from calculation). This intensity was too small 
to obtain satisfactory operation of the photocell 
bridge. Not even the sign of the reflectivity 
change for the p component could be measured. 
Calculation shows it is negative and about 65% 
as large as for the s component.

Summary and Conclusion
Changes in the reflectance of water produced 

by addition of monolayer films of fatty acids on 
the water surface have been measured. The re
flectance change is caused by interference between 
fight reflected at the air-film and film-water inter
faces. Measurements on monolayers of fatty 
acids ranging from abcut 21 to 31 A. thickness 
showed that the reflectance changes varied as the 
square of the number of carbon atoms in the drain.

For stearic and palmitic acid, if the index of
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refraction of the monolayer is assumed to be the 
same as that for solid acid, the observed reflectance 
changes agree with the calculations, provided the 
film thickness is taken to be about 3 A. less than 
the molecular chain length of the solid. Reduced 
film thickness may be due to immersion into the 
water of the hydrophilic group at the end of each 
chain, or to tilt each chain away from an axis 
perpendicular to the water surface. The re
flectivity change caused by a stearic or palmitic 
acid monolayer is sensitive to the purity of the 
water. This probably is due to a change in film

thickness and possibly to a change in refractive 
index. Interference theory accounts satisfactorily 
for the reflectivity change increase with decreasing 
wave length and for the reflectivity change at high 
angles of incidence.
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Dehydration processes for homoionic montmorillonites and vermiculites have been investigated by studying variations 
of dOOi spacings (by X-ray diffraction), intensity of angular vibration band of water (at 6.1 m) and intensity and composi
tion of OH vibration band (2.7 to 3.5 n), in relation to dehydration temperature. Experimental results show that: 1. 
Water molecules remain up to a final stage of dehydration, and even after the collapse of the interlayer space. 2. Lattice 
dehydroxylation starts before dehydration is achieved. It has been proved that, as dehydration progresses, the stretching 
vibration frequency of water hydroxyls unexpectedly increases progressively, since the collapse of layers should decrease 
OH. .0  distance and strengthen hydrogen bond. A theoretical interpretation is proposed, which consists in introducing 
in Sehrodinger’s equation, an additional potential energy originating from the application of fields existing inside the inter
layer space, to the OH dipoles. It is assumed that molecules remain in this internal space after the apparent collapse of 
layers and indirect proofs of this are given.

The dehydration of montmorillonite and Ver
miculite has been investigated by means of infra
red spectroscopy using two absorption bands: 
the first one corresponds to the angular vibration 
of the water molecule at 6p, the second to the 0 -H  
stretching vibration of H20  between 2.7 ar.d 3.5p.

This band covers a wide frequency range since 
various hydrogen bonds may be formed between 
the hydroxyl group and neighboring oxygen atoms.

Lattice hydroxyls are characterized by vibration 
frequencies depending upon the crystal structure. 
For vermiculite, one vibration band only occurs 
at 3704 cm.-1, whereas for montmorillonite two 
bands may be observed, at 3745 and 3050 cm.-1, 
respectively.

The study by infrared spectroscopy of the de
hydration of silica gels and glass powders has al
ready been the subject of many papers. Kiselev,1 
Benesi and Jones,2 Young3 have shown that as 
the coverage by water and the surface density of 
silanol groups decrease, the maximum of the ab
sorption band shifts toward higher frequencies. 
This fact is easily interpreted by the increase of 
the average OH . . . .  0  distance.

It is interesting to study dehydration processes 
for expanding lattice clay minerals, where the space 
occupied by water molecules can be defined by 
basal spacings (dOOl) measurements.

(1) A. V. Kiselev and V. I. Lygin, Second Intern. Congress of Surface 
Activity. II. Solid-gas interface, Butterworths, London, 1957, p. 
204.

(2) H. A. Benesi and A. C. Jones, T his J o u r n a l , 63, 179 (1959).
(3) G. J. Young, J. Colloid Sei., 13, 67 (1958).

Moreover, the structures as they are now known 
show the absence of surface hydroxyl groups, as 
far as the interlayer space is concerned. This 
fact greatly simplifies the interpretation.

Therefore the purpose of this study is to investi
gate the relations between characteristic features 
of the OH vibration band of hydration water mole
cules and the basal spacing. In order to point 
out the influence of cations, several homoionic 
clays have been studied.

I. Experimental Methods
A. Samples.— The fraction smaller than 2^ of the Camp 

Berteau Montmorillonite and of a Transvaal Vermiculite 
was separated by centrifuging and saturated by chlorides of 
Sr, Li, Na and K.

The main properties of these clays are summarized in 
Table I.

T a b l e  I
C atio n  E x c h a n g e  C a p a c it y  (B.E.C.), S pe c ific  S u r fa c e

(So) an d  C h a r g e  D e n sit y  (a )  of th e  C la y s  Stu d ie d
a

B.E.C., So. (electrons/
m eq./l00 g. m.2/g- mu2)

Montmorillonite 95 725 0.8
Vermiculite 130 G00 1.3

The base exchange capacity is determined by desorbing 
ammonium from clays saturated with this cation at pH 7.

The specific surface, So, is measured by ethylene glycol 
retention according to a variant of the Hendricks and Dyal 
method.4

The chemical compositions of the clays are

(4) S. B. Hendricks and L. A. Dyal, Soil. Sci., 69, 421 (1950).
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Fig. 1.— Typical spectra obtained for Li-montmorillonite: A, absorbance of the OH stretching vibration (lattice +  
water) band, as recorded versus the wave number for several dehydration temperatures; B, absorbance of the OH (water) 
stretching vibration versus the wave number for several dehydration temperatures; C, angular vibration band of water. 
Transmission (% ) versus wave length ( m )  for several dehydration temperatures. Temperatures: — , 20°; — , 95°; —, 
175°; . . .  ., 250°; ---------, 390°.

Montmorillonite:
[Si84+]IV[Al2.923+,Fe„.413+,Feo.„3S+,Mgo.642+]VIOao(OH)4

Vermiculite:
Si6.444+(A l3+,Fe3+)1.M]IV

[(Al3+,Fe3+)o.28(M g2+,Fe2+)5.72]VI0 2„(OH)4
The samples have been used as films, the surface weight 

of which was about 30 m g./cm .2. These films are obtained 
by slow evaporation of the suspensions under vacuum.

B. Apparatus.—The film is placed on a 2 X  1 cm. plati
num screen and pressed between two copper plates. The 
bottom plate holds a heating wire and a thermocouple. 
It is thus possible to heat screen and film up to 400°, measure 
the temperature and keep it almost constant.

The sample holder may be introduced in one of the beams 
of the IRA Beckman spectrograph, fitted with calcium 
fluoride optics, while an empty screen is introduced in the 
reference beam.

The same holder can be used in the goniometer of an 
X-ray Philips diffractometer (Cu tube).

Settings of both instruments were as follows: IR4:
speed, 0.25 ¿i/min., gain 3% ; period 2 " ,  slit, 2 X  standard 
slit. Philips diffractometer-. s l it l° ; rate meter X  4 or X  8; 
period 1 6 "o r 8 " ;  multiplier X  1; speed '/«“ /min.

C. Procedure.— Two similar films are used in each ex
periment; one for infrared and the other for X-ray study. 
The first recording is obtained with the film just taken out 
of the desiccator. For the following observations the 
temperature is increased up to about 70-90°. 45 minutes are 
allowed to reach equilibrium.

Other measurements are done at about 150-170°, 220- 
230°,290-300° and 350-370°.

The location of the 001 reflection is noted and a correction 
is made in order to take account of the slightly lowered posi
tion of the clay film in the diffractometer.

From infrared spectra, transmittances are converted into 
absorbances and the curve obtained between 2.5 and 4m 
in this new scale is drawn. For vermiculite, it can be seen 
that the curve is dissymmetric in respect to the wave length 
axis; the absorbance at 2.5m is always stronger than the 
absorbance observed at 4.0m; this probably is due to dif
fusion initiated by the distribution of particle sizes.6 
A straight line is drawn between points representing ab
sorbances at the limits of the band, and measurements of 
absorbance at intermediate wave lengths are taken as the 
differences between the curve and the straight line. For 
montmorillonite the curve is distinctly more symmetric; 
the same method of calculation, however, is used.

Figure 1 gives a example of calculation for typical spectra.
In the case of the angular vibration band at 6 m ,  it is im

possible to operate in a similar way. Clay minerals con
taining magnesium give a band of variable intensity, 
centered approximately at 6 . 8 m ;  both bands overlap 
partially. For this reason the measurement of absorbance 
for the water band was taken as the difference between 
absorbance at 5.6m and absorbance at the minimum of 
transmittance curve, that is to say at about 6 . 1 m -

The difficulty in getting “ good”  films of vermiculite must 
be emphasized particularly as compared with the ease of 
obtaining them for montmorillonite. For example, it was 
practically impossible to make Na-vermiculite films suitable 
for infrared study.

All experiments were repeated two or three times.

(5) G. Duykaerts, The Analyst, 84, 201 (1959).
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Fig. 2.— Variation of relative absorbance of the angular 
vibration band of water with the dehydration temperature. 
A, montmorillonites: ©, lithium; o, sodium: 0  potassium; 
• , strontium. B: vermiculites: O,lithium; 0 , potassium; 
• , strontium.

II. Experimental Results
Figure 2 shows the Arariation of relative absorb

ance at 6.1 m, plotted against dehydration tempera
ture. By “ relative absorbance” is meant the 
ratio of absorbance measured at a given tempera
ture to the absorbance before heating. This ratio 
is calculated in order to make the results com
parable.

The study of these data shows a very important 
fact: at temperatures up to 400°, free water still 
exists in all the samples.

For montmorillonites, experimental points re
ferring to different homoionic clays fall on one 
smooth curve, while for vermiculites, the vari
ability is greater; moreover, for the lithium sample, 
relative absorbance follows a distinctly different 
curve.

Figure 3 shows the change of dOOZ spacing dur
ing dehydration; the average curves are given.

Weak values for vermiculites are observed; 
they are accounted for by the fact that, before the 
first recording, films were dried under vacuum at 
room temperature. It is well known that vermicu- 
lite is particularly sensitive to dehydration.

Glaeser and Pezerat6 studied for us vermiculites
(6) We thank Dr. J. Mering and his co-workers, R. Glaeser and J. 

Pezerat for help and numerous suggestions.

100 200
°C.

Fig. 3.— Average change of dOOt distance with the de" 
hydration temperature. A from above: —, Li-montmoril-
lo n ite ;------- , Sr-montmorillonite,------- Na-montmorillonite;
— , K-montmorillonite. B from above: — , Sr-vermicu- 
lite; —  — , Na-vermiculitc; — , K-vcrmiculite, — , Li- 
vermiculite.

w hich had been dried under various conditions and 
in suspension.

We summarize their results in Table II.
T a b l e  II

V e r m ic u l it e s : H igh  O r d e r  Spac in g s  in  k X ., ( T e m p e r a 
t u r e  2 0 °)

Exchange
able
cation Air dried

Hydrated at 
P/Po = 0.59 Suspension

Li 11.95 11.2 12.7 11.4 15.0 12.4
Na 14.4 12.2 14.8 12.8 14.8 12.4
K 10.1
Sr 14.4 12.3 14.9 12.5 15.0 12.8

For all samples, except the potassium vermiculite, 
the presence of two peaks may be observed, the 
second one being generally broader than the first. 
As soon as dehydration proceeds, the first peak 
disappears. The variation of location of this 
reflection is given in Fig. 3.

It should be pointed out that, in all spectra, the 
presence of a peak at 7.2 kX. subsists after heating 
half an hour at 550°, and even after three hours 
at 600°, inasmuch as no reflection occurs at 14.4 
kX.
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From this, the presence of kaolinite may be 
ruled out, according to prevailing ideas.?

On the other hand, when studying crystals by 
electron microscopy, numerous curled flakes are 
seen besides thin micaceous plates. As a matter 
of fact, the question could be raised whether the 
two high order reflections quoted in Table II, are 
not due to the existence of both morphologic 
features, the tubular form being less expanding 
than the flat one.

During dehydration one reflection only, char
acteristic of interstratification, can be observed.

Comparison between results obtained from 
montmorillonites and vermiculites shows the dif
ferent behavior of the clays according to the nature 
of the base saturation. The order in which col
lapsing of the layers is observed is for montmoril
lonites K, Na, Sr, Li; for vermiculites Li, K, Na, Sr.

If Figs. 2 and 3 are compared, it must be con
cluded that after the apparently complete col
lapse of the interlayer space, at about 150°, a 
noticeable amount of water remains in the samples.

The problem of locating these residual molecules 
is difficult because there are two localization pos
sibilities, either on the external surface or in the 
interlayer space.

In order to collect additional information the 
same experiments were repeated on a Na-kaolinite 
film.

The relative absorbance of the vibration band 
of hydration water decreases for this clay much 
more rapidly with temperature than was the 
case for montmorillonite and vermiculite.

The absorbance of the residual band after heat
ing at 90° is 15% only of the band from the original 
material, whereas for montmorillonite and vermic
ulite, the corresponding value is about 80%.

The external surfaces of kaolinite and mont
morillonite are very much comparable structurally; 
further, surface charge densities are about the same.

For substances without any electrical super
ficial charge, as silica gel, for instance, De Boer 
and Vleeskens7 8 have shown that beyond 120°, 
there is no more free water upon the surface, 
but only hydroxyl groups.

Our conclusion is that the most likely localization 
of molecules remaining after dehydration at 150°, 
is the internal space, but that assumption does not 
exclude that some molecules are retained by ex
ternal surfaces.

The internal space is, however, too thin to locate 
residual molecules anywhere else than in the hexag
onal holes. The number of these holes probably is 
greater than the number of molecules to be ac
commodated, but, unfortunately, measurements 
of electronic density are not precise enough to 
give a positive evidence for this assumption.9

As far as the OH stretching vibration band is 
concerned, we subtracted ordinates of the absorb
ance curve after heating at 350° (approximately) 
from ordinates of the other curves in order to 
separate the contribution of the water hydroxyls

(7) G. W. Brindley, “ X-Ray Identification and Structures of Clay 
Minerals,”  The Mineralogical Society, London, 1951.

(8) J. H. De Boer and J. M . Vleeskens, Proc. B, Koninkl. Nederl. 
Akad. Wetenschap. (Amsterdam), 60, 165, 234, 45 (1957); 61, 2 (1958).

(9) Dr. Pezerat, personal communication.
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Fig. 4.— Variation of the absorbance of the OH (H20 )  
stretching vibration band with the absorbance of H20  
angular vibration band. A: o , Li-mOntmorillonite; o,
Na-montmorillonite; O, K-montmorillonite; •, Sr-mont- 
morillonite. B : O, Li-vermiculite; (o), Na-vermiculite;
O, K-vermiculite; #, Sr-vermiculite. ...

from the contribution of the lattice hydroxyls (see 
Fig. 1).

According to this calculation, we consider as 
negligible the amount of water remaining after the 
experiment at the highest temperature.

Absorption bands due to water hydroxyls are 
obtained, the intensity of which decreases as de
hydration progresses, while the frequency shifts 
toward higher values. The fact that these bands 
actually must be attributed to water, is proved by 
the satisfying linear relationship between their 
absorbance at the maxima and absolute absorb
ances recorded for corresponding bands at 6.1 n, 
as is shown by Fig. 4.

Figure 5 shows the frequency shift of OH 
stretching vibration of hydration water molecules, 
plotted against dehydration temperature for homo
ionic vermiculites and montmorillonites. We have 
represented the difference of frequency (Av =  
v0 — vx), where «0 is the unperturbed OH stretching 
vibration frequency at 3.750 cm.-1, and vx the 
frequency corresponding to the absorbance maxi
mum.

Average experimental results only are reproduced.
It can be seen that the general shape of Av varia

tion with temperature depends upon the ex-
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Fig. 5.— Frequency shift of OH (H20 )  stretching vibra
tion as a function of dehydration temperature. A: Q,
Li-montmorillonite; o, Na-montmorillonite; O, K-mont- 
morillonite, • , Sr-montmorillonite. B: g , Li-vermiculite; O, 
K-vermiculite; •, Sr-vermiculite.

changeable cation and the type of clay mineral. 
The plots have a common feature, however: Av 
decreases as the dehydration proceeds.

We also have studied the change of the intensity 
of the band due to lattice hydroxyls with the 
heating temperature.

For montmorillonite, Mering10 has compared 
the dehydration process to the dehydroxylation, 
that is to say to the change in the amount of con
stitution water contained in the unit cell of the 
lattice. The thermal treatment of our samples 
involves the first of the four stages in which he 
divided the whole process. It corresponds to 
hydration water desorption, without important 
loss of lattice hydroxyls. The upper limit of tem
perature is in agreement with the range covered by 
Mering’s experiments (0-350°).

In fact, a comparative study of the change of 
intensities of both lattice hydroxyls band and water

(10) J. Mering, Trans» Faraday Soci, 42B, 205 (1946).

Fig. 6.— Change of the relative absorbance of H20  angu
lar vibration band with the relative absorbance of lattice 
hydroxyls stretching vibration band. A: Q, Li-montmoril
lonite; o, Na-montmorillonite; O, K-montmorillonite; •, 
Sr-montmorillonite. B: G, Li-vermiculite; O, K-vermic- 
ulite; •, Sr-vermiculite.

angular vibration band shows that dehydroxylation 
starts before dehydration is complete.

Figure 6 gives such a picture of the phenomenon 
and shows that the behaviors of vermiculite and 
montmorillonite are very similar.

The relation between dehydration and dehydroxy
lation may be interpreted by the extreme affinity 
of cations for water; when thermal effect tends to 
reduce the cations hydration number, losses are 
partly replaced by an intervention of constitution 
water, which means that lattice hydroxyls spe
cialize as water.

III. Discussion
Among experimental facts previously described, 

these items need to be discussed: (1) localiza
tion of hydration water molecules. References 
for discussion are taken from Figs. 2 and 3 and from 
the comparison with the Na-kaolinite behavior.
(2) Frequency shift of the OH stretching vibration 
of hydration water, shown by Fig. 5. (3) Re
lation between dehydroxylation and dehydration, 
shown by Fig. 6.

1. Localization of Hydration Water Mole
cules.— It is generally admitted that interlayer 
water forms a discrete series of layers, the thickness 
of which is measured by basal reflection, It is
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also known that dehydration progresses stepwise, 
following the removal of one or several layers.

The apparently continuous variation of dO(F 
parameter originates from the fact that interstrati
fication of sheets with 0, 1, 2 or more water layers 
gives a complex reflection resulting from the con
junction of fundamental reflections of lattices with 
0, 1, 2 or more water layers.

Unfortunately, nowadays, there is no adequate 
theoretical treatment for predicting the right 
interstratification orders from the position of the 
complex reflection. Nevertheless, from Fig. 3, 
it can be stated that the following mixing of layers 
obtains:

Montmorillonite.— 12 kX. <  dOOl <  15 kX.: 
interstratification of lattices with 1 and 2 water 
layers; 10 kX.<d00/< 12 kX.: interstratification 
of lattices with 0 and 1 layer

Vermiculite.— 10 kX. <  dOOl <  11.5 kX.: 
interstratification of lattices with 0 and 1 water 
layer.

The change of dOOl spacing with temperature 
corresponds to the complex reflection and depends, 
as already shown, upon the nature of exchangeable 
cation whereas the change of relative absorbance of 
the angular vibration band of water does not show 
this relationship. One exception has been noted, 
concerning Li-vermiculite.

This means that the dehydration rate process 
is independent of the ionic species saturating the 
clay.

As soon as dOOl distance becomes smaller than 
10 kX., it is impossible to locate in the interlayer 
space a coherent water monolayer.

We have given previously indirect arguments 
in favor of the localization of part of the residual 
molecules in hexagonal holes, the other ones being 
possibly adsorbed on external surfaces.

Walker11 points out the difficulty in removing 
hydration water completely from a vermiculite 
and suggests the existence of inclusions. He 
mentioned the possibility for cations to be included 
in the lattice at the end of the dehydration process.

We have determined for K-montmorillonite the 
total amount of water in the sample dried at 105°; 
from Fig. 2, this temperature is high enough for 
the almost complete collapse of the interlayer space. 
We have found 10.9% when taking as reference 
the calcined sample. Allowing 5% for consti
tution water, there is about 6% of hydration water, 
that is to say 3.3 mmoles/g. If these molecules 
were spread on the external surface (80 m.2/g.) 
in hexagonal packing (11.7 A.2/molecule), this 
would require a sheet three layers thick.

This seems very unlikely, and we will conclude 
accordingly that an important part of the hydra
tion water is localized in the interlayer space after 
its apparent collapse.

2. Frequency Shift of the OH Stretching Vibra
tion of Hydration Water.— It is known that the 
formation of a hydrogen bond decreases the OH 
stretching frequency. Regarding the nature of 
this type of bond, two different hypotheses have

(11) G. F. Walker, "Clays and Clay Minerals," Proc. of the Fourth
Intern. Conference on Clays and Clay Minerals, Washington Nat.
Acad, of Sc»> 1956, p. 96»

been proposed; they were reviewed recently by S. 
Diner.12 Let A-H. . .B be the bond. The lone 
pair of atom B repulses electrons of bond A-H  
toward A, allowing an extension of the lone pair 
toward H. Thus, a strong polarity of bond OH 
and a strong negativity of B constitute two condi
tions to get a hydrogen bond. From the view
point of quantum theory the A-H. . .B system is 
considered as a four electrons system, three fol
lowing structures being possible: A -H ----- B, A - -
H+B and A - HB+

This theory underlines the role played by de- 
localization of the lone pair of B in the establish
ment of an hydrogen bond. Within the limits of 
our problem, three distinct effects on the hydroxyl 
group of interlayer water may be considered: 
mutual interaction of molecules, interaction be
tween molecules and oxygen atoms of the lattice, 
influence of the electrical field created by super
ficial charges.

These three effects would act upon molecules 
bound to external surfaces in the same way, but 
differences may be expected when, at further stages 
of dehydration, molecules will be “ trapped” 
between collapsing sheets.

Lippincott and Schroeder13 have given a theo
retical approach to the calculation of OH. . .0 
interaction and a function giving the hydroxyl 
frequency shift with 0 - 0  distance. It may be ap
proximated by a rectangular hyperbola and shows 
particularly that as soon as the 0 - 0  distance 
reaches 3 A., the frequency shift is smaller than 
100 cm.-1.

Elementary considerations based on hexagonal 
packing predict that a distance of 3 A. is realized 
in “ horizontal”  interaction (between molecules 
belonging to the same layer) for a completed mono- 
molecular coverage.

Figure 5 shows that the measured frequency shifts 
are always greater than 100 cm.-1 ; this means 
that 0 - 0  distances are always smaller than 3 A. 
When conditions are such that either external or 
internal surfaces are covered by a bi- or pluri- 
molecular layer, 0 - 0  distance in vertical inter
action (between molecules belonging to two adja
cent layers), possibly decreases down to 2.75-
2.8 A.

From Lippincott and Schroeder’s function it 
requires a frequency shift of 500-400 cm.-1, in 
agreement with the observed one at the early 
stage of dehydration.

The first difficulty in interpreting the experi
mental data from Fig. 5 consists in that, in the 
initial hydrated state, this frequency shift is reached 
as well for montmorillonites as for vermiculites, 
whereas only Li, Sr and Na montmorillonites can 
form a two-layers complex in these conditions. The 
question may be eluded, however, since no informa
tion allows us to state that the plurimolecular 
complex does not exist on the external surface.

On the other hand, when dehydration tempera
ture is increased, it is difficult to suppose the exist
ence of a bimolecular film on the external surfaces,

(12) S. Diner, Bt.ll. soc. chim. France, 1021 (1959).
(13) E. Lippincott and R. Schroeder, J. Chem. Phys., S 3 ,  1099 

(1955).
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Fig. 7.— Frequency shift as a function of 1/5* X  102- 
A : o, N a-mon t morilloni tc ; O, K-montmorillonite; •, 
Sr-montmorillonite; O, Li-montmorillonite. B: © , Li- 
vermiculite; O, K-vermiculite; S, Sr-vermiculite.

while dOOl values demonstrate that the interlayer 
space contains no more than one monomolecular 
layer. At this time, horizontal interaction could 
produce only a frequency shift of approximately 
100 cm.-1 when, experimentally, values greater 
than 250 cm.-1 are found. At this stage, the most 
important effect is the vertical interaction set up 
between one water hydroxyl and one oxygen belong
ing to the lattice. Since an undetermined but 
noticeable part of hydration water remains be
tween the internal surfaces, it might be expected 
that the collapse would increase the strength of 
the hydrogen bond and increase frequency shift.

Accordingly, one should observe a minimum in 
the plot of Av against temperature. In fact it is 
not observed and, on the contrary, the Av values 
decrease continuously. In order to realize the 
significance of the experimental results, we must 
try to define the origin of the perturbations acting 
on the hydroxyl group of the water molecule. 
One may suggest that OH dipole is in fact acted

upon by two different electrical fields: the first 
one, negative, issuing from surface oxygen atoms, 
the second one positive, resulting from cations 
bound to this surface.

Coggeshall14 investigated such a type of pertur
bation. Let F be the field component along the 
dipole direction and q the unbalanced charge of 
the hydroxyl group; the potential energy qFz, 
where z is the internuclear displacement from equi
librium position, must be introduced in the Schrôd
inger equation, applied to the vibrator.

When taking the Morse’s function for the 
unperturbated potential energy, it is found that

a  -  _  S g F
4mC(2m),A D '/!

where D is the O-H dissociation energy (110.2 
kcal.mole-1), C the light velocity, and m the re
duced mass of the vibrator.

Consider the total field F at a point in the in
terlayer space at a constant distance from the near
est wall “ 1.”  This field is the sum of three com
ponents, Fx the field arising from the nearest wall 
“ 1,”  Fi the field arising from the opposite walj, 
and F 3 the field due to cations, i.e., F =  — F{ 
-\-F2 +  F3, the fields originating from the lattice 
being essentially negative and the cationic field 
Fz, positive.

As wall “ 2”  is moved up to wall “ 1,”  (F2 — Fi) 
gradually decreases and the relative contribution 
of P3 to the total field increases.

If the dOOZ variation could be connected to the 
true modifications which occur in inter stratifica
tion, we should try to compute F, but it is un
fortunately impossible.

However, it is interesting to study the empirical 
variation of Av with l,/<52 where ô is the distance 
between the centers of oxygen atoms forming the 
boundary of the interlayer space. This function 
will be considered as representing F.

The 5 distance will be calculated by subtracting, 
from dOOl values, the lattice sheet thickness, 6.6 
kX.

We acknowledge making two rough approxi
mations in so doing since on the one hand, dOOl does 
not correspond to a simple and real reflection, and 
on the other hand, the collapse of the internal 
space does not occur continuously.

Figure 7 demonstrates that Av changes roughly 
linearly with 1/52, that the variation depends on 
the cationic species and is more pronounced for 
vermiculites than for montmorillonkes.

In account of previous approximations, this result 
tends to show that the positive cationic field is 
stronger for vermiculites than for montmorillonites. 
This last conclusion is in good agreement with the 
fact that surface charge density is higher for 
vermiculite than for montmorillonite (Table I).

3. Relationship between Dehydration and De- 
hydroxylation.—Experimental results shown in 
Fig. 6 indicate that dehydroxylation begins be
fore dehydration is completed. We have suggested 
that this phenomenon could be ascribed to the 
great affinity of cations for water.

Sr-montmorillonite exhibits the most rapid
(14) N. D. Coggeshall, J . C h em . P h y s ., 18, 978 (1950).
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decrease, whereas for vermiculites, it is the Li 
sample which can be distinguished from the 
others.

The classification order of hydration energies is 
known to be: Sr++, 350 kcal./ion; Li+, 125 kcal./ 
ion; Na+, 100 kcal./ion; K+, 79 kcal./ion.

It is not necessarily the same one which can be 
applied to exchangeable ions since the penetration 
in the lattice is variable as well as the degree of 
charge neutralization.

Experimental data allow us to conclude that Sr

ion shows the greatest affinity for water in mont- 
morillonites, whereas the same role is displayed by 
Li for vermiculites.

From previous considerations, it seems that 
neither the value of absolute hydration energy nor 
the ionic radius explains the particular behavior 
of these two cations.

Moreover, since dehydroxylation progresses to
gether with dehydration the first phenomenon may 
create lattice defects in which residual water 
molecules could be localized.

THERMODYNAMIC FUNCTIONS FOR MIXING AT “CONSTANT VOLUME”1
B y  R o b e r t  L. S c o t t

Department of Chemistry, University of California, Los Angeles 24, California 
Received February 11, 1960

In interpreting the thermodynamic functions for mixing non-electrolyte liquids, experimentally determined at constant 
pressure (Process I), it is frequently useful to correct these to “ constant volume.”  However there are several different con
stant volume processes. Two of these, a “ constant volume-equal initial pressure process”  (II ) and a “ constant molecular 
concentration process”  (III) are examined carefully; the appropriate functions may be calculated from those of Process I 
and properties of the pure components only. Constant volume functions for both II and III are calculated for seven binary 
systems of various kinds including two hydrocarbon +  fluorocarbon mixtures. Process III is that suggested by lattice theories 
of solutions. However, whenever the difference between the molar volumes of the pure liquids is significant, the numbers 
computed are not susceptible to simple interpretation. Both this process and the lattice model appear to be rather artificial. 
Process II, while not completely justified by any theoretical treatment, appears to be the more interesting. For many 
simple systems the entropy of mixing for Process II is approximately ideal (within 0.1ft per mole). For these systems the 
excess entropy in the constant pressure process appears to be largely a result of the volume expansion or contraction on 
mixing.

Introduction
It is obvious that experimental measurements on 

the mixing of liquids to form solutions normally are 
carried out under conditions of constant pressure 
(usually one atmosphere) and that the appropriate 
thermodynamic quantities to be reported are the 
Gibbs free energy of mixing AGM, the heat of mixing 
A flM, the volume change on mixing AFM, etc., 
or the corresponding excess functions per mole of 
mixture GE — AGM — RT(xi In x 1 +  x2 In x2), 
U E =  A ffM, VE =  A 7m, etc.

However, theoretical treatments of solutions, 
particularly those based upon lattice models, usually 
yield more directly the thermodynamic functions 
for a constant volume process; so it has become 
fashionable recently to report constant volume 
functions computed from the experimental meas
urements of constant pressure. Thermodynamic 
equations relating these have been extensively 
discussed2'3 but it has not been realized generally 
that the constant volume process so calculated is 
not that to which the lattice theories would seem 
to be most nearly applicable. Consequently, 
conclusions based upon these conversions are likely 
to be ambiguous and misleading.

There are in fact at least two kinds of “ constant 
volume”  processes, one in which the two separate

(1) Presented at the 135th National Meeting of the American 
Chemical Society, Boston, Mass., April 9, 1959.

(2) (a) G. Scatchard, Trans. Faraday Soc., 33, 160 (1937); (b) J. H. 
Hildebrand and R. L. Scott, “ Solubility of Nonelectrolytes,”  3d edi
tion, Reinhold Publ. Corp., New York, N. Y., 1950, pp. 136--143.

(3) R. L. Scott, Disc. Faraday Soc., 15, 44 (1953).

initial components are at the same pressure before 
mixing and one in which they are at different pres
sures, but have equal molar volumes.4 We there
fore distinguish three processes of interest: a
constant pressure process (I), a “ constant volume—  
(equal initial pressure)”  process (II), and a “ con
stant molecular concentration”  process (III). 
Table I outlines the specification of initial and final 
states. For convenience of evaluation, the same 
final state is taken for all three processes, so we 
label these special cases IIA and IIIA. This is 
not necessary; there is another useful process II 
(which we shall call IIB) in which the initial 
state is the same as that of I and the final (solution) 
state is expanded or compressed to the appropriate 
volume. The differences between the thermody
namic functions for variants of process II {e.g., 
IIA and IIB) are small compared with the dif
ferences between II and III. The general equa
tions (and specific equations for process IIB) will 
be found in the appendix. Here and throughout 
the paper all volumes V are molar volumes.

Process II (either IIA or IIB) is that computed 
in most experimental papers, even those using 
equations derived from lattice models; however 
process III would seem to be that to which lattice 
theories should be more nearly applicable.

The pressure P "  and the volumes V\" and V ,"  
needed for the specification of process IIA are de
fined by the relations

(4) R. L. Scott, J. Chem. Phys., 25, 193 (1956).
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T a b l e  I
M ix in g  a t  C o n st a n t  T e m p e r a t u r e

(ii moles of 1) +  (x2 moles of 2) —► (1 mole of mi
I. Constant pressure P ’, F ,' P \  V i ’

IIA Constant volume (equal initial pressure) P " ,  Ÿ , " P " , V i"
IIIA Constant molecular concn. P / " ,  VY" = V 'F m P i " ’, Ÿ t

P', t v
P\ Ÿ J  =  x ,F ,"  +  XtVt" 
P', V j

-  (§£ ),,]  dF- -  f £ " -

<»
where of course
X , ( F , "  -  F / )  +  Z 2( ? 2"  -  i V )  =  F l ' * l  -  X t V i '  =

( 2 )

If the derivatives (dP /d  F)t are expanded as 
power series in (F  — V'), we may solve equations 1 
and 2 for V\" — F /a n d  F2"  — V2 as a function of 
VE, obtaining

F," — y,° = FE +1 1 <FP»> ^
x2[(Fpp0)i(Fp°)2 -  (F pp°M F p°),1 , t7„ n, ,

2(Fp°)3 '  '   ̂ a;

r ."  -  -  [ g f -  f  * +
»l(r^),<lVA -  (Prf-MPPM ( f . , ,  +  (sb)

Here the symbols Fp and Fpp are shorthand for 
the derivatives (dF /dP )t and (£>2F/dP2)T, re
spectively, the superscript 0 represents the stand
ard state of the pure substance (i.e., at one at
mosphere pressure), and the average symbol 
(Fp°) is shorthand for (xi(Fp°)i +  x2(Fp°)2). This 
symbolism will be used consistently throughout 
the paper.

The initial pressure P "  for the constant total 
volume process is then

P " — P° = 1 Ÿ E +
(F P°) ^  2(Fp0)3 (Ve ) 1 +  ... (4)

Similar equations yield the pressures necessary 
for Process III

P i' — P° = (FP°)j (Fm° -  F.») +
(Fpp^ f
2(FP°)13 ' ^ Fi0)2 +  . . .  (5a)

the initial pressures are approximately P i "  =  
— 383 atm. and P 2' "  =  497 atm. The introduction 
of negative pressure is not in fact necessary; ap
propriate volumes can be chosen which make all 
pressures positive. This is physically most mean
ingful, but the alternative equations, although 
sometimes simple (see the Appendix) involve prop
erties of the mixture which are frequently not avail
able; in most cases the differences are small.

The Thermodynamic Functions
The thermodynamic functions for these various 

processes are interrelated by standard thermo
dynamic integrals, but in general the neeessary 
thermodynamic data exist (if they exist at all) 
only at a pressure of one atmosphere. We there
fore expand all these integrals into Taylor series 
as powers of (F  — F°) and evaluate successive 
derivatives at the standard state of atmospheric 
pressure symbolized by the superscript 0. These 
series may in fact fail to converge at large volumes 
(which correspond to large negative pressures), 
but since this feature can be avoided by changing 
the reference final pressure and final volume, this 
need not concern us here.

n. Constant Volume-Equal Initial Pressures.—
For constant volume processes, of course, the ap
propriate free energy is the Helmholtz free energy 
A. Since the usual “ excess functions”  are all 
defined relative to the constant pressure process, 
we cannotjuse the symbols A E, SE, etc., for these 
other processes.^ Consequently we define new 
functions A WE, SVE, etc., for this commonly used 
constant volume process II (recognizing that proc
ess III, for which we must use a different, super
script is also “ constant volume” ).
A-4ha = 4 m(T,fm0) = xiA\(T jV i") —

xA ,(T ,V \) = RT(x, In n  +  x2 In x,) +  1 VE =

AA i +  Xl f V'"  P d f ,  +  Z. f V," P  d.F  (6)
J  f/,o J y2o

A VE( T ,V n °) = I E(7\P°) +  P V E +

-  t V ) +  . . .  (5b)

The magnitude of the changes involved can be 
seen easily if we select as an example an equimolar 
mixture (x =  1/2) for which Vi =  95.0 cm.3, 
F2° =  105.0 cm.3 and Fm° =  101.0 cm.3; so FE = 
1.0 cm.3. Furthermore we assume that Fp =  
(£>F/dP)T is 1.0 X  10-2 cm.3 atm.-1 and F'pp =  
(52F /d P 2)T is 1.2 X 10-5 cm.3 atm.-2, each the 
same for both species.

Then the initial pressure P "  in the constant vol
ume process IIA is about —93 atm., while for the 
constant molecular concentration process IIIA,

Xl

2(Fp°)
( f , "  _  ?,.)! + X»

2 (F p°)2 (IV ' -  IV )2 +  ..

(7)

Using the relation 6 E =  A E +  P F E and eq. 3ab 
for F i" — Fi°and F2"  — F2°, we obtain

A '*(r ,vm°) -  g h t ,p °) = +  . . .  (g)

Since (Fp°) is necessarily negative, A VE <  G E.

A IIA = Sm(T ,Ÿ m°) -  x,S, (T ,V ," )  -  X .À (T ,\\") =  
—R(xi In Xi - f  Xi In Xi) +  SVE =  AiSi —

(9)
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s VE(7\Fm°) = s E(r,p») -  x:, (F," -  F,°) -  x2

x?
2

F2°)2 .. .  (10)

The derivatives (ÔiS/ôF )t and (ÔS/ÔF2) may be expressed in terms of the coefficients Fp, Fpp 
and two additional ones, Ft =  (à F /à7’)p and Fpt =  (à'!Ÿ/dPd'T)

(àS\ _ fàP\ (àV/àT)P _ Ft
W / t Var/v (ôf/ ôP)t f p

(VS\ _ (  VP \ [(ôP/âP)v/(ô2F/àP2)T +  (d2F/ôPôP)] FPPFT -  FptFp 
\aF2/ T \ôPàF /  (5F/dP)T2 FP3

With these relations and eq. 3ab, we obtain for 5 VE

SVE(P,Fm») -  SE(P,P») = ^  FE +   ̂ p.TPT)(Fp) -  <Fpp)(Ft)j  (i?E)2

( 1 1 )

( 12)

(13)

III. Constant Molecular Concentration.— In Greek mythology, the inn-keeper Procrustes made 
his guests fit his bed by stretching their legs if too short or cutting them off if too long. To cal
culate the thermodynamic functions for Process IIIA  we must do much the same thing, compress 
the component of larger molar volume and expand that of smaller molar volume until both have 
the same molar volume, i.e., have the same molecular concentration as does the system after mixing. 
It is convenient to define a third set of excess functions A CB, SCE, etc.

aT iha = *'4"m(P,Fm°) — XiAi(T,Vi = Fm°) — x2T2(P,F2 = Fm°) = RT(xi In x, +  x2 In x2) +
I ce = aI ,  +  x, f Vm° p, d f, +  x2 f Vm°P2 d f2 (14)

J  i>,0 J  t>,n

.4CE(P,Fm°) = .4E(P,P°) +  P°FE - Xi (Vm FP)2 - Xi ( f m° -  f 2°)2 +  . ..(Fp), w (FP),
AiSiha = Sm(T,Ÿm°) — XiS,(T,Vl = Fm°) — j2S2(P,F2 = Fm°) = — R(xi In X\ +  Xi In x2) +  5“  =

(15)

SCFiT,Vm°) = SE(P,P») -  X, ( H ) "  (Fm°

ASi -  X ,  f.Vm° (| | ) d f, -  x2 rVm° (| | ) d f2 (16) J Vi° \ÒV/T,1 J v2° \dV/T,2

F.0 )- ^ g | ) ; (f V - F 2° ) -

2 \òF2/ , (fm F2°)2 (17)2 \dF2/ ,
To compare equations 15 and 17 and 7 and 13, it is convenient to use the relations Fm — T,0 =  FE — 

x2(Vi° — f 2°) and Fm° — F2° =  F E +  X \ ( V "  — F2°). Making these substitutions and those of eq. 11 and 
12 we obtain

-  « ■  -
( f E ) 2 r.

SCE _  sE = <^|T'

/F ptFp — FppFx

^  l_(FP), (Fp)J  
— Fpp Ft\

(F,° -  f 2»)FE +  -îp [ffe  + f f e ] (,8)

r- + 5 <1'PTyV ,/ " r' 7  «'■>’ -  » '  L(r /F ptFp — FppFtX
Fp3 -h

Fp3
) J  ( f 2° -  Fi°)FE -  Ç  [ x2( Fpt7 pt7p3Fpf̂ ) i +  x, ( FptFp - 3FppFT) j  ^ )2 (19)

The terms proportional to (F E)2 are invariably 
small, but the others may be sizable. This deriva
tion does not involve any assumption that the 
pressure P° for process I is small; in fact, one way 
of avoiding negative pressures in the other processes 
is to start with a high pressure process I. (Need
less to say, the coefficients must then be evaluated 
at this high pressure “ standard state,”  not at one 
atmosphere.) By retaining the same final state 
for the mixture in all three processes, the coeffi
cients in these power series involve properties of the 
pure components only and not those of the mixture.

It is interesting to note that the free energy A CB 
is necessarily smaller algebraically than A VB. 
This can be demonstrated by a careful comparison 
of eq. 18 with 8, but is more easily seen by the fol
lowing argument: The initial states of Process 
IIA and IIIA have the same total volume, but the

two substances in III are at different pressures 
(e.g., with a piston between); if the inhibition 
upon IIIA is removed, it proceeds spontaneously 
to IIA with a decrease in free energy A. To sum
marize for the same final pressure and volume

1 CE < 1 ™ < 0e (20)
No such inequalities are required for the different 

entropies.
Evaluation of the Parameters

By retaining the same final state for the mixture 
in all three processes, the coefficients in these power 
series involve properties of the pure components 
only and not those of the mixture.

All the coefficients Fp, Ft , Fpp and F pt may 
be evaluated from the isothermal compressibility 
k =  — (Ô In V/àP)t, the coefficient of thermal
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expansion a =  (ò in V/ÒT)p, and their tempera
tures and pressure derivatives

Unfortunately precision measurements of (òk/  
ÒP)t in the low pressure region are virtually non
existent, so this quantity must be evaluated in
directly. If we utilize the observation5 6 that within 
experimental error (d'lP/dTr) v is zero, in agreement 
with most theories of liquids, we can write

/Ò 2P\ 1 /Ò a\ _  Òa /  àP\ _  ai* /  Òk\ ^  „ 
V òT V v « \ ò T jP k2 \ ò T /p  k3 \ ò P jT “

Then

Fpp
_1
a2 (25)

For most purposes it suffices to evaluate (d2<S/ 
c)F 2)t , which, to the above approximation, is 
given by
d2 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21S F ppF t — F ptF p ,   1 r i  /ò a \  1 /Ò k\”|
ÒF2 "  T V  =  T k La \ à f )  ~  K \ ò f )  J

(26)

Actually, one of the best ways of determining 
the compressibility is from the thermal pressure 
coefficient y =  (òP/òT)v =  <x/k. If (à2P/òT2)y  
=  0, (ò2»S/òU2) is directly related to the tempera
ture variation of (òP/òT)v at constant pressure.

Vói'2/  t Ÿ c X à T j p (ÒF/ÒT) p L ô î 7 V ô T / v J î
(27)

Experimental Systems
Seven binary non electrolyte mixtures for which there are 

fairly complete thermodynamic measurements are benzene 
+  ethylene chloride, benzene +  carbon tetrachloride, ace
tone +  chloroform, acetone +  carbon disulfide, carbon 
tetrachloride +  neopentane (2,2-dimethylpropane), iso
octane (2,2,4-trimethylpentane) +  perfluoroheptane, and 
n-hexane +  perfluorohexane. These cover a wide range of 
situations and will serve for comparing the constant volume 
processes with the constant pressure process.

The relevant data for the pure components are summarized 
in Table II. From these data and the excess functions (at 
constant pressure) for equimolar mixtures, the constant 
volume functions for processes IIA and IIIA  have been com
puted12 (Tables I II -IX ).

The term P°FE is always negligible (for P'_ =  1 atmos
phere), so for process I, the values for GE and IP- are equally 
well those fo r A 6 and Ufa.

Values in parentheses for the constant molecular concen
tration are probably unreliable; Fi° — F2° is so large that the 
(Fi° — F2°)2 terms in eqs. 18 and 19 are very large and the 
series cannot safely be terminated with the square terms. 
No attempt was made to calculate functions for Process 
III for the system hexane +  perfluorohexane (Table VIII).

(5) B. J. Alder, E. W. Haycock, J. H. Hildebrand and H. Watts, 
J. Chem. Phys., 22, 1060 (1954).

(6) “ Selected Values of Physical and Thermodynamic Properties of
Hydrocarbons and Related Compounds,”  American Petroleum In
stitute Research Project 44, Carnegie Press, 1953.

(.

T a b l e  IIa

-  Vp, 
10-3

V, cm.3

Vt ,
IO"2
cm.3

\Ò V */T 
atm. 

deg. _l
Ref.°C. cm.3 atm. deg. ": cm. 3

Benzene
Ethylene

25 89.4 8.98 11.02 0.65 6 ,7

chloride 25 79.5 6.55 9.11 .74 7
Carbon tetra 25 97.1 10.59 11.90 .60 7,8

chloride 0 94.2 8.49 11.10 .75 8,9
Acetone 35 75.1 10.71 11.18 .54 7
Chloroform 
Carbon disul

35 81.7 9.52 10.78 .58 7

fide 35 61.4 6.35 7.52 .87 7
Neopentane 0 117.5 30 21.3 ( .30) 6,9
n-Hexane 25 131.6 23.1 18.5 .302 6,10
Isooetane
Perfluoro

25 166.1 (20) 18.8 ( -30) 6

hexane
Perfiuoro-

25 202.2 59.0 36.5 .145 10, 11

heptane 25 225.8 53.3 36.3 
“ Numbers in parentheses are estimates.

( .15) 5

T a b l e  III
Benzene +  ethylene chloride, 25°, x =  v ,  (ref. 13--15),

=  0.24 cm.3, F ,0 Î V  == 9.9 cm.3
Process I IIA III A

GE, 1 VE, Â CE/eal. 6.2 6.1 — 32
TSE, TSVE, TSCE/cal. 8.3 -1 3 .9 18
HE, Eve, Ece/cal. 14.5 -  7.8 - 1 4

T a b l e  IV
Benzene +  carbon tetrachloride, 25°, x =  ' / 2 (ref. 14, 16> 

17), V e =  0.01 cm.3, F,0 — F2° =  7.7 cm.2
Process i IIA IIIA

GE, T ve, ! CE/cal. 19.5 19.5 1.2
TSE, TSVE, TSCE/cal. 6.6 5.8 25
H E, EVE, 2?CE/cal. 26.1 25.3 26

T a b l e  V
Acetone +  chloroform, 35.2°, x =  1A (ref. 18-21), F E

— 0.19 cm.3, F,° - - tv  = 6.6 cm.3
Process 1 11A IIIA

GE, 1 VE, A CE/oal. -1 3 3 —133 -1 2 0
T §e¡ TgvEt T§ ce/cal. -3 0 4 — 289 -2 6 9
HE, E ve, Ece/ cb\. -4 3 7 -4 2 2 -3 8 9

(7) L. A. K. Staveley, W. I. Tupman and K. R. Hart, Disc. Faraday 
Sac., 15, 130 (1953); Trans. Faraday Soc., 51, 321 (1955).

(8) H. Benninga and R. L. Scott, J. Chem. Phys., 23, 1911 (1955).
(9) H. Benninga and R. I. Scott, unpublished data.
(10) R. D. Dunlap and R. L. Scott, to be published.
(11) R. D. Dunlap, C. J. Murphy, Jr., and R. G. Bedford, J. Am. 

Chem. Soc., 80, 83 (1958).
(12) The constant total volume functions for the first four systems 

were computed by Staveley and co-workers7 using the unmixed com
ponents as the reference and adjusting the volume of the mixture 
accordingly.

(13) L. Sieg, J. L. Crutzen and W. Jost, Z. physik. Chem., A198, 263 
(1951).

(14) G. H. Cheesman and A. M. B. Whitaker, Proc. Roy. Soc. {Lon
don). A212, 406 (1952).

(15) E. A. Coulson, J. L. Hales and E. F. G. Herington, Trans. Fara
day Soc., 44, 636 (1948).

(16) G. Scatchard, S. E. Wood and J. M. Mochel, J. Am. Chem. Soc., 
62, 712 (1940).

(17) S. E. Wood and J. P. Brusie, ibid., 65, 1891 (1943).
(18) J. v. Zawidski, Z. physik. Chem., 35, 129 (1900).
(19) J. C. Hubbard, Phys. Rev., 30, 740 (1910).
(20) H. Hirobe, J. Faculty Science, Imperial University of Tokyo, 1, 

155 (1926).
(21) C. R. Mueller and E. R. Kearns, T h is  J o u r n a l , 62, 1441 

(1958).





1246 R obert L. Scott Voi. 64

process II. (Here Fi° — F2° is so large that the third 
process would be physically meaningless.)

A completely satisfying theoretical justification of 
these conclusions remains to be found; the simple 
corresponding states approach is a notable failure 
in this regard.4

Still other “ constant volume”  processes can be 
envisioned, for example:

1. A process in which the two pure components 
are adjusted so that they have the same degree of 
expansion over the close-packed volumes (i.e., 
the volume of the hypothetical supercooled liquid 
at 0°K.). This might be a better constant volume 
process than the simple constant total volume 
process II, but extensive density-temperature 
data are required for extrapolation to 0°K.

2. Mixtures of chain molecules can be treated 
by an extension of the lattice theory to molecules 
occupying multiple sites.29 A constant segment 
concentration model analogous to Process III for 
molecules occupying single sites would then be 
appropriate. Since the number of segments is 
approximately proportional to the molar volume, 
this is unlikely to give results significantly different 
from those for the simple constant total volume 
process II. However, for such kinds of molecules,

Cambridge and completed with the support of 
the U. S. Atomic Energy Commission under 
Project 13 of Contract A T (ll-l)-34  with the Uni
versity of California. The author wishes to thank 
Dr. M. L. McGlashan of the University of Reading, 
Professor R. D. Dunlap of the University of Maine, 
and Dr. A. G. Williamson of the University of 
Otago for helpful and stimulating discussions of 
these problems.

Appendix
Some of the processes outlined above involve 

initial or final states which are under a negative 
pressure. Such states are at least thermody
namically metastable, and possibly completely 
unstable (negative compressibility k) and thus 
non-existent. If jiriy are in fact unstable, a power 
series in (F — F°) of the kind we terminated at 
the square terms might not converge. _ Under such 
conditions, which occur when Fi° — F2° is large, it 
is questionable whether any constant molecular 
concentration process is physically meaningful. 
However, the negative pressures can be avoided 
by choosing reference volumes such that all pres
sures are positive.

We define processes II and III more generally

II Constant volume
equal initial pressures 

III Constant molecular 
conen.

(xi moles of 1) +  (x2 moles of 2) (1 mole of mixture)

P i” , V l "  P i " ,  Pm", Fm”  = x ,V ,"  +  *2F2"

P ,'" , V '"  P*.'", V "  P m "',F "'

this more carefully defined model offers an explan
ation for the satisfactory numbers obtained for 
process II. Unfortunately it does not seem pos
sible to extend this argument to all systems (e.g. 
to hydrocarbon-fluorocarbon systems where the 
length of a CF2 and a CH2 segment may be the 
same, but the cross-sectional area is so different 
as to make the placement of different kinds of 
segments on regular lattice sites an absurdity.)

3. Another “ constant volume process” would be 
obtained by taking as the initial states the pure 
components at molar volumes equal to their partial 
molar volumes in the solution. For solutions 
whose compositions are near x =  y 2, the thermo
dynamic functions so calculated would not differ 
greatly from those for the simple constant total 
volume process II. In dilute solutions, however, 
this model will give very peculiar results. For 
example, the partial molar volume F2 of iodine 
in perfluoroheptane at 25° is 100 cm.3, far greater 
than the V2 =  59 cm.3 for hypothetical liquid io
dine at 25°. The entropy of expanding liquid 
iodine by 70% is hard to estimate, but it is surely 
far more than that needed to account for S2E.

In conclusion, it appears that the usual practice 
of converting thermodynamic functions for mixing 
at constant pressure to the corresponding functions 
for mixing at constant total volume has consider
able empirical justification and probably yields 
more meaningful numbers than any other pro
cedure.

Acknowledgments.—The research here reported 
was started in 1955 while the author was a John 
Simon Guggenheim Fellow at the University of

None of these pressures (Pi", Pm" , P i " ,  TV" 
or P m " ')  are necessarily the pressure P' = P° of 
the constant pressure process, nor are any of the 
volumes necessarily equal to any of the volumes 
Fi°, F2° or Fm° of the constant pressure process.

By integrations and power series expressions 
similar to those utilized in obtaining eq. 1-19, one 
can obtain the relations
Process II

Â XE(T,Vm" )  -  GE{T,P°) = -  ( F „ ”  -  Fm0)2 +

2(1 5̂) ( ? - "  -  f -° +  fE)2 +  ■ ■ ■ • (28)

S x i:( T ,  F„,") -  S vm \ P « )
/F t»\
Vf W (Fm”  -  Fm°) +

(PT0) -
^ ¡ ( F „ , ”  -  Fm»+ Ve ) -

1 / F i>t ° F pü — F ,.p »F T°\  ,, .-. 0,
2 \ (F 'p0)3 /in  V"‘ } +

(FpP’XFpO) -  (FppQKIV) Ÿ „  _  ?  „ ?
2(FP°>3 -I- v ) f

(29)

When Vm"  is set equal to Fm°, the volume of the 
solution after mixing at constant pressure, we con
vert eq. 28 and 29 into eq. 8 and 10 for process IIA. 
If, on the other hand, we set Vm ' ' equal to Fu° =  
X\ F’i" +  x2F2°, the volume of the unmixed com
ponents, we obtain a different constant volume- 
equal initial pressure process which we designate 
as Process IIB. In this variant, the original 
“ constant volume” process first studied by Scatch- 
ard,2a we perform the necessary expansion or com-
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pression on the solution rather than on the un
mixed components. If we substituted Vm"  — 
F u° =  Vm° — VE into eq. 28 and 29 we obtain
Process IIB

.4VE(r ,iV ) -  GE(r,P») = -  2-r/p0)m (pE)2 +  . ..
(30)

SVE(T, f „ " )  -  S^T iP «) =

1 rFpT3Fp° —
2 L (V ? )

-  m  -
V  pp °  VT ° 1 (pe)2

J m
+  . . . (31)

Equations 30 and 31 are actually even simpler 
than eq. 8 and 10, but the necessary data are gener
ally less available for the solution than for the pure 
components.

The differences between the IIB and IIA func
tions usually are trivial because of the small size of 
EE, so that the distinction between the two usu
ally can be ignored. Thus, for benzene +  ethylene 
chloride ^Table III), l nBVE -  1 iiave =  0.2 cal., 
while T ( 5 u b v e  — 5 h a v e ) =  —0.03 cal. In the worst 
of our seven cases, n-hexane +  n-perfiuorohexane 
(Table IX ),_A n BVE — A have =  12 cal., while 
T(5hbve — 5 have) =  42 cal.; this last correction is 
small compared with the differences between 
Processes I and II, and is of uncertain significance. 
T S i i b v e  becomes —17 cal., closer to zero than the 
value for process II. This improvement may re
sult from the fact that when the volume change is 
positive, process IIB takes place in a smaller 
volume, at higher density, where the intuitive

notion that ,SVE should be zero is possibly more 
nearly valid.

We now turn to the general process III 
Process III
A ce(T ,V '" )  -  A E(7',P°) =  ~  2(FpO)~ ( F ' "  “  +

Xl
2(tV)i ( ? " ' E 0)2 + *2

2 (IV )2 P2°)2 +  ■ • •
(30)

S C* ( T , ? ' " )  - § * ( T , P ° )  = -  Pm») -

Xl G ? ) > (F" ' -  Fl°} -  *2 G ¥ ) ,  (V'"  ~ r *0) -

l  ( S ) m  (F '"  -  F“ 0)2 +  f  (h S ) ,  (F " ' -  Fl°)2 +

|2( S ) 2 (F," - F2,)2+ (31)
Presumably we should select V '"  as the smallest 

of the set Ei°, E2°, Em0, in which case negative pres
sures are avoided. This we designate as process 
IIIB.

The differences between the IIIB and IIIAJunc- 
tions are more important because Vm° — V "' is 
sizable in most cases. For example, for benzene 
+  ethylene chloride, if we choose V " '  =  E2° =  
79.5 ml., we obtain A ihbce — A hxace =  17 cal. and 
T ( A h i b c e  —  A i i i a c e )  =  —  7  cal.; this makes . 4 h i b c e  

=  —15 cal. and TSihbce =  11 cal. These are still 
significantly different from those for process II, 
but their difference from the values for process 
IIIA is a measure of the unreality of the constant 
molecular density process for large Ei° — E2°.

THE REACTION OF HYDROGEN ATOMS WITH SOLID PROPENE AT LOW
TEMPERATURES1
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The reaction of hydrogen atoms with solid films of propene has been studied below 100°K. The hydrogen atoms diffuse 
through and react with the propene films to form propane and 2,3-dimethylbutane. A one dimensional diffusion equation 
containing a chemical reaction term is used to describe the kinetics of this process. A value of 5 X 10" cc./mole sec. is 
obtained for the specific rate constant at 77°K. for the reaction H +  CH2-C H = C H 2 —*• CH2 -OH CH:1. The ratio of pro 
pane to 2,3-dimethylbutane is about 9 and does not change as the concentration of propene is varied over two orders of mag
nitude. The propane as well as the 2,3-dimethylbutane must therefore be formed by a process v hich is second order with 
respect to the isopropyl radical concentration.

Introduction
The observation that hydrogen atoms react with 

solid olefins at low temperatures, and the tech
nique used for following these reactions, provide a 
quantitative approach to kinetic studies hi the 
low temperature region. Simplification occurs 
through the absence of high activation energy re
actions, but diffusion processes could in some in
stances be rate controlling.

(1) This research was performed under the National Bureau of 
Standards Free Radicals Research Program, supported by the De
partment of the Army.

(2) (a) Guest Scientist, Melpar, Inc.; (b) Guest Scientist, British 
Oxygen Research and Development, Ltd.

In the approach described previously,3 the re
action between hydrogen atoms and solid olefins 
deposited on a —195° wall was followed by noting 
the pressure decrease in the reaction vessel con
taining the hydrogen gas. The atoms were 
generated thermally on a tungsten ribbon. Ob
servations also have been made using an electrode
less discharge as the atom source with similar re
sults. Direct information on the course of the re
action may be obtained by examining the olefin 
film during reaction by spectroscopic methods. 
Spin resonance measurements are used to establish

(3) R. Klein and M. D. Scheer, T h is  J o u r n a l , 62, 1011 (1958).
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an upper limit on the number of free spins in the 
solid. Certain features of a reaction system in 
which gas phase species impringe on, diffuse into, 
and react with a solid can be described in a general 
way. The propene-hydrogen atom system has 
been chosen for study.

Experimental Results
The reaction was studied in a system described 

previously.3 Products were analyzed after warm
up with gas-liquid chromatography and mass 
spectroscopy. In the hydrogen atom addition 
to solid propene, only propane and a six carbon 
alkane are formed. Methane, a product of atomic 
cracking reactions, never has been observed. The 
hexane products for the gas phase reaction have 
been shown to be predominantly 2,3-dimethyl- 
butane, 4a>b with a small amount of 2-methyl- 
pentane. The hydrogen atom addition to solid 
propene also results in 2,3-dimethylbutane, the 
dimer of isopropyl. At most about 8%  of the C6 
fraction is 2-methylpentane. This is indicated in 
Table I where pertinent mass spectral peaks are 
compared with those-for standard samples of 2- 
methylpentane and 2,3-dimethylbutane.

The ratio of propane to 2,3-dimethylbutane in 
the products is of considerable importance for estab
lishing the mechanism of the hydrogen atom addi
tion reaction to solid propene. Analysis was made 
with gas chromatography on a two meter dimethyl- 
sulfolane on Chromosorb column at 50°. Table II 
gives the propane-C6 ratios for various film thick
nesses, temperatures, propene concentrations, con
versions, and gas phase concentration of hydrogen 
atoms. The concentration of propene was con
trolled by admixture with butane and the H atom 
concentration was fixed by the tungsten ribbon 
temperature. The results given in Table II show 
that the propane-C6 ratio is remarkably constant, 
but considerably higher than the value of about
0.5 found for the gas phase reaction in the pressure 
region where atomic cracking is minimized.4b

T a b l e  I
R e l a t i v e  M a s s  S p e c t r a l  P e a k s  f o r  t h e  C-6 F r a c t i o n

f r o m  t h e  P r o d u c t s  o f  t h e  R e a c t i o n  o f  I I  w i t h  

S o l i d  C3H8 a t  77°K.
Standard samples shown for comparison.

m/c
2 - M e t h y l -

D en tan e
2 ,3 -D im e th y I -

b u ta n e

C -6  fr a c t io n  fro m  
I I  a to m  a d d it io n  t o  

s o l id  p r o p o n e

8 » 7 . 7 1 6 . 0 1 0 , 0

71 1 0 0 . 0 1 0 0 . 0 1 0 0 . 0

7 0 2 3 . 4 3 . 9 5 . 0

5 7 4 2 . 5 3 . 1 6 . 2

5 0 1 6 . 0 4 . 2 5 . 2

5 5 2 1 . 0 3 3 . 4 3 2 . 0

The distribution of deuterium in the products 
of the deuterium atom addition to solid propene is 
of interest. The isotope experiments, reported 
briefly in reference 1, have been extended to in
clude the analysis of both propene and propane. 
These were separated on a two meter silica gel 
column, and each fraction was analyzed separately

(4) (a) W. J. Moore and L. A. Wall, J. Chem. Phys., 17, 1325 (1949); 
(b) P. J. Boddy and J. C. Robb. Proc. Roy. Soc. {London), 249, 518 
(1959).

T a b l e  II
P r o p a n e /C «  R a t io  u n d e r  V a r ie d  E x p e r im e n t a l  C o n d i

tio n s

Relative
film

thickness
Film

temp.,
°K.

Mole 
fraction 

of propene
Fractional
conversion

Tugs ten 
ribbon 
temn., 

°K.
Propane

c.
l 77 1.0 0.45 1600 8.3
3 77 0.3 .45 1600 9.2

10 77 .1 .45 1600 9.8
60 77 .01 .20 1600 9.2

1 90 1.0 .40 1600 9.1
10 90 0.1 .50 1600 9.7

1 77 1.0 .20 1100 7.9
1 77 1.0 .05 20-00 9.2

with a mass spectrometer. The isotope distri
bution is shown in Table III. A sample of the 
deuterium remaining in the reaction vessel at the 
end of the deuteration reaction showed no HD.

The possibility of stabilizing alkyl radicals in
T a b l e  III

T h e  V d d i t i o n  o f  D A t o m s  t o  P r o p e n e  a t  7 7  °K. 
Tribbon =  V000°K; (Pd.) initial =  150 ju; 80 ¿unoles of pro

pene initially.
Product analysis, n moles

Propene-do 41
Propene-di 7
Propene-d2 1
Propene-ffi 0 .2
Propene-d, 0.1
Propane-d, 19
Propane-d2 6
Propane-d,, 1
Propane-d4 0.2
Propane-d, 0.00

the matrix by hydrogen atom addition to solid 
olefins has been previously implied. Tliis has 
now been investigated with electron spin resonance 
spectroscopy. A cylindrical x-band microwave 
cavity (Ilin mode) was designed to serve as a 
reaction vessel. The hydrogen atom source was 
a hot tungsten ribbon mounted in the cavity. 
The latter could be immersed in liquid nitrogen 
during operation. Free spins were not observed, 
even when the propene was diluted to 1% in 
propane. The maximum steady-state radical con
centration was less than 1016 per cc.

The question of effect of film thickness on the 
rate of reaction has been re-investigated. Ten to 
one butane to propene mixtures were condensed 
in films whose thickness was varied from 6 X 
10 6 to 3 X 10-4 cm. Figure 1 shows the change 
in the initial rate of hydrogen pickup with film 
thickness. It is clear that for films above a certain 
thickness (in this case about 2 X 10~4 cm.), the 
rate is independent of thickness. Below this value 
a linear relationship holds. For films of pure 
propene a similar behavior must apply but the 
linear region would occur at much smaller film 
thicknesses. The observations reported previ
ously3 were made only in the thick film region.

Diffusion in the Solid.—Hydrogen atoms pro
duced in the gas phase impinge on the deposited 
olefin film and diffuse through and react with it. 
The layer of propene is taken as a slab of uni-
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form thickness, l (Fig. 2). At X  =  l the hydro
gen atom concentration is designated as H0- The 
appropriate one dimensional steady-state diffusion 
equation with chemical reaction is

(i)

where D is the diffusion coefficient and K  =  
fci(Pr), fci being the specific rate constant for the 
hydrogen atom addition to propene, Pr. The 
boundary conditions are

H  =  Ho at X  =  0 
dH
Ò X

=  0 at X  =  t

The latter arises because the surface on which the 
olefin is deposited is assumed neither to adsorb 
nor cause recombination of hydrogen atoms. The 
solution of (1) is

H  =  Ho [cosh  -y lf ' - tanh V § /Sinh Vè x]
( 2 )

In terms of the observed rate
_  2_  (dXA = Çi 

A  \ di /  i n i t i a l  */ 0
K H  d x  =

\ / D K  H 0 tanh V i '  w

where A is the area of the film. Two limiting 
cases for the rate are those in which (a) the hyper
bolic tangent is approximately equal to its argu
ment and (b) the hyperbolic tangent is approxi
mately equal to one. Case (a) is equivalent to 
a film in which the hydrogen atom concentration is 
constant throughout and equal to H0.

_  2  /d f /A  
Â  V di )  i

= K H „l (4)

It is evident that the rate should be directly pro
portional to the film thickness and the propene 
concentration in this region. If the boundary 
condition H =  0 at X  = l obtained, the hydrogen 
atom concentration profile for thin films and low 
propene concentrations would be linear in X. 
This requires a dependence of rate proportional to 
the second power of the film thickness. The ex
perimental results clearly show a linear relation
ship, and hence the boundary condition dll/dX  =  
0 at X  =  l is most probably correct. For case 
(b)

= V D K H o (5)

Here the rate is independent of film thickness but 
proportional to the square root of propene con
centration. As the film thickness is increased, 
the expected departure from linearity occurs as 
seen in Fig. 1. The entire curve closely ap
proximates that of a hyperbolic tangent as required 
by the model. This indicates that the assumptions 
made are reasonably correct.

Calculation of the pertinent constants can now 
be made. It is assumed that the concentration of 
H atoms on either side of X  =  0 is approximately 
the same. The value of H0, the concentration of 
hydrogen atoms at the surface of the film, is com
puted from the tungsten ribbon temperature,

0 1 2 3 4
film  thickness, i  X !04cm.

Fig. 1.— The variation of the initial rate of hydrogen pickup 
with film thickness.

Fig. 2.-—Schematic model for the interaction of hydrogen 
atoms with propene films.

2000°K. in these experiments, and the hydrogen 
pressure in the vessel, 30 ju. The assumption is 
made that atom recombination does not occur in 
the gas and the rate of dissociation at the filament 
is rapid compared to recombination at the wall. 
This leads to a value cf H0 equal to 5 X  10~10 
moles/cc. The slope of the linear region of Fig. 
1 gives a value for KH 0 of 25 X  10 ~6 mole/cc. 
sec. With (Pr) =  1 X 10~3 mole/cc., the re
action rate constant for the addition of hydrogen 
atoms to propene at 77 °K. is calculated to be k  =  
5 X 107 cc./’moles sec. This is a lower limit for 
k  since the hydrogen atom concentration used in 
the calculation represents an upper limit value. 
It is interesting to note that, without taking ac
count of the change from solid to gas, a value of 
1.5 kcal. for the activation energy of this reaction 
leads to a value of k  =  1011 at 300°K. the same 
as that determined by Melville and Robb.5 The 
diffusion coefficient D for H atoms in butane at 
77 °K. may be derived from the data of Fig. 1 and 
equation 6.

\ rD K  H o =  2.5 X 10-9
D  — 5 X 10-4 cm.Vsec. (0)

Chemical Mechanism.— Chemical evidence
shows that reactions (1), (2) and (3) occur in the 
hydrogen-atom-solid propene system at low tem
peratures

H +  CH3— C H = C H 2 — > CH3— CH— CH3 [1J 
CH3— CH— CH3 +  CH3— CH— CH3 — >

CH3—CH2—CH3 4 CH3—CH=CH2 [2]
(5) II. W . Melville and J. C. Robb, ibid.. A196, 494 (1949).
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CH3— CH— CH, -j CHe— CH— CH3 — >
CH3— CH— c h 3

CH3— ¿ H — CH3 [3]
The hydrogen atom addition to the radical has 

H +  CH3— CH— CH3 — >  CH3— CH2—  CH„ [4]
been postulated previously,3 but it is doubtful 
whether this reaction does take place in the system 
under study. It may be noted that Boddy and 
Robb4b observed 4-methylpentene-l, isopentane, 
and eight other fractions upon subjecting the 
products of the gas phase hydrogen-atom reaction 
with propene to chromatographic analysis. This 
is in contrast to the atom reaction with solid pro
pene at —195° where only propane and a C6 
are ever observed. The latter, as previously noted, 
consists of at least 92% 2,3-dimethylbutane. Fur
ther, methane never has been detected either mass 
spectrometrically or with g.l.c. There is no doubt 
that reactions referred to as “ atomic cracking”  do 
not occur.

Equations 1, 2 and 3, if they occur exclusively, 
explain product formation as well as the invariance 
of the propane-Ce ratio. The Ce must be formed 
by isopropyl dimerization and hence propane for
mation is also required to be second order with 
respect to the radical. Therefore the inclusion of 
reaction 4 in the mechanism is precluded.

The importance of isopropyl disproportionation

is further demonstrated by the deuterium distri
bution in the products of D +  CH3—C H =C H 2 
shown in Table III. The extensive deuteration of 
the propene and the formation of deuterated pro- 
panes other than propane-d2 is most readily ac
counted for by the occurrence of reaction 2 rather 
than 4.

The high propane to 2,3-dimethylbutane ratio 
might be interpreted to support the hypothesis of 
persistence of excess energy in the radical since 
the addition of a hydrogen atom to propene is 
exothermic to the extent of 43 kcal./mole. In the 
gas phase, in the region of 300°K., a ratio of 0.5 
is obtained under conditions where the radicals are 
thermalized.4b'6 It has been observed that this 
ratio increases at lower pressures, an indication 
that disproportionation is favored over dimerization 
for “ hot”  radicals.415'7 It must be pointed out, 
however, that the high value of the propane to Ce 
ratio obtained in this work at 77 °K. in comparison 
with the ratio for temperatures in the vicinity of 
300°K. obtained by other investigators415'8 may 
well be explained by an activation energy difference 
of only 0.3 kcal. between the disproportionation and 
recombination reactions.

(6) M. H. J. Wijnen and E. W. R. Steacie, Can. J. Chem., 29, 1092 
(1951).

(7) R. A. Back, ibid., 37, 1834 (1959).
(8) R. W. Dunham and E. W. R. Steacie, ibid., 31, 377 (1953).

SOME ASPECTS OF THE ROTATING SECTOR DETERMINATION OF THE 
ABSOLUTE RATE CONSTANTS IN RADICAL POLYMERIZATION

REACTIONS1
By Harold K wart2

Converse Memorial Laboratory of Harvard University and the Department of Chemistry of the University of Delaware, Newark,
Del.

Received February 18, 1960

Some of the possible sources of error in the rotating sector determination are examined. A method of computing the 
absolute rate constants in radical photopolymerization reaction has been devised which takes account of dark reaction 
rates in both the dark and light periods of the measurement. A basis is presented for estimating the magnitudes of dark 
reaction rates which can be neglected in such calculations. Consideration also is given to the effect of a non-uniform dis
tribution of radical centers due to such factors as non-uniform absorption of the incident beam.

The average lifetime of radicals in a chain re
action is most readily determined by means of the 
rotating section method. The theory of this ex
periment was delineated originally by Briars, 
Chapman and Walters3 and subsequently discussed 
by Dickinson,4 Swain and Bartlett5 and by Burnett 
and Melville.6 All these authors4“ 6 have developed

(1) This work was supported by the Office of Naval Research, 
Project No. NR-056-095; Principal Investigator, Professor P. D. 
Bartlett. Part of the material in this article was presented in a tech
nical report to the O.N.R., No. N5-ori-76, June 1, 1949.

(2) Department of Chemistryv University of Delaware, Newark, 
Delaware.

(3) F. Briars, D. L. Chapman and E. Walters, J. Chem. Soc., 562 
(1926).

(4) See W. A. Noyes, Jr., and P. A. Leighton, ‘ ‘The Photochemistry 
of Gases,”  Reinhold Publ. Corp., New York, N. Y., 1941, p. 202, et 
seq.

(5) C. G. Swain and P. D. Bartlett, J. Am. Chem. Soc., 68, 2381 
(1946).

somewhat different approaches to computing radi
cal lifetimes in homopolymerization reactions from 
data obtained by rotating sector measurements in 
photoinitiated reactions. Similar developments 
have been published with certain extensions to 
take consideration of a steady dark rate accompany
ing the intermittent photoreaction. Gee and 
Bateman7 have presented a method of computation 
in cases of radical chain oxidation processes where 
the thermal dark rate is very appreciable. Mathe- 
son, Auer, Bevilacqua and Hart8 have shown that 
this situation also occurs in many photopolymeri-

(6) G. M. Burnett and H. W. Melville, Proc. Roy. Soc. (London), 
A189, 456 (1947).

(7) G. Gee and L. Bateman, Proc. Roy. Soc. {London), A195, 376 
(1948).

(8) M. S. Matheson, E. E. Auer, E. B. Bevilacqua and E. J. Hart, 
J. Am. Chem. Soc., 71, 497 (1949).
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zation reactions and particularly where photosen
sitizers have been used as secondary initiators. 
However, the treatment of these authors, essen
tially an extension of the Dickinson treatment,4 
deals only with cases where the thermally induced 
and other dark reaction rates are accounted in the 
dark periods and are neglected in the light periods 
of a full cycle of sector alternation.

Several assumptions have been made tacitly in 
all these analyses. One of the most important is 
the fact that the distribution of radicals throughout 
the reaction system has been taken to be perfectly 
uniform. In using photoinitiation it is implied 
that the absorption of the incident radiation is quite 
weak. This is also to say that the entire entrance 
face of the reaction cell must be uniformly illumi
nated and must transmit an entirely homogeneous 
incident beam with uniform intensity to each ele
ment of volume. Some difference of view6'6 has 
occurred as to what extent this idealization of the 
experimental method must be approached. Kwart, 
Broadbent and Bartlett9 have attempted to mini
mize the possibility of a significant effect due to 
such non-uniformity in illumination. Burnett, 
Valentine and Melville10 have taken some steps in 
the effort to demonstrate whether or not radical 
polymerization is localized in a given experiment. 
An evaluation of the extent of non-uniformity of 
this nature which could or could not be neglected 
in the rotating sector measurements has not 
been presented previously.

In this article we have undertaken to examine 
the open questions posed above, namely, develop
ment of a form of the rotating sector procedures 
in calculating the rate parameters, taking into ac
count dark reaction rates in the light period as well 
as the dark. Furthermore, we are presenting here 
an estimate of the extent of thermal and other 
kinds of dark reaction initiation, as well as the ex
tent of non-uniformity in illumination and conse
quently radical formation, that can be neglected 
in ordinary calculations of these parameters.

Rotating Sector Measurements with Significant 
Dark Reaction Throughout a Cycle.—The mecha
nism of polymerization under these circumstances is 
given by the equations

via
Heat and/or light — —----->  2R-

sensitizer

R- +  M ------------ >- R-
kt Inert products either through

2 R - ------------ >■ disproportionation or bi-
molecular combination

Denoting the light intensity by I  and the rate of 
chain initiation via light as / / ,  we shall assume 
in the first case that the absorption of light by 
sensitizer (and therefore chain initiation) occurs 
uniformly throughout the body of polymerizable 
liquid. In addition we have a dark rate denoted 
by p due to thermal dissociation of the sensitizer 
into chain initiating radicals of the same nature as

(9) H. Kw art, H. S. Broadbent and P. D. Bartle tt, ibid., 72 , 1060 
(1950).

(10) G. M . Burnett, H. W. M e lv ille  and L. Valentine, Trans. Fara
day Soc., 45, 960 (1949).

those resulting from photodissociation. Thus, 
during a period of illumination

“  =  <JI +  p) -  2ktR> ( l )

This readily is integrated to
R  = R , +  tanh (B ,t)

where

R . =  and By =  V ( f l  +  p)2kt

Letr =  Byt and F =  R/R,\ hence
Y  =  tanh(r) (2)

During a period of darkness

~  =  P -  2ktR* (3)

which may be integrated
R  = R ,' coth (Bit) (4)

By comparing coefficients it will be seen that 
Rb' =  V )p/2/ctj Bi — 2k%Rs') and on proper substi
tution in (4) we get

R  = R ,' coth (I *  r )  (5)

and finally ... .......

Y  = R m' /R ,  coth t)  = 7  coth (Tr) (6)

since

R . ' /R ,  -  = > -  V p / f l  +  p

During rhythmic alternation of steady light and 
darkness F, a measure of the degree of polymeri
zation, rises in accordance with eq. 2 from a mini
mum value Fi to a maximum value F2 and declines 
according to eq. 6 exactly to Yx again. In combin
ing these two equations to determine the limits and 
average value of F during each interval we do not 
start the time scale of eq. 2 at r =  0 but use the 
positive lower and upper limits of r defined, re
spectively, by Fi =  tanh n  and F2 =  tanh rs. 
Since the value of F at the end of the light period 
must be identical with the value at the beginning of 
the dark period, a factor x is introduced such that

Y  = 7  coth 7  ( t  +  ir) and (7)
Y i = 7  coth 7  ( t 2 +  it) =  tanh t 2 ( 8 )

at the beginning of the dark period. The value of 
x will be evaluated easily in terms of the other 
parameters since from eq. 8 it is seen that tanh 
(7x) = 7 coth t2. _

The average value for F, (F), for any frequency 
of alternation11 is given, therefore, by the equation
_____ 1_____  CT1 Vi  =  v  = _____ - _____
(<q  +  1 )  (-7-2 —  r i )  J  r i  T  ( g  +  1 ) ( t s  —  T i )

, rcosh T 2 sinh y  ? ( r 2 — n) +  x"| m\
111 Leosh r, ‘ sinh y'T I W

This may be simplified to eliminate the necessity 
of evaluating x by applying the addition theorem, 
whereby

(11) This araouats to illuminating from T\ -*■ T2 and darkening 
from T2 —*■ Tz, so that, since the length of the dark period is 9 times 
the length of the light period, Tz — Tt = q(T 2 — Ti), the total length 
of a cycle, Tz — T\ = ( 9  + IKT2 — Ti).
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2 1 0 - 1  
log ( t 2 —  n ).

Fig. 1.

sinh[i7(r2 — n) +  y r ]  — sinh 37(72 — ri]-cosh y ir  +
cosh[g7(T2 — 7i)-sinh 7?r]

and thus
sinh (79(72 — ri) +  t-) _  

sinh 7 7r
sinh 37(72 — 7i)-coth yir +  cosh 37(72 — 71)

On substitution of this result and eq. 8 into 9 we 
obtain
y. _  _______ 1_______  , icosh 72

( 3  +  1) (7 2  — Tl) j cosh 71
Fismh 37(72 -  7 1 ) +  cogh _  ti)| (1Q)

It can be shown that this equation reduces to the 
Briars, Chapman and Walters3 relation in the 
limiting case where the dark rate is zero or negli
gible. Thus, in the limit

sinh 37(72 -  7i) , .y  — *■ 0  --------------------------- =  3(72 -  t i)
y

and cosh 27(73 — n) =  1, which on substitution 
into (10) results in the B.C.W. eq.

f - ¥ + W „ -  „ )  ■“ S k i !  "»'• + ■'{
(ID

Solutions for eq. 10 from experimental data can 
be accomplished graphically in a manner entirely 
analogous to that applied by Swain and Bartlett 
to eq. 11. Cases for a variety of sector cutouts 
are discussed in an appendix to this article.

The Maximum Dark Rate Which Can Be Neg
lected.— It is apparent that equations 10 and 11 
differ by the terms within the brackets: let C
=  this term in eq. 10, A =  the term in eq. 11, 0 
=  cosh T2/cosh ti, and A =  C — A. If we set

Y =  the value of_ Y  when the dark rate is not 
neglected and <r =  Y — Y, then

Ÿ = _____ 1______
(3 +  l)(r2 — n) la (C0) ( 1 2 )

Ÿ = w r m r T ~ ) lD{U) and
1 , C _

'  (3 +  1)(72 — 7i) ln A
_ _ _ _ _ _ _ _  in (1 +  — — )

(13)

(14)

For a given case, say q =  2, it readily can be demon
strated that in the significant portion of our curve 
in the (graphical solution) plot Y vs. log (r2 — ti) , 
namely, when the value of Y  is most sensitive to 
flashing frequency, the value of 27(73 — n) <  1. 
We are thus permitted to undertake a Taylor’s 
series expansion of the term C in process of 27 - 
(ts — ri), which, on discarding terms of higher 
order than the third, results in

c -  j ^ y - ^  +  x ^ - * , ) 1
F2 +  1 +  2y\ l\  -  Tl)2

Consequently

A =  c  -  A  =  72(r2 -  7i)2 Q  Y2 -  7,) +  2^ 

which is transformable to

(15)

(16)

A  =  72(72 —  7 i ) 2-

[2 +  4F2(72 -  n) -  I  F2(r, -  7,)] (17)

Substituting the value of the term A into (17) 
produces

A =  2 /3 72-(72 — 7^2• (.-1 + 2 )  and, therefore (18)

=  2 / 3 7 2(r2 -  t , ) 2^1  +  -A'j g  (72 -  n ) 2<C  1

Apparently, then, the error resulting from neglect
ing a steady rate of dark initiation, p, is a little less 
than

___ 7 2( r 2 —  7,)

”  3
and the maximum relative error is

<* _  72 , _  .
F 3 F (T2 t,)

(19)

(20)

a function of both the dark rate and the flashing 
frequency.

The Effect of Non-uniformity in the Distribution 
of Reaction Centers.—The approach we have taken 
in the analysis of this effect is to assume that 
variation in the uniformity of the incident light 
beam is a circumstance that could occur readily 
and would result in a non-uniform distribution of 
radicals through the body of the polymerizing 
liquid. For this purpose we assume a square area 
for the entrance face of the reaction vessel with 
varying intensity of illumination over its surface. 
The assumption of a square rather than a circular 
area will introduce very little error in the argument 
since it involves only a difference in a numerical 
factor of very nearly “ one”  and makes no dif
ference in the principle of our approximation.

We introduce a system of coordinates X , Z with 
the center of the square as origin. Let L be half
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the side length of the square. We then choose an 
element of area dp =  dXdZ  over which the il
lumination I{X ,Z ) is considered constant. Ac
cording to the general theory3-6 (which is also 
the basis for the derivations above) we have

Y =  Fl(iV2krff) =  Fi( t) (21)
where F\ is an empirical function closely related to 
the one used in experimental plotting (see e, 
Fig. 3, ref. 5). Here Fi(t) =  F2(log r) and Ft is 
plotted vs. log r.

We now compute at the element of area the value 
of Ra =  V fl jk t  and R(X,Z) =  Y(X,Z)Ra. It can 
be deduced readily that the total amount of radi
cal over the entire area, f, as compared to the 
same quantity in steady state illumination, 
is given by

f_ _  f f F , ( t V k tfI(X ,Z )W lW X ) dXdZ 
f‘ f f V i ( x , z )  ax  dz

This equation demonstrates that the ratio f/rB is 
an average of the function Fi (t) with the weighing 

' function V I(X ,Z ). If we had assumed a completely 
uniform illumination intensity, 70, we would have 
obtained our theoretical ratio

Pth =  f-  =  F dtV kJo) (23)r.
Consequently, the error committed (by assuming 
uniform distribution of reaction centers) in the 
determination of f/rB is given by (f/r„) — Fth. 
In order to determine the possible error we con
sider the following special case. Let y/I =  a/7 0 +  
ccX +  fiZ. This may be considered as the first 
term of a Taylor’s series development, where the 
power terms higher than the first have been neg
lected. This would be consistent with an assump
tion that the largest variation in illumination in
tensity incident upon the entire area of the cell 
is no greater that 10% of 70. On substituting this 
value of I  into equation 22 we obtain
f _  , f . f  /•'i(.V[ v 7 !) -! crX -) BZ\) ■ (\/'lo +  aX /3Z)dX dZ 
b “  f f i V h  +  «X +  fiZ) dX dZ

(24)

where N  =  t\Zf2kt. To integrate here we replace 
the empirical function Fi(t) by a linear function 
which again involves a Taylor’s series. The net 
result of this integration between limits and rear
rangement of terms is the equation

f-  =  F .(t,) +  1/3 ( (a 2 7̂ ) )  L’ W iT o )]  (25)

where [r0 TV (To) ] is the slope of the experimental 
curve at the point To

l l  remains to discuss the significance of the term 
(a2 +  /32//o )L 2. It may be pointed out that if a 
quantity has the form aX/ \/lo +  $Z/ \/lo and X  
and Z vary independently over the range — L to + L , 
the average value of this quantity is L(a 2 +  02/7o). 
This demonstrates, therefore, that this term in 
equation 25 is the square of the deviation of the 
relative fight intensity. Now, since

-\/7 = V h  +  aX +  pZ = vTo ( l  +  +  ^ = )

where the largest value of the term in the brackets

occurs for X  =  L and Z =  L and is actually 1 +  
L(a  +  0)/h, then (2(a2 +  2)/7 0)L 2 is an upper 
limit for the square of the maximum relative devia
tion of fight intensity.12

To illustrate the significance of this result, let us 
suppose that the slope of the curve at the point 
to is 30. Thereupon, the error in f/fB produced by 
a 10% maximum relative deviation of fight inten
sity from 70, viz., ?/?B — Fi(t0), becomes by substi
tution in equation 25, SOOAXVd^O.l)2 =  0.025 
or 2.5% error.

The question still remains: how does an error, 
as expressed in the equation

s f  =  1/3 [ ( — ¿ - ^ )  £ 2][u,FV(ro)] (26)

affect the value of k t  computed from our experi
mental determination of F? On differentiating
(21) with respect to k t and suitable transformation 
of terms we get

m  -  (27)
Hence

_L 25 V  „  || /oo\V ” =  Skt =  w 77 v- and finally (28)/ct 1 1 (r)r

fet =  2/3 L * (29)

This means, apparently, that the per cent, error in 
kt is independent of the part of the experimental 
curve utilized for the computation and, furthermore, 
that the error is no greater than V6 the square of 
the maximum relative deviation of fight intensity 
from 70.

Appendix
Computations of the absolute rate constant of 

radical chain reactions applying eq. 10 may be car
ried out by a method similar to the graphical pro
cedure used by Swain and Bartlett.6 The calcu
lations undertaken in the interests of plotting the 
theoretical curves required for this procedure were 
made on a Bendix G-15D Computer using the 
intercom 1000 Double Precision Programming 
System. The actual computing program used was 
devised by Miss Mary Mintzer13 under the super
vision of Dr. Robert Jackson.

Series of calculations were made for sector cut
outs of q =  1.0, 1.81 and 3.0. Within each set the 
effect of varying the fraction of the total initiation 
rate due to dark reactions from 0.01 to 0.1 at in
tervals of 0.01 also was calculated, i.e., for values 
of y  =  0.1000 to 7 =  0.3162. A total of thirty 
theoretical curves were plotted from the data 
thus obtained.

Each curve was begun by picking the F2 value as 
close to 1 as the computer permitted, 1-10-12. 
The corresponding value of r2 was computed from 
eq. 8. The parameter it was calculated by means 
of the equivalent form of eq. 8, viz., t =  l/2 y

(12) This is clear from the following: -\///\/7o — 1 - f  L  ( a  -f- p)/ 
Io: where A is denoted as the maximum relative error, A =» L («  +  
P)/Io and therefore A2 =  L2( «  +  /J)2/ /o ;  clearly, (a + /? ) * <  2(a2 +  
£2) and thus A2 <  2L2(qt2 +  02)//o-

(13) Miss Mintzer carried out these computations in partial ful
fillment of the requirements for the B.S. degree with honors in Chemis
try at the University of Delaware, June, 1959.
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In [(7 , +  y ) / ( 7 ,  — 7)] — r2. Computation of 
the value of n  was performed by an iterative pro
cedure using Newton’s method

r, =  n ' +  -¡-¡fin  (30)

, 7 coth j 7[(g +  l)r . -  qr,' +  1] | — tanh Ti
~  Tl l '2 q csch2 ! 7 [(? +  l)r 2 -  qn ' +  1 1 1 -  sech2 V

The criterion for accuracy of_i-i was |n — n'|< 
10 ~4. Finally the values of 7  used for the theo
retical curves were computed by means of the 
basic eq. 10.14

Some idea of the magnitude of the error resulting 
from neglect of the thermal rate of initiation as-

(14) The tables of associated data and the thirty theoretical curves 
plotted therefrom, as referred to in this paper, have been deposited 
as Document number 6274 with the ADI Auxiliary Publication Proj
ect, Photoduplicafion Service, Library of Congress, Washington 25 
D. C. A copy may be secured by citing the Document number and 
by remitting in advance $2.50 for photoprints or $1.75 for 35 mm. 
microfilm payable to: Chief, Photoduplication Service, Library of 
Congress.

sociated with a typical sensitizer may be gleaned 
from the following case. Given a sensitizer with 
a dark rate which is 8% of the measured rate in 
steady state illumination. (See the appropriate 
theoretical curve in the accompanying figure.) 
Given also a sector cut-out providing equal light 
and dark periods. The value of Xs, the average 
lifetime of growing chains at the steady state, was 
determined by the above procedures to be 1.12 
seconds. By neglecting the dark rate and comput
ing by the method of Swain and Bartlett6 we ob
tained a value of Xs =  1.30 seconds. Thus, by 
neglecting an 8% dark rate, an error of about 16% 
was experienced.
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A mathematical analysis of an equilibrium adsorption paper chromatography system is presented. This analysis shows 
the gross features of the chromatographic phenomena such as the movement of the solvent front and the separation of the 
solute bands. The diffusion model for solvent penetration yields an experimentally obtained correlation.

Introduction
The analysis of the phenomena of paper chro

matography is by no means complete. The relative 
motion of the solute bands during the travel of the 
solvent through the paper is caused by a combi
nation of solute adsorption, ion exchange, and 
solvent partition. The chromatographic phenom
ena have been analyzed in detail by Consden, 
Gordon and Martin1 when solvent partition is the 
controlling mechanism as in the separation of 
carbohydrates.

This paper gives an analysis of the phenomena 
when equilibrium solute adsorption on the paper 
fibers predominates as in the separation of dye
stuffs. Also an analysis of the diffusion model 
for solvent penetration shows that an experi
mentally obtained correlation between the height 
of solvent rise and the time of rise follows directly 
from the assumption that the solvent is transferred 
according to Fick’s law.

Solvent Penetration.—The detailed experimental 
work of Müller and Clegg2 indicates that, over the 
range of interest, the relationship between the 
visual height of rise, X v, of a solvent in a strip 
of paper and time of rise, t, is quadratic in X v. 
An analysis of the diffusion model for solvent pene
tration shows that this empirical correlation follows 
directly from the assumption that the solvent 
is transferred according to Fick’s law.

(1) R. Consden, A. H. Gordon and A. J. Martin, Biochem. J., 38, 
224 (1944).

(2) R. Müller and D. L. Clegg, Anal. Chem., 23, 396 (1951).

Fick’s law states that the mass rate of solvent 
transfer through the paper in the direction x is 
— ZM (dc/dz), where I) is the diffusion transfer 
coefficient, A is the cross-sectional area of the paper, 
and c is the solvent concentration in mass per unit 
volume of the paper.

Consider a long strip of chromatographic paper 
initially dry. One end of the paper is placed in a 
solvent reservoir and a solvent front then progresses 
through the paper. The motion of this solvent 
front is obtained from the solution of the partial 
differential equation form of the transient con
servation of mass law.

Consider now a transient mass balance on the 
interval of paper (x, x +  Sx). The net rate of 
solvent influx into the interval by diffusion equals 
the rate of change of the solvent mass. Hence

I ) . + DA S)
which becomes as 5x ■

D

0

Ò X 2

àx/ X + ÔX 

ÒC

Òt

, .  ÒC

-  -4 öl

( 1)

The boundary conditions on the partial dif
ferential equation 1 are

c(x,0) =  0 paper is initially dry
c(0,() =  Co paper end is always saturated
Lim c(x,t) =  0 paper is dry far ahead of the solvent 

front

The solution of equation 1 subject to the bound
ary conditions is, by Laplace transform theory



Sept., 1960 Paper Adsorption Chromatographic Phenomena 1255

c(, ,0 = C o erfc [ _ y (2)

The motion of the solvent front can be repre
sented by the constant solvent concentration con
tours in the x,t plane. The ratio c/c0 is constant 
when the group x/2  \/L>t is constant. The visually 
observed solvent frontal motion corresponds to the 
motion of a constant solvent concentration front. 
Hence if Cv/c0 is the solvent concentration ratio of 
the visually observed front and E  is the constant 
whose complementary error function is cv/c 0 
then, by equation 2, the relationship between the 
height of solvent rise, X v, and the time of rise, 
t, is

Xv2 =  4 EDt (3)

Equation 3 is of the same form as the empirical 
relationship obtained by Muller and Clegg. Thus, 
over the range of interest, the diffusion model 
adequately represents the solvent penetration 
phenomenon.

It should be noted that Washburn’s analysis3 
of flow through horizontal capillaries yields an 
equation of the same form as equation 3. This 
indicates that the penetration of solvent through 
the chromatographic paper may be thought of 
as either a diffusion or capillary phenomenon. The 
diffusion model is used in the further discussion.

Solute Penetration.—The solute materials are 
carried along with the advancing solvent and are 
adsorbed on the fibers of the chromatographic 
paper. The solute adsorption causes the solute 
frontal velocities to differ, allowing the chroma
tographic separation of the solutes. The solute 
adsorption phenomenon has been analyzed mathe
matically for chromatographic columns by Amund
son and Lapidus.4 The diffusion model for sol
vent penetration and the ideas of equilibrium solute 
adsorption on the fibers are now combined to give 
a model for paper chromatography.

Consider the chromatographic separation of m 
solutes. Each of these solutes is transferred 
through the paper along with the advancing sol
vent and is in equilibrium adsorption with the paper 
fibers. The equilibrium relationship is

V\ =  0(zO i =  1,2,. . ., m (4)

where yi is the mass of solute adsorbed on the paper 
fibers per unit volume of paper and Zi is the mass 
of solute in the solvent phase per unit mass of 
solvent. Equation 4 is a general form of the equi
librium adsorption isotherm but does not allow 
solute interference.

A transient mass balance on the zth kind of solute 
in the solvent phase over the interval of paper 
(x, x +  5x) yields

-DAz\ àc\ + DAZi àc) _  SxA ög,
àx/x àx/x+6x àt

SxA ö(zic)
~dT

The first two terms on the left are the rates of 
solute influx into the interval along with the ad
vancing solvent . The third term is the rate of loss 
of solute from the solvent phase by adsorption on 
the paper fibers. These terms equal the mass rate

(3) E. W. Washburn, Phys. Rer., 17, 276 (1921).
(4) N. R. Amundson and L. Lapidus, T h is J o u r n a l , 54, 821 

(1950).

Fig. 1.—Chromatographic separation: D  = 178 cm.2/sec. ; 
C0 = 0.8 g ./cm .3; a. =  0.1; a2 =  1.0.

of change of solute in the solvent phase. This mass 
balance becomes as 5x —► 0 and by use of equations 
1 and 4

The movement of the solute bands through the 
paper can be represented by the constant solute 
concentration contours in the x,t plane. These 
contours can be obtained immediately from equa
tion 5. Quasi-linear partial differential equations of 
the first order such as equation 5 possess character
istics in the x,t plane. In this case these character
istics correspond physically to the constant solute 
concentration contours. From the theory of 
characteristics5 the constant concentration con
tours are given by the solution of the ordinary 
differential equation

dx _  ^  dx
d l . à<t> 

C +  b i
(6)

In general the solution of equation 6 can be 
achieved numerically.5

To illustrate these methods consider the chroma
tographic separation of two solutes with linear 
equilibrium adsorption isotherms.

y\ = z.a: +  i = 1,2

At t =  0 the end of the dry paper is placed in the 
solvent reservoir. At t =  18 min. a sample of the 
solute mixture is placed on the paper in the in
terval (0,3.0 cm). The solvent penetration is 
characterized by equation 2 or 3. The chroma
tographic separation of the twro solutes is char
acterized by their constant concentration contours 
obtained from the solution of equation 6, which is, 
in this case

(5) A. Acrivos, Ind. Eng. Chem., 48, 703 (1956).
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dz
At 1,2

The solution was obtained using the Euler method 
of numerical integration. Figure 1 shows this 
chromatographic separation. The solvent front 
precedes the solute bands. The movement of the 
solute bands is characterized by the characteristics 
(constant concentration contours) emanating from 
the front and back of the initial solute pulse. The 
chromatographic separation is caused by the dif
ference in the adsorption isotherm constants a; 
for the two solutes.

Discussion
The analysis presented shows that the diffusion 

model for solvent penetration does represent the 
physical phenomena and that the paper chroma
tographic effect can be explained when equilibrium 
solute adsorption predominates. The secondary 
effect of solute diffusion has been neglected. At
tempts to include this led to equations which pre
clude the use of the simple method of character
istics. Solvent evaporation from the paper surface 
also has been neglected since in practice chroma
tography is accomplished in a saturated atmos
phere. This simple analysis gives further insight 
into the fundamental mechanism of adsorption 
paper chromatography.

A NEW PROCEDURE FOR CALCULATING THE FOUR DIFFUSION 
COEFFICIENTS OF THREE-COMPONENT SYSTEMS FROM GOUY

DIFFUSIOMETER DATA1
B y  H i r o s h i  F u j i t a 2 a n d  L o u i s  J. G o s t i n g

Contribution from the Department of Chemistry and the Enzyme Institute, University of Wisconsin, Madison 6, Wisconsin
Received February £2, 1960

An exact procedure is developed which permits calculation of the four diffusion coefficients at a given composition of a 
ternary system from suitable free-diffusion experiments performed with the Gouy dififusiometer. This new procedure can 
be applied regardless of the relative magnitudes of the diffusion coefficients and should yield somewhat more accurate 
results than do previous methods. The data required are the reduced height-area ratios of the refractive index gradient 
curves and the areas of graphs of Gouy fringe deviations which summarize deviations of the refractive index gradient curves 
from Gaussian shape. Data for the system NaCl-KCl-EhO at 25° which were reported previously from this Laboratory 
are reanalyzed to illustrate the use of this proceure. It is found that the new values so obtained for the diffusion coefficients
satisfy Onsager’s reciprocal relation somewhat better than di

The thermodynamics of irreversible processes 
requires four diffusion coefficients for complete 
description of isothermal diffusion in a ternary 
system. During the past few years several pro
cedures have been published for calculating 
four such diffusion coefficients, D , j, from experi
mental data. We review briefly those methods here 
to show their relation to the new method which is 
presented in this paper.

Baldwin, et al. , 3 presented a method which uses 
data for the reduced second and fourth moments, 
D2m and SD|m, of the refractive index gradient curves 
obtained from suitable free-diffusion experiments; 
for given mean concentrations of both solutes, 1 
and 2, at least two experiments are required with 
different values of an, the fractional refractive index 
increment of solute 1 across the sharp initial boun
dary. Subsequently a procedure was developed 
by Fujita and Gosting4 who used data for the 
T )2m and the reduced height-area ratios, 2Da , of 
the refractive index gradient curves for these 
experiments. The second procedure yields more 
accurate results than the first because experimental 
determinations of D*™ are quite inaccurate com-

(1) Presented at the 13Gth meeting of the American Chemical So
ciety, Atlantic City, New Jersey, September, 1959.

(2) On leave from the Physical Chemistry Laboratory, Depart
ment of Fisheries, University of Kyoto, Maizuru, Japan.

(3) R. L. Baldwin, P. J. Dunlop and L. J. Gosting, J. Am. Chem. 
Soc., 77, 5235 (1955).

(4) H. Fujita and L. J. Gosting, ibid., 78, 1099 (1956).

the values which were calculated by a former method.

pared to those of D a - However, results from the 
second procedure may still contain appreciable 
errors because the D2m are somewhat less accurate 
than the Da (which can be measured to 0.1% or 
better with interferometric instruments such as 
the Gouy diffusiometer). Both of these methods 
are general, being applicable regardless of the values 
of the diffusion coefficients. A modification by 
Dunlop5 of the second procedure achieves improved 
accuracy for some systems by determining ex
perimentally the two values of aa for which the 
refractive index gradient curves become Gaussian. 
These values of ai, when combined with the data 
for D a , permit calculation of Dan for any value of 
a,. Unfortunately the applicability of this method 
is limited in practice because inverted density 
gradients may be encountered for some systems 
in determining the required values of a,. A dif
ferent method4 developed by Fujita and Gosting 
uses data for the D a  and for reduced Gouy fringe 
deviations,6 il(f), corresponding to a particular 
value of the reduced fringe number, f(f) ( =  f(\ /2 ) =
0.73854); experiments for at least two values of 
are required. When applicable this method can 
give more accurate results than the first two 
methods; however it depends on a series expansion 
which converges satisfactorily only for suitable

(5) P. J. Dunlop, T h is  J o u r n a l , 61, 994 (1957).
(6) D. F. Akeley and L. J. Gosting, J. Am. Chem. Soc., 76, 5G85 

(1953).
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ratios of the diffusion coefficients (for values of 
< r _ /<7 +  not greatly different' from unity). Thus it 
complements Dunlop’s procedure5 because these 
two methods are applicable to systems with 
different ratios of diffusion coefficients. In the 
present paper we develop an exact procedure which 
is applicable regardless of the relative magnitudes 
of the diffusion coefficients. The data required 
are the Da and the areas of the Gouy fringe devia
tion graphs measured from suitable free-diffusion 
experiments. Because data from all parts of the 
refractive index curve are used in obtaining each 
area, this method should yield more accurate 
values for the diffusion coefficients than does the 
corresponding previous method4 which uses only 
one point (i.e., 0 (a/ 2)) from each fringe deviation 
graph.

A method which uses data from studies of re
stricted diffusion has been developed by Fujita.7 
His procedure is applicable to all systems which 
may be studied with Harned’s conductance 
method.8 A procedure for using the diaphragm 
cell to determine some of the diffusion coefficients 
for a ternary system has been announced recently 
by Stokes.9

The main diffusion coefficients, Du and D22, 
and the cross-term diffusion coefficients, D n and 
D2i, considered in the present paper are defined, as 
before,3’10 by flow equations for one-dimensional 
isothermal diffusion of the form

/ . - - A . g - A . g  (1)

/ , - - a . g - a , g  (2)

Here dci/dz and dc2/d.x are the concentration gra
dients of solutes 1 and 2, respectively, with the con
centrations Ci and c2 expressed as amounts (grams or 
moles) per unit volume of solution. The solute 
flows J\ and / 2 denote the amount of each solute 
crossing a unit area per second for a volume- 
fixed frame of reference, and therefore the dif
fusion coefficients, D ij ,  should be identified with 
this reference frame. These coefficients are iden
tical with one set of diffusion coefficients considered 
by Hooyman11; they differ from, but are related 
to, diffusion coefficients defined by Lamm12 and 
by Onsager.13 We restrict our considerations to 
the customary experimental condition that con
centration differences between the two initial 
solutions in the cell are sufficiently small that the 
partial specific volume of each component may be 
considered independent of the concentrations. 
When every partial specific volume is constant the 
mean volume velocity is everywhere zero relative to

(7) H. Fujita, T h i s  J o u r n a l , 63, 242 (1959).
(8) H. S. Harned and D. M. French, Ann. N. Y. Acad. Set., 46, 267 

(1945); H. S. Harned and R. L. Nuttall, J. Am. Chem. Soc., 69, 736 
(1947).

(9) Work by R. H. Stokes and F. J. Kelly reported at a conference 
on the Physical Chemistry of Solutions, Perth, Australia; see Proc. 
Roy. Australian Chem. Inst., 26 , No. 10, 412 (1959).

(10) P. J. Dunlop and L. J. Gosting, J. Am. Chem. Soc., 77, 5238 
(1955).

(11) G. J. Hooyman, Physica, 22, 751 (1956).
(12) O. Lamm, Arkiv Kemi, M i n e r a l .  G e o l i , 1 8 A , No. 2 (1944); 

1 8 B , No. 5  (1944); T h i s  J o u r n a l ,  61, 948 (1957).
(13) L. Onsager, A n n .  N .  Y .  A c a d .  S c i . p 46, 241 (1945).

the cell,14 and Jx and J2 in equations 1 and 2 can 
be identified with the flows of solutes 1 and 2 
relative to the cell-fixed frame of reference.

Theory
In the following development frequent use will 

be made of symbols and equations appearing in an 
article by Fujita and Gosting.4 To save space we 
will refer directly to equation numbers in that 
article and distinguish such numbers from those 
in this article by adding the letter F.

First we will derive an expression for the area, 
Q, of Gouy fringe deviation graphs as a function 
of ai for experiments with the same value of 
Ci and also of c2, the mean solute concentrations 
defined by equation 7F; ax (and also a2) has been 
defined by equations 45F-48F. It is then shown 
that Q/-\/ Da is a quadratic function of cu; this may 
be compared with equation 56F which indicates 
1/ a/D a to be a linear function of ax. Exact equa
tions then are derived for the four diffusion coef
ficients, Dy, in terms of the coefficients relating 
Q/ a / D a and 1 / a /  Da  to « 1.

An Expression for the Area, Q ,  of Each Fringe 
Deviation Graph.—Starting equations for this 
derivation can be obtained from a paper by 
Gosting and Onsager15 who gave a general theory of 
Gouy interference patterns. In the Appendix of 
this article their theory has been specialized to the 
case of isothermal free diffusion in ternary systems 
by using equation 49F for the refractive index 
distribution. Equations in the Appendix are 
identified by a letter A before the equation number. 
The reduced fringe deviation fij, the reduced cell 
coordinate y\ and the special variable for Gouy 
fringe number j  may be treated as continuous 
functions, so we omit from these symbols the sub
scripts j. By defining

z = V  v+y (3)
and

P  = V < T - / « +  (4)
and remembering that

r + +  r_ =  1 (5)
(see equation 52F) equation A-5 may be written 

f(*) - f ( r )  = r_ [f(*) -f(pz)] (6)
Here the function f(£) is defined by16

f(f:' = - ^ U o e~q' d q- ^ ]  (7)
Also, by combining equations 3, 4, 5, A-6 and A-7 
with A-8 we obtain

a(f) = e"f2 - (1 — r_)e-z2 +  r  _pe-p2z2
1 -  r _ ( i  -  p) (8 )

The area Q of a fringe deviation graph is de
fined as the area enclosed by the curve of £2(f) 
versus f(f).

Q = f c' m  df(r) (9)

(14) G. J. Hooyman, H. Holtan, Jr., P. Mazur and S. R. de Groot, 
Physica, 19, 1095 (1953).

(15) L. J. Gosling and L. Onsager, J. Am. Chem. Soc., 74 , 6066 
(1952).

(16) See equation 12 of G. Kegeles and L. J. Gosting, J. Am. Chem. 
Soc., 69, 2516 (1947).
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Because it can be seen from equations 6 and 7 that 
f  -*■ 0 and 2 -*• 0 as f(f) —► 0, and also that £-*■<» 
and 2 —► °° as f(f) —► 1, equation 9 may, after substi
tution for i2(f) from equation 8, be put in the form

V)

' - ' / . " ‘ ■ " T ' ' ]  ( l 0 )

From equation 7 we have

= -L fV-r . ( 11)

Differentiation of equation 6 with respect to z, 
rearrangement, and substitution of equation 7 gives

= -4= [(1 -  r_)zV-*2 + r-pVe-p***]
Q Z  y  T

( 12)

By introducing equations 11 and 12 into 10, per
forming the integrations, and using equation 5, we 
obtain finally the desired expression

<3 = 1 +  y — (2 y/2 p/\ /l +  p2) r+r_ (13)2\/2[i — r_(i -  p)l
Expression for the Ratio E = Q/y/ÎDÂ-—From 

equation 74F we have

r+r_(p — l)* = £ Sîm +

(t) Dna2 ~ (t) B21“'] (14)
and from equations 56F and 55F, after substituting 
equations 4 and 5

i / V da = i .k -  s Aa, = V o+ [i — r_(i — p)] 
Use of the relation

(15)

O il “h <*2 = 1 (16)
and definition of the quantities

(17)

£l ■ ¿ v t :b -  -  ©  -  ©  f t '](18)

F PSP
V <7+

(19)

in which
p _  l +  p -  (2 V 2 p/Vl +  p2) 

2V2(1 -  p)2
(20)

permits equations 13-15 to be combined in the form
E  =  Qfy/\Da = Eo -j- E\<x\ — Ê oti* (21)

This relation indicates that when corresponding 
values of Q and Da are combined in the form Q/y/Da 
the values of this ratio, E, are a quadratic function 
of ai. To use equations 15 and 21 in evaluating 
the four D,j, the quantities Q and Da must be 
measured for two or more experiments with dif
ferent values of on.

It is important to recognize that the five co
efficients 7a, <Sa, Eo, E i and E2 in equations 15 and 
21 are not independent; each coefficient may be 
expressed in terms of the four diffusion coefficients 
by using equations 4, 17-20 and the appropriate 
relations from ref. 4. Therefore if 7a and S\

are first determined from the linear dependence of 
I / V ^ a on oil, as may be done conveniently by the 
method of least squares, it is not then permissible 
to adjust all the other coefficients E0, Ei and E2 

independently to make equation 21 fit best the 
experimental data for E versus av These three 
coefficients may be determined by a method of 
successive approximations. To do this equation 
21 is rewritten in the form

£  =  [(E/EJ +  a,2l =  (E„/Et) +  (Ei/Ei)ai (22)

An approximate starting value is assumed for 
Ei so that a first approximation of the quantity £  
can be calculated for each experiment. Then the 
ratios Eo/Ei and Ei/Et are determined to describe 
best the linear dependence of those £  on ai. 
From these values of E0/E2 and Ei/E2, together 
with the values of 7a and <SA, first approximations 
for the four diffusion coefficients readily may be 
obtained by using equations derived in the next 
section (equations 23-25 and 39-42, or equations 
25a-25c and 39a-42a). An improved value of E 2 

is then calculated from these approximate diffusion 
coefficients by using equation 19, together with 
equations 20, 4, 30F and 31F; this improved E 2 is 
used as a second approximation in equation 22 to 
determine second approximations for the E, the 
ratios Eo/Ei, and E i/E2, and then for the four D,j. 
This process is repeated systematically until no 
further changes occur, indicating that the best 
values of the Da corresponding to the given data 
have been obtained. To facilitate calculations the 
quantity P, equation 20, has been computed 
for the entire range of values of p which may be 
encountered, and these results are presented in 
Table I.

Equations for the Four Diffusion Coefficients.—
We now derive expressions which readily permit 
calculation of the four 7),j from values for the four 
quantities 7a , S\, E 0/E 2 and E i/E 2. The derivation 
may be facilitated by defining the parameters

l
r (EJEJ  -  1 (23)

(Eo/E2)
(Eo/Ei) +  (Ei/Ei) -  1 (24)

II (25)

Then we obtain from equations 18 and 19
Stm =  — r[(Ri/R,2)Di2 -j- {Rz/R\)An] (26)

and from equations 17-19
(Rl/R2)D\2 — s{Ri/Ri)D2\ (27)

To simplify the next few equations we denote 
certain ratios of the diffusion coefficients by the 
symbols

D 22 

Ql ~ D î (28)

f  Rl\ D 12 

q- ~  \ R i) Du (29)

(  ^21 
q‘  [ R J  Dn (30)

Equation 27 then becomes
q-i = sq3 (31)
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T a b l e  1 “

V a l u e s  o f  P  ( E q u a t i o n  2 0 )  a s  a  F u n c t i o n  o f  p

p
0.00

.01
‘.02
.03
.04
.05
.06
.07
.08
.09
.10
.11
.12
.13
.14
.15
.16
.17
.18
.19
.20
.21
.22
.23
.24
.25
.26
.27
.28
.29
.30
.31
.32
.33

P
0.353553 

.354137 

.354674 

.355164 

.355607 

.356004 

.356354 

.356657 

.356915 

.357125 

.357290 

.357409 

.357483 

.357511 

.357495 

.357434 

.357329 

.357181 

.356990 

.356756 

.356481 

.356165 

.355808 

.355411 

.354974 

.354500 

.353987 

.353438 

.352852 

.352231 

.351575 

.350885 

.350162 

.349406

Diff.

-5 8 4
-5 3 7
-4 9 0
-4 4 3
-3 9 7
-3 5 0
-3 0 3
-2 5 8
-2 1 0
-1 6 5
-1 1 9
-  74
-  28 

16 
61

105
148
191
234
275
316
357
397
437
474
513
549
586
621
656
690
723
756
786

p
0.34

.35

.36

.37

.38

.39

.40

.41

.42

.43

.44

.45

.46

.47

.48

.49

.50

.51

.52

.53

.54
55

.56

.57

.58

.59

.60

.61

.62

.03

.64

.65

.66

.67

p
0.348620 

.347803 

.346956 

.346080 

.345177 

.344246 

.343289 

.342307 

.341300 

.340270 

.339216 

.338141 

.337045 

.335929 

.334793 

.333638 

.332466 

.331277 

.330071 

.328850 

.327615 

.326365 

.325103 

.323828 

.322541 

.321243 

.319935 

.318618 

.317291 

.315956 

.314613 

.313263 

.311907 

.310544

Diff.

817
84"
876
903
931
957
982

1007
1030
1054
1075
1096
1116
1136
1155
1172
1189
1203
1221
1235
1250
1262
1275
1287
1298
1308
1317
1327
1335
1343
1350
1356
1363
1368

p p
0.68 0.309176

.69 .307804

.70 .306427

.71 .305046

.72 .303662

.73 .302275

.74 .300886

.75 .299495

.76 .298102

.77 .296709

.78 .295315

.79 .293921

.80 .292526

.81 .291133

.82 .289740

.83 .288349

.84 .286959

.85 .285571

.86 .284186

.87 .282803

.88 .281422

.89 .280045

.90 .287671

.91 .277301

.92 .275934

.93 .274572

.94 .273214

.95 .271860

.96 .270511

.97 .269167

.98 .267828

.99 .266494
1.00 .265165

Diff

1372
1377
1381
1384
1387
1389 
1391 
1393
1393
1394
1394
1395 
1393 
1393 
1391
1390
1388
1385 
1383 
1381 
1377 
1374 
1370 
1367 
1362 
1358 
1354 
1349 
1344 
1339 
1334 
1329

« It may be seen from equations 30F and 31F that a+ > a_ ; hence we have tabulated values of P  only for the range 0 < 
p < 1. The differences between successive values of P  are included to facilitate interpolation. T o calculate values of P 
near p =  1 equation 20 was written in the series form

< ■ -? > ’ -  & < ■  -  -  i s k  -■■■]•P = JF
128

and by substitution of equation 26 into 61F we 
obtain

1 — ?i +  (1 +  r)?3 +  (r — 1)9: = 0 (32)
Equations 25 ,17F, 20F-23F, 57F, 58F and 64F may 
be combined to give
1 +  u — 91 — (1 +  v.)q-i +  93 =  — u V 91 — 929 3 (33) 

and equations 17F, 20F-23F, 57F and 65F yield 
(l — gi -  92 +  93)8

9s —

1024

«[2  +  u +  (u/r)] (37)
t  11 +  s[l +  (u/r) ] 2}

Combination of equations 31, 32, 33 and 37 leads to

V qi -  q-m =
(1 +  u) i 1 +  s[l +  (u/r)] j +  (u/r) 

1 +  s [l +  (u/r) ]2

A . = (34)
S a 2 ( ? i  — 9 2 9 3 ) (1 +  9i +  2 V 9 i ~929s)

Expressions for the four diffusion coefficients may 
be obtained by solving equations 28-34 as follows. 
By using equations 31 and 32 it is possible to write 
equation 34 in the form

r V ( l  +  sy_________
A .  = (35)

S a! (9i — 9293)1(1 +  V 9 1 — 929s)2 +  s9s2 
From equations 31 and 32 it is found that

9. =  1 +  [r(l +  s) +  (1 -  s)]9s (36)

and from equations 31, 32, 33 and 36 we obtain, 
after some manipulations

(38)

An expression for Dn in terms of the parameters 
r, s and u then is found by substitution of equa
tions 37 and 38 into 35. Corresponding equations 
for the three other diffusion coefficients are ob
tained from equations 28-30 by using this relation 
for Dn and substituting equations 31, 36 and 37. 
The final results of these manipulations are17

(17) Although equations 39-42 (with equations 23-25) permit 
straight-forwarc calculations of the D\j from values of 5  a , / A, Eo/Ei 
and Ei/Et, we also express those equations in terms of another set of 
parameters so that they may be somewhat more convenient for use 
with calculating machines. Thus if we define

u =  /Sa/ I a (25a)
v =  — (Eo/E/ju (25b)

w =  (E i/E2) u (25c)
equations 39-42 may be written in the form
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Dn i[> + '(rib ) c o p ”):]
/.A [l +  î1 +   ̂+  u  t̂V .) ( “) ] ‘A (©)(“)X

[2 +  u  +  ( u / r )}

[ 1 + u +  = +  
r " (r ih )O )]'

(39)

(40)

¿ ( r h ) ( i ) x
_______ [2 +  u  +  (u / r ) ]_______ (41)

D( r b ) i(‘  +  “ +  ”)r + i( s 
U + a)(1 + A 2]

[ 1 +  u +  “ + «  i(l + s)*(“)G
2

(42)
The constants Rx and R2 are coefficients in the equa
tion relating refractive index to the solute concen
trations (equation 45F); they may be determined18 
from the Gouy experiments which are used to 
obtain Q and 3l>a -

Series Expressions for Limiting Cases of Small 
Cross-Term Diffusion Coefficients.— In many cases 
the cross-term diffusion coefficients are expected to 
be quite small in comparison with the main dif
fusion coefficients. Therefore it is of interest to 
derive series equations for the D\\ which are rele
vant to such cases. Three cases may be con
sidered; i.e., Du 0 (but D 21 0), D21 -*■ 0 (but
Dn 7* 0), and both Dn -*■ 0 and Z)21 -*■ 0. The 
desired equations may be obtained by expanding 
equations 39-42 in powers of the appropriate 
parameter which tends to zero in each of these 
limiting cases.

For the case Dn -*■ 0 but Dn remains non-zero 
it is seen from equation 27 that s —► 0. By ex
panding equations 39-42 in powers of s we obtain 
the series

Du = 1 +/a2[1 + « + (u/r)]
2[1 +  (u / r ) ] U 

[1 +  u  +  (u/r)] J
(?)[(*) +

s + 0(s2) |

jDl2 —_  (u / r )[2 +  u  +  {u / r ) ]

( r )  ~ 12 G 2[l +  u +  (u/r)]* 
( R i \  n _  (u/r)[2  +  u +  (u/r)] 
\ R i )  I A*[ 1 +  u  +  (u/r)]*'

2 u(u/r)

si(l +  0(«)J

1 -

1 + .1

Da — s i 1 —

[1 + u + (u/r)] J 
(u/r)

[l +  u +  (u / r ) ]

[2 +  2u +  (u/r)]~I 
[1 +  u +  (u/r)] J

s +  0(s)2) 

2 u  +

s +  0(s2)

D n =  [1 +  »(2 -  u  +  w ) ]/ ( M k *) 
(Ri/RJDn = M2 +  w)]/(\Ik*)
(R i/ R i)D a  = [(w — u  — v)(2 +  w )]/ (A lk *)

D a  =  [(1 +  w )2 -  0(2 +  u +  U))]/(a7a2)
w h e r e

A = (1 +  U) +  u v y

(43)

(44)

(45)

(46)

(39a)
(40a)
(41a)
(42a)

(39b)
(18) I. J. O’Donnell and L. J. Gosting, in "The Structure of Elec

trolytic Solutions”  (W. J. Hamer, ed.), Chapter 11, John Wiley and
Sons, Inc., New York, N. Y ., 1959.

When D2i -*■ 0 but Dn remains non-zero equation 
27 shows that |s| —► » .  For this case we may ex
pand equations 39-42 in powers of 1/s to give

G A P ±  (u/r) -  u(u/r)~| /l\
“ La* r  W L Ü  +  (u7r)]*(f +  u ) J W +

°G0 i (47)
/77A r, _  (u/r) [2 +  u +  (u/r)] ( ,
W J  ”  La*[1 +  (u/r)]* K

J] ®  + *G>)I ««[
1 +  u +  (u/r) — u(u/r)~ 

[1 +  (u /r )](l  +  u)

( I )  ° »  -
(u /r )[2 +  u +  (u/r)] ( l x  , _  „

Lx! tl +  (u/r)]* 1 - M1

Da = 7a2[1 +  (u/r)]*

(49)

1 + 7 ^ x

[1 +  u +  (u/r)] (u/r)
(1 + u )

[1 +  (u/r)] (1 +  u)rl(i) + °G .)l <“ »
Here La =  I  a +  Sa (see equation 59F).

Finally if both Dn -*■ 0 and D2X —»- 0 it is seen 
from equation 26 that \r\ -*■ <*> because in general 
S2m 5̂  0. The series for this case may be obtained
by expanding equations 39-42 in terms of 1/r.

Dn = ¿ 1 !1 (1 + «)(1 + u) (r) + ° C2)( (51)

(S) D\2 =' ^ ( r r - . ) © © » ©
(52)

© (53)

Da p o i (54)

Application
The procedure developed in the theoretical 

section of this article has been used to reanalyze 
• the Gouy diffusiometer data reported by O'Donnell 
and Gosting18 and by Dunlop19 for isothermal free 
diffusion at five compositions of the system NaCl- 
KC1-H20. Quantities relevant to this calculation 
are listed in Table II. First, the mean solute con
centrations considered are given in lines 1 and 2. 
Then in lines 3-6 are shown the required data18'19 
for Rh Ri, I  a and Sa - The area, Q, of the fringe 
deviation graph for each experiment is reported in 
lines 7, 10, 13 and 16. To obtain each of these 
areas a smooth curve was drawn through a large 
graph of the average values of 0 (indicated by 
crosses on the published fringe deviation graphs). 
Values of il which were read from this curve at in
tervals of 0.1 of the reduced fringe number, f(f), 
were then used to calculate the area, Q, by using 
Simpson’s 1/ 3 rule for numerical integration. An 
independent determination of each area was made 
at a later time; each value of Q shown in Table II 
is an average of_the two determinations. To ob
tain E = Q / a/  2Da (equation21), a smoothed value of 
SDa was calculated for each experiment by substitut
ing the values of I  a and Sa, lines 5 and 6, into equa
tion 15 and then using the data for ax reported in 
the original articles1819; those ax were so close to 
0.0, 0.2, 0.8 and 1.0 that these rounded values were 
used for the remainder of the calculations. From

( 1 9 )  P .  J .  D u n l o p ,  T h is  J o u r n a l , 6 3 , 6 1 2  ( 1 9 5 9 ) .
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T a b l e  I I a
D a t a  fo b  R e c a l c u l a t in g  t h e  F o u r  D if fu sio n  C o e f f ic ie n t s  o f  t h e  Sy ste m  N aCl-K Cl-H 20  a t  25°

Ci =  CN»ci; Ct =  Ckci
1 G  (moles/1.) 0.2500 0.5000 0.2500 0.5000 1.5000
2 C2 (moles/1.) 0.2500 0.2500 0.5300 0.5000 1.5000
3 fii X 10* 9.760 9.593 9.584 9.438 8.523

¡4 lit X 10» 9.663 9.488 9.479 9.321 8.367
5 / a 234.43 235.05 233.32 233.83 228.54
6 S a 24.28 23.47 23.29 22.56 15.35
7 Q X 104 (a, =  0.0) -0 .3 6 0.77 -0 .3 5 -0 .2 8 -5 .7 8
8 E  (a, = 0.0) -0 .0 0 8 0.018 -0 .0 0 8 -0 .0 0 7 -0 .1 3 2
9 .Scale. (<*l — 0 .0 ) 0.005 0.012 -0 .0 3 2 0.004 -0 .1 3 0

10 Q X 10* (a, =  0 .2) 7.51 5.42 6.98 6.56 0.50
11 E  (a, =  0.2) 0.180 0.130 0.166 0.156 0.012
12 ■Ecalc. ( a l = 0 .2 ) 0.160 0.138 0.163 0.147 0.016
13 Q X 10* (a, =  0.8) 12.22 9.22 15.96 13.306 14.86
14 E  ( ai =  0.8) 0.310 0.234 0.402 0.335 0.358
15 Ea&c. (on =  0.8) 0.327 0.236 0.383 0.318 0.334
16 Q X 10* (a 1 =  1.0) 11.37 6.89 13.64 10.66 15.67
17 E  (on =  1.0) 0.294 0.178 0.350 0.273 0.382
18 ■Scale. («1 =  1-0) 0.284 0.175 0.366 0.289 0.401
19 Eo/Et 0.0078 0.0200 -0 .0028 0.0074 -0 .5281
20 Ei/Et 1.4518 1.2805 1.6471 1.5315 3.1556
21 Et 0.61840 0.58279 0.56773 0.53595 0.24615
22 r 2.2134 3.5651 1.5454 1.8815 0.46391
23 s -0 .0 1 7 0 -0 .0 6 6 6 0.0043 -0 .0 1 3 7 0.3245
24 u 0.10357 0.09985 0.09982 0.09648 0.06717
25 V -0.00081 -0 .00200 , 0.00028 -0.00071 0.03547
26 w 0.15036 0.12786 0.16441 0.14776 0.21196

° The values shown in lines 19-26 (and perhaps those for Q) should probably be rounded off by one or more figures; how
ever the extra figures were retained to minimize accumulation of errors during computation. 6 Average value for experi
ments 10 and 11.

the Q and 23a obtained in this way were calculated 
the values of E  given in lines 8, 11, 14 and 17.

For each composition the quantities Ea/Ei, 
E1/E2 and E2, together with the A j ,  were computed 
by a procedure of successive approximations as 
described in connection with equation 22. To 
start these calculations a first approximation for 
E2 was obtained (see equation 21) from the slope of 
a graph of (E — Eg)/a 1 versus cm; for this graph 
the value of E  from the experiment with cn = 0 
was used for Eo■ Then from the values of £  
versus ax the ratios Eo/Et and E1/E2 were deter
mined, both in this and in subsequent approxi
mations, by the method of least squares. Con
vergence of the calculations (within 0.0001 X 10 ~5 
in all A j )  was obtained with the third or fourth 
approximation. Final values for E0/E2, E 1/E2 and 
Ei are shown in lines 19-21 of Table II. Equations 
39aHt2a containing the parameters u, v and w 
were used in making the required successive ap
proximations; identical results could be obtained 
by using equations 39-42 containing the other set 
of parameters, r, s and u. Final values of both 
sets of these quantities are reported in lines 22-26. 
It will be noted that of these five parameters only 
u (= S a/Ia) is obtained directly without successive 
approximations.

The values of A j obtained by this new procedure 
are presented in lines 3, 4, 5 and 6 of Table III. 
A subscript V is affixed to the A j to emphasize 
that these diffusion coefficients are for the vol
ume-fixed frame of reference. Beneath each new 
value of ( A j )  v in Table III is shown in parentheses 
the value 1M9 which had been obtained from the

23a and i2 (v2 ) by a previous method of calcula
tion.4 It is seen that for two compositions some of 
the new values of ( A j ) v  differ from the previous 
values by approximately 0.01 X  10-6.

To check the calculations, and to investigate the 
self-consistency of the areas, Q, for experiments 
at each composition, values of E  were computed 
from the values of (Aj)v reported in lines 3, 4, 5 
and 6 of Table III. Equations 17-21 were used 
for these calculations and the resulting values, 
Ecaic.j are reported in lines 9,12, 15 and 18 of Table 
II for comparison with the original values of E =
Q /V 23L

Tests of the Onsager Reciprocal Relation
Here we show the effect of using the new values 

of ( A j )  v reported in Table III on tests of the On
sager reciprocal relation for isothermal diffusion 
in this ternary system. These tests differ from 
those reported previously from this laboratory only 
in the values used for the ( A j ) v ;  the data used 
here for activity coefficients and for partial molal 
volumes are the same as given before.19-21 To 
avoid repetition, we refer directly to the required 
data and equations in the articles by Dunlop and 
Gosting20 and by Dunlop19 by adding the letters 
DG or D, respectively, to the numbers of equations 
and of tables in those papers.

First the new values of (AD v were converted to 
( A j ) o ,  the corresponding diffusion coefficients for 
the solvent-fixed frame of reference, by using equa-

(20) P. J. Dunlop and L. J. Gosting, ibid., 63, 86 (1959).
(21) Values fcr the chemical potential derivatives in ref. 19 were 

corrected as indicated in footnote 6 of Table III.
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T a b l e  I I I “
D if fu sio n  C o e f f ic ie n t s  f o r  t h e  S ystem  N aCl-K Cl-H 20  a t  25° an d  T ests  o f  t h e  O n sa g e r  R e c ip r o c a l  R e la tio n

M a d e  w it h  T h ese  V a l u e s ; C i -  CNaCi; C2 =  C kci

1 Ci (moles/1.) 0.25 0.5 0.25 0 .5 1.5
2 C2 (moles/1.) 0.25 0.25 0 .5 0 .5 1.5
3 (A i)v  X  10s 1.3729 1.4176 1.3555 1.3865 1.3971
3a (1.3723) (1.4142) (1.3431) (1.3893)- (1.3908)
4 ( A , ) v X 10* -O.OO24 -O.OO60 0.0008 - 0.0021 0.1000
4a (-0 .0 0 5 3 ) ( - 0 .0116) ( - 0  OOlo) (-O .O IO 2) (0.1015)
5 (A i)v  X  105 0.1422 0.0919 0.1907 0.157o 0.3198
5a (0.142g) (0.0959) (0.2053) (0.1536) (0.3269)
6 (A 0 v  X 105 1.8224 1.8170 1.8360 1.8314 1.8021
6a (18258) (1.8235) (1 .838i) (1.8407) ( I . 8OO4)
7 (Du)o X  105 1.380 1.433 1.364 1.403 1.464
8 ( A .)0 X 105 0.011 0.021 0.015 0.026 0.199
9 ( A .)0 X  IO* 0.150 0.099 0.207 0.173 0.387

10 ( A 0 0 x  105 1.836 1.831 1.863 1.859 1.901
11 ( A )0 X  RT  X 10» -0 .7 5 0 -1 .0 3 0 -0 .9 9 2 -1 .5 1 5 - 3 .9 7
11a ( -0 .7 5 5 ) ( -1 .0 4 0 ) ( -0 .9 8 9 ) ( -1 .5 4 8 ) ( — 3 .93)6
12 (L2,)„ X RT  X 10» -0 .7 2 9 -1 .0 1 7 -0 .9 7 3 -1 .4 5 2 — 3.71
12a ( -0 .7 2 9 ) ( -1 .0 0 6 ) ( -0 .9 4 6 ) ( -1 .4 7 4 ) ( — 3 .63)6
13 % A e x p . - 2 . 8 - 1 . 3 - 1 . 9 - 4 . 2 — 6.8
13a ( - 3 . 5 ) ( - 3 . 3 ) ( - 4 . 4 ) ( - 4 . 9 ) ( —7.9)6

“ All diffusion coefficients are expressed in c.g.s. units; values of the cross-term diffusion coefficients correspond to concen
trations expressed as moles of solute per unit volume of solution. All numbers in parentheses in this table are values reported 
in previous articles (refs. 18, 19 and 20); they are included to facilitate comparison of those results with the new values im
mediately above them which result from using the new calculation procedure described in this article. An extra figure 
was retained in each value of (D¡j)v to facilitate comparisons and because it is desirable if the (A j)v  are used to compute 
values of for comparison with the measured values. Probably the third figure after the decimal should be made a sub
script throughout lines 3-12a inclusive. 5 We are indebted to Dr. Peter J. Dunlop (private communication) for these 
corrected values of the required data from ref. 19 (see list of corrections in the December, 1959, issue of T h is  J o u r n a l ).

tion 2DG; the results are shown in lines 7-10 
of Table III. In these calculations data from 
Tables I-DG and III-D  were used for the partial 
molal volumes, Vi, and the solvent molarities, Co. 
Then the values of (Aj)o and the derivatives of 
solute chemical potentials with respect to solute 
molarities (the « j  given in Tables II-DG and21 
IV-D) were substituted into equations le-DG, 
lf-DG and lh-DG to evaluate the Onsager co
efficients (Zo2)0 and (L*0o for the solvent-fixed 
frame of reference. These two coefficients should 
be equal if Onsager’s reciprocal relation is satisfied. 
The values thus obtained for these coefficients are 
shown in lines 11 and 12 of Table III; the per
centage differences between them, %Aexp., defined 
by equation 21a-DG, are given in line 13. Pre
vious values19-20 for these coefficients and for the 
observed percentage differences are given in lines 
11a, 12a and 13a for comparison. Because the new 
values of (¿12)0 and ( L 2i)o for each composition 
are in better agreement than those reported pre
viously, the new values of (A j)v  reported in this 
article seem to provide an improved test of the 
Onsager reciprocal relation for this system.
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Appendix
Equations 6 and 8, which are basic to the develop

ments for ternary systems in this paper, will now 
be derived from the general theory of the Gouy

method which was presented previously15; equa
tion numbers in that article will be indicated by 
adding the letter G.

The interference condition for zeros of intensity 
in a Gouy fringe pattern arising from any sym
metrical refractive index gradient curve is ob
tained by setting the intensity, 7(F), equal to 
zero in equation 46G. By substituting equations 
42G and 35G, changing the notation for the phase 
difference function defined by equation 4G from 
<t>(.r) to <f>(x) (to avoid a conflict in notation), and 
expanding arctan(F2/IF2) in powers of Wi/ Vo 
we obtain

+ i - i ( £ ) +3A  ( £ ) ■ - . . . ]
O' =  0 , 1, 2, . . . )  (A -u

Here j  is the number of the particular zero of in
tensity considered (j =  0 for the intensity zero 
which is farthest from the undeviated slit image). 
The required condition for maxima, <t>(x2), in the 
phase function <j>{x) is obtained by setting the 
derivative of equation 4G with respect to x equal 
to zero.

Y =  ab( dn./dx) (A-2)
For use later we note (equation 9G) that the 
maximum displacement of light predicted by 
ray optics is

C\ =  a6(dn/di)n,ai (A-3)

Substitution of equation A-2 into equation 4G 
after changing the symbol nm to nz gives

=  (2ira/X)[(ra — n-c) — x(dn/dx)] (A-4)

The origin of x is taken at the position of the maxi
mum refractive index gradient, where n =  n̂ ,
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(=  nc). Equations 4G and A-4 are applicable 
to experiments for which the cell dimension, a, 
and the displacements, Yh of all Gouy fringes from 
the undeviated slit image are small compared to 
the optical lever arm, b. Introduction of equation 
A-4 for <t>(x2) into equation A -l gives the required 
interference condition for any refractive index 
distribution which is an odd function of x.

To obtain the interference condition for iso
thermal free diffusion in ternary systems, we first 
replace a/X in equation A-4 by J/An (equation 8G), 
where J is used now to denote the total number of 
fringes and An is the refractive index difference 
between the solutions across the initially sharp 
boundary. Next we observe that the refractive 
index distribution required for equation A-4 is 
given by equation 49F provided that the concen
tration increments, Aci and Ac2, (equation 8F) are 
sufficiently small. By recalling that y — x/(2y/t), 
equation 9F, equations A-l and A-4 may then be 
combined to give the required interference condi
tion in the form
r +f (\ /<r+ Vi) +  r _ f ( V <r_ Vi) =

=  f(fi) “  j  (A-5)
O' -  0,1,2, . . . )

where the function f(fj) is defined by equation 7. 
The asymptotic series [j +  3/t — . . .] may be 
expressed in terms of derivatives, <j>m(x2), of the 
phase function by using equations 40G and 41G. 
This procedure would be required to obtain the 
maximum accuracy of equation A-5. In most 
experiments J is sufficiently large that negligible 
errors are introduced if this series is approximated 
by the values Z\ (Table I of ref. 22); these numbers, 
which are independent of J, were obtained by fitting' 
the phase difference function at x =  0 and at its 
maximum with a cubic of the form gx +  hx3. 
Equation A-5 defines23 the variable f, correspond-

(22) L. J. Gosting and M. S. Morris, J. Am. Chem. Soc., 71, 1998 
(1949).

(23) Equation 8 of ref. 6.

mg to the jth. zero of intensity; y, is the reduced 
cell coordinate corresponding to this intensity zero.

The relative displacement from the undeviated 
slit image of Gouy fringe j  for a ternary system is 
obtained by division of equation A-2 by A-3 and 
substitution of equation 49F
Yj = r+\/g> <e'(v T7 yj) +  r -v V .  3>'(V<r_ y,)
Ct (2 /v r*)(r+vV+. +  r_\/<7-_)

(A-6)

where
* 'W  =  (2 / V * )e ~ r  (A-7)

The validity of equations A-5 and A-6 for ternary 
systems is not restricted to any special values of the 
diffusion coefficients or of T+ and r_ . However, 
it is assumed that Aci and Ac2 are sufficiently small 
that over the range of concentration encountered 
in the cell we may consider the diffusion coefficients 
to be constant, the refractive index to be a linear 
function of the solute concentrations, and the par
tial specific volumes to be constant; furthermore it 
is assumed that extreme values of 1+ and T_ are 
avoided so that there are no unstable density gra
dients, and hence no convection, in the diffusing 
boundary.

Finally, as before,24 the reduced Gouy fringe 
deviation, i2j, corresponding to fringe j  is defined by

a, =  e - fP  -  ( Y,/Ct) (A-8)

Equation 8 is obtained readily by substitution of 
equation A-6 in A-8 as indicated in the theoretical 
section. It is seen that equation 8 is not restricted 
in its validity to a limited range of cr_/<r+ as was 
equation 72F. In practice Ct for each photo
graph is obtained as the intercept at Z\ =  0 of a 
plot of F j/e_ri’ versus Z\!\ This extrapolation 
(which should become linear as Zj —► 0) is believed 
to be of general validity for obtaining C%. How
ever it has been proved only for systems with fairly 
small values of T+ or T_, or with o-/o+  near unity, 
for which series expressions for the fringe devia
tions have been obtained.26

(24) See equation 9 of ref. 6 or equation 38 of ref. 10.
(25) See footnote 16 of ref. 4 and equations 28-31 of ref. 6.
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A NEW REFRACTIVE INDEX GRADIENT RECORDING INTERFEROMETER 
SUITABLE FOR STUDYING DIFFUSION, ELECTROPHORESIS AND

SEDIMENTATION
By Olof Bryngdahl and Stig Ljunggren

Institute of Optical Research and the Department of Physical Chemistry, Royal Institute of Technology, Stockholm 70, Sweden
Received February 23, 1960

A new simple and versatile interferometer has been developed in which the interference fringes produce a direct plot of 
the refractive index gradient. The fringe system appears within a sharp image of the cell, each fringe representing the re
fractive index gradient curve for that part of the cell through which the fringe passes. The distance between the fringes 
can be varied by varying the parameters of the arrangement. The theory of the optical method is given in detail together 
with an estimate of possible errors. The records of some diffusion experiments are reproduced.

Introduction
There are now a great many methods available 

for the registration of the concentration of levelled 
solutions. The preference for any one of these 
methods often is dictated by habit or other casual 
circumstances. Since the primary amount of in
formation is unchanged, the methods differ mainly 
in respect to the form in which the information is 
conveyed to the observer. This is, indeed, an 
important item, since the precision of a method is 
largely determined by the errors introduced in the 
evaluation of the interferograms. Also, in many 
instances, it is desirable that the methods should 
not presuppose any knowledge about the mathe
matical form of the concentration distribution. 
If, however, such information is available, it may, 
of course, be utilized to increase the precision of 
measurement of a particular property, for example, 
the diffusion coefficient.1 As a property suitable 
for direct registration, the authors have chosen the 
refractive index gradient, since there seems to 
exist a need for such methods, for example in 
sedimentation and electrophoresis. Such a method 
might also be suitable for diffusion measurements. 
Although there already exist a few such methods, 
it seems that an alternative method would fill a 
need.

There are a few other desirable features which 
the authors think should be included. First, the 
method should give a sharp image of the cell on 
the photographic plate. This permits impurities 
and other imperfections in the cell to be kept under 
control and allows an accurate determination 
of the scale factor. Secondly, the method should 
be simple, easy to adjust and insensitive to me
chanical vibrations. Finally, as has been pointed out 
elsewhere,2 the interferences should be produced 
between rays with only a few -wave length dif
ferences.

By a suitable combination of birefringent Savart 
plates, it has proved possible to produce a deriva
tive-recording direct-imaging interferometer which 
combines all the features mentioned above. Since 
it is very easy to set up and to adjust, it seems that 
it could be recommended also for those who have 
no previous experience in this field.

I. The Optical Method.— The general outline of 
the method is illustrated by Fig. 1. The entrance 
slit is illuminated with monochromatic light from a

(1) O. Bryngdahl, Acta Chem. Scand., 11, 1017 (1957).
(2) E. Ingelstam, Arkiv Fysik, 9, 197 (1955).

conventional source. From the slit via the cell 
to the lens L2, inclusively, the arrangement is the 
one common to most kinds of interferometers and 
does not require a separate description. The rest 
of the arrangement from the polarizer to the image 
plane 2, inclusively, is essentially new and its 
theory will be the subject of a following section.

The lens L2 produces an image of the cell on the 
image plane 1. This plane is then, in turn, imaged 
on the image plane 2 which means that a sharp 
image of the cell is obtained together with the 
interference fringes. The core of the method is 
formed by the two Savart birefringent plates Si 
and S2 together with the polarizers Pi and P2. 
The method works with interference with polarized 
light. The exact orientation of Si and S2 will be 
made clear in what follows.

Figure 2 shows how the Savart plate works in 
parallel light. A plane-polarized wave front enter
ing the plate is split up into two coherent com
ponent wave-fronts with oscillation planes de
scribed by the unit vectors ? and y, respectively, 
and displaced vertically a distance b with respect 
to one another and horizontally a d stance b/ 2  

both in the same direction (cf. Fig. 2). The 
amplitudes of the two component wave-fronts are 
determined by the polarization direction of the 
incident wave-front according to the rules of ordi
nary vector decomposition. For example, if the 
incident wave-front is polarized in such a way 
that the oscillation plane bisects the two principal 
planes of the crystal sub-plates (i.e., x- or in
direction in Fig. 2), then the component wavefronts 
will be equally strong. In a previous work1 it is 
shown how a precision interferometer suitable for 
diffusion studies can be built, using only one Savart 
plate.

If, on the other hand, the Savart plate is placed 
in convergent light, an entering wave-front will 
be split up into two wave fronts with polarization 
directions perpendicular to one another (in the 
directions | and y, respectively) and making a 
small angle with one another, Fig. 3. The optical 
path difference, A, between the two emerging 
component wave-fronts in the image plane depends 
on the y-coordinate via the corresponding incident 
angle i and on the thickness of the Savart plate. 
For further details we refer to the general treatment 
in ref. 3,4 and 5.

(3) O. Bryngdahl, Technical Report No. TR 16.4.1957, Institute of 
Optical Research, Royal Institute of Technology, Stockholm 70.
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A =  6 sin i cos ( 1 ----------- — - ■ ■ - sin i sin \L I (1)
V n . V W  +  n,1 J

where i  is the angle between the crystal-surface 
normal and the entering ray, its azimuthal angle 
and n0 and ne the principal refractive indices.

The first Savart plate, Si, introduces a vertical 
displacement between the two wave-fronts polarized 
in the f-  and »¡-directions. The second crystal 
plate, S2, in convergent light, is turned through 
90° with respect to Si, which is irrelevant in this 
connection. The wave-fronts entering S2 are oscil
lating in the £- and »¡-directions and are equally 
strong owing to the setting of the polarizer Pi. 
The principal planes of S2 also he in the f- and 
»¡-directions and thus each entering wave-front 
emerges without intensity reduction, polarized 
in the same direction as before S2. The second 
Savart plate only introduces a small angle between 
the wave-fronts coming from Si.

The interference fringes become visible in the 
image plane 2 by means of the analyzer P2. P2 
ordinarily is used perpendicularly to Pi and the re
sulting wave-fronts interfere destructively and 
constructively according as the path difference 
between the two wave-fronts is an integral number 
of wave lengths or a half-integral number of wave 
lengths, respectively. The interferogram gives 
us directly the derivative curve as will be clear 
from the theoretical section.

II. Apparatus
1. The Lens System.— The lens system is shown sche

matically in Fig. 1. E is a horizontal slit illuminated by 
monochromatic light. It is located in the focal plane of the 
first lens in the system Li, so that parallel fight traverses the 
cell. The system L, is composed of two equal achromatic 
lenses corrected for spherical aberration, each having a 
focal length of 100 cm. By means of the lens L2, f  =  12 
cm., an image of the cell plane is obtained in the image 
plane 1. A strict collimation, necessary in the wave-fronts 
traversing the crystal plate, is accomplished by the adjust
ment of U- An optical reduction is introduced by Lj in 
order to keep down the dimensions of the Savart plates. 
By means of the lens Lj, an ordinary microscope objective 
with a magnification factor =  5, the image plane 1 is trans
formed to the image plane 2.

2. The Savart Plates.—The first crystal plate, Si, which 
is traversed by strictly parallel fight, introduces a displace- 4 5

(4) M . Born, “ Optik,”  Springer Verlag, Berlin, 1933, p. 253.
(5) M . Francon, J. Opt. Soc. Amer., 47, 528 (1957).

ment between the wave-fronts in the x-direction equal to 
hi. If the Savart plate is adjusted so as to be perpendicular 
to the optical axis, so that no phase shift is introduced be
tween the two wave-fronts, then b is determined by the 
equation T“

where e is the thickness of each part of the double plate and 
tie and n0 áre the principal refractive indices. The quartz 
plates (Si and S2), which are used in our experimental ar
rangement, have e =  10 mm. and b — 84.2 ¿x.

The Savart plates were purchased from Bernhard 
Halle Nachfolger, Hubertusstrasse 11, Berfin-Stegfitz.

3. The Monochromator.— The horizontal entrance slit 
is illuminated by a 100 w. fine-capillary, low pressure 
mercury lamp with a filter that only transmits the green 
Hg line (5461 A .). The width of the entrance slit is care
fully adjusted as a compromise between fight intensity and 
coherence. In our apparatus, the width of the entrance 
slit is 75 n-

4. The Camera and Photography.— In the experiments 
with liquid gradients, where a quick registration of the 
beginning of the run is desired (an exposure every tenth 
second), a Robot camera which automatically feeds the 
film was used. For all photographic recordings, Ilford HPS 
film was used with Ilford Microphen fine grain developer. 
HPS film was used to attain a minimum exposure time 
(about 2 sec.).

5. Support.—All of the optical components were mounted 
on a 3 m. steel beam resting on sheets of sponge rubber on 
concrete tubes standing on the floor. In this way, vibra
tions from the floor were effectively damped out.

ID. Theory.— In the light entering the cell, we 
may fasten our attention exclusively on the hori
zontal oscillation component. This is possible, 
since we later on introduce a polarizer Pi in the 
light path. The oscillation plane of the polarizer 
can be set horizontally or vertically as desired. 
In this way, the two sheared wave fronts (£ and 
»¡) will have the same amplitude after the Savart 
plate Si. We can therefore describe the horizontal 
component of the wave entering the cell by a 
transversal electric field strength amplitude vector 
referred to the base system of vectors £ and i¡ 
and to the cell plane

u  =  ( í  +  v) exp(»'i:z) (3)

where k =  2 »r/X and A is the scalar amplitude. 
If, now, we denote the refractive index of the solu
tion in the cell by n(x) and the cell thickness by a,
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Fig. 2.— The Savart plate: the splitting-up of an enter
ing raj- into two rays is shown. The arrows at the rays 
indicate polarization directions.

Fig. 3.— (Left) the refractive index as a function of x for 
the concentration gradient. A doubling of the wave front 
results from the first Savart plate. (Middle) introduction 
of a small angle between the wave-fronts due to the second 
Savart plate. (Right) the appearance of destructive inter
ference in the image plane.

then the optical path of a ray passing through the 
cell will be

W (x) =  on(x) (4)
independent of y. The amplitude vector of the 
light leaving the cell referred to the cell plane will 
therefore be

U =  ( {  +  , )  ^  exp \ik[W(x) +  Zo]) (5)

where Za is an arbitrary reference plane in front 
of the cell. Equation 5 is true apart from certain 
very small corrections, the theory of which has 
been studied by Svensson.6-8 Among these cor
rections, we note, for example, the Wiener skewness 
which can be eliminated by focusing on a plane 
one third of the cell width from the front surface of 
the cell. These corrections are as a rule very 
small and usually are neglected.

Next, the light passes through the last lens of 
the system Li and L2, the purpose of which is to 
effect a scale reduction. Denoting the reduction 
factor by r, we have to introduce a new function 

w(rx) =  W (x) (6)
and can then write down the amplitude vector of 
the wave entering the first Savart plate Si in the 
following way as referred to the first image plane

u  =  (? T ’O - ^ e x p  Uk[w(x) + z d )  (7)r y z
New constants zh z2, Zs, . . ., are introduced after 
each transformation. In passing the Savart plate,

(6) H. Svensson, Optica Acta, 1, 25 (1954).
(7) H. Svensson, ibid., 3, 164 (1956).
(8) R Forsberg and H. Svensson, ibid.. 2, 90 (1954).

the component of U in the direction £ is displaced 
downward and laterally by an amount 6i/2, whereas 
the component in the direction 7/ is displaced up
ward and laterally to the same side by the same 
amount. The refractive index being a function 
of x, the sideways displacement is of no concern. 
After Si we have therefore the following amplitude 
vector, also referred to the first image plane

U =  £ exp \ik[w(x +  b,/2) +  z2 +  x /2] I +  
rs/  Z

+  i) - ^ =  exp ( ik[w(x -  bi/2) +  z2 -  x /2] 1 (8)

where we have introduced the quantity x> the 
path difference between the wave-fronts, related 
to a possible tilting angle of the Savart plate.

If we wish to refer instead to the second image 
plane, we have to introduce the magnification 
factor m and a new function

V(mx) =  w(x) (9)
Referred to this plane, the light entering the 
second Savart plate S2 is described by the vector

U = i  -Z L =  exp m v (x  +  mb,/2) +  z3 +  x /2] ) +  
rm V  2

+  v A  ,0- exp \ik[V(x -  mbi/2) +  z, -  x /2] ] (10)
rm\r Z

On passing the second Savart plate, there is in
troduced firstly a vertical displacement, which is 
of no concern, and secondly an optical path dis
placement of different sign for the polarization 
directions £ and 7) and of magnitude

A/2 =  | bt sin i cos ^(1 — c sin i sin <k) (11)

where i is the angle between the surface normal and 
the entering ray, ^ its azimuthal and

If we now introduce the coordinates in the image 
plane (denoting by h the distance between the 
focal plane of L3 and the final image plane 2) 

x =  h tg t sin 
y =  h tg i  cos

we can rewrite (11) in the following way

A =  621 cos i ^1 — c | cos (13)

The expression for the emergent wave, referred 
to the second image plane, then can be written 
as
U =  f  — -  exp \ik[V(x +  mbi/2) +  A /2 +  

rm V2

Zi +  x '/2 ] ] +  <7 A exp \ik{V{x -  mbJ2) -  
rm V  2

A/2 +  Z4 — x '/2 ] ] (14)
where, for simplicity, we have neglected explicitly 
to write out the obvious transition x —► x +  62/2  
resulting from the vertical displacement. After 
passing the second polarizer, we can write the 
resulting amplitude as

U =  U (£ +  , ) /V 2  =  ~  [exp \ik[V(x +  inb,/2) +

A /2 +  Zi +  x '/2 ] I +  exp \ik\V{x -  mb,/2) —
A / 2 + z 6 -  x '/2 ]| ] (15)
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Using the Lagrange mean value theorem we have 
F(x +  mbi/2) — F (x — mbi/2) =  mbiV'(x —

mbi/2 +  ffmbi)

where 0 <  6  <  1 which also can be written
V{x +  mbi/2) — F (x  — mbi/2) — mbiV'{x +  0im6i/2)

where, now, — 1 <  di <  1. We therefore can 
write

U =  exp |ik[V (x -  mbi/2) -  A/2 +  zs -  x'/211 X

[[exp \ik[V'{x +  6imbi/2)mbi +  A +  x ' l ) +  1] (16)
where — 1 <  6 i <  1. Hence, the image intensity 
becomes
I  =  U7|2 =  (A/2rm)2 |exp [ik[mbiV'{x +  6imbJ2) +

A + x ' ] ! + l l 2 (17)
If we denote

<P =  k[mbxV '(x  +  Biinbi/2) +  A +  x'l (18)
we obtain the illustration of the intensity function 
given in Fig. 4. We have

I  =  (A/2rmY +  1|2 =  (A/rrn)2 cos2 ~ (19)

Before introducing the expression for (13), we 
rewrite it, utilizing the fact that

cos i =  l — 02i2/ 2

_ hbi _ —W'jx/mr) +  (y/ifc — x ')r /t j 
y b# 1 — cx/h

_  a hbi1 W "(x/m r +  0ifl,A/2r)
1 2b2r2 ' 1 -  cx/h

( - 1  < 0! < 1; 0 < 0, < 1)
dhbi —n’(x/mr) + (<p/k — x'Y/abi

+  y-0(i*) '4231

y = rbì 1 — cx/h
_  ahb/ n"{,x/mr 4- 6i6-ibl/2r) 

1 2r26s 1 — cx/h +  y-0(i*) (24)

where 0 <  02 <  1 and tg i =  (x2 +  y 2y /,/h. Thus

A -  6, j ( l  -  8ii*/2) | l — c | (1 — 02*72 ) | =

=  6, | ( l  -  c f j  -  (b,y/h)0{i2) (20)

The expression for 0  then becomes 
¡p/k — mbiV'(x +  0i*re&i/2) +

‘ ■ f ( 1 - ' i ) - T !o ( i '> +  *' <21>
Destructive interference is obtained for <p =  
2 mr, (n =  0, 1, 2, . . .) with crossed polarizers. 
The equations of the curves of constant intensity 
(constant <p) can thus be written

_  hmbi — V '{x) +  ( v/k — x')MU _
^ 6 2  1 — cx/h

BihmAbi2 V " (x  +  d,83mbi/2) , _ n , /onx 
262------------ — + y0 {l ) (22)

where —1 < 0 i <  1 , O < 0 3 <  1- By suitable 
dimensioning, the denominator easily can be 
made to deviate by less than 1% from unity. 
However, the deviation is a systematic one de
pending on x and, in accurate measurements, the 
height of the curve at a certain value of x is always 
measured with reference to the fringe distance at 
that point, a procedure which takes account of the 
variation of the denominator. Thus, from (22) 
it is seen that increasing <p by 2 r, which means 
passing from one dark fringe to the next, changes 
y by the same amount as a change in V'(x) amount
ing to X/mbi. Now

F(x) =  w{x/m) =  W{x/mr)

whence

F '(x ) =  ~  W'(x/mr); =  F " (x )  =  W "(x/m r)

On introduction of this expression in (22), we obtain 
our final equation

or

y «  A n '[X/_ mTc )x /^ B =  An'{x/mr) +  B  +  0(x/h) (25) 

where

Another convenient and more exact expression 
reads

1/(1 -  cx/h) =  C ~  +  B +  yO(i2) (26)

where C =  — ah/b2 and Ax' =  bx/r. x' =  x/mr 
is the height coordinate in the cell whereas x still 
refers to the image plane 2.

IV. Applicability and Results.—As was pointed 
out above, the method described is particularly 
recommendabie in all cases where the form of the 
refractive index gradient curve is not known in 
advance. In the cases of electrophoresis and ultra
centrifugation, a direct record of the refractive 
index gradient curve is often the kind of information 
that is wanted and, in such cases, this new method 
would mean a saving of time. Also in diffusion, 
it is very often desirable to obtain a check on the 
curve form.9 The records reproduced in this paper 
refer to diffusion experiments.

Figure 5 shows a record obtained with a glass 
plate of varying thickness. The form of the cor
responding optical path gradient appears in good 
detail although the peak value of the gradient 
amounts to no more than 0.58 wave length (of 
the light used) per mm., which should give an 
indication of the sensitivity of the method.

Figure 6 shows a record of an ordinary free dif
fusion experiment, started by levelling pure water 
above a 0.5% solution of NaCl. The record was

(9 ) F o r  t h e  s t u d y  o f b o u n d a r y - f o r m a t i o n  i n  d i f f u s i o n , p r e v i o u s l y  
u n d e r t a k e n ,10 t h e  n e w  m e t h o d  s e e m s  p a r t i c u l a r l y  c o n v e n i e n t .

( 1 0 )  O .  B r y n g d a h l , A c t a  C h e m . S c a n d . ,  1 2 ,  6 8 4  ( 1 9 5 8 ) .
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Fig. 5.— Record of glass gradient.

taken 1 hour after the levelling. The initial con
dition is illustrated in Fig. 7a. The total refractive 
index increment corresponds to an optical path 
difference of 100 wave lengths. The ideal curve 
is in this case of the Gaussian type, and the ideality 
of a diffusion experiment can be checked by com
parison of the experimental curve with the ideal 
one. For the evaluation of the diffusion coefficient, 
any of the methods proposed by Lamm in connec
tion with the scale method can be used.11

To demonstrate the capability of the method, 
some experiments with bottom layer diffusion were 
performed. In this type of diffusion,12 the experi
ment is started by injecting a thin layer of rather 
concentrated solution at the bottom of the cell 
by means of a syringe. The initial condition is 
shown schematically in Fig. 7b. With this type 
of initial condition, the gradient curves are asym
metrical and, for a monodisperse substance, can 
be described as the derivative of a Gaussian curve. 
Figures 8 and 9 are records of this type. Figure 8 
is a record of an experiment where 0.5 ml. of 3% 
NaCl has been levelled below pure water whereas 
in the experiment recorded in Fig. 9 the 3% 
NaCl solution has been replaced by a solution of 
2.9% NaCl and 0.1% Macrodex (a commercial

(11) 0 . Lamm, i f  ova Acta Regia« Soc. Set. UpsaUcnsi«,  10, No. 6
(1937).

(12) S. Ljunggren and 0 . Lamm, Acta Chem. Scand., 11, 340 (1S57).

Fig. 6.— Record of ordinary diffusion experiment with 3%  
NaCl in water.

dextran solution purchased from the Pharmacia 
AB, Uppsala, Sweden). There are two peaks in 
the curve, one resulting from the sodium chloride 
and one from the dextran. The records were taken 
2 and 3 hours after the levelling, respectively.

It may be of interest to give some figures on the 
sensitivity of the method in concentration units. 
If we have chosen bi/r =  1 mm. which is a rather 
normal value and a cell width of 5 cm., we find that 
a gradient in KC1 dissolved in water of 10-2 M / 
cm. gives a deviation (¡¡/-value) equal to the fringe 
distance. In the Lamm scale method,11 for ex
ample, the same gradient and cell, with a scale 
distance of 20 cm., would give a scale line dis
placement of 100 ju.

V. Discussion.—As appears from the theoretical 
section above, the method is basically a difference 
quotient registering method. To be precise, how
ever, the difference quotient is not plotted in the 
Cartesian coordinate system, x, y, of the plate but 
in the curvilinear coordinate system x, u, where 
u — y( 1 — cx/h). Actually, the curves u =  const, 
form one branch of a bundle of like-sided hyper
bolas4 but the distance from their origin is so large 
that the deviation from a Cartesian coordinate 
system is not disturbing, especially as the term 
cx/h can be made negligibly small by proper di
mensioning of the system. Since the interfero- 
gram consists of a large number of curves at a
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Fig. 7b.— Initial condition of bottom layer diffusion.

mutual distance corresponding to one wave 
length difference, the deviation from linearity is 
automatically compensated for and the height 
of the curves is automatically obtained in the cor
responding number of wave length differences 
without the introduction of scale factors if the 
height at each value of x is given in terms of the 
fringe displacement at that level.

It is apparent from the theory given above that 
there are two main sources of systematic error. 
One is the term in eq. 24

9lahb12n” (x'0l93b1/2r)/r2b2(l — cx/h) 
which is the difference between the difference quo
tient An/Ax' actually registered by the method 
and the corresponding differential quotient dn/dx' 
which one wishes to obtain. The magnitude of 
this error can be reduced at will by making Ax' 
= b-Jr sufficiently small. In ordinary circumstances 
it is quite negligible. There are, however, cases—■ 
for example in electrophoresis—where the gradient 
may reach very high values and where the second 
derivative becomes correspondingly high. On the 
other hand, An/Ax' can never exceed the value 
(An) max /0 >iJr).

If one wishes the corresponding fringe deviation 
not to exceed the width of the cell image in the y- 
direction, the dimensioning of the system will cause 
no trouble. Mathematically, this condition would 
be

Fig. 8.— Record of bottom layer diffusion experiment with 
3%  NaCl injected below pure water.

d >  ahi&^mnx/mbibi

where d is the width of the cell in the y-direction. 
One further property of the interferograms calls 
for some comment. If we integrate our curves 
from x' — a to x' =  0 , we obtain

f  (An/Ax') dx' =  f  [n(x' +  bl/2r) —
J  a. J  oc

n ( x '  -  6 , /2 r ) ]  ~ d x ' =  
O,

>*ß +  6 i/2r r ß - b , / 2 r  ,
, ( r / b i ) n ( x  ) d x ' - 1 . n ( x  ) d ;r '  =a +  6 i/2r ,J  a  — bi/2r

^ ß  +  bi/2r „  v / • a + b i/ 2 r  ,
»  ̂ /o ( Tf b i } n ( x  )  d x  -
ß  — bi/2r  «1 i / o  ( r / &i ) n ( x ) d x  =  

J  a — b\/2r

n(ß +  72&i/2r) — n(a  +  -yi&i/2r) (27)
where —1 <  71,72 <  +1 . Thus, even if the gra
dient is very high at some point in the interval 
(a,/3), an almost correct value for n(j3) — n(a) 
is obtained by integration of the curves, provided 
only that the gradient n'(x') has a moderate value
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Fig. 9.— Record of bottom layer diffusion experiment with 
2.9% NaCl and 0.1% dextran.

at the end-points of the integration interval. A 
rather trivial difficulty common to all interferom
eters, which may arise with very high gradients, 
is the appearance of schlieren effects due to part 
of the light falling outside the aperture of the lens 
L,. The suppression of very high gradients com
bined with a corresponding broadening (this 
broadening never exceeds the value 2Ax' =  2f>1/r, 
referred to the cell coordinate) of the peaks should

be regarded rather as an advantage which allows a 
better utilization of the sensitivity available.

The second source of error, inherent in the term 
0 (i2) in eq. 24, is very small in ordinary circum
stances. Even in the most unfavorable cases, 
i is less than 1/10, i.e., i 2 <  10-2. With suitable 
dimensioning, i <  10-2 and the relative error in 
y then will be below 10-4.

Regarding the aberrations in the cell, reference 
is again made to the work of Svensson where also 
higher order aberrations are calculated.6-8 It is 
shown how the aberrations can be almost totally 
eliminated in a simple way.

One important feature of these types of inter
ferometers is that, on the logarithmic scale, due to 
photography the dark fringes are inherently 
sharper than the light ones. As a consequence of 
this, it is advantageous to work with as high light 
intensity as possible. The dark fringes will then 
appear very thin on the photographic plate. In 
any case, the apparent width (to the eye) of the 
fringes should not be taken as a measure of the 
sensitivity of the method since the position of the 
intensity minima can be determined with a much 
higher precision. In this connection it is ap
propriate to refer to the theories of Wolter on the 
subject of “ Minimistrahlkennzeichnung.” 13 An
other interesting procedure is the “ Aquidensitenver- 
fahren”  of Lau and Krug14 who use a kind of relief 
technique to obtain very thin curves. The tech
nique has been developed into a standard procedure.

A very recent, automatic method for redrawing 
oscillograms15 might perhaps prove useful for our 
purpose in routine work. However, there is still 
lacking a method that can utilize the increased 
precision due to the large number of “ identical” 
curves obtained in one experiment (which mainly 
differ only by accidential errors to be eliminated).

The cell image obtained together with the inter- 
ferogram is a double image both in the horizontal 
and in the vertical direction. The displacement is, 
however, rather small and provides no inconven
ience, cf. Figs. 5, 6, 8 and 9.

The present form of the method is intended for 
the registration of one-dimensional refractive in
dex gradients. However, it does not seem alto
gether impossible to combine two similar ap
paratuses for simultaneous registration in two di
mensions.
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BASE-INITIATED DEHYDROHALOGENATION AND REARRANGEMENT 
OF 1-HALO-2,2-DIPHENYLETHYLENES IN ¿-BUTYL ALCOHOL. THE 

EFFECT OF DEUTERATED SOLVENT
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The reactions of l-chloro-, 1-bromo- and l-iodo-2,2-diphenylethylene with excess potassium f-butoxide in f-butyl alcohol 
(BH) solution at 95°, yielding diphenylacetylene, have been followed quantitatively via the ultraviolet spectra of the re
actants and product. For concentrations of the halodiphenylethylenes ( C e h )  ca. 10 ~3 M, and of potassium f-butoxide ( C k b ) 
in the range 0.01 to 1.0 M , the kinetic results are fitted well by an equation of the form: dCEH/df =  kohaCEs  =  ACehCkb,/'1/  
Cbh- The values of the coefficients k are 2 X 10 ~6, 1.5 X  10-3 and 9 X  10~41.7« mole-1/» sec.-1 for the C1-, Br- and I-sub- 
stituents, respectively. An investigation of the kinetics of the concomitant but much more rapid exchange of the 1-hydrogen 
substituent on l-bromo-2,2-diphenylethylene in potassium f-butoxide solution, shows that this reaction is also first order in 
substrate and three-halves order in base. In the solvent f-butanol-d (2-methyl-2 deuteroxypropane) rates of rearrange
ment are higher: kP/k11 =  1.9 ±  0.3. These observations indicate that the reaction proceeds in two stages: a rapid pre
equilibrium, in which a configurationally stable vinyl carbanion is formed, and a subsequent slow step, in which rearrange
ment occurs as halide ion is liberated. The three-halves-order dependence of reaction rates on the formal potassium f- 
butoxide concentration can be explained by invoking complexing of this substance and its ions in f-butyl alcohol solution.

Introduction
The dehydrohalogenation and rearrangement of

l-halo-2,2-diarylethylenes yielding diarylacetylenes 
(tolans) may be brought about by a variety of 
strongly basic reagents (eq. 1). The reaction was 
first reported by Fritsch and his co-workers,1 
who used ethanolic solutions of sodium ethoxide 
at temperatures above 150° as reaction media. 
More recently such reagents as potassium amide 
in liquid ammonia,23 and butyl- and phenyl- 
lithium4-5 in ether solution, have been shown to be 
very effective.

Ar\ ,H
M + B -  +  > C = C <

A r  \X
(EH)

At— C = C — Ar +  BH +  M + ,X " (1) 
(T)

Previous studies of the mechanism of this re
action have established that the rearrangement is 
stereospecific. In the potassium f-butoxide initi- 
iated6 reaction of both cis- and frcms-l-bromo-2- 
(p-bromophenyl)-2-phenylethylene it has been 
shown that the group trans to the leaving halogen 
migrates predominantly.7 Curtin, Flynn, and 
Nystrom8 have demonstrated a similar stereo- 
specificity in the butyllithium-initiated reaction of 
cis- and frans-2-bromo-l-(p-chlorophenyl)-l-phen- 
ylethylene. These findings suggest that a con
figurationally stable vinyl carbanion is produced

(1) P. Fritsch, W. P. Buttenberg and H. Wiechel, Ann., 279, 319 
(1894).

(2) G. H. Coleman and R. D. Maxwell, J. Am. Chem. Soc.. 56, 132 
(1934).

(3) G. H. Coleman, W. H. Holst and R. D. Maxwell, ibid., 58, 2310 
(1936).

(4) D. Y. Curtin and J. W. Crump, ibid., 80, 1922 (1958).
(5) D. Y. Curtin and E. W. Flynn, ibid., 81, 4714 (1959).
(6) Since base is consumed in the reaction, the rearrangement may 

not be termed “ base-catalyzed,”  even though an anionic intermediate 
appears to be in equilibrium with substrate and base. The reaction 
mechanism to be suggested is classified by Ingold as unimolecular 
elimination through conjugate base, ElcB (c/. C. K. Ingold, “ Structure 
and Mechanism in Organic Chemistry,”  Cornell University Press, 
Ithaca, N. Y., 1953, p. 423).

(7) A. A. Bothner-By, J. Am. Chem. Soc., 77, 3293 (1955).
(8) D. Y. Curtin, E. W. Flynn and R. F. Nystrom, ibid., 80, 4599 

(1958).

as an intermediate in the reaction.7 The investi
gations reported in this paper were undertaken 
for the purpose of establishing more firmly whether 
such an anion is an intermediate and, if so, to cast 
some fight on its role in a detailed reaction mech
anism.

Several studies appeared promising and were 
undertaken: (1) a study of the form of the rate- 
law governing the potassium f-butoxide-initiated 
reaction of l-bromo-2,2-diphenylethylene; (2) 
a comparison of the rate constants for the elimi
nation-rearrangement reaction of variously sub
stituted l-halo-2,2-diarylethylenes; (3) an in
vestigation of the possible occurrence of a base- 
catalyzed deuterium exchange between solvent 
and olefinic substrate, and a study of the effect of 
deuterated solvent on the rate of reaction.

The rates of elimination-rearrangement of three
l-halo-2,2-diphenylethylenes were followed quanti
tatively via the ultraviolet spectra of the reactants 
and product. The potassium f-butoxide concen
tration was varied from 0.01 to 1.0 M. The halo- 
diphenylethylene concentration was kept very low 
(ca. 10-3 M ) so that the interpretation of the re
action-rate data should be as simple as possible. 
This measure also minimized the effect of the sub
strate concentration on the nature of the reaction 
medium. Kinetics in f-butanol-d (2-methyl-2- 
deuteroxypropane) were followed by the same 
techniques. Exchange of the deuterium into the 
olefinic substrate was detected and the kinetics 
thereof followed via the infrared spectrum of the 
unreacted substrate.

The system potassium f-butoxide-f-butyl alcohol 
was chosen for the reaction medium as one lending 
itself well to quantitative kinetic work. Also, 
the substitution reaction through the alkoxide 
ion, which may compete with elimination, ap
peared to be less important for f-butyl alcohol 
than for the more common primary alcohols. 
Thus, Fritsch and co-workers1 reported that in the 
case of l-chloro-2,2-diphenylethylene, reaction with 
sodium ethoxide in ethanol produced about 50% 
elimination-rearrangement and about 50% sub
stitution yielding l-ethoxy-2,2-diphenylethylene. 
However, they reported no substitution in the case
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of l-bromo-2,2-diphenylethylene which rearranged 
much faster than the chloro derivative. We there
fore have checked our reaction product particularly 
from l-chloro-2.2-diphenylethylene.

Experimental
Materials.9—i-Butyl alcohol and Z-Butanol-d were pre

pared as described elsewhere.10 Pure potassium was pro
vided by the MSA Research Corporation, Callery, Pa.

l-Chloro-2,2-diphenylethylene.— Fifteen g. of benzene 
was condensed with 20 g. of dichloroacetal by stirring for 
one hour at 0° with 60 ml. of sulfuric acid plus 15 ml. of 
acetic acid. The product was precipitated in ice-water as 
a dark viscous fluid. Chromatography on neutral alumina 
with n-hexane yielded white, crystalline 1,1-dichloro 2,2- 
diphenylethylene, m.p. ca. 80°. This product was boiled 
with excess sodium hydroxide in methanol solution fo six 
hours and the organic material precipitated and washed 
with water. The yellow oil resulting was crystallized from 
methanol yielding 4 g. of l-chloro-2,2-diphenylethylene as 
white, crystalline flakes, m.p. 42°.

Anal. Calcd. for CuHuCl: C, 78.3; H , 5.1. Found: 
C, 78.1; H, 5.2.

l-Bromo-2,2-diphenylethylene.— To a solution containing 
10 g. of 1,1-diphenylethylene and 4.8 g. of sodium acetate in 
300 ml. of acetic acid was added an equal volume of acetic 
acid containing 18.5 g. of pyridinium bromide perbromide. 
The bromine was decolorized very rapidly. The solvent 
was removed by vacuum distillation and the solid residue 
extracted with water. The organic product was crystal
lized slowly from 95% ethanol yielding 7.7 g. of l-bromo-2,2- 
diphenylethylene as pale green blocks, m.p. 47°. Re
peated recrystallization gave an almost colorless product, 
m.p. 48-49°.

AnaZ. Calcd. for C«HnBr: C, 64.85; H, 4.2. Found: 
C, 64.9; H , 4.4.

l-Bromo-2,2-diphenyl ethylene-l-d.— Ordinary 1-bromo- 
2,2-diphenylethylene was allowed to exchange in a solution 
containing 0.3 M  potassium Z-butoxide in Z-butanol-d for 
36 hours at 35°. The product was precipitated in dilute 
hydrochloric acid solution, washed and dried, m.p. 49-50°. 
The infrared spectrum of this material showed significant 
differences from ordinary l-bromo-2,2-diphenylethylene in 
the expected regions for the three degrees of freedom of the 
olefinic CH group (cf. Table II).

l-Iodo-2,2-diphenylethylene.— Thirty ml. of dry ether, 
0.4 g. of magnesium turnings and 3.6 g. of l-bromo-2,2- 
diphenylethylene were placed in the usual apparatus for 
Grignard reactions. The reaction was 'started by heating 
and by the addition of traces of iodine and methyl iodide, 
and needed only slight heating to sustain it. After one- 
half hour a further 40 ml. of dry ether and excess iodine 
were added and the whole stirred. The mixture then was 
treated with sodium hydroxide solution to destroy iodine 
and the organic constituents were removed in pentane. 
Evaporation of the pentane gave a purple solid which was 
filtered off and a brownish oil which was chromatographed 
on neutral alumina with pentane. Recrystallization of the 
chromatography fractions from 95% ethanol gave needles, 
m.p. 42-43°. Careful recrystallization from 95% meth
anol-water gave 200 mg. of pure l-iodo-2,2-diphenylethyl- 
ene as fine, pale green needles, m.p. 44.5° (sharp).

Anal. Calcd. for CuHuI: C, 54.9; H, 3.6. Found: 
C, 54.8; H, 3.6.

(9) Melting points are uncorrected. Microanalyses are by the Al
fred Bernhardt Microanalytisches Laboratorium, Max Planck In
stitute, Kaiser Wilhelm Platz 1, Mulheim (Ruhr), Germany.

The halodiphenylethylenes employed in this study have been re
ported, while this manuscript was in preparation, by Curtin and 
Flynn (ref. 5). They gave the following corrected melting points: 
l-chloro-2,2-diphenylethylene, .42-43°; J-bromo-2,2-diphenylethylene- 
d, 42—43°; l-iodo-2,2-diphenylethylene, 49-41°. They also included 
references to previous preparations and melting points, where available. 
Our methods of preparation differed in many important details and are 
therefore reported fully. Particularly our melting points for the 
bromo derivatives agree with those given in two of the previous 
references (49-50°).

(10) J. G. Pritchard and H. M . Nelson, T his Journal, 64, 795 
(1960).

The purple solid on recrystallization from ethanol gave 
white needles, m.p. 196-197°. This product accounted 
for the bulk of the starting material and was tentatively 
identified as 1,1,4,4-tetraphenyl-l,3-butadiene (lit. m.p. 
195-196°,11 12196-196.5°ls).

Anal. Calcd. for CaHM: C, 93.85; H, 6.15. Found: 
C, 93.4; H, 6.2.

Spectra.— The infrared spectra of the l-halo-2,2-di- 
phenylethylenes were run on a Beckman IR4 instrument 
equipped with sodium chloride and cesium bromide optics, 
for ca. 0.1 mm. capillary films of the melts. Accuracy is 
estimated as ±  10 cm .-1 for the 4000 to 2000 cm .-1 region 
and ±  2 cm .-1 for the remainder.

The ultraviolet spectra were run in 95%  ethanol as sol
vent on a Carey # 14 instrument. The extinction coeffi
cients for the broad maximum of each of thè l-halo-2,2-di- 
phenylethylenes are: chloro- 1.26 X  104 (255 mp);
bromo- 1.31 X  104 (259 m/i); iodo- 1.4 X  104 (263 m/r). 
The spectrum of sym-diphenylacetylene has five sharp 
maxima, the highest two of which (cf. Fig. 1) have extinction 
coefficients 3.20 X  104 (279 mji) and 2.81 X  104 (296 m/u).

Reaction of l-Chloro-2,2-diphenylethylene with Potas
sium Z-Butoxide.— One-half g. of l-chloro-2,2-diphenyl- 
ethylene was dissolved in a solution of potassium Z-butoxide 
prepared from 0.34 g. of potassium and 25 ml. of Z-butyl 
alcohol. The resulting solution was heated in a sealed tube 
at 105-110° for 30 days. The precipitated product was 
filtered off, dissolved in hexane and chromatographed on 
neutral alumina from which it was eluted with benzene- 
carbon tetrachloride. On recrystallization from ethanol- 
water, 0.29 g. of pure sj/m-diphenylacetylene was obtained 
as white flakes, m.p. 61° (lit.0 60-61°) the identity of which 
was checked by comparison of infrared spectra with an 
authentic sample. A similar experiment was carried out 
using 1 g. of l-chloro-2,2-diphenylethylene, 1.4 g. of potas
sium and a temperature of 95° for 7 days, resulting in the 
recovery of 0.60 g. of pure sj/m-diphenylacetylene.

Kinetic Methods. A.— The reactions at 95° to give 
diphenylacetylene were carried out as follows. A solution 
of potassium Z-butoxide in Z-butyl alcohol was prepared in 
a vessel protected from atmospheric moisture and to this 
was added a small quantity of a solution of one of the di- 
phenylhaloethylenes in Z-butyl alcohol, sufficient to give a 
concentration ca. 10-3 M . The mixture was homogenized 
at room temperature and quickly transferred to a series of 
glass tubes. These were sealed with the contents frozen, 
preheated in a bath at ca. 95° for 15 seconds and then trans
ferred rapidly to a thermostated bath at 95 ±  0.05° at a 
recorded time (Z =  0). Tubes were withdrawn at intervals 
and quenched by freezing. After homogenization, the con
tents of the tubes were accurately diluted with 95% ethanol 
to a standard volume at room temperature (26°). The 
ultraviolet spectra of these solutions were run versus an 
equivalent solvent as blank.

A plot of tolan peak heights at 296.5 m/i (cf. Fig. 1) 
against time gave a smooth representation of a first-order 
reaction (as tested by the Guggenheim procedure13) in all 
cases in which the reaction was fast enough to follow to 
completion in a reasonable time. Infinity peak values 
corresponded to at least 90% reaction to give tolan, as far 
as could be discerned from the spectra.14 Hence the re
action may reasonably be described by: dCr/dZ =  — 
dCEp/dZ =  K b , C e b , where Or and Ceh are molar concen
trations of tolan and ethylene derivatives, respectively. 
Values of Kb, were calculated from Guggenheim plots taken 
from the smoothed rate data. For the very slow reactions 
at low concentrations of potassium the above differentiated 
form of the first-order rate equation was used directly to 
calculate initial rates: (dCr/df)i_o =  fcob8(CT)i-<», assum-

(11) H. A. Bruson and J. W. Kroeger, J. Am. Chcm. Soc., 62, 36 
(1940).

(12) H. M. Walborsky and F. M. Hornyak, ibid., 77, 6390 (1955).
(13) E. A. Guggenheim, F/i-l. Mag., [7] 2, 538 (1926).
(14) A side reaction leading to a species absorbing very strongly at 

—260 mp could bo detected from the changes in the ultraviolet spectra. 
This reaction may well be the competing substitution reaction: AnC—  
CHX +  RO - —*■ Ar,C=CHOR -f- X " , as reported by Fritsch and co
workers (ref. 1). It could conceivably be due to the addition of al
cohol to the acetylenic product: ArHC=CORAr, cf. S. I. Miller 
and G. Shkapenko, J. Am. Chem. Soc., 77, 5038 (1955). In our case 
side reactions must account for less than 10% of the total reaction.
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ing the theoretical value of C t  at t =  infinity. Stoichio
metric concentrations of base in samples of the reaction 
solutions were determined by dilution of aliquots with water 
at 26° and potentiometric titration against standard acid 
solutions. Lists of k0b> for various concentrations of base 
are given in Table I.

Reaction-solution densities at 26 and 95° were measured 
using a sealable dilatometer under conditions similar to 
those obtaining in the reaction tubes. The densities (£>) 
varied linearly with the stoichiometric potassium concen
tration according to the equations

D * °  =  0.7795(1 +  0.0548Ckb)
Z>«° =  0.6998(1 +  0.0712CKb)

where C k b  is the concentration of dissolved potassium t- 
butoxide at 26° in molar units. From these data concen
trations of i-butyl alcohol and potassium i-butoxide in the 
reaction solutions at 95° were calculated for use in determin
ing the series of k values in Table I.

B .—The exchange reaction was examined as follows, (i) 
A solution containing ca. 1 g. of l-bromo-2,2-diphenyl- 
ethylene in 10.0 ml. of i-butanol-d was added quickly to a 
solution containing 0.3877 g. of dissolved potassium in 
15.0 ml. of f-butanol-d at a recorded time at 35.0°. (ii) 
A second experiment employing 0.0398 g. of potassium bu 
otherwise identical with the first was carried out beside it. 
Quantities of ca. 5.00 ml. were removed at suitable times and 
quenched in cold dilute hydrochloric acid solution. The 
precipitated samples of partly exchanged l-bromo-2,2- 
diphenylethylene were thoroughly washed and dried. The 
infrared spectra of the samples then were run quantitatively 
as melts in a 0.1 mm. spaced sodium chloride cell on a Beck
man IR4 recording spectrophotometer, repeatedly for the 
region containing the 863 cm .-1 band. This band showed 
maximum change during the exchange and a fairly constant 
base line. The observed absorbancies at various times were 
as follows: (i) 0(abs.), 0 (sec.); 0.1015, 986; 0.161, 1765; 
0.2145, 2625; 0.2995, 4130; 0.4285, 10170; and (ii) O, 
O; 0.0105, 3630; 0.023, 9570; 0.036, 14900; 0.0565, 
22700; 0.166,87800.

Results
Product Analysis.— From two small-scale ex

periments in which l-chloro-2,2-diphenylethylene 
reacted in i-butyl alcohol with ca. 0.3 and ca.
1.3 M  potassium i-butoxide, respectively, yields of 
82 and 72% of pure sym-diphenylacetylene were 
obtained, after crystallization. This indicates 
that probably at least 85% of the reaction of 1- 
chloro-2,2-diphenylethylene goes via the desired 
path of elimination-rearrangement when relatively 
high concentrations of i-butoxide are employed. 
The spectroscopic analysis for the kinetic experi
ments confirmed that at least 90% of the reaction 
went by the desired path for all three substrates.

Rate Law.—The reaction mechanism which we 
shall attempt to substantiate may be written as 
Arx ,H K H Ar\ . _

J>c=c<Qx  +  b -  — Ar/ c==c\ x +  BH (2)
(equilibrium)

(EH) (E -)
A» t kvf

C = C ' "  ----->  Ar— C = C — Ar +  X ' (3)
\X (rate-determining)

Table I fists the main kinetic results and we 
shall consider in this section the first part (i) deal
ing with the reaction of l-bromo-2,2-diphenyl- 
ethylene. The first two columns show broadly 
that the set of pseudo-first-order rate coefficients 
(kohB) changes by three powers of ten for a variation 
of two powers of ten in concentration of potassium
i-butoxide (Ckb). Assuming that the reaction 
occurs through a mechanism similar to that shown 
in equations 2 and 3, except that the basic species

Fig. 1.— Ultraviolet spectra of l-bromo-2,2-diphenylethylene 
and sym-diphenylacetylene.

(B- ) is not necessarily i-butoxide ion but is in
stead some base, the concentration of which varies 
as the three-halves power of the formal potassium
i-butoxide concentration, the appropriate rate law 
for low concentrations of reagents and A h« 1 is 

— dCsH/di = ACehCkb'A/Cbh (4)
where

log k =  log kob,  +  log C b h 95°  -  (3/2)log C Kb 9S°  (5)
The rate coefficients (k) calculated from this ex
pression (fisted in Table I) show fair consistency 
considering that a 100-fold variation of base con
centration is involved; there is also very reasonable 
continuity between the coefficients derived from 
initial rates and those derived from observation of 
the most part of the reaction for the higher con
centrations of base. The contribution due to varia
tion of solvent concentration with the potassium
i-butoxide concentration at 95° is small but in the 
direction consistent with the equilibrium mech
anism. Since the solvent probably is strongly com- 
plexed with the active base, the effect of the free 
solvent in equation 2 may be greater than that cal
culated in Table I, although in any event the effect 
is not large. In this type of reaction medium, 
which contains a high ratio of reagent to solvent 
on a molar basis, we would expect some medium 
effect on reaction rates and equilibria; however, 
it is most unlikely that there should occur a kinetic 
salt effect having the activity coefficient term di
rectly proportional to a one-half or a three-halves 
power in the base (salt) concentration. Hence, 
we conclude that the present results indicate a 
rate law of the form in equation 4.

Deterium Exchange.— A base-catalyzed exchange 
reaction occurs when the olefinic substrate is dis
solved in i-butanol-d containing potassium t- 
butoxide; it may be formulated as
CeHsv ,H k,

> C = C <  +  B -  +  B 'D  u z t
C & /  -Br kb

CsHss. 7D
> C = C <  4  B '~  4  BH (6)

CeH/ \Br
Application of the Guggenheim procedure13 to a 
smooth plot of the data shows that the forward
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T a b l e  I
R a t e  D a t a  a t  9 5 °  f o r  D e h y d r o h a l o g e n a t i o n  o f  1 -  

H a l o - 2 , 2 - d i p h e n y l e t h y l e n e  in  S o l u t i o n s  o f  P o t a s s i u m  

¡ - B u t o x i d e  i n  ¡ - B u t y l  A l c o h o l

Ckb!8°, 10' X fcobs, Cbhss°, UP X k.
M sec.~> M  l . i '»  mole ' / ’

(i) l-Bromo-2,2-diphenylpthylene
0.939 2040 8.78 2.3

.867 1700 8.83 2.1

.666 820 8.97 1.6

.531 530 9.06 1.4

.363 267 9.18 1.3

.275 180 9.24 1.4

.215 121 9.29 1.3

.135 65.5 9.34 1.4

.118 48.5 9.35 1.3

.060 20.6° 9.39 1.6

.055 18.5° 9.40 1.6

.0345 8.94° 9.41 1.6

.0205 3.83“ 9.42 1.4

.0165 3.60“ 9.43 1.9

.011 2.14“ 9.43 2.0

.0074 0.93“ 9.43 1.6
(ii) l-Bromo-2,2-diphenylethylene-d (in ¿-bntanol-i

0.860 3000 8.84 3 .8
.338 516 9.20 2.8
.238 222 9.27 2.1
.114 107 9.36 3.1

(iii) l-Iodo-2,2-diphenylethylene
0.940 735 8.78 0.96

.568 333 9.04 0.82

.323 125 9.21 0.74

.213 75 9.29 0.96

.079 20.7 9.38 1.01

(iv) l-Chloro-2,2-diphenylethylene
0.607 10.2 9.01 0.023

.469 6.15 9.11 .021

.335 2.85“ 9.20 .016

.217 1.39“ 9.29 .015
“ Initial rate.

reaction is reasonably first order in concentration 
of l-bromo-2,2-diphenylethylene. The ratio of 
initial rates for the two experiments is forty. 
Hence, a value for the reaction order with respect 
to potassium ¿-butoxide concentration is given by 
log (40)/log (0.3877/0.0398) =  1.6 «  3/2. There
fore the concentration of the active base (B- ) 
in this exchange also varies as the three-halves 
power of Ckb- The pseudo-first-order rate con
stant for the exchange at 35° in the presence of
0.3877 M  potassium ¿-butoxide is 2.4 X 10-4 
sec.-1. Assuming reasonable energies of activa
tion, this means that the exchange is at least a 
hundred times faster than the conversion to di- 
phenylacetylene at the same temperature.

Observed Isotope Effect on Rate.—Because of 
the rapid exchange reaction, the determination of 
the kinetics of the elimination-rearrangement re
action in ¿-butanol-d actually is made on the system 
which is reacting according to the scheme
C6H5x  A) ¡-BuOD

> C = C <  +  B - --------------->
C6H /  \Br

(ED ) CeHs— f e C — C6H5 +  BD +  B r - (7)

Table I (ii) gives observed rates for the reaction 
in ¿-butanol-d. A series of rate constants may be 
calculated assuming the rate law in equation 5 and 
that the molar volumes of ¿-butyl alcohol and t- 
butanol-d are the same. A comparison of rates 
at equivalent base concentration shows that the 
rates are consistently faster in the deuterated 
medium. There is a marked experimental varia
tion, but the /cD/fcH ratios he in the range 1.9 ±
0.3 and there is no consistent change of fcD/fcH over 
the considerable range of base concentrations em
ployed.

Effect of Different Halogen.—The rate coef
ficients k for l-iodo-2,2-diphenylethylene show rea
sonable constancy for the variation of more than 
one power of ten in potassium ¿-butoxide concen
tration (Table I (iii)). This result is an additional 
valid demonstration of the rather unexpected three- 
halves-order dependence of rate on Ck b - The re
action of l-chloro-2,2-diphenylethylene was ob
served to be much slower than that of the other two 
haloethylenes and the study was not continued over 
a wide range of base concentration since increas
ing salt effects at high concentrations might compli
cate the interpretation of rates (Table I (iv)). 
A modest discrepancy between the k values de
rived from initial rates and those derived from ob
servation of most of the reaction also was noted. 
The results, nevertheless, serve as a measure of 
the reactivity of the chloroethylene. Mean k 
values for the three ethylenes thus may be com
pared: 2 X  10-5, 1.5 X  10-3 and 9 X 10- 4 1.1/* 
mole-,/l sec.-1 for the chloro, bromo and iodo 
substituted compounds, respectively.16

Discussion
The kinetic results show that there occurs a 

prelimary equilibrium between the l-halo-2,2- 
diphenylethylene and base to give some form of 
anionic intermediate and that the formation of 
such an intermediate depends on the three-halves 
power of the formal potassium ¿-butoxide con
centration. It is then highly plausible that the 
elimination-rearrangement reaction should be com
pleted through unimolecular decomposition of the 
intermediate and hence that the reaction mech
anism is in fact basically of the form shown in 
equations 2 and 3.

It is significant that the relative rates for the 
three l-halo-2,2-diphenylethylenes studied are not 
in the order of electronegativities of the halogen 
substituents. This in itself strongly suggests a 
two-stage mechanism in which the halogen is not 
liberated in the first stage. A similar situation has 
been noted previously16 and probably has a parallel 
explanation. Thus, if the two-stage mechanism is 
operative, changing the halogen from chlorine 
through bromine to iodine may have effects in 
opposite directions on stabilizing the carbanion in 
the first stage and facilitating its rearrangement to 
tolan in the second. Under such circumstances a

(15) Reported in a preliminary presentation: .T. G. Pritchard and 
A. A. Bothner-By, Abstracts, 135th Am. Chem. Soc. Nat. Meeting, 
Boston, Mass., April 1959, sect. 35-R.

(16) J. D. Roberts, D. A. Semenow, H. W. Simmons, Jr., and L. A. 
Carlsmith, J. Am. Chem. Soc., 78, 601 (1956). These authors discuss 
the rate order PhBr >  Phi >PhCl > >  PhF observed for the anima
tion of halobenzenes by potassium amide in liquid ammonia.
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maximum in the over-all rate for the bromine sub
stituent easily may occur.

There remain two important questions, which 
will be pursued in detail below. What is the form 
of the active base “ B~” ? What is the significance 
of the solvent deuterium isotope effect and does the 
observed value of ca. 2 for kD/kH help to confirm 
the proposed reaction mechanism?

Nature of the Active Base.— Little is generally 
known about the association-dissociation phe
nomena for solutions of metal alkoxides in alcohols. 
It appears very reasonable, however, to assume 
that in solutions of potassium ¿-butoxide in t- 
butyl alcohol some form of potassium ¿-butoxide 
ion-pairs are in equilibrium with small quantities 
of dissociated ion fragments, as indicated in the 
simple equation

K d
t-BuO~, K + K + +  i-BuO- (8)

(KB) (K +) (B -)
The equilibrium constant Kd and the degree of 
dissociation d are then related by the usual equation 

K d =  Ck+Cb-/Ckb =  d2/ ( l  -  d) (9)
In the known case of solutions of potassium eth- 

oxide in ethanol, the Kd has the value 0.019 at 25°; 
and so for 1 M  potassium ethoxide, for example, 
the degree of dissociation would be ca. 0.13.17 
The dielectric constant of ethanol at 25° is ca. 
24, but that for (-butyl alcohol at 95° is far less 
and may be estimated by an extrapolation of data 
for lower temperatures18 as ca. 5. The degree of 
dissociation for 1 M  solutions of potassium t- 
butoxide should then be <<0.13 under our re
action conditions for the Fritsch rearrangement, 
probably <  0.01. It should then be legitimate to 
approximate Kd by Cb -2/C kb- Hence, if dis
sociated ¿-butoxide ion is kinetically important, 
the reaction rate should be proportional to Cr- =  
K d,lCK&, ‘‘ \ i.e., it should contribute to the rate-
expression a one-half-order dependence on Ckb- 
The experimental order with respect to Ckb is 
clearly 3/2 so that the ¿-butoxide ion cannot alone 
be responsible for bringing about the Fritsch rear
rangement even though it may exist in very small 
concentration in the basic solution.

Given that the dielectric constant of ¿-butyl 
alcohol is low and therefore that the degree of dis
sociation of ion-pairs is low, the probability of 
formation of triple ions1920 or other multiple 
ions is high.

Kc
3K +, B - ^ r K 2B + +  KB2-  (10)
(KB) ( B K B )

If ionization according to equation 10 were most 
important for potassium ¿-butoxide in the concen
tration range 0.01 to 1 M, with K„ «  1 the re
action rate would be proportional to Cbkb- =

(17) A. G. Ogston, Trans. Faraday Soc., 32, 1684 (1936).
(18) N. Koizumi and T. Hanai, Bull. Inst. Chem. Research, Kyoto 

Univ., 33, 14 (1955).
(19) R. M. Fuoss and C. A. Kraus, J. Am. Chem. Soc., 55, 2387 

(1933).
(20) Cf. R. A. Robinson and R. H. Stokes, “ Electrolyte Solutions,”  

Butterworths Scientific Publications, London, 1955, Chap. 14, par
ticularly pp. 390-393. (We are indebted to a referee for suggesting 
this reference material.)

•Kc1/!Ckb1/2- It therefore appears very plausible 
that the active base for the Fritsch rearrangement 
may be the negatively charged triple ion. In this 
case the rate expression for the over-all reaction 
would be as observed (eq. 4) with k =  /chA hAV'7

The Isotope Effect.— Let the rate expression for 
the Fritsch reaction in pure ¿-butanol-d as sol
vent be formulated, by analogy with equation 4, as 
-d C W d i =  ¿cdCedCkbsA/Cbd, Where =  kDKB(K^y/s

( 11)

The effect of the isotopic solvent on the individual 
reaction steps, i.e., the magnitudes of (.K’0D/I?0H) ‘/'2, 
K b/Kh and kn/ka, will now be considered in 
general terms. The term in K 0 will differ from 
unity only if the degree of solvation of the species 
in equation 10 is significantly different for the two 
sides of the equation. It appears reasonable to 
assume that the effect here would be small since 
the distribution of charge on the ion-pairs and triple 
ions on either side of the equation is probably fairly 
well balanced— if, indeed, equation 10 is precisely 
significant in the mechanism. For equilibria of 
the type in equation 2, at least as far as reactions 
with base in deuterium oxide and water solutions 
are concerned (to quote known examples), values 
of K b/Ku of about 1.4 are indicated.21-23 The 
isotopic medium effect on kn should be quite small 
since the rate-determining decomposition of the 
anionic intermediate does not involve breaking 
of any bonds to hydrogen. For similar rate steps 
in various aqueous systems, there have been 
observed values of &d/&h ranging from ca. 1.2 to 0.7, 
representing pure medium effects.21'22 24-26

It is then plausible from the above observations 
to predict that if the reaction mechanism involves 
reversible carbanion formation and slow uni- 
molecular decomposition thereof, it should pro
ceed at about the same rate or more rapidly in deute- 
rated solvent. On the other hand if the formation 
of carbanion were irreversible, so that its formation 
became the rate-determining step (the exchange 
reaction would then have to be a side reaction), 
previous experience suggests that the reaction of 
deuterated substrate would proceed more slowly. 
Values of 0.1 to 0.5 are commonly measured for 
kD/kK ratios in reactions of this type,21'27-29 in 
which a C-H  bond is broken in the rate-determining 
step. In particular, Shiner has shown that the 
bimolecular elimination (class E-2)6 of hydrogen 
bromide from isopropyl bromide by sodium ethoxide 
in ethanol is about 6.7 times faster than the same 
elimination from isopropyl bromide containing 
deuterium in the methyl groups.28 The mech
anism of this concerted reaction is illustrated in 
equation 12 and a similar concerted mechanism

(21) Cf. K. Wiberg, Chem. Revs., 65, 713 (1955).
(22) P. Ballinger and F. A. Long, J. Am. Chem. Soc., 81, 2347 

(1959).
(23) C. G. Swain, A. D. Ketley and R. F. W. Bader, ibid., 81, 2353 

(1959).
(24) P. M. Laughton and R. E. Robertson, Can. J. Chem., 34, 1714 

(1956).
(25) F. A. Long and D. Watson, J. Chem. Soc., 2019 (1958).
(26) J. G. Pritchard and F. A. Long, J. Am. Chem. Soc., 78, 6008 

(1956).
(27) H. Eyring and F. W. Cagle, T h is  J o u r n a l , 56, 889 (1952).
(28) V. J. Shiner, J. Am. Chem. Soc., 74, 5285 (1952).
(29) V. J. Shiner, ibid., 75, 2925 (1953).
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may, of course, be written for the Fritsch elimina
tion-rearrangement reaction. In our case, an 
expected value of kP/kn for E-2 reaction in the 
Fritsch rearrangement may be estimated by the 
reciprocal of the zero-point-energy term in Table 
II for vch and vcn '■ 1/4.37 or ca. 0.2 (see Appendix).

Br

(CDa) i H — CD2 — >
I
f)

Et<y
CD3C H = C D 2 +  EtOD +  Br~ (12)

In this connection, it is of considerable interest 
that the recent results of Curtin and Flynn6 imply 
that when butyllithium is the basic reagent, elimi
nation-rearrangement to form st/m-diphenylace- 
tylene is at least twice as fast for l-bromo-2,2- 
diphenylethylene as it is for l-bromo-2,2-diphenyl- 
ethylene-l-d. The mechanism of this reaction 
is most probably of the type in which the C-H  
bond is broken in a rate-determining step, as in 
equations 13 and 14. In this case, the first stage 
(13) is almost certainly not reversible.

,Br /Br
Ar2C = C /  +  LiBu Ar2C = C /  +  BuH (13) 

'H  (rate-determining) \Li

/ Br
Ar2C = C <  — 5- Ar— C = C —Ar +  LiBr (14)

M i
It may therefore be concluded that our observed 

value of kD/kH for the Fritsch rearrangement pro
vides strong support for the proposed mechanism 
in the sense that the observed isotope effect is 
greater than unity. Additional support may be 
derived from a statistical calculation of the con
stant ( A e ) for the liquid-phase equilibrium of 
equation 18 since it may be shown that A e «  
A d/A h in good approximation, provided certain 
medium effects are excluded (see Appendix). 
The value of A d/A h so  calculated is ca. 1.2, which 
confirms our general supposition that the equi
librium of equation 2 should introduce a factor 
somewhat greater than unity into the value of 
kD/kH, and supplies semi-quantitative support for 
the proposed reaction mechanism.

The experimental value of kP/kn is ca. 2 and dif
fers by a factor of perhaps 1.7 from the calcu
lated A e value. It is interesting to speculate as 
to how a medium effect amounting to ca. 1.7 
might arise in i-butyl alcohol. The calculation 
quoted above ignores (inter alia) differences in 
solvation between the active base and the inter
mediate organic ion. Such difference may be con
siderable since the active base probably consists 
of a partly inorganic polyion (c/. eq. 10) involving 
a high degree of charge localization whereas the 
aromatic nature of the organic intermediate prob
ably allows the dispersal of its formal negative 
charge to a considerable degree. The greatest 
contribution to the total partition function for the 
Z-butyl alcohol and Z-butanol-d is due to the dif
ference in zero-point-energies of the OD and OH 
stretching vibrations (Appendix). Also, it is known 
that powerful hydrogen-bonding results in a shift of

the normal OH (and OD) stretching frequency30-32 
to lower frequencies ranging from 2500 to 1000 
cm.-1. This would be equivalent to a change in 
the zero-point-energy contribution to the partition 
function per mole of the /-butyl alcohol species of 
from ca. 5.55 to the range 3.5 to 1.7 (c/. Table II). 
Thus, the difference in solvation proposed for equa
tion 2 should reflect a difference in hydrogen
bonding which easily could give rise to a factor of
1.7 in the isotope effect (in the right direction). 
Hence the observed isotope effect appears consistent 
with the proposed mechanism.

Appendix
A statistical method is available for the calcula

tion of a quantity equivalent to A d / A h , provided 
certain assumptions are made, as follows. For 
small concentrations of potassium Z-butoxide and 
olefinic substrate, the equilibria in the isotopic 
solvents may be described as in equations 15 and 
16, where C signifies concentration. For the situ- 

A h =  Ce-Cbh/F ehCb- (15)
A d =  C e~Cb d /CedCb- (16)

ation in which the equilibria in the two isotopic 
solvents involve equal concentrations of B -  and 
of E -  in the two solvents, one may write formally 

A d/A h =  CehCbd/C edCbh (17)
If it is assumed that /-butyl alcohol and Z-butanol-d 
behave as identical solvents for each other and for 
the isotopic forms of the olefinic substrate, then 
the expression for A d/ A h (eq. 17) becomes equal 
to A e , the equilibrium constant for the reversible 
reaction in equation 18.

A e
Ar2C=CDBr +  i-BuOH ^ ± ;

(ED) (BH)
Ar2C=CHBr +  i-BuOD (18)

(EH) (ED)
A theoretical value of A e for the hypothetical 

case of infinite separation of the reactants may be 
calculated23'33 from ratios of the partition func
tions for the translational, rotational and vibra
tional motions for the pure liquid state of each 
molecular species in equation 18. It is now as
sumed that identical changes in the environment 
of the EH and ED molecules occur when small 
quantities of these are dissolved in /-butyl alcohol. 
Subject to all the above assumptions, a statistical 
value of AE(eq. 19) calculated from the spectral 
characteristics of the pure liquid species (EH, 
ED, BH and BD) may be equated with the ratio 
A d/A h as it pertains to the separate equilibria 
(eq. 2) in the isotopic solvents.

A e =  (Qbd/Q bh)/(Q ed/Q eh) (19)
The total partition function Q for each of the 

four substances involved is the product of the 
partition functions for the translational, rotational 
and vibrational motions of the molecules, Ql, 
QT and Qv. The contribution to the expression for 
A e  made by the Ql and Qr terms is given by the

(30) M . Davies and W. J. O. Thomas, J. Chem. Soc., 2858 (1951).
(31) W. Klemperer and G. C. Pimentel, J. Chem. Phys., 22, 1399 

(1954).
(32) N. Albert and R. M. Badger, ibid., 29, 1193 (1958).
(33) J. Bigeleisen and M. G. M. Mayer, ibid., 15, 261 (1947).

(CD3)2CHBr +  Et-O-
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ratio of the molecular weight (M ) and moment 
of inertia (/) terms quoted in the Redlich formula 
(eq. 20) for each molecular type, the terms for the 
EH-ED species being divided by those for BH-BD. 
The total value of these terms for l-bromo-2,2- 
diphenylethylene may be estimated as 0.99 from the 
molecular weight ratio 259/260, using a simpli
fied molecular model; and that for ¿-butyl alcohol 
has been calculated previously10 as 0.927. There 
will therefore be a contribution of the factor 1.07 
to the isotope effect from the Ql and Qr terms. 
7r,(OiHGJiD g  (mD/mH)’/i (Afn/Af13)'/* X

( /* H /yH /H / / : t D /yD /D )V , (2 0 )

The vibrational partition function for a harmonic 
oscillator of frequency oj/cm .-1) is given by

co
QiT =  Y , e ~ ( n  + l/2)ai for n =  0,1,2, . . . . ,  oc (21) 

n = 0

or
Q i v =  « - “ ¡/2  (1 -  e ~ « i )_1 (22)

where a; =  hcw-JnT and h is Planck’s constant, 
c is the velocity of fight, k is the Boltzmann con
stant and T is the temperature for which the iso
tope effect is required: 368.2° Kelvin in our case. 
The frequency conversion formula is then =  
3.907 X  10“ V

The partition function terms for the vibrational 
degrees of freedom are given for each species con
tributing to K e by Qv =  7TiQiv, the calculations for 
which are summarized in Table II. The observed 
frequencies for the appropriate degrees of freedom 
of the H and D atoms are fisted and are in agree
ment with the Redlich product formula.34 The 
values x iDQ 1v/ i r i HQ iv for the alcohol and olefin are, 
respectively, 15.9 and 14.4 so that the contribution 
to the isotope effect from the Qv terms is a factor

(34) G. Hertzberg, "Infrared and Raman Spectra of Polyatomic 
Molecules,”  D. Van Nostrand Co., Inc., New York, N. Y., 1945, p. 232.

of 1.10. The total calculated isotope effect is 
therefore 1.10 X 1.07 =  1.18. It is interesting 
to note that the main contributions to this calcu
lated effect come from the differences in zero-point- 
energy between the OH, OD, CH and CD stretch
ing vibrations (c/. Table II, third column), and from 
the difference in molecular weight of the two re
actants which also reflects difference in inertia. 
These two effects are counteracted to a consider
able extent by the zero-point-energy effect for the 
out-of-plane bending motions of the H and D 
substituents (frequencies 490 to 808 cm. ~l in Table
II). The effects of quantum level distribution are 
very small (Table II, last column) and the contri
butions due to the in-plane bending motions cancel.

T a b l e  II
D a t a  o n  C a l c u l a t i o n  o p  V i b r a t i o n a l  P a r t i t i o n  F u n c 

t i o n s  f o r  E q u i l i b r i u m  b e t w e e n  l -B R O M O - 2 ,2 -D iP H E N y L -

E T H Y L E N E  A N D  i -B u T A N O L - d

e'-a fi/ 2 ( i -  e -“ lD)
Mode « iH (em. ~x) Mode « iD (cm .-1) «'-a f i / i (i -  e -“ ¡D)

(i) ¿-Butyl alcohol10
POH 3362 POD 2485 5.55 1.000
¿COH 1 1380 PCH3 1 1276 1.23 1.002
PCHS / 1189 ¿COD J 952 1.59 1.015
TOH 640 t o d 490 1.34 1.077

(ii ) l-Bromo-2,2-diphenylethylene
PCH 3040 PCD 2285 4.37 1.000
S c :CH 132435 ¿C :C D 983 1.95 1.016
¿CH 80838 ¿CD 581 1.56 1.068
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(35) Cf. L. J. Bellamy, "Infrared Spectra of Complex Molecules,”  
John Wiley and Sons, Inc., New York, N. Y., 1958, Chap. 3.
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-y-Ray induced oxidation of Sn(II) in aqueous hydrochloric acid solutions is independent of the concentration of Sn(II), 
concentration of Sn(IV) and irradiation time. The “ G” -values found in 3 N  HC1 are 1.50 ions Sn(II)/100 e.v. This value 
is independent of acid concentration above 1.5 M  but decreases at lower acid concentrations. There is a slight dependence 
of G upon concentration of chloride. This is postulated as being related to changes in activity and oxidation potentials. 
The mechanism of the reaction is postulated using previously reported reactions.

Introduction
Aqueous hydrochloric acid solutions of the strong 

reducing agent Sn(II), exposed to the 7-radiation 
of cobalt-60, yield Sn(IV) and hydrogen gas as 
the products. This system is of particular interest 
because of the nature of the reducing agent, a two 
electron transfer being involved in the oxidation 
to Sn(IV). Determination of the “ G” -values for 
the system will help elucidate the mechanism by 
which Sn(II) acts as a reducing agent as well as

add to the general field of knowledge of radiation 
chemistry of aqueous solutions. Since Sn(II) is 
such a strong reducing agent in aqueous solutions 
it might also offer possibilities as a scavenger for 
some radicals produced in irradiation of aqueous 
systems.

Boyle, Weiner and Hochanadel1 have studied the 
irradiation of Sn(II) in aqueous sulfuric acid solu
tions and mixtures of Sn(II) and Fe(II) or Sn(II)

(1) J. W. Boyle, S. Weiner and C. J. Hochanadel, T his Journal, 63, 
892 (1959).
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and Fe(III). All of their work was in 0.4 M  sul
furic acid.

Experimental
Stock solutions of stannous chloride were prepared by 

dissolving solid stannous chloride in concentrated hydro
chloric acid and diluting with distilled water to the final 
desired concentration of both stannous ion and acid. These 
solutions were stored under an atmosphere of carbon dioxide 
or nitrogen to minimize the air oxidation of the Sn(II). The 
Sn(II) concentration was determined by titration with a 
standard iodine solution which had been standardized 
against arsenious oxide. The acid concentration of the solu
tions was determined by titration against primary standard 
sodium carbonate.

During the first two days following preparation of the 
solutions, the Sn(II) concentration decreased, but then re
mained constant. This probably is due to reaction with dis
solved oxygen. Brubaker and Court have noted2 that 
saturation of Sn(II) solutions with air just prior to the reac
tion between Sn(II) and Ce(IV) had no effect upon this 
reaction. Thus the oxidation of Sn(II) by dissolved oxygen 
is a slow reaction agreeing with the slow change we have 
found here.

The acid concentration of the solutions remained constant 
from the start.

All transfers and titrations of solutions were carried out 
under carbon dioxide or nitrogen to prevent air oxidation. 
Results of duplicate titrations were reproducible to better 
than 1% .

Irradiations were carried out in all-glass vessels placed in a 
position which was reproducible with respect to a 150 curie 
cobalt-60 source. The dose rate, determined by use of the 
Fricke ferrous sulfate dosimeter,3 was 1.43 X  1017 e .v ./g . /  
min. at the start of the irradiations. The dose rate was cor
rected for decay. All irradiations were carried out at am
bient temperature which varied from 15 to 25°. This 
temperature variation appeared to have no effect upon the 
reaction as determined by duplicate samples run at different 
temperatures.

Analyses generally were made within half an hour after 
removal of the sample from the source. A few samples were 
titrated both within half an hour and upon standing over
night without any difference greater than the experimental 
error found in the other samples.

Results
In all experiments the reducing titer of the solu

tion decreased indicating an oxidation of Sn(II) 
to Sn(IV). While Sn(II) and Sn(IV) interact in 
solution4 so that determination of concentration 
of each by light absorption is not practical, it is 
possible to determine qualitative changes. Spectra 
of irradiated solutions taken on a Perkin-Elmer 
Spectracord 4000 showed a decrease of Sn(II) and 
increase of Sn(IV) upon irradiation.

Hydrogen gas also was identified as a product of 
irradiation, both by the “ pop”  obtained upon 
igniting the gas released when the irradiation cells 
were opened, and by passing a sample through a 
gas chromatographic column. No other gaseous 
products (a slight air peak was present for calibra
tion) were found.

The effects of the following variables upon the 
yield were studied: (1) total dose; (2) Sn+2 
concentration; (3) Cl-  concentration; (4) Sn+4 
concentration; (5) H+concentration.

Exposure Time.— Figure 1 is a plot of the moles of 
Sn(II) oxidized as a function of the total dose. 
The extent of oxidation in various experiments is

(2) C. H. Brubaker and A. J. Court, J. Am. Chem. Soc., 78, 55 
(1956).

(3) (a) C. J. Hoehanadel and J. A. Ghormley, J. Chem. Phys., 21, 
880 (1953); (b) R. H. Schuler and A. O. Allen, ibid., 24, 56 (1956).

(4) C. L. Browne, R. P. Craig and N. Davidson, J. Am. Chem. Soc., 
73, 1946 (1951).

from about 25% of the Sn(II) present to slightly 
over 95% with no change in the G'-value not within 
the possible experimental error. The linearity of 
this plot would also confirm that dissolved oxygen 
is not involved in the oxidation. If it were, we 
would expect a change in the slope at the point 
where all the dissolved oxygen is used up, as found 
in the oxidation of air saturated ferrous sulfate.6 
From the observation that the Sn(II) concentration 
decreased for a time following preparation of the 
stannous chloride solutions it can be concluded that 
the dissolved oxygen reacts with the Sn(II) in 
solution and is thus removed.

Effect of Initial Sn(H) Concentration.—To de
termine the effect of the initial concentration of 
Sn(II) upon the oxidation, two solutions were pre
pared for irradiation. These solutions differed 
only in Sn(II) concentration, the concentration of 
one being one-half the concentration of the other. 
The results of both of these are included in Fig. 1. 
Within these concentration limits there is no effect 
of concentration Sn(II) upon the oxidation.

From Fig. 1 it is determined that the G( — Sn(II)) 
is 1.50 ions/100 e.v. in a 3 N  HC1 solution with an 
initial Sn(II) concentration 10-2 M.

Effect of Added Sn(IV) .—While the constant G- 
values obtained for the oxidation of Sn(II) as the 
total dose is changed would indicate that there is 
no effect of Sn(IV) upon the oxidation, the effect of 
added (Sn(IV)) upon the reaction was studied. 
SnCU was added to some solutions so that the 
initial Sn(II) and Sn(IV) concentrations were the 
same. These solutions were irradiated and ana
lyzed as before. The data are included in Fig. 1. 
The average “ (?” -value for these solutions was 1.45. 
The value agrees within the possible experimental 
error with the solutions without added Sn(IV).

Effect of Hydrogen Ion.— The concentration of 
hydrochloric acid used in the solution was varied to 
determine hydrogen ion effect. The concentration 
of chloride was kept constant by the addition of 
NaCl to the solutions. All other conditions were 
unchanged. In Fig. 2 a graph of the “ G” ’-value as 
a function of (HC1) is given. Each point represents 
an average of a number of runs made on a given 
solution.

Boyle, Weiner and Hoehanadel determined G 
(SnIV) in 0.8 N  H2S04 to be 0.49, as compared to 
G(—Sn(II)) we have determined in 0.8 M  HC1 
of 1.25 (from Fig. 2). In addition to the dif
ference in anion present, there is a difference in 
(SnII), Boyle, et al., using (Sn(II)) =  10~W . 
We have prepared two solutions of Sn(II) in 0.8 
N  H2S04 with (Sn(II)) =  10-2 M  and determined 
the G( — Sn(II)) for these solutions. These points 
are included in Fig. 2. The “ G” ’-values found were
0.52 and 0.79, in satisfactory agreement with the 
value of 0.49. These solutions in H2S04 are much 
less stable than those in HC1, a precipitate (pre
sumably of hydrated stannic oxide) forming both 
upon irradiation of the solutions and upon long 
standing. The end-point of the titration was not 
sharp with this precipitate present. The same 
effect was found in HC1 when the acid concentra
tion was decreased below about 0.5 M, the lower

(5) N. F. Barr and C. O. King, ibid., 76, 5565 (1954).
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limit of HC1 concentration studied because of this 
precipitate.

Effect of Added Cl- .— The results of the above 
experiments would indicate that the anion has an 
effect upon the reactions occurring. A series of 
solutions of constant (H+) with (Cl- ) varied by the 
addition of NaCl was prepared, all other conditions 
the same, and (?( —Sn(II)) determined. Data 
are given in Fig. 3. At both acid concentrations 
studied there appears to be a dependence of G- 
( —Sn(II)) upon the (Cl- ). The dependence is 
slight but still appears real.

It is felt that this dependence might be due to 
changes in the oxidation potential of the solutions 
as the (Cl- ) is changed. Measurements of the 
oxidation potential of a series of such solutions is 
being made to confirm this hypothesis.

Conclusions
Sn(II) forms many different complex ions with 

Cl-6. Thus there will be changes in the reacting 
species as the Cl-  is changed, with simultaneous 
changes in both the oxidation potential and the 
rates of reaction. Schwarz7 has found a (Cl- 1 
effect upon the radiation induced oxidation of 
ferrous chloride similar to the effect found here for 
stannous chloride. However, he found initial G- 
values for the ferrous oxidation to be essentially 
the same in hydrochloric acid as in sulfuric acid, 
in contrast to the large difference found in this 
work with the change in anion.

This reaction can be explained by steps previously 
proposed for other radiation induced reactions.8

H20 -------- H, OH, H20 2, H2 (1)
Sn + + +  nC\~ — SnCIn3-" (2)

SnCI»3-" +  OH — >- SnCl„3-» +  OH -  (3)
SnCl„3-n +  OH — >- SnCU1-» +  OH-  (4)

SnCl„3-» +  H20  SnCl„_, O H ,3-» +  H+ +  C l-
(5)

These reactions explain the effect of both H + 
and Cl-  upon the oxidation. If the rates of re
action between the Sn(II) complex and OH in
creases with increasing number of Cl-  in the com
plex the “ G” -value might be expected to increase 
with increasing Cl- . The effect of H+ may be 
explained through its effect on the equilibrium 5.

While the reaction between Sn(II) and H20 2 
apparently is slow,1 2(r(Sn(IV)) should be equal 
to G(OH) +  2G(H20 2) if no other reactions were 
occurring. The reactions proposed by Boyle, 
et al. , 1 will explain the lower (?(Sn(IV)) determined. 
In these reactions Sn++ will be used to indicate all
possible forms of Sn(II) in solution.

Sn + + +  H — Sn+ + H + («)
Sn+ +  O H — =.- Sn++ + OH- (7)

Sn+3 +  H — ■>■ Sn+2 + H + (8)
Sn+ T  Sn+3 ---- J- 2Sn'+ + O')

In addition to these reactions, similar reactions 
can be written involving H20 2 instead of OH.

We have not included any reactions involving 
Sn(IV) as a reactant because of the lack of effect 
of Sn(IY) upon the oxidation.

(6) C. E. Vanderzee and D. E. Rhodes, ibid., 74, 3552 (1952).
(7) H. A. Schwarz, ibid., 7 9 , 534 (1957).
(8) (a) F. S. Dainton, Radiation Research, Supplement 1, 1 (1959); 

(b) E. J. Hart, J . Chem. Educ., 34 , 586 (1957).

o -̂----------1-------------1________ ,________ i________ i
0 5 10 15 20 25

Time of irradiation, hr.
Fig. 1.— Oxidation of Sn(II) as a function of irradiation 

time: (Sn(II)) =  10-3 M ; (HC1) =  3 M ; o -  (Sn(IV)) =  
10-3 M ; dose rate, 1.4 X  1017 e.v./g./m in.

(H +), moles/1.
Fig. 2.— Dependence of “ G”  upon (H +): O, (C l- ) =  3.0 M ; 

O- (S 04 ) =  0.4 M.

(C l- ), moles/1.
Fig. 3.— Dependence of “ G”  upon (Cl ) at constant (HC1).
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THE FLASH PHOTOLYSIS OF HALATE AND OTHER IONS IN SOLUTION1 2 3 4
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The photochemistry of aqueous bromate solutions has been examined by the technique of flash photolysis. Two transients 
were observed and tentatively identified; a short-lived transient (~ 1 0  Msec.) absorbing at 350-390 mu was assigned to 
BrOj- radical (disappearance probably first order), and a longer lived transient (~ 1  msec.) absorbing at 460 him to BrO- 
radical (disappearance second order). Some experimental evidence in support of these assignments is presented. For ex
ample the “ BrO-”  transient is observed in BrO-  solutions. The flash photolysis results are correlated with the steady-state 
photochemical work of Farkas and Klein.

The spectra and photochemistry of simple ions 
in solution have been investigated in some de
tail,2-5 especially since Rabinowitch6 suggested 
that illumination of ion pair complexes in their 
electron transfer absorption bands might lead to 
photochemical reactivity. Farkas and Klein,7 
using the well established techniques of conven
tional photochemistry, studied the ultraviolet 
decomposition of halate (XO3- ) ions in air satu
rated aqueous solution and found that the main 
reaction was the formation of hypohalite (XO~) and 
oxygen. Furthermore, the irradiation of the XO~ 
caused the formation of halide (X - ) and halate ions 
and the evolution of oxygen. In all these cases it 
was assumed that the primary process of light ab
sorption was the transfer of an electron to the hy
dration layer.

For the halate ion, the detailed reactions postu
lated for neutral solutions are
(X 0 3- H20 ) +  light — >■ (XO 3 H2O-)- : electron transfer

( 1)
(X 0 rH 20 . ) "  — > (X 0 3- H20 ) * (2)

This excited complex, because of the known exo- 
thermicity of the thermal decomposition of the 
halates to 0 2 and hypohalite, (5 and 10 kcal., for 
C103~ and Br03~, respectively)7 is then presumed to 
decompose as

(X 0 3-H 20 )*  — >■ X O - +  0 2 +  H20  (3)

This explained the observed relatively high XO~ 
quantum yield of 0.19 (<260 mp). In more acid 
solutions (pH 6-8), some hydrogen also was 
evolved, and this was explained as being due to an 
increased probability of the photoexcited electron 
jumping from the solvating water molecule to a 
neighboring proton, the reactions being

(X 0 3"H 20 ) +  light — > (X 0 3-H20 - ) -  
(XO j-HjO -)- +  H+ — X 0 3- +  H- +  H20  (4)

accompanying reactions giving for bromate the ob
served Br~, O2, BrO-  and H2. For the hypohalite 
ion, a similar “ self"-decomposition is postulated 
(X O - H20 ) +  light — > (X 0-H 20 - ) -  -— =*- (X O -H 2O)*

(5)
(X O -H 20 )*  — > X -  +  H20  +  O (6 )

(1) Based on work performed under the auspices of the U. S. Atomic 
Energy Commission,

(2) J. Franck and G. Scheibe, Z. physik, Chem., A139, 22 (1929).
(3) A. Farkas and L. Farkas, Trans. Faraday Soc., 34, 1113 (1938),
(4) K. W. Young and A. J. Allmand, Can. J. Research, 27B, 318 

(1949).
(5) M. G. Evans and N. Uri, Nature, 164, 404 (1949).
(6) E. Rabinowitch, Revs. Modern Phys., 14, 112 (1942).
(7) L. Farkas and F. S. Klein, J. Chem. Phys., 16, 886 (1948).

the oxygen atoms being responsible for the subse
quent formation of bromate. These results were 
obtained mainly for the Br03-  ion, but it was found 
that chlorate and iodate behaved similarly. How
ever, chlorate, because of its very low ultraviolet ab
sorption, gave a low experimental yield, and iodate, 
being unstable, liberated iodine which absorbed 
the active light and once again led to decreased 
decomposition.

The technique of flash photolysis already has been 
used with some success to study photochemical 
processes in solution,8-9 and in the latter study the 
intermediate X 2--  was detected. Consequently, 
it was considered that the method might prove 
useful in elucidating some of the processes postu
lated by Farkas and Klein.7

Experimental
The flash photolysis apparatus already has been de

scribed ,9 but the reaction vessel was slightly different. This 
had an additional outer fused silica jacket so that a 1 cm. 
thickness of liquid filter could be used when necessary to 
modify the flash wave length; also the two fused silica win
dows were carefully sealed to the vessel so as to minimize 
scattered light. For most experiments the photolysis 
flash was nominally 1520 joules, (37.5 MFd. at 9 K v.) dura
tion approximately 25 Msec., and useful light absorbed 
approximately 1018 quanta/flash. Most spectra are plotted 
as AR vs. wave length: AR equals Rt> — Ii where Ra is the 
microdensitometer reading of the photographic plate for 
the spectroflash exposure through the solution before the 
photolysis flash, and R is the corresponding reading for the 
spectroflash exposure through the solution at time t after 
the photolysis flash. AR equals y(D  — /)„) where 7 refers 
to the plate 7 and Do and D are the optical densities of the 
solution before and at time t after the photolyzing flash. 
This assumes negligible scattered light from the photolysis 
flash.

The inorganic chemicals were all of reagent grade 
either from Matheson Company or Mallinckrodt Chemical 
Works, while the organic chemicals were the highest quality 
available from Eastman. All were used without further 
purification. The water was triply distilled.10 For flash 
experiments, solution concentrations usually were chosen 
to give optimum light absorption and, unless otherwise 
stated, the solutions were not degassed. Reaction tem
perature was about 250.

Results
A. Preliminary Observations.—-Before the pre

liminary observations are considered, the spectra of 
the various species should be noted—see Fig. I.5-6-11

It was found that a 10-1 M  KBrCb solution in 
water gave a strong, short lived (approx. 100 p- 
sec.) transient absorption in the region 300-500

(8) N . K. B rid ie  and G. Porter, Proc. Roy. Soc. (London), A244, 259 
(1958).

(9) L. I .  Grossweiner and M. S. Matheson, T h is  J o u r n a l , 61, 
1089 (1957).

(10) E. J. Hart, J. Am. Chem. Soc., 73, 68 (1951).
(11) M . Anbar and I.  Dostrovsky, J. Chem. Soc., 1105 (1951).
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m/i (see Fig. 2a) and a permanent absorption 
increase with a maximum at 340 m/x (see Fig. 2b). 
In addition gas was liberated. Similar solutions of 
K IO 3 , K C IO 3  and K N O 3 gave much weaker, 
short lived (<90 nsec.) transient absorptions: the 
first in the region 450-500 m/x, the second at wave 
lengths below 250 m/x and the K N 03 transient 
absorption overlapped the K N 03 300 m/x peak.

As the KBrOs concentration decreased from 10-1 
to 10-3 M  the transient absorption also decreased. 
NaBr03 gave the same spectrum as K Br03. 
Degassing the KBrOs solution before flashing had 
no detectable effect on the transient or on the per
manent change.

B. Identification of the KBr03 Transients and 
Permanent Change. (I).— The permanent in
crease in absorption around 340 m/x fits well the 
known BrO-  absorption (see Fig. 1) and cor
responds to approximately 2 X  10 ~4 M  BrO-  
after 3 flashes. Also, the very strong absorption 
at lower wave lengths due to the Br03-  decreases 
slightly. However, changes were observed in the 
solution even at relatively long times after flashing, 
which were thought possibly to involve an hydroly
sis reaction. For this reason, further experiments 
were carried out in buffered solutions. The buffer 
usually used was phosphate at a total concentra
tion of 2 X  10-2 M. Phosphate buffer at this con
centration is known not to interfere appreciably 
with the normal thermal aqueous reactions,12 
and further this buffer was shown to have no ab
sorption permanent or transient in the region of 
interest. The dotted curves in Figs. 2a and 2b 
show the effect of the buffer. Figure 2a also shows 
that there are in fact two transients, one with a 
double peak in the region 350-390 m/x and a longer 
lived one with a peak at approximately 460 m/x. 
Neither of these can be the halogen transient, 
Br2-- , previously detected in solution,9 as this 
radical has a longer life time and its absorption is 
narrower and occurs at a different wave length 
(365 m/x).

It is proposed to explain the behavior of the two 
transient absorptions in terms of the 350-390 m/x 
band being due to the Br03- [or (Br03-H20 )  - ] 
radical formed initially as shown in equation 1 
and the other at 460 m/x as due to the BrO-[or 
(Br0-H20 ) - ] radical formed subsequently from 
BrO -  as in equation 5.

(11) Effect of pH.— If this postulate is correct, 
then at low pH’s “ BrOs-”  would still be formed but 
the BrO-  should be reduced (compare equations 3 
and 4) so that less BrO- transient would be present, 
while at high pH’s relatively more BrO- than Br03- 
should be observed. Figure 2c gives some of the 
results showing the absorption of solutions at 10 
/xsec. after the photolysis flash (minimum delay) 
where it is seen that at low pH’s, as expected, there 
is less of the BrO- (460 m/x) absorption. However, 
if the competition of reactions in (3) and (4) ex
plains this pH effect, then the H atoms produced 
in (4) disappear largely by reaction other than H -H  
recombination since the quantum yield for H2 
formation in the pH range 6-8 is <0.001.7 Another 
possible explanation of the pH effect is that the

( 1 2 )  R .  M .  C h a p i n , J .  A m .  C h e m . S o c . ,  5 6 , 2 2 1 1  ( 1 9 3 4 ) .

Fig. 1.— Spectra of some bromine species in water (ref. 
5, 6 and 11).

300 400 500
WAVELENGTH (m/x).

Fig. 2.— Spectra of 10-1 M  KBrOs solutions after flash
ing: (a) full line, in water; dashed line, phosphate buffer 
pH 7. (b) (i) Permanent change in water after three
flashes (measured in 10 cm. cell in Beckman), (ii) Same 
in phosphate buffer pH 7. (c) 10 /xsec. after first flash;
pH 5.6 and 7, phosphate buffer; pH 9.7 and 11.8, carbonate 
buffer.

BrO-  is converted rapidly to HBrO at low pH ’s 
and as this species absorbs less fight (Fig. 1) it is 
decomposed less by the photolysis flash. Difficul
ties were experienced at low pH’s due to the for
mation of Br2 by the thermal decomposition of 
Br03- . In alkaline solution the permanent change 
was mainly to BrO-  which disappeared over a 
period of hours probably by the reaction 3BrO-  —► 
B r03-  +  2Br-  (see ref. 7). In acid, the perma
nent change was to HBrO which disappeared in
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Fig. 3.— Miscellaneous transient spectra: (a) (i) lO^1 M
K B r03 in water, transient at 10 ysec. delay, (ii) Same 
plus 5 X 10-2 M (NH4)2S()4. (b) Transients at 10 ysec. 
delay, (i) 5 X  10“ “ M BrO " in N  KOH; (ii) 10"1 M 
K B r03 in water.

minutes probably by reactions such as BrO-  +  
2HBrO -*■ Br03-  +  2H + +  2Br-  (see ref. 13 and 
14).

(III) Effect of Added NH4+.—Farkas and 
Klein found that this ion, by reacting with the 
BrO-  to produce the much less light absorbing 
Br-  (+ N 2), enhanced the Br03~ photolysis. If 
this is the case, then there should be relatively 
less BrO- absorption at 460 my in the presence of 
NH4+ than in its absence. Figure 3a shows this to 
be the case, the Br03- absorption having increased 
as expected. In addition there was considerably 
greater permanent change.

(IV) Effect of Flash Wave Length.—If the 
photolyzing light could be confined to the Br03~ 
region of absorption and not to that of the BrO-  
then no BrO- should appear. Several different 
filter combinations were tried, but it proved 
impossible to get sufficient intensity into the Br03-  
band (below 300 my) without also allowing ap
preciable amounts to fall on the BrO -  340 my band 
(see Fig. 1).

(V) Photolysis of BrO-  Alone.—-Photolyzing 
BrO-  alone proved to be more successful. The 
BrO-  was prepared12-13 by the addition of Br2 to 
ice-cold N KOH and was checked spectrophoto- 
metrically. Figure 3b shows that on flashing this 
solution the Br03- 390 my band is not present at 
minimum delay leaving only the BrO- absorption 
with main peak at 450 my.

(VI) Effect of Solvent.—Insufficient Br03-  
would dissolve in glycerol, dioxane or ethanol to 
give an absorption exceeding that of the absorption 
of the solvent itself. It is interesting to note that 
in ethanol a sharp maximum appeared at 215 my 
(diem- =  0.3 in saturated solution), which may cor
respond to the electron transfer peak of Br03-

( 1 3 )  M .  C .  S n e e d , J .  L .  M a y n a r d  a n d  R .  C .  B r a s t e d , “ C o m p r e h e n 
s iv e  I n o r g a n i c  C h e m i s t r y ,”  V o l .  Ill, D .  V a n  N o s t r a n d  C o . ,  I n c . ,  N e w  
Y o r k ,  N .  Y . ,  1 9 5 4 , p .  1 6 8 .

( 1 4 )  F .  E p h r a i m , “ I n o r g a n i c  C o m p o u n d s ,”  4 t h  E n g l i s h  E d .  G u r n e y  
a n d  J a c k s o n , L o n d o n , “ O x y g e n  C o m p o u n d s  o f  t h e  H a l o g e n s ,”  1 9 4 3 , p . 
3 5 8 .

in water shifted to higher wave lengths in the dif
ferent solvent. Attempts to solubilize the ion in 
non-aqueous solvents were made using tétra
méthylammonium and tetra-n-propvlammonium16 
ion. Silver bromate, freshly precipitated from a 
silver nitrate-potassium bromate solution in water, 
was washed and then added to an aqueous solution 
of either tetramethyl- or tetra-n-propylammonium 
hydroxide, and the product was crystallized from 
ethanol. However the methyl compound still 
was not sufficiently soluble and the n-propyl com
pound, though it did dissolve, gave no detectable 
transient absorptions in ethanol, a very faint one 
in hexane, and the normal ones in water. This 
shows clearly the over-riding importance of sol
vent in this reaction.

(VH) Quantum Yield of BrO-  Production.—
It is of interest to see whether the quantum yield for 
BrO-  formation differs appreciably from the steady 
illumination value of Farkas and Klein of 0.2. 
Light, output was determined using the ferrioxa- 
late actinometer, (which Hatchard and Parker16 
have shown to give reliable results in this intensity 
range) first for the whole flash, then for all wave 
lengths greater than 280 my (using Corning Glass 
Filter 9700), and hence by simple subtraction for 
wave lengths less than 280 my where the B r03-  
absorbs. The figure obtained was 3.8 X  10-6 
Nhv/flash One flash exposure of 10-1 M  KBrOs
in phosphate buffer, pH 7, gave 1.2 X  10-4 M  
BrO-  as determined after flashing by the use of 
10 cm. cells in the Beckman spectrophotometer. 
If the fraction of light absorbed by the solution is 
estimated as approximately 0.8 (a figure open to 
many uncertainties), the quantum yield of BrO-  
production is approximately 0.4 in fair agreement 
with the figure of Farkas and Klein (0.19). This 
calculation neglects the loss of BrO-  by further 
photolysis during the flash.

C. Rate Determinations (Flash Spectropho
tometry).— When the photomultiplier arrangement 
was used (see ref. 9), cathode ray oscilloscope de
flections were found to be proportional to per
centage light transmitted by the reaction cell at 
various wave lengths from 313 to 546 my. Ob
servations were made at 450 my for BrO-, and 365 
my for Br03-.

(I) 10-1 M  KBr03 in Water or Phosphate 
Buffer.—At 365 my, a relatively strong, short lived 
transient absorption was found (half-life approxi
mately 10 ysec.). This is shown in Fig. 4, the 
lower trace. At 450 my, the weaker transient 
absorption had a half-life of approximately 1 
millisecond. As flashing continued, the latter 
transient absorption increased and the former de
creased as expected, since more BrO-  is formed at 
the expense of Br03- .

(II) 5 X  10-4 M  BrO-  in N  KOH.— Only the 
longer lived (BrO-) transient was observed but its 
absorption was stronger than in the above Br03-  
solution. The concentration observed, of course, 
cannot be compared directly with the previous

(15) L. F. Fieser and M. Fieser, “ Organic Chemistry,”  3rd Ed., 
Reinhold Publ. Oorp., New York, N. Y., 1956, p. 228.

(16) C. G. Hatchard and C. A. Parker, Rroc. Roy. Soc. {Loudon), 
A235, 518 (1950).
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T a b l e  I
D e c a y  C o n st a n t s  f o r  BrCV an d  BrO-

(dm =  maximum
K B r C )j i n  p h o s p i k X  

1 0 - 5

l a t e  b u f f e r , p H  7 — -

dm s e c ._I U/i dm

BrOj- (365 m/i) 0.79 1.25 5 .2  psec. (1st 
order)

0.73

BrO- (450 m/i) 0.11 ? 1.5 msec. (2nd 
order?)

0.17

results, since this experiment involved “ pure”
BrO-  to produce on photolysis BrO-, whereas in 
the above Br03-  solution only a small amount 
of BrO-  was being flashed in the presence of pre
sumably a large excess of B r03- .

(Ill) Order of Radical Reactions.— The weaker, 
longer lived BrO- radical, absorbing at 460 mp, in 
most cases followed a second-order decay process 
rather than a first order (see Fig. 5a). However 
since the maximum optical density was so low 
(usually <0.2), too much reliance could not be 
placed on the determination of the order of the 
reaction, but the estimated lifetimes (ranging from
0.3-1.5 millisec., see Table I below) are probably 
in error by only 0.1 millisec.

In the case of the stronger, short lived Br03- 
absorption at 350-390 mjj, the trace of the flash 
itself (upper curve in Fig. 4) shows that the flash 
lasts nearly as long as the BrOs- radical and ob
viously proper allowance should be made for the 
nature of the flash intensity distribution with time, 
in order to obtain the correct rate of decay of the 
radical. (The middle curve in Fig. 4 shows the 
small contribution due to scattered light.) If a 
simple first-order decay is assumed, the Br03- 
variation with time will be given by

d(BrO»-)/di =  1(1) — A-(Br03-)

where I(t) is flash intensity at time t. Integration 
and rearrangement give

Consequently a plot of (1 D d/ against

( ■ ! » / ;  I (t)dt (where D =  change in optical density
of the solution at 365 nip and this change is at
tributed to Br03- absorption since the permanent 
change in D is negligibly small) should be linear 
with intercept ( —1/fc) on the former axis. Figure 
5b shows this to be the case, the very small nega
tive intercept giving a value of fc =  1.17 X 105sec.-1 
and half-life, t>/. =  6 ¿¿sec. To test the validity of 
this analysis, two additional computations were 
made. First, for the longer lived, first-order de
cay of the triplet state of duroquinone in liquid 
paraffin8 for which fy, is known to be 33.5 /nsec, 
the above method gave a correspondingly larger 
negative intercept, and the decay constant cal
culated from this intercept agreed with that de
termined from that portion of the triplet decay 
curve beyond the end of the flash. This observa
tion provides good support for the method, but the 
second check, which concerns the sensitivity of the 
plot to the order of the reaction was not as satis
factory. It was found that the plot, if the order

optical density)
-----K B rO i in water------------- - ------------- B rO " in .V KOH-k X  

I O " * ,  
s e c .- 1 t-,l dm k U, J
1.17 5.9 psec. (1st Nil

?
order)

1.0 msec. (2nd 0 25 ? 0.26 msec. (2nd
order?) order?)

I I I I I I
O 20 40 60 80 IOO

t  — »-(/¿sec).

Fig. 4.—Photomultiplier record of Br03~ (lower trace) 
and of the flash (upper trace). (10-1 M  K B r03 in water 
at 365 mp).

was assumed to be second and not first was only 
slightly curved, indicating poor sensitivity to the 
order of the reaction. It is concluded that the 
Br03- radical probably disappears by a first-order 
process with half-life of 6 psec. in water and 
a rate constant of 1.17 X  105sec.-1.

(IV) Disappearance of Br03-  and Buildup of 
BrO- .—Because the transient absorption is con
siderably greater than that of BrO-  and Br03-  
and overlaps these other absorptions in the region 
available for photometric study, it was not pos
sible to detect and correlate quantitatively the 
disappearance of Br03-  and appearance of BrO-  
with the buildup and decay of the radicals. How
ever, at 335 m/i, for example (the maximum of 
BrO-  absorption), a composite curve was obtained 
corresponding to the build up and decay of the 
Br03- radical superimposed on the buildup of 
BrO- . The absorption w'as approximately con
stant (and not increasing) beyond approximately 
50 /usee., which indicates that the BrO-  is formed in 
about the same time as the Br03. radical forms and 
decays. In principle it is possible to analyze this 
curve quantitatively, but because of the low den
sities and the known sensitivity of such analyses to 
the precise shape of the curve, this was not at
tempted.

(V) Quantum Yield.—Figures were obtained for
the BrO,v radical yield in terms of its extinction 
coefficient by noting its maximum optical
density (dm). The light absorbed was determined 
as before from an estimate of the output per flash 
below approximately 300 mp; to this same order 
of accuracy the value was obtained
Q.Y.(BrOj ) =  2 X  103/«So»-(10-1 M  K  Br03 in phosphate 

buffer pH 7)
(Note >  e|ft- =  100)

If a Q. Y. of the order of unity is assumed, 
would be 2 X 10’ .
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Fig. 5.-—Transient decays : (a) second-order decay of 
BrO- at 460 mg; (5 X  10"4 M  BrO~ in N  KOH). (b) 
BrOj- decay plot at 365 mg; (10~‘ M  K B r03 in phosphate 
buffer, pH 7.) D  =  optical density of solution and is 
proportional to transient concentration.

0.2

300 400 500
WAVELENGTH (m g)

Fig. 6.—Transient spectra in CH2BrCOOII solutions, 
(i) 10-2 M  in water, 10 gsec. delay, oxygenated, (ii) 
Same, degassed.

Discussion
The above results appear to confirm the analysis 

of the system by Farkas and Klein. It can be 
seen that if one assumes that the two transients 
are in fact B r03- and BrO- or the corresponding 
hydrated radicals, a plausible explanation for the 
observations can be given. However, there are 
two difficulties which must be discussed and for 
which some additional work was carried out. 
This work is reported in the final section. These 
difficulties concern the so-called BrO- radical which 
apparently decays via a second-order process 
(with the limitations noted). On the simple scheme 
of Farkas and Klein a first-order reaction is ex
pected, but since a much greater initial radical 
concentration is produced in flash experiments, it 
seems reasonable to find such a bimolecular radical 
process occurring, presumably to give Br2 and 0 2. 
(A peak at approximately 400 mg—the Br2 solu
tion peak— did appear in all the experiments in 
which BrO- was detected.) However, a greater 
difficulty is the position of the BrO- absorption 
band at 460 mg.

Zeelenberg17 recently detected the BrO- radical 
by flash photolysis of mixtures of the vapors of 
bromo substituted methanes and oxygen. It 
absorbed in the region 300-350 mg in agreement 
with work of Ramsey18 and had a half-life of ap
proximately 0.5.-1 millisec. Lipscomb, Norrish 
and Porter19 have studied the CIO- radical in de
tail in the gas phase. It absorbs from 260-300 inn 
and has a half-life of a few milliseconds, disap
pearing via a bimolecular process similar to that 
postulated above for BrO- in solution (however 
in the case of CIO-, C120 2 is probably an interme
diate). Hence, though the general behavior of this 
so-called BrO- radical is in accord with previous 
observations, its absorption spectrum in solution 
does not agree with that in the gas phase, being 
shifted to the red by approximately 100-150 mg— 
an unusually large shift.

It was in an attempt to resolve this difficulty that 
the following further experiments were carried out.

Additional Observations
Zeelenberg argued that the BrO- radical is dif

ficult to form from Br2 and 0 2 directly, because 
the weakness of the Br-O- bond makes the process 
energetically unlikely. In his method, more is 
formed because a radical such as CCUO-O- pro
duced by the photolysis of, e.g., CCl.-jBr plus 0 2, 
probably has a much weaker R.O-0 - bond and so 
the Br- atoms can pull off an O atom with much 
greater probability. For this reason, bromoacetic 
and dibromoacetic acids and dibromoethane all of 
which are soluble in water were flashed, in the hope 
that the BrO- absorption in solution could be de
tected in the presence of oxygen.

(I) Bromoacetic Acid in Water. (Absorbs below 
260 mg).— Figure 6 shows the transient absorptions 
obtained 10 gsec. after flashing oxygenated or de
gassed aqueous solutions of bromoacetic acid. 
The oxygenated solution was prepared by bubbling 
oxygen through the water for 40 minutes before 
adding the acid. The peak at 450 mg is seen to 
disappear when the oxygen is removed as would 
be expected if this peak is due to BrO-. The peak 
at 370-410 mg does not change, consequently it is 
unlikely to be the -OOCH2COOH radical. If 
•CH2COOH reacts somewhat slowly and there
fore only partially with 0 2, then the 370-410 mg 
band possibly could be due to -CH2COOH. Al
ternatively, it could be due to the Br2- ~ ion which 
absorbs in this region9 (365 mg uncorrected), al
though it is not easy to explain Br--  formation here 
unless there was an appreciable concentration of 
Br-  ions before flashing. Further, the band en
velope is not identical with that given for Br2-_ in 
ref. 9.

(n) Dibromoacetic Acid in Water.—This com
pound gave the same species as bromoacetic acid 
but in smaller amounts.

(HI) 1,2-Dibromoethane (Absorbs below 240
mg).— 1,2-Dibromoethane in water when flashed 
gave a strong peak at 370 mg with lifetime >  100

(17) A. P. Zeelenberg, Nature, 181, 42 (1958).
(18) D. A. Ramsay, Ann. N. Y. Acad. Sci., 67, 485 (1957), and un

published work.
(19) F. J. Lipscomb, R. G. W. Norrish and CL Porter, Nature, 174, 

785 (1954) and earlier papers.
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Msec. There was little permanent change and oxy
gen increased this change by approximately 15%. 
In hexane (not degassed) with a similar concentra
tion of approximately 10-2 M  a very intense tran
sient was obtained at entirely different wave lengths, 
that is continuous absorption was found below 300 
m/t. There was also a large permanent change, 
probably to HBr and Br2. Since Br~ was pro
duced in the aqueous experiments by flashing (as 
checked by precipitation of AgBr), it seems very 
probable that the transient in water with absorp
tion at 370 m/i is Br2--  (see ref. 9). As regards 
the transient in hexane, perhaps this is the same 
as that produced on flashing Br2 itself in hexane 
(see below).

(IV) CChBr (Absorbs below 300 m/i).—CCl3Br 
was the most effective substance used by Zeelen- 
berg.17 In oxygenated hexane and CCI4 no tran
sient absorption could be detected with this com
pound.

(V) NaClO.— It was thought that CIO-  might 
produce a transient spectrum analogous to that 
obtained from BrO- . However, despite its high 
photochemical reactivity,4 and the use of concentra

tions of it varying from 10-2 to 10-6 M  both in 
water and 0.1 IV sodium hydroxide, CIO-  showed 
only a permanent disappearance at 300 my, and a 
slight transient decrease at higher wave lengths.

(VI) Further experiments were done with solu
tions of the halogens in water, acid, CC14 and hexane 
both oxygenated and degassed. No absorption 
attributable to BrO- was detected but some very 
interesting observations were made which are re
ported elsewhere.20

(VII) Conclusions.— Apart from the 450 my  ab
sorption detected in oxygenated bromoacetic and 
dibromoacetic acids, no further confirmatory evi
dence could be found for the assignment of this 
band to the BrO- radical. In view of this, despite 
the fact that the transient behaves in all respects 
as expected, it is considered that further evidence 
should be sought before a final assignment can be 
made.

One of us (N.K.B.) is indebted to the British 
Rayon Research Association, Manchester, England 
for leave of absence. We are also indebted to Mr. 
W. A. Mulac for technical assistance.

(20) N. K. Bridge, J. Chem. Phys., 32, 945 (1960).

THE HEAT OF ADSORPTION OF ARGON AND KRYPTON ON 
MOLYBDENUM DISULFIDE—SEPARATION OF ENTHALPIES INTO

RATIONAL COMPONENTS
B y  P e t e r  C a n n o n

General Electric Research Laboratory, Schenectady, N. Y.
Received March 16, 1960

The molar integral heats of adsorption of two rare gases on oxide-free MoS2 are presented as functions of coverage. The 
data are analyzed in terms of both sorbate-solid and sorbate-sorbate interactions. The values of each separate interaction 
are calculable from the fundamental physical properties of the components of the system. The calculation of the dispersion 
forces for the gas-solid pair is most successful using London’s form for the dispersion constant. The data cover the ranges 
4 X  10-7 <  p/jici <  2 X  10-3(Ar) and 4 X  10-4 <  p/po <  4 X 10~'(Kr). The argon film exhibits a gas-liquid transition 
and the krypton film shows a maximum self interaction energy equal to one half the heat of liquefaction.

Introduction
When we consider the changes in state of a mon

atomic film of an adsorbate on a uniform substrate 
with various degrees of coverage, it is apparent 
that the anticipated behavior should be equivalent 
(in two dimensions) to that of a regular bulk fluid 
compressed isothermally from very small to quite 
high densities. In addition, if the temperature 
of the experiment is appropriate, phase transitions 
analogous to those which would occur in the bulk 
should appear. Such interpretations have been 
applied in a phenomenological manner to the 
behavior of films of insoluble long chain polar 
molecules on the surface of water1 and various 
aqueous systems, and have been invoked to ration
alize the behavior of adsorbed films on, e.g., graphite.2 
In the former case, objections recently have been 
advanced3 to the concept of actual phase changes 
involving discontinuous changes in molecular co
area. Only a few quantitative treatments of the

(1) I. Langmuir, Coll. Symp. Monog., 3, 48 (1925).
(2) G. Jura and D. Criddle, T h is  J o u r n a l , 55, 163 (1951).^
(3) R . Aranow and L. Witten, J. Chem. Phys., 28, 405 (1958).

behavior of adsorbed films have been attempted, 
and here the emphasis has perhaps been on fore
casting the pressures at which two dimensional 
condensation will occur, and accounting for these 
values in terms of mutual interaction potentials 
between the atoms of gas and the solid.4 The 
evaluation and use of total equations of state for 
adfilms has not received a great deal of attention, 
perhaps due to the fact that the van der Waals 
equation

W = vr(i +  f)
has a considerable range of applicability and the 
virial coefficient p  becomes rapidly more intractable 
as we attempt to use more than a very simple 
picture of the molecular events occurring in the 
system.

It is therefore of considerable interest to attempt 
the interpretation of energies of adsorption in 
terms of the degree of coverage, the adsorbent- 
adsorbate interaction, the adsorbate-adsorbate

(4) B. B- Fisher and W. G. McMillan, ibid., 28, 562 (1958).
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Fig. 1.— The molar integral heat of adsorption of argon 
on M0S2 in the co-area range 460-180A.2/A r: open circles, 
experimental points; closed circles, points calculated for 
the compression of two dimensional argon gas from a co
area of 310 A .2, according to a 6:12 force law; T  =  83.8°K.

interactions and the temperature of the experi
ment, thus: AHs =  f ( 6 , ex , en, T). The major 
experimental problem is to find systems in which 
the variables can be separated, and this has been 
achieved partially by working with graphite,53 
metal films5b and by using preadsorbed layers of 
various materials.Sc The importance of en, which 
in the above cases is frequently small compared with 
e j_ , lies in its significance to the theory of the liquid 
state: adsorption experiments have been recognized 
for some time6 to be one of the few available ap
proaches to the assessment of such self-interaction 
potentials. A complete description of adsorption 
energies in the above terms would be cognate 
with the theory of regular solutions as expounded 
by Hildebrand, and would be valuable for direct 
comparison of various systems in terms of a given 
set of parameters. The question of whether 
these parameters could in turn be assessed from 
first principles is a vexed one: such a development 
is unlikely in view of the fact that it would consti
tute a solution to a many-bodied problem involving 
dissimilar species. But the situation is not as 
gloomy as this might suggest. Provided the ad
sorption involves no electron transfer, and the 
energy associated with it is comparable with the 
heat of liquefaction of the bulk adsorbate (i.e., 
“ physical”  adsorption), it should be possible to 
assess from fundamental considerations the energy 
of a film of say a monatomic sorbate on a solid 
which could be treated as a semi-infinite continuum. 
These restrictions limit the experimentally avail
able systems primarily to inert gases on single 
crystal metals and on highly anisotropic solids. 
In the latter case, the solids of choice should be 
covalently bound, since Gaines7 has demonstrated

(5) (a) J. G. Aston and Q. Stottlemeyer, Symposium Proc., “ The 
Chemistry of Solid Surfaces,“  Duke Univ., March, 1958, pp. 11-14; 
(b) G. D. Halsey, Jr., and J. H. Singleton, Can. J. Chem., 33 , 184 
(1954); (c) P. Cannon, T h is  J o u r n a l , 63 , 1292 (1959).

(6) J. E. Lennard-Jones and A. F. Devonshire, Proc. Roy. Soc. {Lon
don), 1 6 3 A , 53 (1937).

the marked effect of ionic substitution on the mica 
basal plane upon the adsorption of the inert gases. 
Thus, graphite has been of interest in this respect, 
but a molecular crystal might be expected to be 
even better behaved.

In the present work, an account8 already has 
been given of the behavior of the adsorption of inert 
gases on molybdenum disulfide, in which a phe- 
nomenonological comparison with similar results 
on graphite was made. A number of striking 
similarities were evident. In this paper, therefore, 
I propose to examine the data presented earlier 
to see whether it is possible to separate the enthal
pies calculated from the isotherm data into parts 
cognate with the parallel and perpendicular force 
fields in the adfilm, as functions of coverage and, 
if possible, to account for them from first principles, 
nothin the above restrictions.

Results
Molar integral enthalpies of adsorption were com

puted from the isotherm data using the procedures 
described by Hill, Emmett and Joyner.9 Plots 
of these quantities as functions of coverage are 
shown on Figs. 1 and 3. In the evaluation of the 
spreading pressure plots for argon, it was found 
that the curves for spreading pressure vs. log rela
tive pressure crossed, showing a reversal in sign 
of enthalpy with respect to a three dimensional 
liquid standard state. For the purposes of choice 
of limits for theoretical computation it was then 
necessary to determine whether this change was 
associated with a change of phase in the adfilm: 
therefore, a plot of film compressibility vs. log gas 
pressure was prepared,10 and it is shown on Fig. 2. 
It shows clear evidence of a discontinuous change 
in the adfilm compressibility, noth a deviation 
from ideal behavior commencing at the position 
corresponding to the crossing of the 0-plots (spread-

/*p /  po
ing pressure, 0 =  KkTJ v d In p/po =  K T ■
(£>/bs) log F(T) where F(T) is the grand partition 
function of the adfilm and the other symbols are 
as defined by Hill, Emmett and Joyner9). The 
deviation becomes large very rapidly with increas
ing pressure, up to a pressure of 251 /¿, where the 
compressibility of the film finally drops to a very 
low value.

Molar quantities are used throughout, since this 
type of quantity is interpreted easily, and most of 
statistical thermodynamic reasoning is recorded 
in this form.

The conditions under which the surface was pre
pared were such that oxide contamination is un
likely.11 Heats based on the results obtained from 
350° outgassed, oxide-contaminated samples were 
calculated and found to be not very different 
from those from the 950° material suggesting per
haps that oxide contamination has not too impor
tant an influence on physisorption in the systems 
Ar-MoS2 and Kr-MoS2. The heat plots yield

(7) G. L. Gaines, Jr., T h is  J o u r n a l , 62, 1526 (1958).
(8) P. Cannon, ibid., 64, 858 (1960).
(9) T. L. Hill, P. H. Emmett and L. G. Joyner, J. Am. Chem. Soc., 

73, 5102 (1951).
(10) S. J. Gregg and F. P. Maggs, Trans. Faraday Soc., 44, 123 

(1948).
(11) P. Cannon» Nature, 183, 1612 (1959).
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values of 2000 cal./mole for the Kr-M oS2 inter
action at d =  0, and 1370 cal./mole for the Ar- 
M oS2 interaction at the coverage corresponding 
with a gas-like Ar film. These are near enough 
to the heats of vaporization in each case that we 
should be able to synthesize a calculated heat of 
adsorption from this quantity and the self-inter
action enthalpies of the adfilms, by direct addition. 
A problem which occurs in such analyses is whether 
they are of any real meaning, since the technique 
of calculation demands not only the necessary con
dition of a flat heat plot, implying surface homo
geneity, but certain sufficient conditions also. The 
shape of the heat plot in itself is not sufficient to 
establish the homogeneity of the surface and the 
validity of the calculation, since one can easily 
imagine various site populations of different 
energies giving compensating effects and conse
quent flat isosteric heat plots and linear molar 
heat plots. A condition which is sufficient, how
ever, is that one should be able to follow an en
thalpy change at low coverages corresponding to 
the compression of a gas-like film, and its collapse 
into liquid-like regions. This process should 
commence at the area per molecule corre
sponding with the normal cross section of the gas at 
the same temperature, follow the well-known laws 
for total energy of a fluid under compression, and, 
when this energy exceeds by approximately kT 
the value at which another phase is stable, one 
should observe the collapse of the film and the 
phase transition. Let us examine the results for 
evidence of processes of this kind.
Theoretical Considerations and Discussion of 

Results
London12 derived an expression for the inter

action energy, <pT>, between a single gas atom and a 
semi-infinite solid, based on pure dispersion forces 
without permanent dipole formation

N rC
m  = ~

where N  is the number of substrate atoms/cc., 
r is the perpendicular distance between the mass 
center of the sorbate atom and the uppermost 
plane of mass centers of the substrate, and C is the 
so-called dispersion constant, In the absence of 
a single characteristic energy, hv0, by which to 
represent the gas and solid atoms in C, London13 
used the fair approximation hv0 equal to ionization 
potential. Thus the expression for ¡pu becomes

<PT> N tt e ta '
~ T  x  7 ^ x J J '

J  +  J '

where a,a' are the polarizabilities of the gas and the 
solid and J,J' are the respective ionization po
tentials. The numerical values for interaction 
energies given by this approximation are generally 
lower than those found using other popular for
mulas for C .14 Usingthis approximation, the values

(12) F. London, Z. physik. Chem., B ll, 222 (1930).
(13) F. London, Trans. Faraday Soc., 33, 8 (1937).
(14) R. A. Pierotti and G. D. Halsey, Jr., T h is  J o u r n a l , 63, 680 

(1959), give a table showing numerical values for several systems 
involving conducting substrates using seven different modes of com
putation. The London calculation gives the lowest results in all but a 
few cases, where the Margenau-Pollard16 formulas, involving free, non- 
ideally polarizable electrons, gives lower values because ol the negative

L O G l0 p ( p in f i  Hg ).

Fig. 2.— Compressibility of the argon film vs. log pressure, 
showing departure from ideality and lambda-point transi
tion; T =  77.4°K.

calculated for MoSs are Ar/MoS2, <pn <  1350 cal./ 
mole, K/MoSs, <pv <  2000 cal./mole. The quoted 
values are the upper estimates due to the use of 
an r2 In r denominator in place of r3, as suggested 
by Prosen and Sachs16 for substrates containing 
conduction electrons. By comparison of the 
crystal structure of MoS2 and graphite, it was 
considered that the minimum separation for Ar 
of Kr and MoS2 was 4 Â .  (Barrer17 chose 3.7 À .  
as the equilibrium separation distance for Ar on 
graphite.) The values of a' and J ’ for MoS2 
were estimated by direct experiment : a ' is not very 
different from the value for graphite, but «/' is 
rather larger, being made up of 1.76 e.v. (valence- 
conduction gap)18 and about 6 e.v. (conduction- 
first vacuum state).19 The calculated values agree 
well with those observed at the lowest coverages.

Having evaluated the gas-solid interaction ener
gies, the heat content of the film must be added 
to this quantity as the coverage increases. For a 
monatomic gas-like adsorbate, this self enthalpy 
will increase from zero at zero coverage linearly to 
the enthalpy of the gas at a coverage corresponding
polarizability included in their analysis. It  perhaps should be men
tioned that M 0S2 is indeed a semiconductor and hence may be con
sidered as having free electrons.

(15) H. Margenau and W. G. Pollard, Phys. Rev., 60, 128 (1941).
(16) É. J. Prosen afid R. G. Sachs, cited in Brunauer “ Physical 

Adsorption,” Princeton Press, Princeton, N. J., 1940, p. 214.
(17) R. M. Barrer, Proc. Roy. Soc. {London), 161A, 476 (1937).
(18) P. Cannon, presented to the 1960 Graphite Conference of the 

Société de Chimie Physique, Paris.
(19) H. Phillip, private Communication,
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Fig. 3.— The molar integral heat of Kr on M 0S2: open 
circles, experimental points; solid lines, best fit and extra
polation to v =  0 and v =  vm (0 =  1); T =  83.8°K.

to the film density equal the bulk gas density, at 
the experimental temperature (for Ar, this cor
responds to a co-area of approximately 410 A .2 
per Ar atom at 83°K., based on extrapolated 
p-v data). Thereafter, the increase in film en
thalpy (assuming there are no substantial entropy 
changes) will be approximated by an equation of 
the type derived by Devonshire20 for dense fluids, 
employing a 6:12 force law, viz.

Affad, ~  F.a. =  -  kT ^ h  +  k2 11.06 ( ? ) '

In the present work, the constant k\ was taken as 
the gas-solid interaction energy per mole at the 
coverage corresponding to a co-area of 410 A .2, 
that is (He exp. — Hg calcd.). This quantity was 
experimentally indistinguishable from that found 
at co-areas down to 310 A.2/Ar. The constant 
was taken as f7gcalcd. =  5/2RT, the enthalpy of 
ideal gas at T°K. n/r was evaluated from the co
area per atom, which in turn was based on a BET 
surface area determination using the value 19.5 A.2 
for the co-area of Kr at a =  vm. The result of 
this calculation is shown as a dashed line in Fig. 
1, starting from the co-area value 310 A .2/Ar. 
When Aifads calculated in this way exceeds AI iv, the 
normal heat of liquefaction of the sorbate, by RT 
cal./mole, a transition to a liquid-like film would 
be expected, and indeed the calculated and ob
served values agree well until this value is reached. 
The subsequent enthalpy of the Ar film is that 
expected for self-interactions in liquid Ar at any 
particular degree of coverage, although the ob
served coverage range is really too small to be 
certain of this, compared with the krypton case. 
The coverage at which the deviation between the 
calculated and observed enthalpy curves begins 
to be appreciable corresponds with the transition 
seen in the compressibility plot, implying again 
that the film is collapsing at this point. The 
choice of 310 A.2/A r as a starting point for the

(20) A. F, Devonshire, Proc. Roy. Soc. (London), 163A, 137 (1937).

enthalpy calculation is somewhat arbitrary, but 
may be defended on the basis that it corresponds 
with the last value of enthalpy after the minimum 
which is not significantly different from the min
imum in terms of experimental error (± 2 5  cal./ 
mole). In other words, the starting point used 
in Fig. 1 is statistically the same as the minimum. 
It happens to be a convenient basis for graphical 
purposes.

Self-interaction in the Kr Film.— In a sense, the 
two gases give a continuous set of data for the 
energetics of a rare gas-MoS2 system from 4 X 
10-7 <  p/po <  0.002(Ar) through 0.0004 <  p/po <
0.4 (Kr), and hence a description of the total proc
ess over the equivalent coverage range. The data 
for the first 20%' of coverage with Kr yield spread
ing pressure curves that can be extrapolated linearly 
to the origin. Since this coverage range corresponds 
with the experimentally difficult partial pressure 
range below 4 X  10-4, it is not possible to compare 
these results directly with the argon data. How
ever, it is customary to regard the analytic integra
tion under the straight line as a satisfactory ap
proximation to reality.9

Examining the higher coverage data from the 
krypton experiments (Fig. 3), the molar integral 
heat of adsorption is found to follow a linear, rising 
plot with respect to amount adsorbed in the range
0.2 <  d <  0.9. Attempts to extend these observa
tions to higher coverage results in apparent multi
layer formation at relative pressures of approxi
mately 0.4. However, the linearity of the plot over 
the fairly large range described is encouraging, and 
we proceed to extrapolate this line to determine 
the total change in enthalpy in the system from d =  
0 to 6  =  1. The value of this change is —1.03 
kcal./mole of Kr adsorbed. The position of 
this line (starting from a value slightly negative 
with respect to the enthalpy of bulk liquid krypton) 
suggests that the increase in enthalpy is due to 
self-interaction forces between adsorbate particles, 
and that under the influence of the substrate wall 
the krypton atom ensemble has been restrained 
into an array of potential energy higher than that 
which ordinarily would be reached by the bulk 
liquid (in equilibrium with krypton vapor of pres
sure such as was present in this experiment). 
It seems likely that this array is one of monatomi- 
cally thick, densely packed Kr atoms, thus: the 
amount of energy required to remove one Kr atom 
from its (approximately) twelve nearest neighbors 
in bulk liquid Kr, is AHv/N where A //v is the molar 
latent heat of vaporization and N  the Avogadro 
number. AHv for Kr is 2.15 kcal./mole,21 and we 
would expect the corresponding number in a mon
atomic liquid layer to be approximately half this, 
since in a monofilm each atom may be thought 
of as having six nearest neighbors. The agreement 
on this model between that calculated (1.08 kcal.) 
and that found (1.03 kcal.) is excellent.

General Discussion.— It seems to be possible to 
separate the sorbate-solid and sorbate-sorbate 
dispersion energies in these systems, and to ac-

(21) NBS Circular 500, “ Selected Values of Chemical Thermo
dynamic Properties,”  Washington, D. C. 1952, p. 545.



Sept., 1960 T he Bis- (acetylacetonato)-tjranium(VI) Solvates 1289

count for their magnitudes in a realistic way. 
The systems involved are unusual in that the 
fundamental sorbate-solid interactions are small, 
and comparable with the heats of liquefaction of 
the gases involved. This being the case, it is 
reasonable to expect that the linear analysis of 
enthalpies employed in this work would be un
usually successful, even more so than in the case 
of graphite, where the gas-solid interactions tend 
to be higher. Having arrived at these conclusions,

it would seem possible to be able to calculate the 
enthalpy-coverage plots, and hence the isotherms, 
for a number of similar systems, provided some 
weighting factor can be introduced for topo
graphical heterogeneities and that the gas-solid 
dispersion constant is accessible.

Acknowledgments.— I wish to thank Miss A. D. 
Warner for assistance with the calculations, and 
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several occasions during this work.
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The bis-(acetylacetonato)-uranium(VI) solvates with water, ra-propyl alcohol, re-butyl alcohol, ethyl alcohol, acetone, aceto
phenone, acetylacetone, dioxane, ammonia and pyridine were studied by calorimetric and thermogravimetric methods and by 
differential thermal analysis (D TA). The heats of solvation, AHt, for the reaction (where AA is acetylacetone) UOj- 
(AA)j(s) +  solvate(l) =  U Oj( A A), • solvate) s) were found to be from —3.22 to —20.7 kcal. mole-1. All of the complexes 
with oxygen-containing solvate molecules were much less stable thermally than those containing nitrogen. In the case of 
the former, the desolvation was generally a one-step process, followed by the decomposition of the anhydrous complex. 
With the latter, total disruption of the anhydrous complex immediately followed the desolvation reaction. The DTA 
thermograms showed that in many of the desolvation reactions, two or more endothermic energy changes took place.

Introduction ■
Bis-(acetylacetonato)-uranium (VI) readily forms 

solvates with compounds such as water, ammonia, 
acetylacetone, pyridine, the alcohols, acetone and 
others.2 3 In an effort to elucidate the structure of 
these solvates, particularly in reference to the co
ordination number of uranium (VI), Sacconi and 
co-workers4-* and Comyns and co-workers7 studied 
the complexes by ultraviolet and infrared spec
troscopy, magnetic susceptibility and conductivity 
measurements. It was concluded that the O-U-O 
group in the complex was coordinatively unsatu
rated and that the solvate molecules were attached 
directly by U -0  or U -N  bonds, giving uranium a 
coordination number greater than six.

In an effort to elucidate further the nature of the 
interaction between the solvate molecule and the 
metal complexes, the solvated complexes were pre
pared and subjected to thermal decomposition on 
the thermobalance and by differential thermal an
alysis (DTA). Further information on this inter
action was obtained by measuring the heats of 
solvation using an indirect calorimetric procedure.

Experimental
Reagents.— The uranium(VI) nitrate 6-hydrate was ob

tained from Merck and Co., Rahway, N .J. The acetyl
acetone was obtained from Eastman Organic Chemicals, 
Rochester, N. Y . It was distilled just prior to use; the 
fraction used had a boiling point of 133-135°.

(1) Presented at the 15th Southwest Regional Meeting of the 
American Chemical Society, Baton Rouge, Louisiana, December 3—5, 
1959.

(2) W. Biltz and J. A. Clinch, Z. anorg. allgem. Chem., 40, 221 
(1904).

(3) K. Hager, ibid., 162, 85 (1927).
(4) L. Sacconi and G. Giannoni, J. Chem. Soc., 2368 (1954).
(5) L. Sacconi and G. Giannoni, ibid., 2751 (1954).
(6) L. Sacconi, G. Caroti and P. Paoletti, ibid. , 4257 (1958).
(7) A. E. Comyns, B. M. Gatehouse and E. Wait, ibid., 4655 (1958).

! A11 other chemicals used were of C-p . quality.
Preparation of Solvated Complexes.— The bis-(acetyl- 

acetonato)-uranium(VT) and its solvates were prepared as 
previously described.6-7 The compounds were analyzed by 
ignition to U30 8 in porcelain crucibles at 800°. The metal 
oxide contents were within 0.5%  of that required by theory.

Calorimeter.— The calorimeter used has been previously 
described ,8

The finely powdered complexes or the liquid solvate com
pounds were allowed to react with 250 ml. of 11.7 N  hy
drochloric acid contained in the Dewar calorimeter flask. 
Duplicate and in some cases triplicate runs were made on 
each compound.

Thermobalance.— The automatic recording thermo
balance and its modification previously have been de
scribed.9-10

Sample sizes ranged in weight from 50 to 90 mg. and were 
run in duplicate or triplicate. The furnace heating rate 
was linear with time at 6.6° per min. A slow stream of air 
was permitted to flow through the furnace during the 
pyrolyses.

DTA Apparatus.— The D TA apparatus has been de
scribed previously.11 The platinum-platinum-10% rhodium 
alloy thermocouples were replaced by thermocouples made 
of chromel and alumel alloys to achieve greater sensitivity. 
Samples ranged in weight from 0.10 to 0.18 g. and were run 
in duplicate or triplicate. The furnace heating rate was 
6.5° per min. with a recorder chart speed of 6 in. per hr.

Experimental Results
Heat of Solvation Studies.— The heats of solva

tion were calculated indirectly by measuring the 
heats of solution of the anhydrous bis-(acetyl- 
acetonato) -uranium (VI) complex, the solvated 
metal complex, and the solvate compound in 11.7 
N  hydrochloric acid at 25.0°. These heats of so
lution reactions can be illustrated by the example 
of U02(C6H702)2-H20 ; it is assumed that the 
complexes are completely dissociated in the acid.

(8) J. H. Van Tassel and W. W. Wendlandt, J. Am. Chem. Soc., 81, 
813 (1959); (b) 82, 4821 (1960).

(9) W. W. Wendlandt, Anal. Chem., 30, 56 (1958).
(10) W. W. Wendlandt, ibid., 32, 848 (1960)
(11) W. W. Wendlandt, J. Chem. Educ., 37, 94 (1960).
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Fig. 1.— Thermogravimetric curves for the bis-(aeetyl- 
acetouato)-uranium(VI) solvates: A, U 02( AA )2 ■ water; B, 
U02(A A )2 acetophenone; C, U 02(AA)2-pyridine; D, 
U 02(AA)2-1.25-dioxane; E, U 02(AA)2-acetylacetone; F, 
UO»(AA)2- re-butyl alcohol.

Fig. 2.— Thermogravimetric curves for the bis-(acetyl- 
acetonato)-uranium(VI) solvates: A, U 02(AA)2• n-propyl
alcohol; B, U 02( A A V  acetone; C, U 02(AA)2-ethyl alcohol; 
D, U 02(AA)2-ammonia.

U02(C5H ,02)2(s) +  2H '{ aq) -j- 2Cl“ (aq) —
U 02++(aq) 4 - 2C5H80 2(aq) +  2Cl- (aq) A/ / 1 ( 1)

U 02(C5H70 2)2-H20 ( s) +  2H+(aq) +  2C l-(aq) =
U 02 + +(aq) +  2C5H80 2(aq) +  H20(aq) +

2Cl"(aq) A i f2 (2)
H20(1) =  H.O(aq) A f f s (3)

The heat of solvation, AH a, is represented by 
U()2(C5H70 2)2(s) +  HsO(l) =

U 02(C5H70 2)2-H20 (s ) aH, (4)
and is equal to

AH, =  AH, +  a f f 3 -  a f f 2
The heats of solution of all of the compounds 

studied are given in Table I; the average heats of 
solvation are given in Table II. Since the heats 
of solution values were independent of sample 
size, they were considered to be equal to the values 
at infinite dilution.

The interaction between water and the alcohols 
with bis-(acetylacetonato)-uranium(VI) had the 
smallest heat of solvation, followed by the ketones 
and then the ether type compounds. This increase

T a b l e  I
H e ats  of So lu tio n  o f  th e  B is - ( a c e t y l a c e t o n a t o )-  
u r a n iu m (V I ) C o m p l e x e s  in  11.7 Ar H yd r o c h lo r ic  A cid  

a t  25.0°
AH, Av. -  AH,

Sample kcal. kcal.
Compounds wt., g. mole -1 mole-1

U 02(AA)2-wafer(s) 1.2922 2.31 2.40
0.9095 2.50

U 02 (A A)2 -ammonia (s) 0.4477 4.74 4.64
1.0044 4.54

U 02 (AA)2 -pyridine (s) 0.3847 10.20 10.36
0.4744 10.53

U 02(AA)2-acetophenone(s) 1.3799 0.89 0.80
1.1946 .71

U 02 (A A )2 • acety lacetone (s) 0.9343 .01 0.00
1.1065 .00

U 02 (A A)2 -acetone (a) 1.0422 3.38 3.37
0.9945 3.36

U 02 (A A)2 • 1,25-dioxane (s) .5352 0.87 0.90
.3458 0.93

U0 2(AA)2 -ra-butyl alcohol (s) .7378 2.35 2.35
.5663 2.36

U 02(AA)2-n-propyl alcohol(s) .4239 2.49 2.57
.5150 2.64

U 02(AA)2-ethyl alcohol(s) .9380 2.49 2.46
1.0100 2.44

U 02(AA)2(s) 1.4177 4.72 4.66
0.9865 4.61

Water (1) .4204 0.95 0.96
.2433 0.97

Pyridine (1) .0946 14.33 14.36
.1552 14.39

Acetylacetone(l) .6114 2.07 2.09
.6015 2.11

Acetophenone(l) .9046 0.73 0.75
.8045 0.76

Acetone 0) .5618 3.10 3.20
3.30

Dioxane(l) .3485 3.76 3.60
.2929 3.43

ra-Propyl alcohol (1) .6882 1.49 1.42
.6094 1.35

«-Butyl alcohol (I) .9976 1.33 1.27
.6490 1.20

Ammonia (g) 20.70“
Ethyl alcohol (1) .2748 1.70 1.79

.4893 1.88
° Calculated from selected values taken from the National 

Bureau of Standards, Circular 500,1952.

in the heats of solvation is in accord with the in
creased electron donor ability of the oxygen in the 
solvate molecule. Since nitrogen has a greater 
electron donor ability than oxygen, it is to be ex
pected that the heats of solvation would be greater 
than those found for solvate molecules containing 
oxygen atoms. This was indeed found to be the 
case.

From ultraviolet and infrared spectroscopy data, 
it was found that the solvated uranium complexes 
contained U -0  and U -N  bonds.6-6 If the heats of 
solvation can be construed as the “ binding en-
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T a b l e  I I

H e ats  o f  So lv a t io n  of th e  B is- ( a c e t y l a c e t o n a t o )-  
u r a n iu m (V I) C o m p l e x  a t  25.0°

Solvate molecule
Av. - A H ,  

kcal. mole ]
Water 3.22
n-Propyl alcohol 3.51
n-Butyl alcohol 3.58
Ethyl alcohol 3.99
Acetone 4.49
Acetophenone 4.61
Acetylacetone 6.75
Dioxane 7.36°
Pyridine 8.66
Ammonia 20.7

0 2(AA)2-1.25 dioxane.

ergy”  of the solvate molecule, it would follow that 
the U -N  bonding is stronger than U -0  bond.

Thermal Stability Studies.— The thermobalance 
pyrolysis curves are given in Figs. 1 and 2.

In all of the solvated complexes except the di- 
oxane complex, the solvate molecule was evolved 
by a one-step process. With dioxane, however, a 
two-step decomposition curve was observed. The 
dioxane complex is also somewhat different from 
the others in that the ratio of dioxane to anhydrous 
chelate was 1.25 to 1, rather than 1:1. The 
mechanism of the two step desolvation reaction for 
the dioxane solvate is not known since the composi
tion of the curve at 108° did not correspond to a 
stoichiometric compound.

In the complexes where the solvate molecule con
tained an oxygen atom, the solvate molecule began 
to come off in the 83 to 107° temperature range. 
This was followed by the decomposition of the an
hydrous complex in the 190 to 227° temperature 
range. The thermal stability of the solvated com
plexes, listed in order of decreasing stability, is: 
dioxane <  n-butyl alcohol <  acetone <  n-propyl 
alcohol <  water <  acetylacetone =  acetophenone 
<  ethyl alcohol.

For complexes with solvate molecules containing 
nitrogen atoms, the minimum decomposition tem
peratures were much higher. In fact, because of 
this higher decomposition temperature, the de
composition of the anhydrous complex was rather 
obscured, indicating perhaps that the solvate mole
cule cannot be removed without destruction of the 
entire complex. A break in the curve was observed 
in the pyridine complex at 225° which could be 
due to the decomposition of the anhydrous complex; 
however, it was not present in the ammonia com
plex.

The DTA thermal decomposition curves are 
given in Figs. 3 and 4. Two peaks generally were 
observed in the DTA curves: one corresponding to 
the evolution of the solvate molecule, the other for 
the decomposition of the anhydrous complex. 
However, in several cases, two peaks were ob
served for the loss of the solvate molecule. This 
occurred with the acetone and the n-butyl alcohol 
solvates, with curve shoulders being present on the 
water and n-propyl alcohol solvates. The dioxane 
solvated complex gave, as was expected, two well 
defined peaks for the loss of the dioxane. A rather

Fig. 3.— ETA  curves for the bis-(aeetylacetonato)- 
uranium(VI) solvates: A, U 02(AA)2-acetone; B, U 02(AA)2- 
n-propyl alcohol; C, U 02(AA)2-pyridine; D, U 02(AA)2- 
ammonia.

Fig. 4.—DTA curves for the bis-(acetylacetonato)- 
uranium(VI) solvates: A, U 02(AA)2-1.25-dioxane; B,
U 02( A A )2-acetylacetone; C, U 02(AA)2-ethyl alcohol; D, 
UO^AAk-water; E, U 02(AA)2-acetophenone; F, U 02(AA)2- 
n-butyl alcohol.

complex set of peaks was obtained for the aceto
phenone solvate. If the 190° peak is due to the de
solvation of the original complex, then the others 
must be due to the decomposition of the anhydrous 
complex or some intermediate compounds formed 
by the loss of part of the acetophenone.

The pyridine and the ammonia solvates gave 
very sharp decomposition peaks which, in the case 
of the latter, was followed by a second, smaller 
peak. From the curve for the pyridine solvate, it 
is evident that the complex decomposes in one step; 
the ammonia solvate is similar although an ex
planation for the second peak is not known. From 
the qualitative shape of the DTA curves, it can be 
concluded that the sharp peaks of the pyridine and 
ammonia solvates indicates a lower order of reaction 
or a higher activation energy for the thermal de
composition than for those solvates containing oxy
gen in the solvate molecule.12

Acknowledgment.—The helpful assistance of Dr. 
James H. Van Tassel is gratefully acknowledged.

(12) Y. Tsuzuki and K. Nagasawa, Nendokagaku no Shimpo, 1, 144
(1959).



1292 M arianne K. Bernett and W. A. Zisman Vol. 64

WETTING PROPERTIES OF TETRAFLUOROETHYLENE AND 
HEXAFLUOROPROPYLENE COPOLYMERS1
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It has been shown that the determining factors in the wetting of low-energy solid surfaces are the nature of the atoms in the 
surface and their physical packing. Of all solid organic polymers polytetrafluoroethylene is known to have the lowest surface 
energy and thus the lowest critical surface tension of wetting ( 7c). In this study the wettability of a series of copolymers of 
tetrafluoroethylene with hexafluoropropylene by a variety of organic and inorganic liquids was examined; the results show 
that these solid plastics have critical surface tensions which are even lower than that of solid polytetrafluoroethylene. As 
anticipated, the progressive increase in the proportion of perfluoromethyl side chains in the polymer introduces a higher 
concentration of exposed -C F S groups in the surface which in turn progressively reduces 70. By extrapolation 70 of a poly- 
hexafluoropropylene has been calculated to give the value of 15 dynes/cm.

Introduction
A series of investigations2-8 on the effect of con

stitution on the spreading of liquids on solids has 
formulated the factors determining the wetting of 
low-energy solid smooth surfaces or of high-energy 
surfaces modified by adsorbed films. It was demon
strated that wettability is a function of the nature 
and physical packing of the atoms in the surface, 
and that it is essentially independent of the nature 
and arrangement of the underlying atoms and mole
cules.

Polytetrafluoroethylene (poly TFE) has the 
lowest surface energy of all polymeric solids studied 
to date. Thus, its critical surface tension of wetting 
(Ye) of 18.5 dynes/cm.2 3 4 5 is characteristic of a surface 
consisting essentially of close-packed perfluoro- 
methylene -C F2-  groups. The surface of lowest 
energy encountered to date is that of smooth glass 
or platinum coated with an oriented close-packed 
monolayer of perfluorododecanoic acid7; therefore, 
its value of yc, 6-8 dynes/cm., characterizes the 
resulting properties of a surface of close-packed per
fluoromethyl -C FS groups. Perfluoroalkanoic 
acids of lower molecular weight, when adsorbed on 
high-energy surfaces, do not pack quite as closely 
due to the lesser contribution of the intermolecular 
cohesive forces; a close-packed monolayer of per- 
fluorobutyric acid, for instance, has a 7c of 9.2 
dynes/cm.

This investigation reports on the wettability of 
the solid copolymers prepared from tetrafluoro
ethylene and hexafluoropropylene. It was under
taken to observe the effect on wetting of the pro
gressive replacement of -CF2-  by -C F3 groups in the 
surface of the bulk polymer.

Materials and Experimental Procedures
The polymers used were molded experimental samples 

of fluorocarbon resins in the form of sheets 1/16 inch thick 
which were furnished through the cooperation of the Poly
chemicals Department of the du Pont Co. The materials

(1) Presented before the Division of Colloid Chemistry, American 
Chemical Society, at the 137th National Meeting in Cleveland, Ohio, 
April 11-14, 1960.

(2) H. W. Fox and W. A. Zisman, J. Colloid Sci., 5, 514 (1950).
(3) H. W. Fox and W. A. Zisman, ibid., 7, 109 (1952).
(4) H. W. Fox and W. A. Zisman, ibid., 7, 428 (1952).
(5) M. K. Bernett and W. A. Zisman, T his Jocbnal , 63, 1241

(1959).
(6) M. K. Bernett and W. A. Zisman, ibid., 63, 1911 (1959).
(7) E. F. Hare, E. G. Shafrin and W. A. Zisman, ibid., 68, 236 

(1954).
(8) E. G. Shafrin and W. A. Zisman, ibid., 64, 519 (1960).

are copolymers of tetrafluoroethylene (TFE) and hexa
fluoropropylene (HFP) containing HFP in the following 
concentrations: 6, 8, 11.5, 14, 16 and 23 mole % . This 
general group of polymers is known as the FEP (fluorinated 
ethylene propylene) resins. The specimen containing 
23%  HFP is a low molecular weight wax, which represents 
the highest concentration of hexafluoropropylene that could 
then be furnished.9 The surfaces of these specimens were 
smooth and specular, and selected areas were sufficiently 
flat to be used for the wettability studies without further 
preparation, other than cleaning with concentrated aqueous 
solutions of the commercial detergent Tide .6

All liquids used were highly purified compounds described 
elsewhere2-4 and each was percolated just before use through 
columns of appropriate adsorbents to remove polar impuri
ties. The advancing contact angle (6) of each of these 
liquids was measured on a number of glossy areas of each 
specimen of the copolymer using the drop buildup method10 
and an improved goniometer telescope.2 Variation of 6 was 
never more than ± 2° from the mean; frequently the maxi
mum deviation was ± 1 ° .  All data were observed at 25 ±  
1° and 50 ±  2%  R . H.

Experimental Results and Discussion
The wetting curves obtained for each solid copoly

mer by plotting cos 6  of each liquid 71-alkane against 
the liquid surface tension 71,v are shown in Fig. 1. 
For purposes of comparison, the wetting behavior of 
clean smooth polytetrafluoroethylene2 also is given. 
It can be seen that the data for each solid surface 
conform to the now well-established rectilinear rela
tionship between cos 6  and ylv- As anticipated, 
the values of 7 « obtained by the intercepts of the 
curves with the line cos 0  — 1 become smaller as 
perfluoromethylene groups in each surface are re
placed by perfluoromethyl groups. An exception is 
provided by the copolymer containing 6% HFP 
which exhibits a value of y0 higher than that of the 
homopolymer. Contact angles of all compounds 
are consistently lower on this surface than on pure 
poly T F E ; this anomalous behavior in the family 
of copolymers may be an indication of either 
decomposition or contamination of the surface, 
giving rise to a higher-energy surface than poly 
TFE. Although the individual increments in yc 
from resin to resin are rather small, the regularity of 
the results with all but one member of the series of 
copolymers makes it evident that the value of ye 
of the 23% HFP-TFE copolymer is nearly 1 dyne/ 
cm. lower than that of poly TFE.

If the respective yB for each surface is plotted 
against the per cent, substitution of hexafluoropro
pylene a straight line results, as shown in Fig. 2.

(9) C. A. Sperati, private communication.
(10) E. G. Shafrin and W. A. Zisman, J. Colloid Sci., 7, 100 (1952).
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By extrapolation an estimated value of yc of 15.6 
dynes/cm. is obtained for a hypothetical 100% 
HFP polymer.

Values of yc for each copolymer can be calculated 
from the surface constitution by assuming that the 
critical surface tensions, like the surface free ener
gies, are additive quantities and may thus be 
computed to a first approximation. For this pur
pose the previously established values of 18.5 
dynes/cm. for close-packed -C F ,- groups2 and of 8 
dynes/cm. for close-packed -C F3 groups7 were 
used. Assuming that the copolymerization results 
in a regular repetitive molecular arrangement of 
the monomers along the principal chain of each 
molecule and that this same arrangement occurs in 
the free surface of the solid, an 8%  HFP-TFE 
copolymer would contain one perfluoromethyl 
group per 24 perfluoromethylene groups. Applying 
the above values of -y0 to weight the additive contri
bution of each -CF*- and -C F 3 group, a theoretical 
value of 18.1 dynes/cm. is obtained for that partic
ular copolymer surface. Employing these same 
additive assumptions, calculated values for the sur
faces of all the copolymers available as well as for 
the 100% HFP polymer were obtained, and the 
results are shown in the lower rectilinear plot of 
Fig. 2. This results in a theoretical value of 13.3 
dynes/cm. for the hypothetical 100% HFP polymer.

A linear 100% HFP polymer never has been 
reported. However, Stuart Briegleb molecular 
ball models of these copolymers have been con
structed and have indicated that chains may consist 
of no more than three hexafluoropropylene mono
mers on account of accumulated steric hindrances re
sulting from the large diameter of the perfluoro
methyl group. Whereas a ball model of the 50% 
copolymer could be made readily, the 75% HFP- 
TFE copolymer was difficult to assemble because it 
was nearly a rigid structure.

In Fig. 3 are shown graphs of cos 6  vs. tlv for the 
wetting of a variety of organic and inorganic liquids 
on the copolymer containing 23% HFP. The inter
cept with cos 0 = 1  results in a critical surface 
tension of 17.5 dynes/cm., in good agreement with 
the value of 17.8 dynes/cm. obtained for the n-al- 
kane liquids (Fig. 1). The concavity of the lower 
portion of the curve in Fig. 3 illustrates the increase 
in wetting arising from weak hydrogen-bonding of 
such hydrogen-donating liquids as water, glycol and 
formamide with fluorine-containing surfaces.11 
Contact angles of these same miscellaneous liquids 
on the other HFE-TFE copolymers resulted in 
similar cos 6  vs. y l v  curves for each surface with 
slight progressive displacements to the right as 
would be predicted from consideration of the HFP 
mole %  substitution.

If the contact angles exhibited by any one liquid 
on the various copolymer surfaces are plotted 
against the HFP content, a linear relationship is 
obtained as shown in Fig. 4. Thus the contact 
angle of hexadecane becomes larger for each pro
gressive perfluoromethyl side chain substitution;
i.e., it is smallest for 0%  substitution (poly TFE) 
and increases in small increments to its largest value

(11) A. H. Ellison, H. W. Fox and W. A. Zisman, T his Journal , 67, 
622 (1953).

Fig. 1.—Wettability of various H FP-TFE copolymers by 
re-alkanes.

MOLE PERCENT HEXAFLUOROPROPYLENE.

Fig. 2.— Decrease in critical surface tensions of H FP-TFE 
copolymers with increasing HFP substitution.

when the HFP content reaches its highest percent
age. In Fig. 4 are plotted the wettability results 
obtained with some of these liquids. In almost every 
instance straight lines were obtained (with some
what different slopes) demonstrating clearly the 
decreasing wettability with increase in HFP con
tent. It will be noted that the contact angles of 
water, in contrast to those of all other liquids, do 
not increase with increasing HFP substitution, but 
remain essentially of equal magnitude throughout. 
The same results with water were obtained by 
Allan and Roberts12 in their recent study of the 
hydrophobic behavior of some perfluorocarbon 
polymer films. They also used the hydrophobic 
contact angle as a measure of the roughness of 
films prepared in various ways from “ Teflon”  TFE 
resins and the new du Pont FEP resin. The latter

(12) A. G. J. Allan and R. Roberts, J. Polymer Sci.t 39, 1 (1959).
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Fig. 3.— Wettability by miscellaneous liquids on a H FP- 
TFE copolymer containing 23 mole %  of HFP.

Fig. 4.—Effect of HFP content on the wetting of HFP-TFE 
copolymers by miscellaneous liquids

resin had been identified earlier as Teflon 100X.13 
They found large differences in the contact angle of 
water with changes in the surface roughness, but no 
appreciable difference between smooth surfaces of 
TFE or of FEP resins. The results obtained with 
water in the present study corroborate and extend 
the latter conclusion. However, it also shows that 
the wetting of the copolymers by liquids of lower 
surface tension than water does vary appreciably 
with differences in the chemical constitution of the 
copolymers. The physico-chemical properties of 
water are, in many respects, unique. It has a

(13) R. S. Mallouk and W. B. Thompson, SPE Journal, 14, 42 
U958).

high surface tension, a weak tendency to form 
hydrogen-bonds with fluorinated surfaces, high 
permanent dipole moment, and small dimensions; 
it thus does not exemplify the wetting behavior of 
most liquids.

Contact angles for the n-alkanes on a 100% 
HFP polymer were estimated by extrapolation of 
d vs. 0%  HFP curves, such as in Fig. 4. By plotting 
the cosines of these values against the ylv of the 
liquids, the wetting curve for a hypothetical 100% 
HFP polymer can be constructed, along with the 
attendant value of y c. Such a curve is plotted as a 
dash-dot line on Fig. 1. The critical surface ten
sion in this case is 15.4 dynes/cm., in very good 
agreement with the value of 15.6 dynes/cm. ob
tained previously by other means.

Ellison and Zisman in their investigation of 
halogenated organic solid surfaces,14 found that a 
plot of cos 6  of various liquids versus the atom per 
cent, fluorine substitution from 0 to 100 in the 
solid surface will produce curves of several distinct 
types; these types are determined by the hydrogen
bonding ability of the respective liquid to the 
underlying surface. Strongly hydrogen-bonding 
liquids, such as water, glycerol or formamide, 
present a large curvature, whereas non-polar 
liquids such as the a-alkanes form straight-line 
graphs. The present study shows rectilinear 
relationships between cos d and HFP content for 
all liquids employed. However, the maximum 
content is only 23%, and the largest change in 6  is 
only 9°. These limited changes in the magnitudes 
of the variables produce straight-line plots; how
ever, extrapolation to obtain the respective cosines 
of the contact angles for a 100% HFP polymer may 
be only a fair approximation in view of the results 
of the previous study by Ellison and Zisman.14

The value of about 15.5 dynes/cm. for the criti
cal surface tension of wetting for a hypothetical 
100% polyhexafluoropropylene polymer was ob
tained by two methods based on experimental 
results. The value of 13.3 dynes/cm. was derived 
by additive relations of the atom groups believed 
to occupy the surface. The latter value is predi
cated on a number of assumptions, such as repeti
tive molecular arrangement, linear chain formation 
and regular arrangement in the free surface of the 
solid; because of the steric hindrance of the bulky 
perfluoromethyl groups and of its increased in
fluence at high molal proportions of the HFP 
monomer, one or more of these assumptions may 
not be valid. It is believed, therefore, that the 
value of 15.5 dynes/cm. for yc would be more 
nearly correct for a 100% polyhexafluoropropylene 
polymer. The total shift in yc from a surface com
prised of -GF2-  groups to one comprised of a mix
ture of -C F3 and -C IV  groups is at best only 3 or 
4 dynes/cm. It therefore can be concluded that 
no copolymer can be produced from the family of 
FEP copolymers whose solid smooth surface is as 
non-wetting as that of a close-packed monolayer of 
perfluoromethyl groups.

(14) A. H. Ellison and W. A. Zisman, T h is  J o u r n a l , 58, 260 (1954).
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ASSOCIATION EQUILIBRIA AND COMPOUND FORMATION IN THE 
PHOSPHORUS TRICHLORIDE-TRIMETHYLAMINE SYSTEM
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Examination of the binary system phosphorus trichloride-trimethylamine at —46.5° showed the formation of the 
solid, C1,P-N(CH,),. Interpretation of pressure composition data shows that it has an existence in the liquid state and is, 
hence, not a simple lattice compound. In solution a dissociation equilibrium is established and an interaction energy of 6.4 
kcal./mole calculated. In the vapor the complex loses its existence. The heat of dissociation of the solid to the gaseous 
components was found to be 22.4 kcal./mole. P 31 magnetic resonance measurements made on the liquid phase support 
the phase diagram interpretations. The presence of a phosphorus-nitrogen linkage is indicated.

Introduction
Examination of known complexes of trihalides 

of Group Vb reveals that arsenic, antimony and 
bismuth trihalides form complexes with donor mole
cules, whereas phosphorus trihalides do not. For 
example, donor molecules such as ethers and alde
hydes form 1:1 complexes with antimony tri
halides,1 compounds of the type, CeHsNH+AsXi- , 
are known with arsenic halides2 and compounds 
of the general formula, R 3NBiCl3, are formed be
tween amines and bismuth trichloride.1 In view 
of the above if such a complex involving a phos
phorus trihalide molecule is possible, it might be 
anticipated that the resultant stability would be 
low. With this in mind a detailed investigation 
of the interaction of phosphorus trichloride with a 
typical basic molecule which would show no 
tendency for side reactions and possess volatility 
sufficient for convenience in a complete examina
tion of the system using vacuum techniques was 
undertaken. Trimethylamine was chosen to ful
fill these requirements.

Results
Addition of (CH3)3N to PC13 at —78° where 

both components are liquid resulted in the forma
tion of a white solid which was easily sublimable 
and was observed to liquefy on warming to 0°. 
To establish its composition the system was ex
amined more thoroughly at —46.5°.

The PCh-CCHA-iN System at -46 .5°.—'The 
data for the pressure-composition diagram are 
shown in Table I and plotted in Fig. 1. The data 
are represented as pressure of the system versus 
mole fraction of amine, the latter applying to the 
condensed phase.

The first addition of amine, corresponding to a 
mole fraction of 0.189, caused the appearance of a 
solid phase and a resultant drop in the vapor pres
sure of pure liquid PC13 from 2.0 to 1.2 mm. The 
pressure remained constant on further additions of 
amine up to a mole fraction of 0.5, the latter plateau 
corresponding to the vapor pressure of a saturated 
solution of the solid in liquid PC13 (VLC curve). 
The sharp rise in pressure at 0.5 mole fraction 
serves to indicate the existence of a 1:1 complex 
between the components. Further additions of 
amine caused solution of the complex and the 
appearance of a second plateau at 54.5 mm., the

(1) N. V. Sidgwick, ‘ ‘The Chemical Elements and Their Com
pounds,”  Vol. I, Oxford University Press, London, 1950, pp. 798-799.

(2) P. P. Popov, ,/. Gen. Chem. (U.S.S.R.), 9, 1265 (1939).

vapor pressure of the saturated solution of com
plex in (CH3)3N (CLV curve). Solution was com
plete at a mole fraction of 0.81. One sees that dilu
tion of the solution between the mole fractions of
0.87 to 1.0 gives a linear relationship which closely 
follows Raoult’s law (the dotted line). The light 
line (V) represents the vapor line and will be dis
cussed after presentation of Table II.

T a b l e  I
T h e  P h o sph o ru s  T r ic h l o r id e - T r im e t h y l a m in e  S ystem

AT - 4 6 . 5 °
M o le  f r a c t io n « P re ss ., M o le  f r a c t i o n « P ress .,

(CH,),N mm. (CHj)jN mm.
0 2 . 0 0 . 8 1 9 5 7 . 2

0 . 1 8 9 1 . 2 . 8 4 4 6 1 . 4

. 2 8 8 1 . 3 . 8 6 9 6 4 . 2

. 4 6 7 1 . 3 . 8 8 4 6 5 . 6

. 4 9 9 6 . 2 . 8 9 7 6 6 . 3

. 5 1 4 5 2 . 8 . 9 1 0 6 7 . 3

. 6 5 6 5 4 . 7 9 1 9 6 7 . 8

. 7 1 0 5 4 . 5 . 9 3 0 6 8 . 7

. 7 3 5 5 4 . 5 . 9 3 8 6 9 . 4

. 7 8 0 5 4 . 5 . 9 4 4 7 0 . 5

“ In this experiment 0.493 mmole of PCh was used.

The Sublimation of Solid C13P N(CH3)3.—To 
obtain the sublimation pressures of C13P N(CH3)3 
as a function of temperature, the following experi
mental procedure was employed: The compound 
was formed at low temperatures using a slight ex
cess of amine and warmed to —46.5°, where small 
amounts of amine were removed until a pressure 
minimum was reached. The system had a very 
small vapor volume (35.8 cc.) to minimize any 
change in composition in the condensed phase. 
For example, for the sample size used (2.87 mmoles), 
if it could be sublimed entirely into the gaseous 
phase without dissociation to the components a 
pressure of about 2000 mm. would be exerted. The 
data reported in Table II show a pressure varia
tion from 0.9 mm. at —46.5° to 8.6 mm. at —21.0°. 
To ensure pressure independence of the relative 
amount of vapor, the determination was repeated 
using a sample size of 1.42 mmoles and a vapor 
volume of 45.8 ml. The results were the same as 
those obtained with the smaller vapor volume. 
Also a small amount of the vapor was removed 
from the system at the highest temperature, 
— 21.0°, in the two experiments (the measurements 
being made starting at —46.5° and progressively 
increasing the temperature). The latter variation 
did not affect the measurements. To interpret the
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Fig. 1.— The phosphorus trichloride-trimethylamme system
at -4 6 .5 °.

1/T X  103.
Fig. 2.—Variation with temperature of the vapor pressure 

of phosphorus trichloride-trimethylamine: © , sample 1;
O, sample 2; Q), represents two points, same value for each 
sample.

sublimation pressures further, studies were made 
on mixtures of gaseous PC13 and (CH3)3N at 25°. 
It was found that the components followed Dal
ton’s law quite closely showing only a slight tend
ency for association in the gas phase up to a total

T a b l e  II
S u b lim a tio n  P r e ssu r e s  o f  S olid  P h o sph o ru s  T ric h lo -  

r id e - T r im e t h y l a m in e

Temp.,
°C. - 4 6 .5  -3 9 .5  -3 7 .5  -3 2 .7  -2 8 .0  -2 2 .7  -2 1 .0

p, mm. 0.9 1.4 1.8 2.6 4 .3 7 .2 8 .6

pressure of 120 mm. Hence, the sublimation pres
sures of Table II are taken to correspond to the 
equilibrium Cl3P N(CH3)3(s) =  PCl3(g) +  (CH3)3- 
N(g). The heat for the above dissociation reac
tion may be obtained assuming i f  =  (0.5p)2. This 
is done simply by plotting log p vs. 1/T and equat
ing twice the slope to — AH/2.303R. The resultant 
heat of dissociation is 22.4 kcal./mole.

The sublimation pressure of 0.9 mm. at —46.5° 
was used to construct the vapor line in Fig. 1. Of 
the 0.9 mm., 0.45 mm. corresponds to gaseous PC13 
at a mole fraction of 0.5. Using the latter value as a 
maximum for PC13 in going to higher amine concen
trations the mole fraction of gaseous amine was 
calculated and the vapor line established.

The measurements on the 2.87-mmole sample 
(sample 1) described in Table II were continued 
up to —3.6° and listed in Table III with accom
panying information from visual observation.

T a b l e  III
V a p o r  P r e ssu r e  o f  t h e  P h o sph o ru s  T r ic h l o r id e -  

T r im e t h y l a m in e  S ystem  
.------------------- Sample 1--------------------« Sample 2

Temp., Press.,® Observation, Temp., Press., &
°C. mm. condensed phase °C. mm.

- 1 8 .0 12.8 - 2 0 .8 8.9
-1 5 .4 20.5 Solid is moist looking -1 9 .0 11.5
- 1 3 .5 28.1 -1 7 .0 14.8
-1 0 .6 46.8 Looks entirely liquid -1 5 .3 19.9
-  7.0 59.4 Liquid -1 3 .6 28.5
-  3 .6 72.9 Liquid - 1 1 .8 32.4

-  7.8 43.4
0.0 67.7
4.9 84.4

“ Vapor volume was 35.8 ml. 11.0 115.2
6 Vapor volume was 45.8 ml. 15.8 142.6

The results combined with those of Table II 
are plotted in Fig. 2. The log p vs. 1 /T  plot shows 
a sharp increase in slope at —21° and a further 
slope change at approximately —10°. The slope 
changes are assumed to be caused by the appear
ance of a liquid phase at A (previous to this point 
the equilibrium being C =  V and afterwards, 
LCV) and the disappearance of the solid phase at 
B(LCV going to L +  V) in qualitative agreement 
with visual observation. Using a smaller sample 
size, 1.42 mmoles (sample 2 treated in the same 
manner as that used in obtaining the data of Table
II) and a larger vapor volume, 45.8 ml., the 
measurements were repeated. The results (Table
III) plotted in Fig. 2 show the same slope between 
points A and B but the slope change occurs at 
point C corresponding to —13.6° instead of —10°. 
The latter serves to indicate that this point is a 
function of the ratio of vapor to liquid which is 
usual for a binary system of this type.3 The range

(3) J. E~ Ricci, “ The Phase Rule and Heterogeneous Equilibrium/*
D. Van Nostrand Co., Inc., New York, N. Y., 1951, pp. 158-160.
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A to B or A to C then may be called the “melting 
range under the vapor pressure of the system.”

The PC13-(CH 3)3N System at 0°.—To under
stand more fully what is occurring in the liquid 
phase (above point B of Fig. 2), the phase diagram 
was examined in the liquid region.

Additions of (CH3)3N to liquid PC13 at 0° re
sulted in the pressure composition diagram shown 
in Fig. 3; the data are listed in Table IV.

The total pressure curve obtained is of the type 
expected for a homogeneous, liquid system in 
which the components are associating to some de
gree.

In order to establish the type of association 
taking place in a more quantitative fashion, calcu
lations were carried out using a modified treatment 
based on Dolezalek’s method4 in which it is as
sumed that the components, (CH3)3N, PC13 and 
any complexes present, obey Raoult’s law. Using 
the latter assumption the activities are equated to 
the calculated mole fractions for each. It is also 
assumed that the partial pressure of the complex is 
negligible as measurements of the total vapor pres
sure of mixtures of gaseous PC13 and (CH3)3N at 
25.0° indicate.

To illustrate, assume an equilibrium in which 
only a 1:1 adduct is considered to be present and 
derive an expression for the equilibrium constant 
for the association

PC13(1) +  N(CH 3),(soln.) =  ClaP-NCCHaMsoln.)
The definition of symbols to be used are

ai and 02 
Pi and P2

Pi° and p2°

N 1 and ¿V2
N„
flc
K

activities of (CH 3)3N and PClj, resp. 
partial vapor pressures of (CH3)3N and PC13, 

resp.
vapor pressures of pure (CH3)3N and PC13> 

resp.
total vapor pressure
initial moles of (CH 3)3N and PC13, resp.
moles of complex formed
activity of complex
equilibrium constant

At equilibrium the activity of (CII3)3N is
ax =  P1/P10 =  Ni — N„/Ni +  N2 — Ne (1)

A corresponding expression exists for the activity 
of PC13. Solving each of these expressions for the 
moles of the complex and equating, an expression 
results for the partial pressure of PC13

_  P20(Pl0iVz +  PtNl -  PlWi)
Pl ~  p S N t +  p.°v2 ( ;

Expressions for Ne, a« and K  then follow
jy _  AT»?»0 ~  +  Nt) ^

P2° — P2

Oc Ar„
Ni +  N2 -  N, (4)

The above expressions may be combined to give
K _  (p,°Afl +  Pl°AU[(P2°iV2 +  Pl°.Vl) -  Pt (Nl +  V 2)] 

ptWjATj -  pt(Ars -  Ari)(p 2°Ari -  P1W2) -
Pi°P2°(V2 — Nl)2 (6)

Similar expressions may be derived for other
(4) J. H. Hildebrand and R. L. Scott. “ The Solubility of Nonelec

trolytes,”  3rd ed., Reinhold Publ. Corp., New York, N. Y., 1950, p. 176.

Fig. 3.—The phosphorus trichloride-trimethylamine sys
tem at 0°: A, Raoult’s law line; B, experimental curve.

types of complexes assumed to be present. Using 
the data of Table IV  and considering individual 
equilibria involving the components and these 
compositions, PC13 N(CH3)3, PC13-2N(CH3)3, PC13-

T a ble  IV
E quilibrium  D ata  as a  F unction of C oncentration  at

C onstant T em perature (0°)
M o le

fraction,«
X(CH3)3N

T o t a l
press..
m m .

PClj-N-
(CHi)i,

K

PCh-2N- 
(CHi)i, 

K  X 10-*
PCU-3N- 

fCH))s, 
K  X 10-*

2PCVN-
(CHi)i,

K
0.128 3 4 . 8 31.7 812 770 28.9

.183 3 4 . 4 29.0

.251 3 4 . 4 32.6

.305 35.2 33.3 203 37.7 240

.339 36.6 34.2

.381 40.8 35.6

.408 46.2 35.1 39.8 1.23 26.6

.429 52.2 35.6

.455 65.2 34.8

.468 75.8 33.1 9.60 0.0824 0.191

.485 89.1 33.2

.514 124.8 29.9

.568 213.0 21.4* 0.952 .00182 -2 .2 7
a 2.87 mmoles of PCls was used in the experiment. 6 In

dications are that this value is low because of decreasing 
validity of the assumed ideality of the vapor as one goes 
to higher pressures.6

(5) A current investigation is attempting to correlate in a quantita
tive manner the phosphorus resonanc e data with vapor pressure
measurements extending to an amine mole fraction of 0.9.
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T a b l e  V
T e m p e r a t u r e  V a r ia n c e  o f  t h e  E q u il ib r iu m  C o n st a n t  f o b  t h e  P h o sph o r u s  T r ic h l o r id e - T b im e t h y l a m in e  Syste m

Temp.,
°C.

—10 1
-  7 .4
-  5.1
-  2.6 

0.0
+  2.3 

5.3 
7.8 

10.0 
10.4 
12.6
14.8
17.9 
20.0 
22.1 
24.7

Mmoles of 
(CHi)aN 

N  i
4.72
4.71
4.71
4.70
4.70
4.70 
4.69 
4.68
4.67
4.67 
4.66 
4.65 
4.64 
4.62 
4.61 
4.59

Mmoles of 
PCh 
Nt

10.52
10.52
10.51
10.51 
10.50
10.49
10.49
10.48
10.48
10.47
10.47 
10.46 
10.44 
10.43 
10.42 
10.40

Total press., 
mm.
17.2
21.2 
24.4 
28.6
34.1
39.1 
47.0
55.2
63.2
64.6
73.6 
83.8

100.7
113.8 
127.7 
145.2

PCli-NfCH>).K
59.24
48.45
45.07
40.94
35.96
33.21
29.58
26.33
23.98
23.74
21.80
20.03
17.71
16.10
15.11
14.10

PC1.-2N(CHi) i 
K  X 10-=

297

51.5

11.4

5.86

3.94

PCL-3N(CHj) j
K

- 8 .4 6  X  109

3.05 X  106

1.18 X  10s

3.05 X  104

9.07 X  103

2PCla*N(CHi)a
K

501

349

222

157

100

Fig. 4.—Temperature variation of the equilibrium con
stants calculated for the compositions: • , PC13-N(CH3)3;
© , PC13-2N(CH3)3; © , PC13-3N(CH3)3; O, 2PC13-N(CH3)3.

3N(CH3)3 and 2PC13N(CH3)3, values of K  were 
calculated in each case and are listed in Table IV.

It is seen that the best single representation 
is the 1:1 adduct having a relatively constant value 
of K. Examination of the trends of the other 
results with concentration does not seem to favor 
consideration of the simultaneous presence of a 
number of complexes in equilibrium with each other.

As a further test, pressure measurements on the 
PC13-(C H 3)3N system as a function of temperature 
were made in the liquid range extending from —10 
to 25°. From the data so obtained the “ equilib
rium constants” as a function of temperature were 
calculated for each of the assumed compositions 
referred to above. The results are listed in Table 
V and plotted in Fig. 4; the analytical number of 
moles of each component present is included.

Treatment of the data was effected entirely 
analogously to the manner described above for the 
system at 0°. Values needed for the vapor pres
sures of pure (CH3)3N and PC13 at the various 
temperatures were obtained from the equations 
log Pmm =  —1342/T +  7.7580 and log pmm

1710 T +  7.8087, respectively. The latter 
equations resulted from a least squares treatment 
applied to the experimentally determined vapor 
pressures listed in Tables VI and VII.

Because of the lengthy nature of the calcula
tions in this and the preceding section, the data 
were programmed on the I.B.M. 650 at Carnegie 
Tech.

The log K  vs. l/T  plot in Fig. 4 shows excellent 
linearity for the 1:1 composition, thus supporting 
the data at 0° for its presence.6 While the linearity 
is also quite good for the assumed equilibrium in
volving 2PC13-N(CH3)3, its K  as a function of 
concentration (Table IV) was erratic, including 
negative values (the pressure due to (CH3)3N, ph 
came out to be greater than the total pressure for 
calculation resulting in the negative values). 
The other situations involving PC13-2N(CH3)3 and 
PC13-3N(CH3)3, which show trends in K  at 0°, show 
curves for log K  as a function of temperature. 
From the log K  vs. l/T  plot a value of 6.4 kcal./ 
mole is obtained for the heat of formation of the 1:1 
complex in solution.

T a b l e  V I
V a p o r  P r e s su r e s  o f  T r im e t h y l a m in e  

- 6 7 .2  -4 5 .1 8  -3 6 .2 5  - 2 3 .9  -1 7 .2 5
17.3 73.9 128.0 238.4 331.2

- 1 0  65 0.0
445.3 679.9

°C.t,
p, mm. 
t, °C. 
p, mm.

T a b l e  V I I
V a p o r  P r e ssu r e s  o f  P h o sph o ru s  T r ic h l o r id e  

t, °C. 0 4.20 8.50 13.40 18.50 24.4
p, mm. 35.3 44.1 54.6 69.7 88.6 115.1

(6 )  A d d it io n a l  d a ta  r e c e n t ly  o b t a in e d  a s  a  f u n c t io n  o f  c o n c e n t r a 
t io n  a t  2 0 .0 °  s h o w  a  c o n s t a n c y  o f  th e  e q u i l ib r iu m  c o n s t a n t  fo r  th e  1 :1  
c o m p o s it i o n  s im ila r  t o  t h a t  r e p o r te d  h e re  a t  0 ° .  F u rth e r , c o n d u c 
t a n c e  m e a s u r e m e n ts  ru le  o u t  t h e  p re s e n ce  o f  io n s  in  th e  a s s o c ia t io n  
p r o c e s s .
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P31 Magnetic Resonance Measurements.— P31
magnetic measurements were made at 26° on mix
tures of PC13 and (CPU^N having varying mole 
ratios. One sharp line was observed which was 
shifted up field with respect to the P31 line in pure 
liquid PCI3. The shift increased as the concentra
tion of amine was increased in the sample mixture 
up to an amine mole fraction of 0.6. Table VIII 
shows the results obtained.

T a ble  VIII
P31 M e a s u r e m e n t s  on  t h e  Sy s t e m  PCI3-(C H 3)3N a t  26°

Mole fraction s,°
(CHOiN p.p.m.
0.144 + 5 .P

.346 29.1

.502 33.8

.504 33. P

.600 CO CO

Cr

“ Relative to the P31 line in pure PC13. The shift, 8, 
follows the convention adopted by J. Pople, W . Schneider 
and H. Berstein.7 6 External reference.

The sample mixture containing an amine mole 
fraction of 0.502 was frozen and allowed to warm 
up to room temperature. On melting, the line 
sharpened and began to shift toward that of pure 
P C I3  with further warming, i.e., toward lower field 
values. A sample of pure P C I3  similarly frozen 
did not show any noticeable line shift on warming.

Discussion
Both the temperature and concentration depend

ence of the P31 resonance line in the PClr-fCHshN 
mixtures support the presence of an association 
equilibrium. The fact that two P31 lines were not 
observed, corresponding to the expected differing 
chemical environments of free P C I3 and complexed 
P C I3, implies a fast exchange rate such that the 
observed shift refers to an average, weighted with 
respect to the relative amounts of the two forms. 
On warming the line shifts toward that of pure P C I3 
which would be expected for dissociation of a com
plex of P C 13.

The change with concentration is also consistent 
with the presence of a complex, the shift increas
ing toward the complexed species with increase in 
amine concentration. The fact that the shift is 
toward higher fields with increasing amine concen
tration means little in relation to the electron den
sity at phosphorus in the complex compared to the 
uncomplexed form since it is well known that little 
correlation exists between phosphorus shift and 
electronegativity or inductive effects of substitu
ents attached to phosphorus.

In view of the relative constancy of the equilib
rium constant at 0° and the excellent linearity of

(7 )  J . A . P o p le ,  W .  G . S c h n e id e r  a n d  H . J . B e rn s te in , “ H ig h -r e s o lu 
t io n  N u c le a r  M a g n e t ic  R e s o n a n c e ,”  M c G r a w -H i l l  B o o k  C o . ,  I n c . ,  
N e w  Y o r k ,  N . Y . ,  195 9 . p .  8 9 .

the log K  vs. l/T  plot in Fig. 4, it is implied that the 
assumption of ideality of the uncomplexed com
ponents in the liquid system is essentially valid. 
Hence, in the absence of complexing, dilution of 
PCI3 with (CH3)3N should result in no heat effect 
and one may take the value of 6.4 kcal./mole ob
tained for the reaction

C18P • N( CH3 )3(soln.) =  PC13(1) +  (CH3)3N(soln.)

to be a measure of the interaction energy.
One might reason that because of the low inter

action energy and the known existence of complexes 
of arsenic and antimony trihalides with donor 
molecules, a weak phosphorus-nitrogen linkage 
is present here. Electronically this seems the most 
favorable process. However, the evidence pre
sented here does not strongly bear on the nature of 
the interaction; hence, the above conclusion is 
considered speculatory at this point. The latter 
topic is the subject of a forthcoming paper. In 
any event an example is provided of an adduct of a 
tricoordinated phosphorus compound with a typical 
donor molecule, heretofore unknown.8

Experimental
Materials.— Trimethylamine regenerated from the hydro

chloride and dried over Drierite and then phosphorus pent- 
oxide at —78.5° was further purified by fractionation in the 
vacuum line. The vapor pressure at 0° of the resulting 
tensiometrically homogeneous sample was 680 mm. Addi
tional vapor pressure data are listed in Table VI.

Mallinckrodt phosphorus trichloride (analytical reagent) 
was fractionated twice in the line to remove a small amount 
of hydrogen chloride. The resulting vapor pressure was
35.3 mm. at 0°. Additional vapor pressure data are listed 
in Table VII.

Apparatus.— A special reaction section was constructed 
for the pressure-composition measurements and is ade
quately described elsewhere.9

P31 Magnetic Resonance Measurements.— A Varian 
Associates Spectrometer with superstabilizer was used with 
the R .F . unit at 15.1 mo. Mixtures of PC13 and (CH3)3N 
were condensed into 5 mm. tubes attached to a vacuum 
system. For measurements involving external referencing 
the sample contained in the 5 mm. tube was placed in a 15 
mm. tube containing indentations at the top and bottom to 
hold the inner tube in a coaxial position. PC13 was intro
duced into the outer tube via the vacuum system. The 
measurements were made employing the side band tech
nique.

Acknowledgment.—The author wishes to express 
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help in programming the data and to Professor 
Robert Kurland and Mr. Raymond Wagner for 
assisting with the phosphorus resonance measure
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(8) There exists in the literature a report of the complexes (ChHOa- 
N-PCh and 3(C2Hs)3N*PC1:<, W. R. Trost-, Can. J. Chem., 32, 356 
(1954), but these could not be verified by later work; see R. R. Holmes 
and E. F. Bertaut, J. Am Chem. Soc., 80, 2980 (1958).

(9) H. C. Brown, L . P. Eddy and R. Wong, ibid., 75, 6275 (1953).
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Adsorption isotherms have been determined and calorimetric heats of adsorption have been obtained for the adsorption 
of both methanol and water vapors on hydroxyapatite dehydrated at 450° both in the form of anorganic bone and in the 
form of synthetic hydroxyapatite. In the case of the methanol, it was found practicable both on the basis of the isotherms 
and the differential heat data to separate the total adsorption more or less sharply into “ chemisorbed”  and physisorbed frac
tions. In the case of water such a separation was less clearly delineated. The adsorption characteristics differed remarkably 
little whether the adsorbing hydroxyapatite surface was of synthetic origin or derived from bone. The relatively high heats 
of adsorption in the first monolayer, for both methanol and water, indicate a high energy of binding on the hydroxyapatite 
and can probably be attributed to hydrogen bond formation involving the exposed oxygen atoms of the surface. Some ex
periments have been done with nitrogen adsorption at —195° on the dehydrated hydroxyapatite and on the surface of 
this material covered by a chemisorbed layer of methanol or of water. It is found that the chemisorbed layers have a rather 
profound influence on the subsequent physisorption of nitrogen.

Introduction found no record of such studies on hydroxyapatite.
Because of the importance of the surface chem

istry of bone mineral in physiological systems, we 
have undertaken a series of gas adsorption studies 
on hydroxyapatite both in the synthetic form and in 
the form of anorganic bone. The present investi
gation has been particularly concerned with the 
adsorption of two polar substances, water and 
methanol, on dehydrated hydroxyapatite surfaces. 
Because of the ionic character of the hydroxyapa
tite, we might expect that the polar adsorbate 
molecules would be strongly bound to the surface 
and probably oriented with respect to it. To test 
this supposition we have determined the adsorp
tion isotherms and have measured the heats of 
adsorption of these polar adsorbates by means 
of a calorimeter. The interpretation of the ex
perimental results has enabled us to draw a number 
of conclusions. In particular we have been able 
to sort out the “ chemisorption” 16 from the phys
isorption in the total adsorbed film, to compare 
the states of the adsorbing surfaces of the hydroxy
apatites from synthetic and from natural sources 
and to compare and contrast “the characteristics of 
adsorbed films of water and of methanol on the same 
hydroxyapatite surface.

Previous calorimetric measurements have been 
concerned with the adsorption on solid surfaces of 
polar molecules from the vapor phase.3-5 Re
cently several investigators have employed preci
sion liquid immersion calorimetry to study the 
interaction of water and other polar molecules with 
silica6-8 and other7 8 9 surfaces. However we have

(1) Presented in the Symposium on Energetics of Surfaces and Inter
faces before the Division of Colloid Chemistry of the American Chemi
cal Society, September 7-12, 1958, in Chicago, Hlinois.

(2) This research -»as supported by Grant NSF-G27G5 from the 
Chemistry Branch of the Division of Physical and Engineering Sci
ences of the National Science Foundation. The work leading to a 
previous publication [R. A. Beebe and E. R. Camplin, T h is J o u r n a l , 
63, 480 (1959)] also received eupport from the above grant. Our 
thanks are due to the Foundation for the support which made these 
two investigations possible.

(3) A. V. Kiselev, Kolloidny Zhurn., 20, 339 (1958); A. V. Kiselev, 
N. V. Kovaleva, V. A. Sinitsyn and E. V. Khrapova, ibid., 20, 444 
(1958).

(4) B. Millard, R. A. Beebe and J. Cynarski, T h is  J o u r n a l , 58, 
468 (1954).

(5) C. H. Amberg, J. Am. Chem. Soc., 79, 3980 (1957).
(6) M. M. Egorov, V. F. Kiselev, K. G. Krasil’nikov and V. V. 

Murina, Akad. Nauk S.S.S.R., (J. Phys. Chem.), 33, No. 1 (1959).

In order to determine the specific surface areas 
of the adsorbent materials, we have used the B.E.T. 
method based on the adsorption of nitrogen at 
—195°.10 * In this phase of the work we have deter
mined the adsorption of nitrogen not only on the 
dehydrated surfaces but also on these surfaces 
when they already are covered with chemisorbed 
monolayers of water or methanol. We have ob
served that these chemisorbed layers exert a marked 
effect oh the subsequent physisorption of nitrogen. 
A similar effect has been noted by other investi
gators.11-13

Experimental
Materials.— The physical chemistry of both bone mineral 

and synthetic hydroxyapatite has been reviewed in detail 
by Neuman and Neuman.14 15 It is known from electron 
microscope studies that both bone mineral16 and synthetic 
hydroxyapatite have a micro-crystalline structure which 
leads to high specific surface areas which are of the order of 
magnitude found by the B.E .T. method. The composition 
and structure of fluoroapatite has been thoroughly investi
gated; due to the similarity of the X-ray patterns of hy
droxyapatite to that of fluoroapatite, the unit cell of the 
hydroxyapatite is, by analogy, taken to be CaI0(PO4)6- 
(OH)2. Whether hydroxyapatite comes from a natural or a 
synthetic source, it has a variable composition, which seems 
in large part to be due to the substitution of variable amounts 
of H30 + ions for C a++ ions in the crystal surfaces. Thus it 
is necessary to exercise special care in the control of out- 
gassing procedures in preparation for adsorption runs. 
We have found that a fairly reproducible adsorbing surface is 
obtained by overnight degassing at 450°. The loss of 
weight for the bone mineral with temperature follows a 
pattern quite similar to that observed by Kunin14 for syn
thetic material. Thus, although the per cent, loss of water 
changes with temperature of outgassing especially in the 
region from 100 to 400°, the rate of change of loss with 
temperature is smaller between 400 and 500°. If the

(7) A. C. Makrides and N. Hackerman, T h is J o u r n a l , 63, 594 
(1959).

(8) G. J. Young and T. P. Bursh, J. Colloid Set., in press.
(9) A. C. Zettlemoyer, G. J. Young, J. J. Chessick and F. H. Healey, 

T h is J o u r n a l , 57, 649 (1953).
(10) (a) E. P. Barrett, L. G. Joyner and P. P. Halenda, Ind. Eng. 

Chem., 43, 639 (1951); (b) 44, 1847 (1952).
G l) F. S. Stone and P. F. Tiley, Nature, 167, 654 (1951).
(12) A. V. Kiselev, N. V. Kovaleva, A. Ya. Korolev and K. D. 

Shcherbakova, Compt. rend. Acad. Sci. VRSS (Doklady Akademii nauk 
SSSR), 124, 617 (1959).

(13) D. S. Melver and H. H. Tobin, T his J o u r n a l , 64, 683 (1960).
(14) W. F. and M. W. Neuman, “ The Chemical Dynamics of Bone 

Mineral,”  Univ. of Chicago Press, 1958, p. 39; (ref. to Kunin, p. 43).
(15) R. A. Robinson and D. A . Cameron, J. Biophys. Biochem. Cytol., 

2, 253 (1956).
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heating process is extended into the 500 to 800° range, the 
hydroxyapatite, stable below 500°, is broken down with 
further loss of water and production of tricalcium phosphate.

The anorganic bone mineral was supplied by the courtesy 
of the Research Division of Armour and Company, Chicago, 
Illinois. This material had been freed from collagen and 
other organic matter by ethylenediamine extraction. The 
sample used in all the work reported below was the Ossar 
Bovine Femur Head lot 34. The loss of weight which 
occurred on evacuation of this material at 500° Was made up 
of 3 to 4%  H20 ,  1%  C 0 2 and 0.3%  of gas uncondensable at 
liquid air temperatures. The amount of water present in 
the initial samples and hence the amount lost on evacua
tion at high temperature was dependent upon the humidity 
of the atmosphere to which the sample had been exposed 
before degassing. Slight charring of the initially white 
bone mineral was observed to occur at temperatures above 
200 0. The material used in the experiments described below 
was first treated in a stream of oxygen at 500° and in sub
sequent evacuations the temperature was 450°. The 
specific surface area of this material after dehydrating at 
450° was 100 m .2 per g. (For brevity in this paper the 
adsorbent described above will be designated simply as the 
bone mineral or Ossar.)

The synthetic hydroxyapatite used in the present work 
was kindly supplied by Dr. W. F. Neuman of the University 
of Rochester Medical School. The sample was taken from 
the apatite preparation batch “ 31”  described in the book by 
Neuman and Neuman.14 In this material the Ca/P  atomic 
ratio is given as 1.48. The loss in weight (H20 )  on evacuat
ing at 450° was found to be 5 to 6%  (evolved C 02 and gas 
uncondensable at —195° constituted less than 0.01% of the 
total weight of the sample). The dehydrated material 
had a specific surface area of 67 m .2/g . The outgassing 
procedure was identical to that described above for the 
Ossar.

The methanol was de-aerated by bulb-to-bulb distillation 
in a vacuum system until the vapor pressure reading became 
constant for a bulb containing liquid methanol (3.07 cm. 
at 0 °). Increments of methanol for adsorption were meas
ured in a gas buret, due consideration being given to the 
effect of deviation from the perfect gas laws.

Water vapor was drawn off from a weight buret (equipped 
with a stopcock and the male part of a standard ground glass 
joint) which contained de-aerated distilled water. In order 
to measure small increments (1 X  10 ~4 mole) with reason
able accuracy, water vapor from the weight buret was 
allowed to expand into a system consisting of two bulbs 
(one large and the other small) which were connected by a 
stopcock. In this manner a relatively large amount of 
water vapor could be drawn from the weight buret and 
hence the effect of an error in the weighing was minimized. 
Knowing the volumes of the two bulbs, the distribution ratio 
of the vapor between the two was obtained readily. The 
stopcock connecting the bulbs then was closed and the 
aliquot amount of vapor contained in the smaller bulb was 
introduced into the adsorption system.

Apparatus.— The gas handling and vacuum systems were 
standard equipment. The type of calorimeter used in the 
measurements, and the method of computation of the heats 
of adsorption were essentially the same as described else
where.6 The only major feature of difference in the con
struction of the present calorimeter was in the nature of the 
copper filler. The filler, onto which the heater wire used 
for calibration purposes was directly wound, was consider
ably more bulky than those used in previous cases, filling the 
whole of the inner platinum bucket except for six slots be
tween the filler and the bucket. T o ensure as far as possible 
the even distribution of an increment of adsorbing gas over 
the entire sample of adsorbent which was embedded in the 
six lots, the filler had a hole drilled down the center with 
smaller holes directed outward from it toward the slots. 
The heat capacity of the adsorbent material was only 3.5%  
of that of the metal parts of the calorimeter and this arrange
ment yielded satisfactory time-temperature curves from 
which the heats of adsorption could be computed with 
confidence. Due to the high specific surface areas of the 
adsorbents involved, it was possible to tolerate the loss in 
sensitivity of the calorimeter caused by the high ratio in the 
weight of the inert metal of the calorimeter to that of the 
actual adsorbent.

Fig. 1.— Adsorption isotherms for methanol on hydroxy
apatite at 0°: O, •, 3, bone, mineral; A, A ,:synthetic;
upper curve after degassing at 450°; lower curves after 
degassing methanol covered Surface at 0°.

Fig. 2.— Differential heats of adsorption for methanol on 
hydroxyapatite at 0°: O, •, bone mineral; A, V, a , syn
thetic; upper curves after degassing at 450°; lower curve 
after degassing methanol covered surface at 0°.

Results and Discussion
I. The Adsorption of Methanol.— The experi

mental data for methanol adsorption on the hy
droxyapatite samples of both synthetic and natural 
origin are given in the isotherms of Fig. 1 and the 
differential heat curves of Fig. 2.

The isotherms, measured at 0°, are plotted on 
the basis of relative pressure vs. moles of methanol 
adsorbed per m.2 of hydroxyapatite surface as 
determined by the B.E.T. nitrogen adsorption 
method. The data in the upper curve in Fig. 1 
were taken after degassing the sample overnight at 
450° and those of the lower curves were obtained
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after the surfaces, already covered with more than 
a monolayer of methanol, were degassed overnight 
at 0°. It is noteworthy that the upper curves for 
total adsorption per unit area of surface are iden
tical for the synthetic apatite and the bone mineral.

By a comparison of the upper and lower iso
therms of Fig. 1, it is possible to sort put, in a 
qualitative way at least, the “ chemisorption” 
from the physisorption for the system under study. 
Thus it is reasonable to assume that, while the 
upper curve represents total adsorption at any 
given value of P/Pa, the lower curves represent 
physisorption (removable by pumping at 0°) 
and the difference between the upper and lower 
curves represents chemisorption (not removable 
at O0) .16 This method of sorting out chemisorp
tion from physisorption was first applied by Em
mett and Brunauer17 to the analysis of the adsorp
tion A f carbon monoxide and carbon dioxide on iron 
catalyst surfaces. It is realized that in the ad
sorption system being studied this method can 
hardly be expected to give an entirely clean-cut 
differentiation between the two types of adsorp
tion. For instance a much longer pumping period 
might have removed a few per cent, more of the 
adsorbed methanol, with a corresponding small 
decrease in the estimated chemisorbed fraction.

The upper and lower isotherms of Fig. 1 are 
separated by a virtually constant distance over a 
considerable range of pressure. From this distance 
we estimate that the chemisorbed layer contains
8.0 X  10“ ® and 8.3 X  10“ ® mole of adsorbed meth
anol per m.2 of surface for the bone mineral and the 
synthetic adsorbent, respectively. If we assume 
that the chemisorbed methanol comprises the whole 
first monolayer, then we find cross-sections per 
adsorbed methanol molecule of 20.7 and 20.0 A.,2 
respectively, for the above two surfaces. There 
seems to be no universally applicable value for the 
cross section of adsorbed methanol molecules in 
different systems. The value obtained from the 
liquid density of o methanol assuming close-packed 
spheres is 17.7 A .2; this would represent physi
sorption. For methanol in the chemisorbed state, 
cross sections have been cited which range from 
28 A.2, on a silica gel sample to 15 A.2 on a nickel 
surface.18

The heats of adsorption represented in Fig. 2 are 
plotted on the basis of kcal. per mole against moles 
of methanol adsorbed per m.2 of surface. In the 
upper right are given the results of check runs at 
0° on each of the two types of hydroxyapatite after 
outgassing at 450°. In the lower left are the cal
orimetric data on the synthetic material after out- 
gassing at 0°; this material would presumably 
retain a chemisorbed monolayer of methanol after 
outgassing. A dotted vertical line at 8.2 X 10“ ® 
moles/m.2 indicates the average value for the 
completion of the chemisorbed monolayers of the

(16) For convenience we shall refer to the adsorbate not removable 
by pumping at 0° as being chemisorbed, although the forces of dipole 
attraction and hydrogen bonding which are probably at play here 
might not be generally accepted as being chemical in nature.

(17) P. H. Emmett and S. Brunauer, J. Am. Chem. ¿>oc., 59, 310
(1938).

(18) V. A. Dzisko and V. N. Krasnopol’skaya, Zhur. Fiz. Khim., 26, 
1841 (1052).

two adsorbents as estimated from the data of Fig. 1.
It is seen in Fig. 2 that the differential heat 

values are high throughout the estimated chem
isorbed layer exceeding the heat of vaporization of 
methanol (Eh =  9.1 kcal./mole) by about 5 kcal. 
even at the estimated point of completion of the 
layer. The heats fall throughout the first layer but 
the rate of fall is greater near its completion and 
the values rapidly approach the heat of vaporiza
tion as the second layer fills.

Because of the relatively small diameter of the 
calcium ions, the surface would be largely occupied 
by oxygen atoms associated either with the phos
phate or the hydroxyl ions of the surface. Thus, 
it seems plausible to postulate the oriented ad
sorption of methanol on the ionic surface of the 
hydroxyapatite as the result of dipole attraction 
plus hydrogen bonding. These hydrogen bonds 
could involve O— IT—O bonds in which the hydrogen 
might be supplied either by the methanol or in 
part by the hydroxyl groups of the hydroxyapatite. 
Such an adsorbed layer of methanol would present 
a layer of methyl radicals at its surface and would 
have relatively small attraction for building up a 
second adsorbed layer of methanol. This model 
seems consistent with the observed differential 
heat curve.

II. The Adsorption of Water.—We also have 
studied the adsorption of water vapor on the hy
droxyapatite surfaces. The isotherm for the total 
adsorption of water at 23° on the bone mineral 
sample outgassed at -450° is given in Fig. 3. An 
attempt to split this total adsorption into a phys
isorption and chemisorption was less successful 
and more arbitrary than was the case for methanol. 
Thus, unless the outgassing was very carefully 
timed, it was difficult to obtain reproducible results 
for the physisorbed water. For comparison, the 
isotherm for total adsorption of methanol at 0° is 
included in Fig. 3. It is immediately obvious that 
the water isotherm is steeper beyond the esti
mated monolayer than is the case with methanol.

Some differential heat data for water measured 
at 23° on bone mineral are shown in Fig. 4. The 
dotted vertical line represents moles of water ad- 
sorbed/m.2 at the monolayer as estimated by 
point B of Fig. 3. It is apparent that the experi
mental points scatter to some degree. In the first 
calorimeter which we used for water adsorption 
this scatter was even more pronounced and it was 
traced to a non-equilibrium effect previously 
noticed in earlier work on other adsorption sys
tems.19'20 Such effects are especially noticeable 
at low pressures of the ambient adsorbate gases. 
In the calorimeter used to obtain the data of Fig. 
4 the design was altered to eliminate this non
equilibrium effect as far as possible, by bringing 
the incoming gas increment into contact with a 
broad annular layer of the adsorbent surrounding a 
perforated central inlet tube rather than a narrow 
layer at the top of the calorimeter. However, 
this device still would not eliminate the possibility 
of a non-equilibrium state due to slow diffusion of 
water molecules initially adsorbed on lower energy

(19) R. A. Beebe and D. A. Dowden, J. Am. Chem. Soc., 60, 2912 
(1938).

(20) W. E. Garner and F, J, Veal, Ji Chem. Soc.f 1493 (1935).
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sites, into the body of the crystals where less read
ily available sites of higher energy might be present. 
Thus, it is felt that the heat data up to the calcu
lated monolayer may be somewhat erratic depend
ing on the time between admissions of increments. 
If anything, the experimental points may be too 
low in this region although we believe that the 
solid line of Fig. 4 comes close (to (representing 
measurements under true equilibrium conditions.

In comparing the heat data for methanol and for 
water as shown in Figs. 2 and 4 it seems apparent 
that (1) the heats for water at a given coverage run 
somewhat lower than those for methanol and (2) 
the drop in the differential heats is much more 
gradual for water indicating a less clear-cut separa
tion in binding energy between the first and second 
adsorbed layers.

We think these observations can be explained on 
the basis of the hydrogen bonding. Pauling21 has 
shown that the energy per hydrogen bond in the pure 
liquids is stronger in methanol (6.2 kcal./mole) than 
in water (4.5 kcal./mole). The higher boiling point 
and heat of vaporization of water as compared to 
methanol is due to the formation of more hydrogen 
bonds per mole in the former than in the latter. 
Methanol presumably would form one hydrogen 
bond per molecule, binding it to the adsorbing hy
droxyapatite surface. It may well be that the water 
molecules likewise are adsorbed by forming on the 
average little more than one hydrogen bond per 
molecule and from analogy with the bonding in the 
bulk phases the water would then be less strongly 
bound to the adsorbing surface than would meth
anol. If the water molecules are singly bonded 
to the surface then the molecules in the first layer 
would possess residual capacity for hydrogen 
bonding to subsequently adsorbed molecules in the 
second layer. This model would seem to explain 
the less well-defined separation between the first 
and second layers as deduced from the heat data 
as shown in Figs. 2 and 4. This model is also 
consistent with the observed steeper slope of the 
water isotherm as compared with that for meth
anol in Fig. 3.

Neuman and his co-workers22 have studied the 
adsorption of water on hydroxyapatite by means 
of a centrifugation technique. From our present 
study, we would conclude that the above investi
gators must have been dealing with water adsorp
tion in the second and subsequent layers, since the 
first layer probably would be too tightly bound to 
be removed by centrifugation.

In discussing their results, Neuman, et al., sug
gest that there may be some direct bonding between 
the hydroxyapatite crystals and the organic phase 
(collagen) in live bone, and they cite the electron 
micrographs of Robinson and Watson23 as support
ing evidence. On the basis of the present research, 
we suggest that some less direct bonding may be 
effected through intervening water molecules which 
are attached by hydrogen bonds to the crystal sur-

(21) L. Pauling, “ Nature of the Chemical Bond,”  Cornell Univ. 
Press, Ithaca, N. Y ., Second Edition, 1948, p. 304.

(22) W. F. Neuman, T. Y. Toribara and B. J. Mulryan, J. Am. 
Chem. Soc., 75, 4239 (1953).

(23) R. A\ Robinson and M. L. Watson, Anal. Record, 114, 383 
(1952)v

Fig. 3.-—Total adsorption isotherms on bone mineral, after 
degassing at 450°, o  water at 23°, •  methanol at 0°.

Fig. 4.— Differential heats of adsorption for water on 
hydroxyapatite at 23°; samples degassed at 450°; O, bone 
mineral; •, synthetic.

face on the one side and to the collagen on the 
other.

HI. Experiments with Ethanol.— A limited 
amount of experimental work was done with etha
nol adsorbate on the synthetic hydroxyapatite. 
The isotherms measured at 30°, (1) after outgassing 
the adsorbent at 450° and (2) after outgassing the 
ethanol covered surface at 30°, bore the same re
lationships as are shown for methanol in Fig. 1. 
The amount of chemisorption represented 83% 
of the adsorption at the estimated point B of the 
upper isotherm. As with methanol it was found 
impossible to remove the chemisorbed ethanol 
without some decomposition at high temperatures 
necessary for degassing. The decomposition prod
ucts were not identified.

IV. The Adsorption of Nitrogen.— In order to 
determine the specific surface areas of the hydroxy
apatite adsorbents, the adsorption isotherms were 
determined for nitrogen at —195°. It is of inter
est that the nature of these nitrogen isotherms was 
rather profoundly changed by the chemical altera-
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p/ p0.
Fig. 5.— Adsorption isotherms for nitrogen on bone 

mineral at —195°, (a) O sample degassed at 450°; (b)
A  on water covered surface; (c) V  on methanol covered 
surface.

tion of the adsorbing hydroxyapatite surface. 
Thus in Fig. 5 are shown the isotherms for the 
surface of the Ossar after the treatments de
scribed: (a) surface degassed overnight at 450°,
(b) surface saturated with water vapor at 0° and 
then degassed overnight at 0°, (c) surface satu
rated with methanol vapor at 0° and then degassed 
overnight at 0°. The data of all three isotherms 
produce the normally encountered straight line
B.E.T. plots and the resulting B.E.T. parameters 
are given in Table I. In column 1 of this table 
the treatment prior to nitrogen adsorption is indi
cated as described above. In column 2 are given the 
specific surface areas as calculated from the B.E.T. 
“ Em” values, in column 3 are given the B.E.T. “ C”  
values, and in column 4, the net heats of adsorption 
(Ei — E l) as calculated from the data of column 3.

The data of columns 3 and 4 as well as the iso
therms of Fig. 5 indicate a weakening of the ad
sorption potential for physisorption by previously 
chemisorbed material. The observed decrease

T a b l e  I
D a t a  fro m  N it r o g e n  A d so r p tio n  on  B o n e  M in e r a l 24

Cl)Treatment (see above)
(2)Spec. surf. 

m-Vg-
(3)B.E.T. 

*‘C” value
(4) ,Net heat of ads., cal./mole

(a) 100 435 940
(b) 86 142 770
.(c) 75 25 500

in the specific surface areas of column 2 from (a) 
to (c) may be attributed either to, (1) blocking of 
very fine pores by the chemisorbed water or meth
anol, or (2) a less condensed packing of the nitrogen 
molecules on the surfaces of lowered adsorption po
tential. At the present time, we are unable to 
decide between these two alternatives.

This alteration of the physisorption potential 
of a surface by previously chemisorbed material 
has been observed by other investigators.11-13 In 
particular Kiselev and his co-workers12 have found 
that the substitution of -0 -S i(C H 3)3 “ umbrellas” 
for the surface hydroxyl groups of silica surfaces 
has an effect on the nitrogen adsorption very 
similar to that of adsorbed methanol on a bone 
mineral surface as shown in Fig. 5 of this publica
tion. The latter authors question the validity of 
the B.E.T. method for surface area determination 
in such systems of weakened adsorption potential.

Because of our interest in the above phenomena 
we have undertaken and partly completed the 
calorimetric measurement of the differential heats 
of adsorption of nitrogen on the bone mineral 
surfaces after treatments (a), (b) and (c) as de
scribed above. More detailed adsorption-desorp
tion isotherms at —195° for nitrogen at high rela
tive pressures are being measured in order to ob
tain information about pore size distribution in 
the bone mineral. It is hoped to publish the re
sults of this work in the near future.

(24) In a set ot similar experiments with the synthetic hydroxyapa
tite, the B.E.T. derived “C” values and net heats of adsorption and the 
variation of these parameters with treatments (a), (b) and (c) de
scribed above were essentially identical with those listed for the bone 
mineral in Table I, although the specific surface area of the synthetic 
material was lower.
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The proton magnetic resonance (n.m.r.) spectra of a polydimethylsiloxane were determined over the temperature range 
77-300 K. The spectra are characterized by an unusually narrow resonance line at room temperature indicating a low 
microscopic viscosity in the polymer. At 77!>K. the line width broadened to 4.9 gauss peak-to-peak, compatible with a 
rigid lattice and free rotation of the methyl groups. The line narrowing data indicate a chain rotational process with an 
activation energy of 8 kcal./mole. The combination of the n.m.r. data with X-ray, melting point and dielectric loss data 
confirms the presence of a second-order”  transition in the crystalline polymer considerably below the crystal melting point. 
This transition is thought to be primarily the onset of a chain rotation but evidence also is presented for chain translational 
motion in the crystalline state.

Introduction
The structures and molecular motions of poly

mers are being subjected to increasing study by
(1) Based on a paper presented at the ACS Meeting, Boston, Mass.«

April, 1959.

nuclear magnetic resonance (n.m.r.) techniques. 
A comprehensive review of the topic has been given 
by Slichter.2 It has been shown that n.m.r. line 
shape studies provide a measurement of the relative

(2) W. P. Slichter, Advances in Polymer Set., 1, 35 (1958).
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spatial orientations of magnetic nuclei and a de
scription of their relative motions (0-50 kc. range). 
Of particular interest are the proton-containing 
polymers for which X-ray studies give only vague 
descriptions of position and indirect evidence of 
motion.3

The silicones have been studied only superficially 
by n.m.r. Honnold, McCaffrey and Mrowca4 5 dis
cussed the unusually narrow proton resonance line 
width for silicone oü down to —50° and attributed 
it to intrachain rotation about the -O -S i-O - axis. 
They also postulated free methyl-group rotation 
down to —148°. Rochow and LeClair6 give line 
width measurements on hexamethylcyclotrisilox- 
ane (D3), octamethylcyclotetrasiloxane (D4), and 
decamethylcyclopentasüoxane (D6) in support of 
their argument for freely-rotating methyl groups. 
Their measured line width second-moment (AHi1) 
down to liquid N 2 temperatures was considered 
compatible with the theoretical value for ran
domly-oriented, freely-rotating methyl groups with 
a reasonable amount of inter-group broadening. 
The same authors measured a line-width transition 
from about 5 gauss to less than 1 gauss at about 
200°K. in G.E. SE450 silicone rubber. Banas 
and Mrowca6 reported a line-width transition in 
silicone rubber at 125°K.

Silicone rubber (erosslinked polydimethylsilox- 
ane with 17% by volume fine silica filler) was stud
ied by Ohlberg, Alexander and Warrick7 and War
rick,8 who measured X-ray, dilatometric and me
chanical properties; they found a crystal melting 
point of -—55° and the per cent, crystallinity rising 
to 60% at —80°.

Experimental
All n.m.r. measurements were made on a Varian Associ

ates V-4300B Dual-Purpose n.m.r. spectrometer operating 
at a field strength of approximately 9400 gauss and 40 
megacycles. Derivative spectra were recorded with v-mode 
under slow-passage conditions using 40-c.p.s. field modula
tion and lock-in detection. The field modulation peak-to- 
peak amplitudes were maintained at less than one-fourth 
of the true line width (peak-to-peak) to ensure a minimum 
of modulation broadening. The rf. power input was con
tinually monitored for saturation effects; the level was set 
so that an increase of 5 db. produced no significant change in 
the measured n.m.r. line width.

The cryostat was a modification of one used by 
Rempel, Weaver and Sands.9 The sample was inserted to 
a depth of one inch and a copper-constantan thermocouple 
was buried 1/t inch in the sample. Temperatures were re
corded on a Rubican #2732 Potentiometer to ±  1 ° . Thermal 
equilibrium rates in the sample were checked in a sample 
holder containing two thermocouples, one located at the 
bottom of the holder. This experiment indicated a maxi
mum error of ± 1 0 °  in the sample temperature at the re
ceiver coil; the probable error is estimated to be less than 
± 5 ° .

T o avoid effects of supercooling, a special cooling pro
cedure was followed. The sample was cooled slowly over a

(3) (a) W. P. Slichter. J. Polymer Sci., 24, 173 (1957); (b) C. W. 
Wilson, III, and G. E. Pake, J. Chem. Phys., 27, 115 (.1957).

(4) V. R. Honnold, F. McCaffrey and B. A. Mrowca, J. Appl. Phys., 
25, 1219 (1954).

(5) E. G. Rochow and H. G. LeClair, J. Inorg. Nucl. Chem., 1, 92 
(1955).

(6) E. M. Banas and B. A. Mrowca, Phys. Rev., 98, 1548A (1955).
(7) S. M. Ohlberg, S. E. Alexander and E. L. Warrick, J. Polymer 

Sci., 27, 1 (1958b
(8) E. L. Warrick, ibid., 27, 19 (1958).
(9) R. C. Rempel, H. E. Weaver and R. H. Sands, private communi

cation.

T E M P E R A T U R E  ( ° K ) .
Fig. 1.—Peak-to-peak line widths of polydimethylsiloxane 

(mol. wt. 75,000).

period of two hours or longer to about 80°K . The line 
widths then were recorded continuously until no further 
changes with time were observed. The sample was main
tained in this temperature range for at least one hour after 
maximum line width was attained. The sample tempera
ture was raised in small intervals by decreasing the flow 
of cold N2 gas to the cryostat and the sample was at thermal 
equilibrium during each measurement. Reproducible re
sults could be obtained by this procedure. Severe hysteresis 
effects were observed with rapid cooling.

Materials.— The polydimethylsiloxane was prepared 
from octamethylcyclotetrasiloxane (D ,) through the agency 
of 3-15 p.p.m. potassium hydroxide. The molecular 
weight was fixed by the addition of an appropriate amount 
of hexamethyldisiloxane. After polymerization was com
plete the product was neutralized with tris-chloroethyl 
phosphite and vacuum dried. The sample used for these 
measurements had a viscosity of y = 2 .9 5  X  104 cp. at 25° 
and a weight-average molecular weight of 7.5 X  104.

A source of n.m.r. line-width irreproducibility was found 
to be the presence of -volatiles in the polymer sample. 
Vacuum treatment of the sample at 10 ~4 mm. and 100° for 24 
hours prior to n.m.r. measurements removed this difficulty. 
The nature of the “ impurity”  was not determined.

Results and Discussion
Line-width measurements were made over the 

temperature range 80-300°K. The measured de
rivative peak-to-peak line widths are recorded on 
Fig. 1. The sample exhibited a low-temperature 
line width (AH') of 4.9 gauss peak-to-peak; the 
room temperature plateau line-width is 0.019 gauss 
peak-to-peak and the root second moment is 0.008 
gauss. Both measurements include some residual 
magnetic field inhomogeneity broadening; it was 
not considered profitable to attempt to correct for 
field broadening since calibrations with water
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varied considerably, depending on magnet cycling. 
The exact temperature dependence of the line 
width near room temperature is masked somewhat 
by field inhomogeneity.

The line-width of 4.9 gauss peak-to-peak at 80°K. 
is in satisfactory agreement with the line-width 
measurements of Rochow and LeClair5 on silicone 
rubber. Structural correlations require the deter
mination of the second moment, AH\, to compare 
with calculated values. Two spectra were chosen 
for optimum signal-to-noise, sweep broadening, and 
rf. saturation and the second moments determined 
graphically. The value of AH\ =  7.0 ±  0.2 gauss2 
(corrected for modulation broadening) was ob
tained, which is somewhat lower than the value 
of 10.0 gauss2 reported by Rochow and LeClair5 
for silicone rubber. Of course, the experimental 
determination of second moments is subject to 
some arbitrariness, but the observed discrepancy 
is felt to be outside of reasonable experimental 
error. Furthermore, the possible effects of filler in 
silicones on n.m.r. parameters are not known, 
so it is not reasonable to compare these numbers 
quantitatively.

The lower value for the second moment does, 
however, require a re-examination of the broaden
ing terms discussed by Rochow and LeClair. It 
has been shown51011 that an isolated, rigid methyl 
group should exhibit a Aff| of about 21.5 gauss2. 
Free rotation about the C-Si bond would reduce 
this to about 5.4 gauss2, depending upon the pre
cise values of the C-H  bond distances and the 
angles. It is presumed then that the second mo
ments for silicone polymers at 80°K. are repre
sented by freely-rotating methyl groups and an in
ter-group broadening term of 1.6 gauss2. The tem
perature independence of the line width over a 
relatively wide temperature range makes it un
likely that the inter-group broadening includes any 
significant partially-excited oscillations about the 
chain axis, but rather is a result of the more or 
less static intermethyl group fields. Measure
ments at much lower temperatures will be neces
sary for confirmation.

A detailed correlation in the VanVleck manner 
of the intermethyl group interactions with the 
observed second moments is not warranted in the 
absence of crystal structure data. A description 
of this kind of inter-group broadening for methyl 
groups has been presented in terms of the theoreti
cal spectrum for a rotating methyl group perturbed 
by a Gaussian broadening term

A H i  =  A H  I  (M e) +  0*

where /3 is the exponential broadening term as used 
by Powles and Gutowsky.1011 According to 
Andrew and Bersohn,12 the absorption curve for a 
freely-rotating methyl group is characterized by a 
larger central absorption flanked by a pair of 
smaller wings. Powles and Gutowsky then plotted 
the methyl group spectrum (rotating) for values of 
8 2 through 2.0 gauss2. According to their analysis, 
the broadening term of 1.6 gauss2 for silicones

(10) J. C. Powles and H. S. Gutowsky, J. Chem. Phys., 21, 1695 
(1953).

(11) J. C. Powles and H. S. Gutowsky, ibid., 23, 1692 (1955).
(12) E. R* Andrew and R. Bersohn, J. Chem» Phys., 18, 159 (1950).

should just permit observation of the outer wings 
separated by about 8.2 gauss. These outer wings 
are not visible in the recorded spectra; their appar
ent absence may be due to poor signal-to-noise 
ratio or to the inapplicability of the Gaussian 
broadening function. Powles and Gutowsky also 
observed the apparent absence of wings on the low- 
temperature spectrum of 2-chloro-2-nitropropane 
for which /S2 =  1.5 gauss2.

The n.m.r. line width of the sample underwent a 
transition to a narrow line upon warming. The 
transition range, as shown in Fig. 1, is rather diffuse, 
extending over a wide temperature interval. 
The transition temperature, arbitrarily defined as 
the point at which the line width has changed by 
one-half the total change in log AH, is 180°K. 
The temperature-dependence of n.m.r. line nar
rowing has been treated theoretically by many 
workers. The two general cases of rapid rotation 
and translational diffusion are reviewed by 
Waugh13; more specific applications to polymers 
are reviewed and discussed by Slichter.2 The n.m.r. 
narrowing in polymers has been considered to be a 
result of the onset of intramolecular rotations 
(i.e., chain-twisting and torsional oscillation) of a 
frequency greater than several tens of kilocycles 
per second. The assumptions have been justified 
to the extent that Arrhenius plots usually give 
straight lines corresponding to “ reasonable” ac
tivation energies. The motional correlation time, 
tc, is given by

7c = A{AH)-' tan [(7r/2)(A#2 -  £ 2)/C2]
where A is a constant involving the nuclear mag
netic constants and some integration limits, AH 
is considered to be the line derivative peak-to- 
peak spacing, B is the high temperature plateau 
value of AH, and C is the low-temperature plateau 
value of AH. The Arrhenius relation equates the 
correlation time in the usual way to an activation 
energy term and a fundamental frequency factor. 
The above equation then can be rewritten 
E/RT = In \(aH)~' tan [(tt/ 2)(Ait2 -  B2)/C2] | +  In A
Folio whig these procedures, the plot shown on Fig. 
2 is obtained.

The data indicate definite curvature over the 
temperature range. This non-linearity might be 
attributed to several possible causes: supercooling 
effects not removed by the thermal procedures 
used, temperature measurement errors, a break
down of the theory, or the presence of two activa
tion energies. The latter effect is not unlikely; 
data for linear and branched polyethylenes are 
best fitted by two straight lines.14-15 The calculated 
activation energies, including both the best single 
slope and two slopes are 5.9, 8.7 and 2.6 kcal./mole, 
respectively.

At least two classes of molecular motion must be 
considered in connection with the n.m.r. line nar
rowing and the activation energies. The most 
obvious physical change giving rise to line width 
change is the phase change associated with crystal-

(13) J. S. Waugh, Ann. N. Y. Acad. Sci., 70, 900 (1958).
(14) D. W. McCall and W. P. Slichter, J. Polymer Sci., 26, 171 

(1957).
(15) R. C. Rempel, H. E. Weaver, R. H. Sands and R. L. Miller, 

J. Appl. Phys., 28, 1082 (1957).
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lization or glass formation. In most crystalline 
compounds, melting is accompanied by a sudden, 
large decrease in line width. An application of the 
Axrhenius plot of line widths to such a first-order 
phase change would yield very large, essentially 
infinite, activation energies. The theory is, of 
course, not valid for first-order phase changes. 
With crystalline materials, the worker generally 
is protected from making such false assumptions 
by both the inherent sharpness of the transition and 
some prior knowledge of the thermodynamics of 
the system. It should first, then, be ascertained 
that the polymer line narrowing is not a direct 
measure of a diffuse, first-order transition. One 
would expect that the “ liquid” line would be con
siderably narrower than the crystal or glass line; 
hence, the absence of marked two-phase structure 
of the n.m.r. absorption line is evidence that the 
narrowing results from motion in the rigid phase 
rather than a change of phase.

More conclusive evidence is offered by other 
studies; preliminary measurements on the X-ray 
powder pattern of these polymers show no sig
nificant change in X-ray line spacings or widths 
from —195 to about —50°.16 Work is in progress 
to extend the X-ray measurements to crystal melt
ing points and the effects of cross-linking on crystal 
structure, but the present data indicate that the 
crystal melting point is higher than the tempera
ture for which the n.m.r. line is completely nar
rowed. The crystalline melting point of silicone 
polymers has been investigated by a variety of 
methods. The volumetric behavior of a series of 
closely-related silicone gums was studied by Weir, 
Leser and W ood,17 who found a first-order phase 
change at about —65° and second-order transition 
at —123°. Palmanteer and Hunter18 reported the 
onset of crystallinity in polydimethylsiloxane 
gum to occur at about —45.3°. Small differences 
among these sets of data are expected in view of the 
diversity of materials in molecular weight and ex
tent of filler interaction.

The crystalline melting point of the dimethyl- 
silicone gum (mol. wt. 75,000) studied here was in
vestigated in a conventional melting point apparatus. 
The gum was cooled to —100° for several hours and 
then cooled to —197°; the sample was then ther
mally isolated and allowed to warm slowly to room 
temperature while continuously recording the 
sample temperature. The warming curves so ob
tained showed clear evidence of crystal melting 
over a temperature range up to —40°. The melting 
point obtained in this manner also corresponds 
with the visual transition from opaque cloudy-white 
to water clear—a change usually associated with 
the crystal-liquid transition.

Independent investigations19 of the X-ray struc
ture of these polymers have shown the fraction 
crystallinity to be about 50% up to a few degrees 
below the melting point, —40°. By analogy to

(16) C. M. Huggins and L. E. St. Pierre, to be published.
(17) C. E. Weir, W. H. Leser and L. A. Wood, J. Research Natl. 

Bur. Standards, 44, 367 (1950).
(18) K. E. Palmanteer and M. J. Hunter, J. Appl. Polymer Sci., 1, 

3 (1959).
(19) S. M. Ohlberg, L. E. Alexander and E. I. Warrick, J. Polymer 

Sci., 27, 1 (1958).

Fig. 2.—Temperature dependence of correlation time.

other polymers, notably polyethylene,18 the n.m.r. 
spectrum might be expected to show two-phase 
structure in the temperature range —70 to —40°. 
A concerted effort was made to detect a wide line 
in addition to the observed narrow line without 
success. Repeated spectra run under all reasonable 
conditions of sweep modulation, rf. power, gain and 
scan rate show only the reported, narrow band. 
Other workers46 20 observed only a single line for 
similar materials in this same temperature interval. 
The conclusion is forced that the narrow line in
cludes contributions from the crystalline phase.

It seems fairly clear then that the observed
n.m.r. transition is not associated with crystal 
melting, but rather with a motional, presumably 
second-order, transition in the crystalline phase. 
The motion effecting the n.m.r. line narrowing is 
then assumed to be primarily a rotation about the 
chain axis made particularly favorable by the low, 
torsional force constant of the Si-O-Si linkage. 
Rempel, Weaver, Sands and Miller16 discuss a 
similar concept of rotational shear waves in poly
ethylene. It remains to be shown how such a 
transition can generate the extremely narrow n.m.r. 
lines without disturbing the X-ray or optical prop
erties of the crystals.

At the low-temperature limit, the major part (5.4 
gauss2) of the second moment is intra-methyl; the 
remainder (1.6 gauss2) is due to combinations of 
interactions among methyls on the same silicon 
atoms, on the same chain, and on neighboring 
chains. The intra-methyl contribution can quite 
reasonably be reduced to zero by a chain rotation 
as shown by Gutowsky and Pake.21 The inter- 
methyl group interactions are more difficult to 
analyze. The second moment contribution be-

(20) H. S. Girtowsky, private communication, 1960.
(21) H. S. Gatowsky and G. E. Pake, J. Chem. Phys., 18, 162 

(1950).



1308 C. M. Huggins, L. E. St. Pierre and A. M. Bueche Vol. 64

Fig. 3.— Dielectric loss data for polydimethylsiloxane (mol. 
wt. 75,000); irradiation doses, 6 MR.

tween methyl groups on the same silicon atom was 
calculated using accepted values of bond distances 
and tetrahedral angles to be about 0.25 gauss2. 
Methyl groups on the same chain, but on different 
silicon atoms, yield second moments of from about
1.5 gauss2 to about 0.030 gauss2, dependent upon 
the value of the Si-O-Si angle and the degree of 
staggering. Likewise, the interchain contribution 
is calculated to be from 1.5 gauss2 to 0.001 gauss2. 
The broadening due to members of the same chain 
conceivably can be reduced to a very small number 
by a combination of rotation and wagging; how
ever, it was not possible to construct a model which 
would permit the total inter-methyl group second 
moment to be reduced to below 0.001 gauss2 even 
with all chains rotating. The only conclusion 
left is that there must be a considerable amount of 
interchain translation in the crystal.

This conclusion is supported by further observa
tions22 on the effect of radiation-induced cross- 
linking on the line-width parameters. It is shown 
that small amounts of cross-linking, which would 
not be expected to influence short-range rotational 
motion, significantly increase the value of the nar
row line width. This broadening is interpreted 
to be a measure of the hindrance to the transla
tional motion occurring in the uncrosslinked poly
mer.

The assumption of gross interchain translation 
in the crystal satisfies the condition of small line 
width at the transition point and makes more cred
ible the absence of any apparent change in band 
structure at the higher temperature coincident 
with crystal melting. The X-ray data make it 
necessary that the interchain translation take place 
by a jumping mechanism such that the time-aver
age X-ray structure is not altered. This condition 
would be satisfied by a series of inversions about 
the tetrahedral silicon atom or, just as likely, a 
series of rotations through interstitial holes or de
fects in the crystal lattice.

Two alternative explanations, both of which are 
considered unlikely, are still possible. If the crys
tallinity ratio is very small, say 5-10%, in contra
diction to existing X-ray data, then it is not un-

(22) C. M . Huggins, L. E. St. Pierre and A. M. Bueche, T h is  Jotjb- 
n al , 64, in press (1960).

reasonable that the crystalline wide line is not 
visible in the spectra. Secondly, if the spin lattice 
relaxation time, Th of the crystalline phase were 
extremely long then the signal might be missed 
even at the deliberately low rf. levels used. Either 
of these possibilities would make it unnecessary 
to speculate about motions in the crystalline phase, 
since only the amorphous glass-liquid transition is 
observed. More direct measurements of T, and 

should be useful in deciding among these alter
natives.

Confirmation of the qualitative conclusions on 
the n.m.r. transitions was obtained from the re
sults of dielectric loss measurements23 on a poly
dimethylsiloxane sample which had been lightly 
crosslinked for experimental convenience (see 
note24) . The material exhibits, Fig. 3, a very small 
tan 5 =  10-5 at room temperature to compare with 
the value of about 9 X  10~4 for a silicone liquid 
gum measured by Baker and Waddington,26 rising 
to about tan 5 =  7 X  10 ~5 at the loss peak. The 
temperatures for maximum tan S for audiofre
quencies very closely approximate the tempera
tures of the n.m.r. transition as shown in Fig. 1. 
No observable change in tan 5 is detectable in the 
region of the crystalline melting point. Figure 3 
also shows the usual Arrhenius plots of the dielec
tric data yielding an activation energy of 37 kcal./ 
mole. This energy is about fivefold larger than 
the corresponding n.m.r. activation energy. De
tailed correlations between n.m.r. and dielectric 
loss activation energies have not been made, but a 
variety of investigations have shown that, in 
general, dielectric loss activation energies are sev
eral factors larger and that their trends within 
homologous series are similar to energies derived 
from n.m.r. line narrowing data.26 The absence 
of any noticeable dielectric effect at the crystal 
melting point also indicates a high degree of mo
tional freedom in the crystalline state.

Conclusions
The data force a conclusion which is new to 

classical ideas of polymer physics: namely, that 
translational motion of an appreciable magnitude 
occurs in polymer crystals below the crystal melt
ing temperature. This motion is in addition to the 
accepted rotational motions. When this conclu
sion was first arrived at there seemed to be no other 
evidence for such a phenomenon. Since that time 
however strong support for this thesis has arisen 
from the work of Station.27 He has reported 
that the annealing of single crystals of polyethyl
ene below their melting points results in an in
creased thickness of the crystal. This observation

(23) The dielectric measurements were made by S. I. Reynolds and
D. J. Kaswinkel to whom the authors wish to express their gratitude.

(24) It should be observed that the lightly crosslinked sample used 
in the dielectric measurements is not identical to the sample used for 
the n.m.r. measurements. The n.m.r. and dielectric effects due to 
cross-linking have been studied in detail25 and while changes are ob
served, they are not considered germane to the arguments in this 
paper.

(25) W. P. Baker and F. B. Waddington, J. Set. Instr., 36, 309
(1959).

(26) (a) J. G. Powles and K. Luczcynski, Physica, 25, 455 (1959);
(b) A. Odagima, “ Reports on Progress in Polymer Physics.”

(27) W. O. Statton, J. Chem. Phy8., in press.
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can be explained only by assuming translational 
motion of polymer chains in the crystals.
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Differential thermal analysis was used to determine the effect of chlorates on the thermal decomposition of ammonium 
perchlorate. When 0.1%  potassium or sodium chlorate was added as an impurity, the decomposition temperature of am
monium perchlorate was lowered approximately 150°. The differential thermal analysis technique is sensitive to 0.001% 
chlorate impurity in ammonium perchlorate. The amount of chlorate present in the ammonium perchlorate also can be de
termined colorimetrically with the same degree of accuracy. Chlorate impurities in ammonium perchlorate also can be 
determined by infrared absorption techniques; but the minimum amount detectable is in the region of 0.8%. A general 
theory is presented to account for the marked effect that chlorates have upon the thermal decomposition of ammonium per
chlorate.

Introduction
Ammonium perchlorate is an extremely strong 

oxidizing agent and is used as the crystalline in
organic oxidizing agent in the composite propellant 
type of solid rocket fuels. Since the presence of 
chlorates was thought to cause a premature decom
position of ammonium perchlorate, the main ob
jective of this investigation was to determine the 
effect of a chlorate impurity on the thermal stabil
ity of ammonium perchlorate.

Materials and Methods
Ammonium perchlorate obtained from the Fisher Scien

tific Company was analyzed colorimetrically and found to 
contain less than 0.001% chlorate impurity.2 The Fisher 
ammonium perchlorate was used as the starting material 
without further purification since it contained a negligible 
amount of chlorate as compared with the amount of chlorate 
added in preparing the samples. Samples of ammonium 
perchlorate containing 0.01, 0.05, 0.10, 0.50, 1.00, 5.00 
and 10.00% chlorate impurity were prepared from the 
starting material. The chlorate was designated as weight 
per cent, potassium chlorate in ammonium perchlorate. The 
samples were prepared by introducing the chlorate, as a 
potassium chlorate solution, to a solution of the starting 
material. The final solution was slowly evaporated to 
dryness. The final dry weight was approximately 20 g.

It was thought desirable to have a sample of ammonium 
perchlorate which was free from even a trace of a chlorate 
impurity to be used as the basis for the comparison with 
ammonium perchlorate containing chlorates as an impurity. 
Approximately 40 g. of the Fisher ammonium perchlorate, 
containing less than 0.001% chlorate, was recrystallized 
three times from water. The ammonium perchlorate thus 
obtained was analyzed colorimetrically and found to be free 
of any trace of a chlorate impurity.2 Table I lists the per
centage of chlorate impurity in each sample as found by 
colorimetric analysis.2

The apparatus and procedure used were similar to those 
developed by Gordon and Campbell.3 Finely divided silica

(1) Based on a thesis by John C. Petricciani submitted to the 
Department of Chemistry, Rensselaer Polytechnic Institute, in partial 
fulfillment of the requirements for the degree of Bachelor of Science, 
May, 1958, and a Research Project at American Potash and Chemical 
Corporation, August, 1957.

(2) C. Eger, Anal. Chem., 27, 1199 (1955).
(3) S. Gordon and C. Campbell, Anal. Chem., 27, 1102 (1955).

T a b l e  I
W e ig h t  %  KCIO, in  Sa m p le s

Sample no. % KCIO, added % KCIO, analyzed
1 0.000 0.000
2 .002 .001
3 .010 .009
4 .050 .040
5 .100 .082
6 .500 .370
7 1.000 .870
8 5.000
9 10.000

which previously had been heated to 600° and cooled to 
room temperature was used as the reference substance. A 
length of thin-walled Pyrex glass tubing drawn out at one 
end was used as a thermowell. The copper block was nickel- 
plated in order to prevent oxidation at the high tempera
tures.4 The differential temperature was plotted by a 
Sargent recorder as a function of time. The sample tem
perature, measured by means of a thermocouple and a 
potentiometer, was recorded at intervals which corresponded 
to respective timing marks of the chart on which the differ
ential temperature was recorded. The recorder was set at a 
total span of 5 millivolts. A chart speed of 0.2 inch per 
minute was found to be suitable. A constant heating rate 
of about 7° per minute was attained with this equipment. 
The limit of error in reading the potentiometer was ± 0 .1  
mv., or ± 2 ° .  The graph on the Sargent recorder could be 
read to the nearest 0.01 mv., an error of ± 0 .2 ° .

The infrared spectra of the samples containing chlorates, 
pure ammonium perchlorate and pure potassium chlorate 
were determined with a Perkin-Elmer Model 21 Recording 
Infrared Spectrophotometer using the KBr technique.5 
Several low percentage chlorate samples were measured 
using as much as 7 mg. in 100 mg. of KBr in an attempt to 
get the chlorate absorption band to appear, but the per
chlorate absorption band merely spread out and covered 
any increased absorption due to the chlorate ion. The 0.5 
mg. per 100 mg. of KBr concentration was used for the sub
sequent spectra since the resolution of the perchlorate band 
was very good at that concentration.

(4) R. A. Towers and N. Hackerman, T h is  J o u r n a l , 56, 187
(1952).

(5) M. M. Stimscn and M. J. O’Donnell, J. Am. Chem. Soc., 74, 1805 
(1952).
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SAM PLE TEMPERATURE (*C ).

Fig. 1.— Differential thermal analysis curves: the per
centage of KClOj and the sample number are shown at the 
beginning and end of each curve, respectively. The limit 
of the AT scale for each curve is + 20  and —20 above and 
below the baseline, respectively.

Experimental Results
The representative D.T.A. curves presented in 

Fig. 1 clearly indicate the presence of an increas
ingly strong exothermal reaction after lattice 
transition (244°) as the amount of chlorate im
purity increases. Detectable decomposition occurs 
only after the lattice transition in all the samples 
tested. In the region of 0.1% potassium chlorate 
impurity, the heat evolved after lattice transition 
is great enough to initiate complete thermal de
composition of the sample. This is an effective 
150° lowering of the thermal decomposition tem
perature of pure ammonium perchlorate, which 
decomposes at 400°. A comparison of the D.T.A. 
curve for pure ammonium perchlorate with that 
shown by Gordon and Campbell3 indicates that 
their sample may have contained chlorate as an 
impurity. Markowitz6 also has pointed out that 
the decomposition of potassium perchlorate pro
ceeds partially through a chlorate intermediate.

Decomposition is indicated by the abrupt change 
in the differential temperature at the end of each 
curve in Fig. 1. Curves 4 and 5 of Fig. 1 are dis
continuous because the heat evolution after lattice 
transition wras too rapid to follow accurately. 
Since the furnace was heating at a constant rate of 
7° per minute and did not reach the sample tem
perature for several minutes, the sample cooled 
somewhat after reaching its peak temperature for 
those cases. The curve was resumed at the point

(6) M. M . Markowitz, T h is  J o u r n a l , 61, 505 (1957).

where the sample temperature began to increase 
again.

The infrared spectra of ammonium perchlorate, 
potassium chlorate and a 5% potassium chlorate 
sample are presented, in Fig. 2. The absorption 
band due to the chlorate ion (990-960 cm.-1) does 
not interfere with that of the perchlorate ion (1160- 
1060 cm.-1). The 5% potassium chlorate sample 
shows the chlorate absorption band along with the 
ammonium perchlorate spectra. However, the 
appearance of the chlorate absorption band in a 
sample of ammonium perchlorate containing chlo
rates did not occur below 0.8% chlorate. This 
precludes using the infrared method as a rapid 
analytical technique for the determination of trace 
amounts of chlorate in ammonium perchlorate.

A comparison of the infrared spectrum obtained 
for ammonium perchlorate with that presented by 
Miller and Wükins shows that the absorption 
bands are more distinct and sharper using a KBr 
window than with Nujol.7 The most distinct 
difference is the resolution of the perchlorate ab
sorption band of Miller and Wilkins into three 
components.7

Discussion
A discussion of the decomposition of pure am

monium perchlorate is presented by Bircumshaw 
and Newman, and an electron transfer mechanism 
for the decomposition is suggested.8 The region 
of 0 to 1% potassium chlorate is considered in the 
following discussion and a solid solution of potas
sium chlorate in ammonium perchlorate is assumed.

As hi the case of the perchlorate ion, an electron 
transfer from a chlorate ion to an interstitial am
monium ion seems probable as the initial step in 
decomposition

CIO,- +  NH, interstitial ^  -*■ \H,- +  ClOr 
NH,------9- NH, +  H-

Although Bircumshaw and Newman suggest 
that the chlorate radical is stable within the crystal 
lattice and may function as an electron trap similar 
to a corresponding perchlorate radical, it seems quite 
unlikely that a chlorate radical would not decom
pose in the temperature range of the lattice transi
tion of ammonium perchlorate in view of the fact 
that ammonium chlorate itself is unstable in the 
region of 100°. The following steps are tenta
tively proposed as likely in the decomposition of 
the chlorate radical, where reaction 1 is about 
thermally neutral

cio,— 9- cio- + o, ci)
CIO- +  H ,0 -— 9- H.C10-. (2 )

11,010, +  CIO------ 9- HClOs +  HCI (3)

The H ,0 in reaction 2 appears as a decomposition 
product of perchlorate and ammonium ions in the 
mechanism of Bircumshaw and Newman. This, 
then, is a possible route for the formation of both 
chloric and hydrochloric acids which are listed 
among the decomposition products.8 Another pos
sibility is the reaction of two CIO radicals to form

(7) F. A. Miller and C. H. Wilkins, Anal. C h e m 24, 1283 (1952).
(8) L. L. Bircumshaw and B. H. Newman, Proc. Roy. Soc. (London). 

A227, 228 (1955); A227, 115 (1954).
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chlorine and oxygen, both of which are also listed 
among the decomposition products.8

CIO- +  CIO------>- Cl2 +  0 2 74 kcal.
Although complete thermal data for all the reac
tions are not available, a moderate over-all exo
thermal effect seems probable.

A comparison of the decomposition scheme for 
pure ammonium perchlorate as presented by Bir- 
cumshaw and Newman, and that just described 
for ammonium perchlorate containing a chlorate 
impurity results in these conclusions:

1. The production of a chlorate radical requires 
three steps in pure ammonium perchlorate, while 
only one step is needed in the cases where chlo
rates are present.

2. Sublimation competes with decomposition 
in both the pure and chlorate-contaminated case, 
but sublimation is reduced in the latter because of 
the possibility of the potassium ion replacing the 
ammonium ion, in which case proton transfer is 
impossible.

3. Decomposition occurs mainly on the surface 
of the crystal in pure ammonium perchlorate with 
the elimination of a perchlorate radical. A chlo
rate radical is not required to be on the surface in 
order to decompose according to the decomposition 
scheme just described. More pronounced decom
position within the crystal should be evident in 
the chlorate containing case, and the heat lost to 
the outside will be less.

The above considerations suggest that decom
position should be more pronounced in ammonium 
perchlorate containing a chlorate impurity than in 
the pure compound.

The decomposition reaction appears to take place 
only after lattice transition. The transition is 
from the orthorhombic to the cubic form and sub
sequently the lattice distances are reduced.8 Dur
ing the lattice transition the ammonium ions, es
pecially those which are interstitial, may have a 
better chance of interacting with both the per
chlorate and chlorate ions, which initiates decom
position as previously indicated.

Curve 1 of Fig. 1 shows only a slight tendency 
toward an exothermic reaction after lattice transi
tion, as indicated by the gentle rise of the dif
ferential temperature baseline (AT/T =  approxi
mately 0.03). This, however, may be attributed 
to a change in the specific heat of the ammonium 
perchlorate after lattice transition. A movement 
of the differential temperature baseline greater 
than about 3° over a sample temperature range of 
100° was thought to be significant in view of the 
above.

Curve 2 of Fig. 1 indicates that 0.001% chlorate 
impurity can be detected by D.T.A. A change in 
specific heat of the sample after lattice transition 
would account for an increasing baseline, but the 
baseline of curve 2 increases more rapidly than 
would be expected from the specific heat effect 
which was evident in curve 1. Moreover, a maxi-

WAVE NUMBERS IN CM)'.
5000 2500 1667 1250 1000 833 714

Fig. 2.— Infrared spectra of NHUClOi, KC103 and NH4CIO4 
containing 0%  K C i02.

mum is reached in curve 2 which can be explained 
only on the basis of an exothermic reaction in the 
sample, especially in view of the fact that in samples 
containing increasing concentrations of chlorate 
impurity a more and more pronounced heat evolu
tion appears in the same region as indicated in 
curve 2.

It is assumed that decomposition in the 200- 
300° region occurs largely through elimination of 
perchlorate radicals produced on the surface of the 
crystals, and only slightly through the mechanism 
which would produce a chlorate radical in the inte
rior. Decomposition involving the chlorate radical 
is suggested for curves 2 through 5 of Fig. 1. The 
exothermic tendency increases with the amount of 
chlorate impurity as would be expected according 
to the scheme presented. Finally, in the region of
0.1%  chlorate impurity, the heat evolved due to 
the combined effects of chlorate and perchlorate 
decomposition becomes sufficient to induce ther
mal breakdown of the ammonium and perchlorate 
ions themselves, and complete decomposition re
sults as is evident in curve 6 of Fig. 1.

No attempt was made to determine any of the 
thermodynamic properties of any of the decom
position intermediates, but such data would be 
helpful in a critical analysis and evaluation of the 
decomposition scheme proposed.
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DIAMAGNETIC SUSCEPTIBILITIES OF SIMPLE HYDROCARBONS AND
VOLATILE HYDRIDES
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The use of a Pauling Type oxygen meter in the measurement of the diamagnetic susceptibility of gases at subatmospheric 
pressure and ambient temperature is described. The method has been tested on the rare gases, and applied to measurements 
on nineteen light ( <  Co) hydrocarbon gases, diborane, ammonia, silane, phosphine, germane, arsine, stibine and methyl 
fluoride. The results obtained on the various gases are compared with the results of previous measurements and/or values 
deduced by various extrapolation procedures from measurements on more complex substances in the liquid or solid state.

Introduction
In connection with studies of the relation between 

the cross sections for ionization by electrons and the 
constitution and the structure of molecules1 it 
became of interest to compare the ionization cross 
sections with a molecular property directly related 
to the mean square electronic radius. Such a 
molecular property is the diamagnetic suscepti
bility.2 Fano3 has suggested that there should 
exist a proportionality between the diamagnetic 
susceptibilities of substances and their cross sections 
for ionization by high energy electrons. A search 
of the literature4 revealed the virtual absence of 
data suitable for comparing the constitutive and 
structural dependence of diamagnetic susceptibilities 
and ionization cross sections. Although measure
ments of the diamagnetic susceptibilities have been 
reported for an extraordinary number of complex 
substances, there have not been reported results 
of measurements on simple, normally gaseous sub
stances of the type particularly suitable for exam
ining the constitution and structural dependence 
of these molecular properties. The work reported 
in the present paper eliminates in part this gap 
in the knowledge of the diamagnetic susceptibilities.

Consideration of the very small magnitude of 
the effects associated with diamagnetism, quickly 
reveals why virtually no measurements of the 
diamagnetic susceptibility of gases have been re
ported in the past. However, the development of 
the High Sensitivity (Pauling) Oxygen Meter by 
the A. 0. Beckman Company makes readily avail
able an instrument suitable for the quantitative 
comparison of the diamagnetic susceptibility of gases 
even at subatmospheric pressures. In this paper 
we present the results of measurements of the di
amagnetic susceptibilities of nineteen light (< C 6) 
gaseous hydrocarbons, as well as those of diborane, 
ammonia, silane, phosphine, germane, arsine and 
stibine made with one of these instruments. The 
instrument was calibrated and the method tested 
on the rare gases.

In addition to the results of measurements on 
the gases indicated above, there are reported for 
the first time measurements on the liquid cyclanes, 
cycloheptane, and cyclododecane made by the

(1) J. W. Otvos and D. P. Stevenson, J. Am. Chem. Soc., 78, 546 
<1956).

(2) J. H. Van Vleck, “ Electric and Magnetic Susceptibilities,’* 
Oxford Press, Oxford, 1932, p. 275.

(3) U. Fano, Phys. Rev., 70, 44 (1946).
(4) See particularly the comprehensive review, A. Pacault, “ Les 

Systématiques Magnetochemiques,”  La Revue Scientifique, 86, 38 
(1948).

conventional Gouy technique.5 There also are 
reported measurements on several of the light 
hydrocarbons in the liquid state that were made 
with the object of providing information on the 
effect of the state of aggregation on the diamagnetic 
susceptibilities of substances.6

Experimental
As is reasonably well known, Pauling Oxygen Meters, 

such as the A. O. Beckman Company Model E-2, consist of a 
small rotor suspended on a quartz fiber in a strong, in
homogeneous magnetic field.7 A force due to the magnetic 
field that is proportional to the difference between the 
magnetic susceptibility of the rotor and that of its surround
ing medium (gas) tends to displace the rotor from its equi
librium position. The Model E-2 is constructed wdth a pair 
of vanes to which there may be applied a continuously 
variable electric potential that gives rise to an opposing 
force by means of which the rotor may be restored to its null 
position. The position of the rotor is observed by means of 
a light beam reflected from a small mirror, that is attached to 
the supporting quartz fiber, on to a graduated scale. The 
magnitude of the potential necessary to restore the rotor to 
its null- position is directly proportional to the magnetic 
susceptibility of the medium surrounding the rotor. In the 
present use, for measurement of diamagnetic gases, it was of 
course necessary to reverse the polarity of the restoring 
potential between vanes and rotor from its normal sense 
that obtains when the instrument is used in the measurement 
of the concentration of oxygen or other paramagnetic gases.

The instrument was attached to a conventional gas han
dling vacuum (mercury diffusion pump and “ H yvac”  fore 
pump) bench. That the cell containing the rotor and con
nections were vacuum tight was established by showing that 
after evacuation and closing the stopcock leading to the 
diffusion pump the rotor showed no systematic “ para
magnetic drift”  during a time comparable with that neces
sary to make a series of measurements on a sample of a 
substance. In order to achieve this vacuum-tight condition 
of the rotor cell it wras found necessary to turn off the heater 
that normally operates to keep the cell above ambient tem
perature. All measurements were made with the cell at 
room temperature ranging from 20 to 26°. The pro
cedure of bracketting measurements on a sample of interest 
between calibrating measurements on a primary or secondary 
standard substance assures that the lack of thermostating 
introduces no significant error in the measurements herein 
reported.

A series of measurements on a sample of a substance con
sisted of determining the restoring potential (in potentiom
eter scale division), V, necessary to return the rotor to null 
at a series of decreasing pressures of the substance in the cell. 
The series was deemed satisfactory if the plot of V, the 
restoring potential, vs. p, the sample pressure in cm., con
sisted of a straight line through the origin. The graphically 
determined slope, V  (scale divisions per cm. pressure), of 
the restoring potential vs. pressure line for such a series of 
measurements was taken as a direct measure of the relative 
diamagnetic susceptibility of the substance. The results of

(5) Selwood, “ Magnetochemistry,”  2nd Ed., Interscience Publishers, 
New York, N. Y., 1956, p. 3-10.

(6) See ref. 5, p. 90-91.
C7) See ref. 5, p. 248 et seq.
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T a b l e  1

M a g n e t ic  S u s c e p t ib il it ie s  o f  t h e  R ake  G a s e s

This research4

Havens'1

Mann*
Abonnent 
Wills and Hector"

Helium (8®) -------------------- x XNeon (o°)
10s c.g.s. emu. 

Argon (7°)
./mole-------------------

Krypton (6°) Xenon (6°)
5.02 ±  0.08 6.96 ±  0.14 (19.32)* 29.0 ±  0.4 45.5 ±  0.7
.91 7.65 19.23

6.76 19.54 28.02 42.40
19.2 29.2 44.1

[.88 6.66 (18.13)*
“ Number of series of measurements on substance in this research. In all cases Linde “ Spectroscopically Pure Grade”  

gases were used. 6 Uncertainties are standard deviations from the arithmetic mean value of the na series of measurements. 
* Unweighted arithmetic mean of values''’*"' taken in calibrating the instrument. d G. G. Havens, Phys. Rev., 43, 992 
(1933). * K. E. Mann, Z. Physik, 98, 548 (1936). 1 L. Abonnenc, Compt. rend.., 208, 986 (1939). " A. P. Wills and L. G. 
Hector, Phys. Rev., 23, 209 (1924); 24, 418 (1924). h Not included in average5 used to calibrate the instrument.

typical series of measurements on n-butane and argon are 
shown in Fig. 1.

The measurements were carried out over a period of about 
six months duration. As indicated above, measurements on 
samples of interest were bracketted by measurements on a 
secondary standard substance, n-butane. In all, 33 sets of 
measurements were made on n-butane and there was no 
evidence of systematic variation in the instrument sensitivity 
constant, V' (n-butane). The arithmetic mean value of V ’ 
(n-butane) for the 33 series of measurements was equal to 
24.9o div ./cm ., with a standard deviation from the mean 
5 =  ±  0.40 div./cm . On the basis of these results we 
assign the error of measurements on substances to be ±  0.4 
div./cm . or ± 1 .6 % , whichever is the larger.

Argon was chosen as the gaseous substance, readily avail
able in a high state of purity, most suitable as the primary 
standard for calibration of the instrument. As may be seen 
by reference to Table I, the three most recent determinations 
of —xmoi«r (At) give 19.32 ±  0.15 X  10-6 c.g.s. emu./mole 
as the best diamagnetic susceptibility for this substance. 
Seven series of measurements on argon with the Model E-2 
gave V' =  9.57 ±  0.07 div ./cm ., from which we compute 
the instrument sensitivity constant to be 1 div./cm . equals 
— (2.02 ±  0.01) X  10~® c.g.s. emu./mole.

As an over-all test of the method, measurements were 
made on the other four rare gases as summarized in Table 
I. There is no evidence in these data of systematic error in 
the method. The “ high”  value we find for xenon may be 
attributed to greater purity of our sample of xenon that was 
shown to be free of any diluent.

It should be noted that efforts to make measurements on 
gaseous hydrogen were unsuccessful. With hydrogen in the 
cell it was not found possible to establish a stable null of the 
rotor. This difficulty is believed to have been caused by a 
reversible chemisorption of hydrogen by the rhodium plate on 
the rotor causing the effective magnetic susceptibility of the 
rotor to change more or less continuously with time of 
exposure to hydrogen. This difficulty could no doubt be 
overcome by the substitution of some other inert metal 
(such as gold) as the necessary conducting surface of the rotor.

As is indicated in the footnotes of Table I, the measure
ments on rare gases were made on Linde Co. spectroscopi
cally pure grade samples. Previously unopened flasks were 
employed. After use, the residual contents of the flasks 
were checked mass spectrometrically for identity and purity. 
In no case was as much as 0.01% m oxygen or nitrogen found 
in a flask. The hydrocarbons were in all cases taken 
from the Spectroscopic Department Bank of pure substances 
after mass spectrometric test for identity and purity. The 
samples of diborane, silane, germane and methyl fluoride 
were prepared and purified by standard methods by Mr. 
E. R . Bell of the Chemical Physics Department. The 
phosphine, arsine and stibine were made by acid hydrolysis 
of calcium phosphide, zinc arsenide and a magnesium- 
antimony alloy, respectively. These latter three substances 
were purified by simple trap to trap distillation on the 
vacuum bench. Ammonia was obtained from a commercial 
cylinder of the liquid. As with the hydrocarbons, all 
samples of these latter substances were checked mass spec
trometrically for both identity and purity.

The liquids used for these susceptibility measurements 
were treated to free them of dissolved gases. Each liquid 
was subjected while in the Gouy tube to repeated freeze
thawing and it was evacuated in each cycle while frozen. 
The sample tubes finally were sealed under vacuum while

0 10 20 30 40 50 60 70
Pressure, cm.

Fig. 1.—The results of typical series of measurements of 
the Model E-2 oxygen meter response to various pressures 
of n-butane and argon: O, n-butane: □ ,  argon.

the hydrocarbon was frozen. The susceptibility measure
ments were made at room temperature. A sufficient 
number of independent measurements was made to reduce 
the statistical deviations to the values reported in Table 
II . For calibration purposes there was taken —0.720 X 
10~6 c.g.s. emu./gram as the mass susceptibility of water.

Results and Discussion3
In Table II there are summarized the results 

of our measurements on saturated hydrocarbons 
and in Table III there are summarized the results 
for unsaturated hydrocarbons. In these two tables 
there are also listed for convenience of reference 
previously published results of other workers on 
the substances we examined as well as some perti
nent data on homologs of these substances. The 
only previously reported measurements on gaseous 
hydrocarbons are those of Bitter.9 It was the in
consistency of Bitter’s results with any kind of 
extrapolation from data on higher homologs that 
caused us to include the study of gaseous alkanes 
and unsaturates in this investigation. Our results 
on ethane and propane are in reasonable agree
ment with Bitter’s determinations for these two 
substances, the two results of Bitter that were not 
inconsistent with the values that had been reported 
for heavier hydrocarbons. Accepting our values 
for the susceptibilities of methane, acetylene and 
ethylene as reasonable, the low values found by 
Bitter readily can be accounted for by the assump
tion that his samples of these materials contained 
the order of 0.5 to 1.0% air, since the paramagnetic

(8) Throughout this section of this paper we will for convenience 
quote in the text values of the molal diamagnetic susceptibilities of 
substances as multiples of the unit —I X  10-6 c.g.s. emu/mole.

(9 )  T a b le  I I ,  f o c t n o t e  b.
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T a b l e  II
D ia m a g n e t ic  S u sc e p t ib il it ie s  o f  Sa t u r a t e d  H y d r o c a r b o n s

V ol.

P.nloH
Hydrocarbon a b a c d « / a h

Methane 17.4 ±  0 .8 1 2 . 2 16.42
Ethane 26.8 ±  . 8 27.3 27.88 26.90
Propane 38.6 ±  . 8 40.5 39.6 39.34 38.58
n-Butane 50.3 ±  . 8 57.4 50.0 ±  0.5 50.80 50.26
«-Pentane 61.5 ±  1.0 63.3 ±  1.0 63.05 62.26 61.94
«-Hexane 74.05 75.6* 73.63 73.72 73.62
«-Heptane 85.24 85.38 85.18 85.30
«-Octane 96.63 96.47 96.93 96.64 96.98
«-Nonane 108.13 108.00 108.10 108.66
«-Decane 119.51 119.74 119.56 120.34
«-Undecane 131.84 131.02 132.02
«-Hexadecane 187.63 188.32 190.42
Isobutane 50.5 ±  0.8 56.3 51.7 51.15
Isopentane 63.0 ±  1.0 64.40 62.84
Neopentane 63.0 ±  1.0 63.1 63.28
Cyclopropane 39.2 ±  0.8 34.38 35.04
Cyclobutane 40.0 ±  . 8 44.84 46.72
Cyclopentane 56.2 ±  . 8 59.2 57.30 58.40
Cyclohexane 65.1 66.9* 68.76 70.08
Cycloheptane 73.9 ± 0 . 1 80.22 81.76
Cyclooctane 85.3 ±  .1 91.4*' 91.68 93.44
Cyclododeeane 132.5 ±  .2(Xtal) 137.52 140.16

“ This research. b F. Bitter, Phys. Rev., 33, 389 (1929). “ S. Broersma, J. Chem. Phys., 17, 873 (1949). d V. C. G. 
Trew, Trans. Faraday Soc., 49, 604 (1953). * J. R. Lacher, et al., J. Am. Chem. Soc., 73, 2838 (1951). f W. R. Angus, 
G. I. W. Llewelyn and G. Stott, Trans. Faraday Soc., 55, 887 (1959). Q Calculated from the least squares equation, x(n — 
CmH2m +  2) =  11.46m -j- 4.96 based on all data except (b) and (i). Standard deviation, 22 data, h — ±0.59, or for liquids 
only, 17 data, S =  ±0.49. * Calcd. from constant of ref. / .  Standard deviation of 25 data (excluding b) S =  ±0.86, or 
for alkanes including those listed in ref. /  but not in the table, 51 data in all, 8 =  ±0.70. * R. C. Pink and A. R. Ubbelohde, 
Trans. Faraday Soc., 44, 708 (1948).

T a ble  III
D iam agnetic Su sceptibilities o r  U nsatukated  H ydro- 

cabbon  V apors

Hydrocarbon a
— x X 106 c.g.s.emu./mole

b (Liq.) e
Pascal
and

Pacault
Acetylene 20.8 ±  0 .8 12.5 17.1
Ethylene 18.8 ± .8 12.0; 15.3d 18.3
Allene 25.3 ± .8 24.3
Propylene 30.7 ± .8 31.5 30.1
1,2-Butadiene 35.6 ± .8 36.1
1,3-Butadiene 32.1 ± .8 31.0
1-Butene 41.0 ± .8 42.0
Isobutylene 40.8 ± .8 44.4 42.0
ira«s-2-Butene 43.3 42.0
as-2-Butene 42.6 42.0

“ This research. b See footnote b of Table II. '  See 
footnote c of Table II. V. I. Vaidhianathan, Ind. J . 
Phys., 3, 165 (1928).

susceptibility of oxygen is —3,400 in our present 
units at room temperature. An even lower air 
impurity concentration would account for the dis
crepancy in the case of Vaidhianathan’s measure
ment on ethylene. We can offer no explanation of 
the origin of the error in Bitter’s measurements on 
the butanes. Our values for these gases are not 
only reasonable but they are confirmed by the results 
of measurements on the liquids by different 
methods.

It has been recognized for many years4 that the 
dependence of the magnetic susceptibilities of the 
alkanes on composition and structure cannot be 
represented in terms of the classical hypothesis of 
simple additivity of atomic susceptibilities pro

posed many years ago by Pascal. Trew10 proposed 
that the susceptibilities of the alkanes could be 
represented in terms of the sum of contributions

I I
of the four groups -C H 3, >C H 2, -C H  and -C -,

of which all alkanes except methane may be thought 
to be constituted, plus a correction term for posi
tional isomerism and end effects. More recently, 
on the basis of a larger collection of data, Angus 
and co-workers11 have concluded that only terms 
for the four groups are needed and that there existed 
no sound basis for assuming either positional isom
erism effects or end effects. In column h of 
Table II there are listed the values of the suscepti
bilities calculated from the values assigned to the 
four group constants by Angus and co-workers,11 
CH3 (13.45), CH2 (11.68), CH (10.80) and C (9.48). 
The results of our measurements on ethane, pro
pane, n-butane, isobutane, n-pentane, isopentane 
and neopentane12 are seen to be in excellent agree
ment with the calculated (column h) values, and 
thus appear to substantiate the view that small 
molecule end effects are indeed negligible in the 
case of diamagnetic susceptibilities of alkanes.

It is of interest to note that for the normal alkanes 
alone a two-constant expression of the form

x(« CmlL m-\- 2) =  A m -j- B (1)

not only permits the inclusion of methane as a
(10) Footnote a of Table II.
(11) Footnote/, Table II.
(12) Compare also for propane, isobutane and neopentane, Lacher, 

el al., footnote c of Table II.
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member of the series,13 but also gives a statistically 
better fit of the observations. The results of cal
culations based on eq. 1 with A =  11.46 and B =
4.96 are given in column g of Table II.14 Our 
values of A and B would correspond to changing 
the group constants for methyl and methylene to
13.94 and 11.46, respectively, from Angus and co
workers11 values of 13.45 and 11.68. The dif
ference between these constants arises from the 
fact that Angus and co-workers11 selected the sus
ceptibilities of particular substances to be used to 
evaluate the constants, while we obtained a least 
squares set of constants from all the data on n- 
alkanes, giving all measurements equal weight. 
The Angus constants appear to give the better fit 
at low carbon number while our constants give a 
better fit at the upper end-point, namely, n-hexade- 
cane.

In the case of the results for the cycloalkanes 
shown in Table II there are two unexpected ob
servations. The first of these is that the sign of 
the difference between the observed susceptibility 
of cyclopropane from that calculated from an 
additivity hypothesis is the opposite of that deduced 
for this structure from measurements on relatively 
complex derivatives.15 The second observation, 
surprising at least to us, is the fact that the dif
ference between the observed diamagnetic suscep
tibilities of the large ring compounds and the value 
calculated from the “ CH2-increment” found from 
alkanes, appears to be independent of ring size. 
Interestingly enough the molar refractions (electric 
polarizabilities) and the chemical shift of the proton 
magnetic resonance frequency of the cycloalkanes 
show a dependence on ring size that parallels that 
of magnetic polarizability. This statement is 
illustrated by the summary of “ differences”  shown 
in Table IV. If one were to accept the results of 
Pink and Ubbelohde14 on cyclohexane and cyclo
octane the preceding statements would become 
invalid. As indicated in footnote 14 we feel the 
origin of the discrepancies between the results of 
Pink and Ubbelohde and those of other workers 
are the result of systematic error in the results of 
Pink and Ubbelohde. Mass and infrared spectra 
in addition to the usual physical properties were 
employed as criteria for the purity and authenticity 
of our cycloheptane, cyclooctane and cyclodode- 
cane.

As may be seen from a comparison of the num
bers in columns 2 and 5 of Table III, the Pascal- 
Pacault constants for the atoms and structure 
correction constants provide a good representation 
of the diamagnetic susceptibilities of the lower 
olefins, allene and the butadienes, indicating the 
absence of small molecule end effects for these 
homologous series. However, acetylene like cyclo
propane has a significantly larger diamagnetic 
susceptibility than that calculated from data on

(13) Methane becomes a fifth group of one member in the Angus, 
cl al., formulation.

(14) The datum of Pink and Ubbelohde (ref. i, Table II) on n- 
hexane was not included because it appears to be greater than the more 
recent precise work of Broersma and of Angus, et al., by a sufficient 
amount to conclude that a systematic error occurred in this earlier 
work.

(15) bee pages 42 and 43 of ref. 4.

T a b l e  IV

C omparison of C yclo alkan e  P roperties with  «-Alkan e  
P roperties

Cycloalkane [ ( - X  -  11.68m] [Æ — 4.64mla
Atf, 

c ./sec.c
Cyclopropane + 4 .2  (gas) + 0 .0 8 + 50
Cyclobutane - 6 . 7  (gas) -  .32 - 2 4
Cyclopentane - 2 . 2  (gas); + 0 .8  

(liq.) -  .06 0
Cyclohexane - 5 . 0  (liq.) -  .12 0
Cycloheptane - 7 . 9  (liq.) -  .39 -  8
Cyclooctane - 8 . 1  (liq.) -  .46 -  7
Cyclononane -  6
Cyclodecane -  .91 -  6
Cyclododecane - 7 . 7  (Xtal) -  .63"

“ The molar refraction R =  (n02 — l ) / ( « o 2 +  2) X V. 
4.64 is the average CH2-increment. for R («-alkanes) from 
N.B.S. circular No. C-461. b For this substance, n70d 
1.4536 and Dnt 0.8273 g./'ml. were determined in our 
Analytical Depj. under the direction of W. R . Harp, Jr. 
c The nuclear magnetic resonance proton chemical shift from 
the corresponding «-alkane, measured at 40 Megacycles by 
Dr. C. A. Reilly of these laboratories. Uncertainty of 
measurement estimated to be ±  1 to ±  2 c./sec.

more complex substances containing this particular 
structural unit.

No definitive conclusion can be reached with 
respect to the question of the effect of state of ag
gregation on the diamagnetic susceptibility from the 
data in Tables II and III. Considerably greater 
precision than we have been able to achieve in the 
measurements on gases would be required to assure 
that the apparent effect, lx gas |< lx liq.l, is 
real. This is in agreement with earlier conclusions 
of Selwood.6 Certainly the general quality of the 
agreement between our measurements for the 
lower hydrocarbons with the values calculated 
from the group constants of Angus based on liquids, 
suggests that there is no real difference between 
gaseous and liquid values of this molecular quantity.

There are summarized in Table V data on the 
diamagnetic susceptibilities of gaseous hydrides 
more or less isoelectronic with rare gases. For 
comparison with the experimental values shown in 
columns 2 and 3 of this Table V, there are given 
in columns 4 and 5 susceptibilities calculated under 
the hypothesis that the quantity is a constitutive 
molecular property. In column 4 there are given 
the sums of the atomic susceptibilities per mole 
calculated from the Van Vleck equation2

X atom
6.02 X 1023e2 V - , „  
------ time2------ V  {T ) ( 2 )

where (rr), is the mean square radius of the 
ith atomic electron, as evaluated for Slater elec
tronic wave functions for the atoms.16 In column 6 
there are given the sums of the Pascal constants4 
for the atoms. It appears that for elements of 
any row of the periodic system, the deviation from 
additivity of the diamagnetic susceptibility in
creases with the distance of the “ central atom” of 
the molecule from the rare gas atom. Further in 
the hydrides of any group of the periodic system the

(16) See tor example, J. O. Hirschfelder, C. F. Curtiss and R. B. 
Bird, “ Molecular Theory of Gases and Liquids,”  John Wiley and Sons, 
Inc., New York, N. V., 1054, pp. 051-955. The use of Hart.ree-Fock 
electronic wave functions for the atoms, see column 5 of Table V, 
makes no significant change in the calculated x’8.
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T a b l e  V
D ia m a g n e t ic  Su sc e p t ib il it ie s  o f  V o l a t il e  H y d r id e s  an d  

M e t h y l  F lu o r id e
— X X 106, c.g.s., emu./mole

< — 2 xatom>
Hartree-

This research Lit. Slater Fock a Pascal
h 2 4.00 4.76 4.76 5.86
He 2.02 ±  0.08 1.90 1.65 2.06
V 2B2H6 10.5 ± .4 17.9 19.8 16.0
CH, 17.4 ± .8 12.2 18.7 20.5 17.7
NH, 16.3 ± .8 16.5 15.0 17.0 14.3
H20 13.0 (liq.) 11.7 13.8 10.5
HF 8.6 8.68 11.0 9.2
CH,F 17.8 ± .8 24.2 26.7 21.1
Ne 6.96 ± .14 7.02 5.64 8.30
SiH, 20.4 ± .8 34.7 24.7
PH, 26.2 ± .8 30.5 18.8
H,S 25.5 26.2 20.9
HC1 22.1 22.3 23.0
A t (19.32) 19.32 18.5 21.1
GeH, 29.7 ± .8 46.9 37.7
AsH, 35.2 ± .8 . ,  , 43.4 29.8
H2Se 39.1 28.5
HBr 32.9 35.1 33.5
Kr 29.0 ±  .4 28.0 31.2 31.9
SnH, 68.5
SbH, 34.6 ± .8 63.1 35.8
H2Te 57.4
HI 47.7 52.1 47.5
Xe 45.5 ± .7 43.2 47.1

“ See J. A. Ibers, Acta Cryst., 11, 1781 (1958), and B. K . 
Vainshtein and J. A. Ibers, Krislallografiya, 3, 416 (1958).

deviations from additivity increase rapidly with 
increasing atomic number of the “ central atom.”  
In all cases it will be noted that the sense of the 
deviation from the sum of the atomic susceptibili
ties is the same, i.e.

Ix o b a l Ix c a lc l ( 3 )

Although no previous work has been reported on 
silane, phosphine and germane, there have been 
reported diamagnetic susceptibility measurements 
on disilane,17 trimethylphosphine18 and tetramethyl- 
germane.19 The Gilman and Wu11 determination 
of —x(Si2H2) =  37.3 is in quite reasonable agree
ment with — 2x (S iH 4) +  2x (H )  =  40.8 — 4.0 =
36.8. However, the values of — x reported for

(17) H. Gilman and T. C. Wu, J . A m . Chem. Soc., 75, 3762 (1953).
(18) P. Pascal, Compt. rend., 218, 57 (1944).
(19) P. Mazerolles and D. Voight, ibid., 240, 2144 (1955).

trimethylphosphine (36.8)18 and tetramethylger- 
mane (86.3) 19 are in very poor agreement with the 
values 60.6 and 75.5, respectively, calculated from 
our values of the corresponding hydrides by addi
tion of three or four times —x(CH2) =  11.46. 
We can offer no valid opinion on whether these 
discrepancies are the result of failures of the addi
tivity hypothesis or are the result of experimental 
inaccuracies, although we are inclined toward 
the first explanation.

Qualitatively the sense of the inequality, (3), 
readily can be understood to result from the second, 
or high frequency paramagnetism, term in the 
Van Vleck2 equation for the diamagnetic suscepti
bility of molecules. The second term, as indicated 
from its common name, is of opposite sign from the 
term depending on the mean square electronic 
radii, and there occur in the denominator of the 
second term electron excitation energies. The 
number of low lying electron energy levels of the 
atoms increases as one moves down in atomic 
number from a rare gas in a row of the periodic 
system, and as the atomic number increases in any 
column (group) of the periodic system.20

The difficulties associated with the problem of 
obtaining a quantitative rationale of the observed 
diamagnetic susceptibilities of hydrides by means 
of the Van Week equation have been adequately 
dealt with by Weltner21 and we have nothing to add 
to his discussion of the problem.

The correlations that have been found to exist 
between deviations of both diamagnetic suscepti
bilities and ionization cross sections from simple 
additivity laws will be described in papers currently 
in preparation.
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pared and purified by Dr. D. E. Winkler.

(20) Selwood, ref. 5, p. 85, has noted similar behavior of the magnetic 
susceptibility of the hexafluorides of the elements of group Via and 
VIb.

(21) W. Weltner, J. Chem. Phys., 28, 477 (1958).
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Free radicals generated by subjecting gases to an electrodeless discharge were condensed in a trap cooled to liquid helium 
temperature. The nature of the radical reactions which had taken place upon condensation and upon warming the solid 
deposits was indicated by the analyses of the products obtained. The gases discharged (and the principal products) were 
0 2(0 3), H 02(H20 2,H2), N2j N 0 2(N2,0 3), H2j NH3(N2,H2), C 0 (C ,C 02), C 02(C 0 ,0 3), S02(0 2,S), and some mixtures therof. 
Also the reactions of O, OH, H, N and H 0 2 radicals with 0 2, H20 , NO, N 0 2, C 02, S02, CH,, C2H4, i-CiHs, CO and CH3- 
COCH3 were investigated by blending in the latter downstream from the discharge and ahead of the liquid helium trap. 
In some of the systems it was apparent that considerable radical reaction occurred before condensation. However most of 
the experimental results can be interpreted on the basis that at very low temperature the free radicals react by random re
combination, by addition to molecules with unpaired electrons, and by addition to carbon-carbon double bonds. It was 
found that molecular oxygen is loosely bound in several solids such as hydrogen peroxide, water, nitrogen dioxide and prob
ably others. The bound or trapped oxygen is evolved from the solid at temperatures well above the boiling point of oxygen.
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Introduction
Within recent years free radicals with an indefi

nitely long life have been collected and observed in 
a number of laboratories. It has been shown that 
free radicals which normally are quite reactive can 
be stabilized in the solid state by freezing at very 
low temperatures. Some work has been reported2-4 
on the chemical reactions of free radicals at tem
peratures below the boiling point of nitrogen, but 
at the present time it is not very extensive. There
fore, as part of the research program at the National 
Bureau of Standards, it was of interest to investi
gate the reactions of highly energetic radicals at 
temperatures of a few degrees above absolute zero.

The intent of the investigation was to survey 
a number of systems so with few exceptions no 
one reaction was studied in detail.

The radicals (or atoms) H, 0 , OH, N and H 0 2 
were the principal ones employed since they can be 
generated readily and have relatively long life
times in the gaseous state. This facilitated their 
handling in the type of apparatus that was em
ployed in these experiments.

Experimental
The design of the Pyrex apparatus (Fig. 1) is the same as 

that previously employed in a study of ozone formation at 
low temperature.5 Briefly, gas was passed through an 
electrodeless electric discharge at a pressure of approximately 
1 mm. The discharge was maintained in a wave-guide 
resonator by a 2450 me./sec. power supply (125 watts out
put). The discharge products then were led into a Pyrex 
tube, the bottom of which was immersed in liquid helium. 
This acted as a trap or condenser by freezing out all gases 
and thus was an effective high speed pump for maintaining 
the flow of gas. During the course of the work two dif
ferent cold traps were used, differing in length of the en
trance tube from the ring seal at the top to the lower end. 
The lengths employed were 55 and 70 cm. Furthermore, 
the distance between the wave-guide and the ring seal,
i.e., the length of travel of discharge products in the 13 mm. 
discharge tube could be varied by adjusting the position of 
the wave-guide. Four such distances were employed, 2,
5 ,10 and 42 cm.

The experimental procedure was similar to that de
(1-) (a) Research guest from Monsanto Chemical Co., Daytons 

Ohio; (b) Research guest from Callery Chemical Co., Callery, Penn
sylvania.

(2) (a) H. P. Broida and J. R. Pellam, J. Chem. Phys., 23, 409 
(1955); (b) E. D. Becker and G. C. Pimentel, ibid., 25, 224 (1956).

(3) Norman Davidson, Symposium on Formation and Stabilization 
of Free Radicals, National Bureau of Standards, September 18-20, 
1957.

(4) I. L. Mador, J. Chem. Phys., 22, 1617 (1954).
(5) R. A. Ruehrwein and J. S. Hashman, ibid., 30, 823 (1959).

scribed previously.5 After termination of flow of the elec
trically dissociated gas, the cold trap containing the de
posit then was warmed slowly by gradually lowering , the 
Dewars. As gas pressure developed on warming, the vapor 
pressure was determined, the gas then withdrawn by means 
of a Toepler pump, and the volume of the gas was measured. 
Products were identified primarily by physical properties, 
while quantitative analyses were based on weight, gas 
volume or liquid volume. For the most part, sufficient 
data were obtained for a check of the material balance 
within about 2%  which is the reliability of the flow meters.

From the identity and quantity of products formed, an 
attempt then was made to devise reaction mechanisms to 
explain and correlate the various experimental results.

The intent in these experiments was to generate free 
radicals in the gas phase, mix them with other reactant 
gases when desired, and to condense rapidly the reactants 
so that any reactions would occur primarily at very low 
temperatures and in the condensed solid phase (or on the 
surface thereof) either during condensation or upon subse
quent warming of the solid. In the work with oxygen5 
it was concluded that virtually all of the low temperature 
reaction occurred upon condensation of the gas. In the 
present experiments, the low temperature reactions probably 
also occurred predominantly upon condensation since other 
investigators have shown that the concentrations of radicals 
trapped in the solid are quite small. However, in some of 
the experiments warm gas phase reactions are suspected to 
have occurred before deposition. These cases will be noted 
as they arise in the following discussion.

Results and Discussion
I. Water and the Hydrogen-Oxygen System 

(Runs 1-10).—The reaction of atomic hydrogen 
with molecular oxygen has been studied in some de
tail6 and additional experiments were also carried 
out in the present study (Table I). The principal 
product was hydrogen peroxide (analyzed by de
composition with Cr03), with very little water be
ing formed. Under the conditions of the present 
experiments the molecular hydrogen was about 15 
to 20%  dissociated, judged by the conversion.

Foner and Hudson7 demonstrated the formation 
of the hydroperoxyl radical from atomic hydrogen 
and molecular oxygen in the gas phase. The re
sults of the low temperature reaction experiments 
can be accounted for on the basis that reactions 1,
2, 3 and 4 were the principal ones

H +  0 2 =  HO. (1)
H +  H 0 2 =  H20 2 (2)

2H 02 =  H20 2 -|- 0 2 (3)
H +  H =  H2 (4)

and that these reactions took place in or on the
(6) J. W. Edwards and J. S. Hashman, Abstr. of Papers of Am. 

Chem. Soc., 132nd Meeting, New York, N. Y., 1957, p. 42-S.
(7) S. N. Foner and R. L. Hudson, J. Chem. Phys., 23, 1364 (1955).
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1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16
17

18

19
20
21

22

23

24

R. A. R uehrwein, J. S. Hashman and J. W. Edwards

T a b l e  I
P ro d u cts  fro m  C o n d e n sa tio n  a t  4.2°K. of D isc h a r g e d  G ases

Time of Discharge toi Entrance
flow, condenser, tube -------Mmoles gas treated------%

Productmin. cm. surface Discharged Blended ° Mmoles
23 42 +  70 Clean 21.48 H2 26.75 Oj(B) 0.54 h 2o 2

0.10 o.6
3.5 5 +  70 H jPOi 9.64 H2 5.82 0 2(B) 1.20 h 2o 2

0.43 (V
8.5 10 +  55 Clean 21.21 H,Oc 1.67 H,

1.70 h .o .
? o2

3.5 10 +  70 Clean 7.02 H20 1.44 h 2
1.12 h 2o 2
0.12 0 2‘

12.3 2 + 7 0 Dirty 30.62 H20 9.62 h 2
(Iron Oxide) 0.11 h 2o 2

2.06 0 2
2.77 0 2‘

11.5 10 +  70 “ Clean” 27.08 H20 11.97 h 2
0.88 h 2o -
3.11 o2
2.28 O.6

Trace o3
3.0 10 +  70 H3P 04 7.46 H20 1.30 h 2

1.26 h 2o 2
0.08 o26

7 2 + 7 0 h 3p o 4 11.10 H20 1.94 h 2
1.90 h 2o 2
0.21 0 /

5 10 +  55 Clean j 12.39 H2Oc 1l ' ................. 0.37 h 2
\ 9.42 0 2 J 1.42 h 2o 2

1.32 o26
0.60 o3

5 10 + 55 Clean 15.70 H2Oc 15.43 0 2(T) 1.28 h 2
1.88 h 2o 2
1.28 O,'1

25 10 + 55 Clean 44.65 N2 50.96 0 2(T) 0.50 o3
0.05 n o 2

6 10 + 55 Clean Í 9.98 N2 1 2.67 o3
\ 9.98 0 2 J' 0.20 n o 2

5.5 10 + 55 Clean /  20.68 N, 1l 5.66 0 3
\ 20.68 0 2 J' 0.34 n o 2

13 10 + 55 Clean /  23.55 N2 1l 7.00 o3
\ 26.85 0 2 J' 0.77 n o 2

13 10 + 55 Clean j 7 0 .0 4 N2 1 1.83 o3
\ 4.65 0 2 J 0.27 n o 2

0.19 n 2o
30 2 +  70 h 3p o 4 29.45 N2 49.99 NO(B) (0.20) n 2o
10.9 5 + 7 0 Clean 9.65 0 2 22.30 NO(B) 13.90 NO.

0.74 026
28 10 + 55 Clean 10.91 N 0 2 5.14 n 2

3.53 o.
4.67 03
0.51 NO

23 10 +  70 Clean 11.60 0 2 34.40 N 0 2(T) 3.32 o,4
2.2 10 +  55 Clean 47.50 H2 1.21 N2(T)
3.0 10 +  55 Clean Í 8.06 H2 \ 

\ 3.77 N2 J
0.23 n h 3

2.5 10 +  55 Clean | 11.52 H2 \ 
3.92 N2 /

0.17 n h 3

7.3 10 +  55 Clean j 2.40 H2 1 
14.18 N2 J

> 0.32 n h 3

5.9 5 + 5 5 Clean 17.60 NH;J 9.95 H.
3.09 n 2

11.5 5 +  70 H3P 04 16.62 0 2 13.0 SOs(B) 8.55 0 ,
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T a b l e  I ( Continued.)
T im e  o f D is c h a r g e  to E n tr a n c e

R u n flo w , c o n d e n s e r , t u b e -----------M  m o le s g a s  t r e a te d ------------ ' ------ C o n v e r s i o n -— v
n o . m in . cm . su r fa c e D is c h a r g e d B le n d e d  0 M m o le s P r o d u c t F r o m %
26 13 5 +  70 H3PO4 17.20 SO2 0.69 O2

0.93 O24
1.18 s so2 6.9
0 . 1 0 so so2 0 . 6

27 47 2 +  70 Dirty 27.80 O2 60.40 CO(B) 3.00 0 3 Os 16.2
28 47 2 +  70 Dirty 51.90 N2 59.85 CO(B)
29 8 5 + 7 0 H3PO4 17.29 H2 27.45 CO(B)
30 3.3 2 + 7 0 H3PO4 6.58 H2O (5.03) CO(B) 1.53 h 2 h 2o 23.2

1.08 H 2 0 2 h 2o 16.4
0.08 0 2 6 h 2o 2.4
0 . 1 0 0 3 h 2o 4.6

(0.63) CO6
31 10 5 + 7 0 H + O 4 12.58 Hs 14.48 R2CO(B)
32 14 5 +  70 H 3P 0 4 h 2 C 02(B)
33 45 2 +  70 h 3p o 4 27.82 CO 0.95

00

CO 3.4
4.25 (CO.*)*

34 20 2 +  70 H3PO4 18.90 CO2 1 2 . 1 0 CO
3.56 03 CO, 56.6
0.65 0 ,

35 8 2 + 7 0 H3PO4 14.70 N2 16.59 C2H4(B)
36 1 0 5 + 7 0 H3PO4 20.22 H2 20.28 C2H4(B) 1.47 C2H 6 h 2 7.9
37 2 . 2 10 +  70 H3PO4 3.84 H2O 4.52 CsHifB) 0.98 H2 h 2o 25.5

.52 H 2 0 2 HsO 13.5

.24 CjHs h 2o 6 . 2

.18 cshboh

. 2 1 CH3CHO

.08 (CH3CHO)3
38 8 10 +  70 H 3PO4 6.43 O2 16.54 C2H4(B) 1.48 (HCHO)„ Ì

1.55 (HCOOH) Os 44.8
1 . 0 0 (C2H4O) j!

39 8.8 5 + 7 0 H3PO4 9.75 H2 J 14.54 0 ,  1 (B ) 0.41 o s6
t 11.32 C2H4 J 1.54 H2O2 h 2 15.8

2.34 h 2o
0 . 1 2 (C Ä O J
1.07 (GtHeO)

4 0 9 5 + 7 0 H3PO4 1 0 . 2 1  H2 j 14.74 0 2 \(B) 0.94 o24
l 25.08 j '- C i H a  J 0 . 1 2 H A h 2 1 . 2

0.70 (HjO)
1.28 (C4H80 )

° (T ) Gas blended immediately after discharge. (B) Gas blended just prior to condensation. 6 Gas evolved from 
deposit at temperatures above the boiling point of the gas. c Approximately one-half of the water condensed in the entrance 
tube. d Brace denotes that the mixture of gases was discharged. e Carbonaceous deposit.

condensed solid deposit, either during condensa
tion or upon subsequent wanning.

It was shown6 that the evolution of molecular 
oxygen from the solid at a temperature of about 
160°K. could be accounted for by the release of 
oxygen which was loosely bound in the solid and in 
an amount corresponding to 3H20 2-02. This 
“ evolved” oxygen also was observed in runs 1 and 
2 and it was found to be an irreversible process 
since oxygen was not absorbed upon recooling the 
deposit.

A film of phosphoric acid on the entrance tube 
was effective in preventing hydrogen atom re
combination catalyzed by the tube walls (com
pare runs 1 and 2).

The results of the water-discharge experiments 
are summarized in Table I, runs 3-8. Hydrogen 
peroxide and molecular hydrogen were the princi
pal products formed. Accidental contamination 
of the entrance tube with iron oxide prevented the 
formation of hydrogen peroxide (run 5) and wash

ing with nitric and hydrofluoric acids did not ef
fectively clean the tube (run 6). In these runs it is 
apparent that hydrogen atoms recombined and 
hydroxyl radicals decomposed in the entrance 
tube. However, coating the entrance tube with a 
thin film of phosphoric acid resulted in the forma
tion of hydrogen peroxide (runs 7 and 8).

In most respects the results of the water discharge 
experiments were similar to those reported by other 
investigators.8-11 The water apparently was dis
sociated in the discharge in these experiments into 
hydrogen atoms and hydroxyl radicals to the ex
tent of up to about 80%. In the clean or coated 
entrance tube, 90 to 98% of the radicals were pre
served with little oxygen being formed. The re

ts) H. P. Broida, Ann. N. Y. Acad. Sci., 67, 530 (1957).
(9) R. A. Jones and C. A. Winkler, Can. J. Chem., 29, 1010 (1951).
(10) P. A. Gigufcre, E. A. Secco and R. S. Eaton, Disc. Faraday Soc., 

14, 104 (1953).
(11) R. Livingston Jw Ghormley and H. Zeldes, Ji Chem, Phys., 24, 

483 (1956)»
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suits can be interpreted on the basis that upon 
condensation the radicals randomly recombined in 
the solid phase (or surface) reactions 4, 5 and 6. 
Ideally this would lead to conversions

OH +  OH =  H20 2 (5)
H +  OH =  H20  (6)

of 20% (mole) to both hydrogen and hydrogen per
oxide from 80% dissociated water vapor, without 
the formation of any molecular oxygen.

In those runs (5 and 6) in which little peroxide 
was formed it was observed that oxygen was 
evolved from the residual deposit over a tempera
ture range of possibly 120 to 200°K. This suggests 
that solid ice is also capable of trapping molecular 
oxygen in much the same way as does hydrogen 
peroxide.6 Assuming that some of the oxygen is as
sociated with the small amount of peroxide 
in the proportion corresponding to 3H20 2-02, the 
ratio of the number of moles of water to the number 
of moles of remaining trapped oxygen is 7.6 in run 
5 and 7.1 in run 6.

The trace of ozone detected in run 6 was formed 
by reaction 7

O +  Oj =  0 , (7)
The increased ratio of hydrogen peroxide to hy

drogen formed in rim 10 as compared with run 3 is 
accounted for by the additional reactions 1, 2 and 3 
which generate hydrogen peroxide from atomic 
hydrogen and molecular oxygen. The still greater 
ratio of hydrogen peroxide to hydrogen, together 
with a lower total conversion of water, formed in 
run 9 as compared with run 10 is accounted for by 
the additional reactions 8 and 9 followed by reac
tions 3, 5 and 10.

H +  O =  OH (8)
OH -J- O =  HO2 (9)

OH -j- HO2 =  H2O H- O2 (10)
Since in some of these experiments the hydro- 

peroxyl radical would likely be the most abundant 
one, its final consumption can be accounted for by 
reaction 3 which is an abstraction reaction. Using 
the value of 47 kcal. for the dissociation energy of 
the H -0 2 bond given by Foner and Hudson7 the ac
tivation energy of reaction 3 was estimated to be 
about 2.6 kcal. using the empirical rule suggested 
by Hirschfelder.12 Therefore, it would be ex
pected that reaction 3 would be fairly rapid at a 
temperature of about 40 °K. in a mobile matrix. 
The similar reactions 10, 11 and 12 would have ac- 

H +  HO, = H2 +  0 2 (11)
O +  HO. =  OH +  0 2 (12)

tivation energies about equal to that of reaction 3 
but reactions 11 and 12 are not necessary to ac
count, qualitatively, for the present data.

n . The Nitrogen-Oxygen System (Runs 11- 
19).—Run 15: ozone and nitrous oxide were
separated by allowing the ozone to decompose.

Run 18: nitrogen dioxide and nitric oxide were 
analyzed by measuring the gas volume before and 
after treating the mixture with oxygen (and then 
separating the oxygen) to convert any NO to N 0 2. 
From the change in gas volume and the equilibrium 
constants for the dissociation of N2Oi and N203 the 
starting composition was calculated.

That little nitrogen was converted to nitrogen 
oxides in the present experiments suggests that 
either the molecular nitrogen was dissociated to a 
small extent in the discharge or that atomic nitro
gen underwent recombination largely to molecular 
nitrogen during its passage down the entrance tube. 
The results of run 18 lend support to the latter, pos
sibly by a mechanism*involving the fast13’14 reac
tion N +  NO =  N2 +  O, since nitrogen dioxide 
would be expected to be almost completely disso
ciated in the discharge and yet the nitrogen is 
found in the product largely as molecular nitrogen. 
Assuming that the ozone was formed by reactions 
13 and 7 in the solid deposit, the amount of ozone 

O +  O =  0 2 (13)
found indicates5 that the oxygen arriving at the 
condensing surface was dissociated into atomic oxy
gen to the extent of 20% in runs 12, 13 and 14; 
70% in run 15; and nearly 100% in run 18.

If some nitrogen atoms did arrive at the con
denser, the formation of some of the products can 
be accounted for by the solid phase reactions 14,15, 
16 and 17.

(12) J. Hirschfelder, ib id ., 9, 645 (1941).
(13) G . B . Kistiakowsky and G . G. Volpi, ib id ., 27, 1141 (1957).
(14) F. Kaufman and J. R . Kelso, ib id ., 27, 1209 (1957).
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N +  N = N, (14)
N +  O =  NO (15)

NO +  O =  NO, (16)
N +  NO = NjO (17)

Run 16 is evidence for reaction 17 since the reac
tants were mixed just prior to condensation. Run 
17 is not good evidence for reaction 16 since the ex
periment of run 17 was duplicated but without 
discharging the oxygen stream and the results were 
identical in all respects to those of run 17. This 
shows that even in the very short dwell time of the 
mixture in the gas phase the oxidation of nitric ox
ide by molecular oxygen was very rapid.

No evidence was found for the reaction of atomic 
oxygen with molecular nitrogen or for the reaction 
of atomic nitrogen with molecular oxygen. The 
small amount of ozone and nitrogen dioxide found 
in run 11 probably was a result of the diffusion of 
some oxygen upstream a few centimeters into the 
discharge.

In run 16, some of the product N20  was acci
dentally discarded with the residual nitric oxide so 
the results are quantitatively unreliable.

Since nothing but the starting materials were 
found in run 19 (with the exception of a little un
determined nitric oxide), the oxygen atoms were 
entirely consumed during passage down the en
trance tube and before reaching the condenser. 
This probably can be accounted for by the excess 
of nitrogen dioxide and the speed13'15 of the reac
tion N 02 +  0  =  NO +  0 2- As only the starting 
amount of the molecular oxygen was recovered, the 
NO must have been reoxidized in the gas phase, 
possibly by the very rapid13 reaction NO +  0  
=  N 02* and even by molecular oxygen as noted 
above with the net result that N 02 catalyzed the 
recombination of atomic oxygen in the gas phase.

Since “ evolved”  oxygen was observed in runs 17 
and 19, run 19 was duplicated but without dis
charging the oxygen. The deposit looked identical 
(light yellow color) and evolved the same amount 
of oxygen, 1 mole of oxygen for 7 moles of N 02, over 
a temperature range of about 90 to 160°K. In 
this system the oxygen evolution was found to be 
reversible in that oxygen was reabsorbed upon 
recooling the residual nitrogen dioxide deposit. 
The vapor pressure was determined to be about 6 
mm. at 124°K. and <  1 mm. at 78°K. This is simi
lar to the decomposition pressure of N 03 reported 
by Schwarz and Achenback.16

Run 19, therefore, does not give conclusive evi
dence concerning the formation of N 03 by the addi
tion of atomic oxygen to nitrogen dioxide since the 
dwell time of the mixture in the gas phase was too 
long.

III. The Nitrogen-Hydrogen System (Runs 20- 
24).—Since no products other than molecular 
nitrogen and hydrogen were found, the results of 
run 24 indicate that atomic nitrogen nearly com
pletely recombined in the entrance tube.

The results of these experiments with the nitro
gen-hydrogen system, like those with the nitro
gen-oxygen system, are not conclusive regarding 
radical reactions in the solid deposit.

(15) H . W . Ford and N . Endow, ibid., 27, 1156 (1957).
(16) R. Schwarz and H . Achenback, Chem. Ber., 68 , 343 (1935).

IV. The Sulfur-Oxygen System (Runs 25-
26).— Run 26: a small amount of free sulfur 
deposited near the discharge and an opaque orange 
brown deposit was formed in the liquid helium 
trap. After removing volatile gases, the residual 
deposit was heated to 400°K. for about two hours 
and sulfur dioxide was released leaving a yellow 
solid which was presumed to be sulfur since it 
formed sulfur dioxide upon treatment with atomic 
oxygen.

The large conversion to ozone in run 25 indicates 
either (1) that the S02 solid matrix favored trap
ping of some oxygen atoms which reacted only with 
neighboring molecular oxygen, reaction 2, upon 
warming; or (2) that the ratio of the probabilities 
of reaction, pu/pi, of reaction 13 and 7 is about 1.4 
instead of 2.6 as suggested in ref. 5.

Absence of ozone as a product of the S02 dis
charge is in sharp contrast to N 02 and C 02 (see 
below) behaviors. This suggests that the recom
bination reaction 18 was the principal one occur
ring

SO +  O =  SO. (18)
This reaction may also be expected in the gas 
stream since SO has a triplet electronic ground 
state and may therefore behave as a diradical and 
have a low activation energy for reaction with 
oxygen atoms. Too, since the product is a tria- 
tomic molecule, intercession of a “ third body”  
would not be required to stabilize the newly formed 
molecule in the gas phase. Furthermore, any small 
amount of ozone formed may have reacted with 
trapped SO radicals (SO +  0 3 =  S02 +  0 2) upon 
warming the deposit. It is assumed that the residue 
found at room temperature contained elemental 
sulfur and a polymeric form of sulfur monoxide and 
that the latter disproportionated upon heating to 
400°K. giving S02 and additional elemental sulfur.

Molecular oxygen was shown to be trapped also 
by sulfur dioxide, the oxygen being “ evolved”  over 
a temperature range of about 100 to 120°K.

V. The Carbon-Oxygen System (Runs 27- 
34).— Runs 27 and 28: carbon monoxide was used 
directly from a cylinder and contaminated the 
entrance tube of the reaction apparatus, presumably 
by carrying in iron carbonyl. (The results of run 28 
may therefore be inconclusive.) In the remainder 
of the runs the carbon monoxide was treated by 
condensing and revaporizing it in three successive 
nitrogen-cooled traps between the supply cylinder 
and the flow meter.

Run 30: carbon monoxide was apparently
trapped in the solid and “ evolved”  up to a tempera
ture of about 150°K. That CO was part of the 
evolved gas was deduced from the water material 
balance and not by analysis of the gas.

Run 33: a dark residue was left in the discharge 
tube. Some carbon dioxide was formed and from 
the material balance the residue in the discharge 
tube was calculated as COo.78 for an empirical 
composition.

Run 34: the oxygen-carbon monoxide fraction 
was analyzed by mass spectrometry.

These results indicate that for the radicals em
ployed the activation energies for the addition to 
carbon monoxide, carbon dioxide and the carbonyl
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group are large compared with the activation ener
gies for the radical recombination reactions dis
cussed in the preceding sections and suggest that 
the value of 1.8 kcal. given by Groth17 for the reac
tion 0  +  CO +  M  =  C 02 +  M may be too low.

The results of the carbon monoxide experiment 
suggest that atomic oxygen adds to some extent to 
excited carbon monoxide. The high yield of ozone 
from atomic oxygen in the experiment with C 02 
may be accounted for by the same suggestions ad
vanced above (Sulfur-Oxygen System).

VI. Reaction with Olefins (Rims 35^40).—The 
reactivity of the various radicals with ethylene or 
isobutylene was tested.

Rim 35: no products of reaction of atomic ni
trogen with ethylene were detected and the lack of 
any significant amount of reaction was confirmed 
by the material balance.

Runs 36 and 37: ethane was analyzed by gas 
chromatography as the product of reaction and 
contained in the ethylene fraction. In run 37, 
ethanol and acetaldehyde were detected, and their 
relative amounts measured, by mass spectrometry 
while the total amount was determined by measur
ing the depression of the freezing point of the water 
fraction solution. The small amount of white solid 
product which appeared to be insoluble in the aque
ous phase had a melting range from —9 to 6° and a 
volatility similar to that of ethanol so it was pre
sumed to be paraldehyde. There was no evidence 
of ethylene glycol as a product of this reaction.

Run 38: the deposit was deeply colored purple, 
even before beginning to warm it. Upon reaching 
a temperature of about 48°K., the deposit became 
completely colorless with the evolution of some 
heat. The products in the fraction which was 
volatile in the temperature range of 250 to 300°K. 
(v.p. of about 60 mm. at 0°) consisted of a single 
phase of water white liquid. Upon standing for 
several days in a sealed tube and with occasional 
warming a precipitate formed in this mixture and 
was found by infrared analysis to be polyformalde
hyde. It was insoluble in acetone, benzene, hot 
water and hot toluene and melted at about 160°. 
By analysis it was 41.78% C and 7.37% H. The 
vehicle from which it polymerized was identified 
by infrared analysis as possibly formic acid con
taining some water. The last product of this reac
tion given in the table as (C2H4O ) was the residue of 
the material balance and was presumed to be a non
volatile product. In fact a small amount of residue 
was visible in the reaction tube and it was found to 
be benzene soluble.

Run 39: no ethane was detected by gas chroma
tographic analysis. A small amount of material 
of molecular weight about 60 was formed and is 
labeled C2H4-Ch in Table I. It was water-soluble,
m.p. <  178°K., 9 mm. vap. pres, at 210°K. The 
last product, a non-volatile and water-soluble resi
due, was found to have an empirical formula of 
C4H6O from the material balance.

Run 40: the organic product was not identified 
but the presence of a C -0  bond was indicated by 
infrared absorption. The amounts of water and 
organic product formed were estimated from the

( J 7 )  W .  G r o t h ,  Z .  p h y s i k .  C h e m .,  B37, 3 1 5  ( 1 9 3 7 ) .

material balance. By gas chromatographic analy
sis, the unreacted isobutylene contained slight but 
negligible quantities of C2’s, Ca’s and isobutane.

Some of the products of the olefin experiments 
can be accounted for by the addition of radicals to 

2H +  C2H4 =  C2H6 (19)
H +  OH +  C JI4 =  C2H5OH (20)

the double bond (reactions 19 and 20) as the pri
mary reactions. The results of run 37 suggest, 
however, that the over-all reaction of ethylene with 
hydroxyl radical is that given by reaction 21 rather 
than the formation

C2H, +  OH =  CH3CHO +  V2H2 (21) 
of ethylene glycol. Furthermore, it is concluded 
that the additions of H and OH to ethylene are 
about equally probable since the amount of acetal
dehyde formed was equal to the sum of the 
amounts of ethane and ethanol formed.

With atomic nitrogen, the relatively stable radi
cal C2H4N-, postulated by Winkler18 and co-work
ers, may have been formed which reacts to regener
ate ethylene and molecular nitrogen.

In the three experiments with molecular oxygen 
added there was no evidence of products resulting 
from the addition of the original atomic species to 
the olefin. In run 38 reaction 7 was the primary 
one, as evidenced by the intense blue color of the 
deposit, followed by the ozonization of ethylene at 
about 48°K. According to Harris and Koetschau,19 
the principal products of the decomposition of 
ethylene ozonide are formaldehyde and formic 
acid. The last product listed in Table I for run 
38, (C2H 4O ), which accounts for the material bal
ance, suggests that some addition of atomic oxy
gen to ethylene may have occurred resulting in the 
formation of polyethylene oxide.

In runs 39 and 40 the products found suggest 
that the H 02 radical added to the olefin and/or 
that molecular oxygen added to an alkyl radical. 
The over-all reaction in the ethylene-oxygen ex
periment can be expressed by reaction 22. In 
other words, the oxidation

2C2H4 +  nH +  Ch =  C4H60  +  H20  +  n /2H 2 (22)
of ethylene was promoted by atomic hydrogen. The 
non-volatile residue, C4H6O, may have been a 
polymerization product.

Molecular oxygen was found to be trapped to 
some extent by ethylene and isobutylene.

It is concluded from runs 39 and 40 that the addi
tion of a radical to an olefin is less favorable than 
is the addition of a radical to molecular oxygen.

From the results of these experiments it is con
cluded that free radicals react at low temperature, 
in descending order of preference, by (1) random 
recombination, (2) addition to paramagnetic mole
cules such as oxygen, and (3) addition to carbon- 
carbon double bonds. No evidence for abstraction 
reactions from stable molecules was found.
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( 1 8 )  H .  G .  E v a n s ,  G .  R .  F r e e m a n  a n d  C .  A .  W i n k l e r , C a n .  J .  C h e m .  
34, 1 2 7 1  ( 1 9 5 6 ) .
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VAPOR PRESSURES OF PLATINUM METALS. I. PALLADIUM AND
PLATINUM
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Langmuir free-evaporation rates for Pd and Pt samples of high puritjr establish the equilibrium vapor pressures and the 
heat of sublimation. For Pt: log Pmm*olid =  10.362 — 29.100/T; AH°-m =  135.2 ±  0.8 kcal./mole; estimated b.p. ~  
4100 ±  100°K. For Pd: log =  9.075 -  19,425/T; Aff»29S =  91.0 ±  0.8 kcal./mole; estimated b.p. =  3200 ±
100°K.

Among the metallic elements which are avail
able in high purity are ruthenium, rhodium and 
palladium in the second row of transition elements 
and osmium, iridium and platinum in the third row 
of transition elements. Surprisingly enough, quan
titative studies of the vapor pressures of these ele
ments have not been reported except for P t1 and 
very recently for Pd.2 Honig has published a set 
of recent estimates.3

Because of the importance of these elements as 
resistance elements in furnaces and structural 
materials in vacuum tubes, gauges, etc., and be
cause of their incomplete d-electron shells which 
participate extensively in the metal bonding, it is of 
practical and theoretical interest to examine care
fully their vapor pressures and heats of vapori
zation for trends and to compare the results with 
data on other transition metals.

Experimental Apparatus and Techniques
Vaporization studies of Pt and Pd were carried out by the 

Langmuir free-evaporation technique.4 The rate of evapo
ration m in g ./cm .2-sec., is related to the equilibrium vapor 
pressure by the equation

p _  \ 2iR f
a * P eq —  m  - y  ^

where ae is the sublimation coefficient and M  is the average 
molecular weight of the subliming species. For most metals, 
aB =  1 and monatomic species are predominant in the 
vapors. During a run, the surface area was assumed to 
decrease linearly with time and corrections for this changing 
area were made in the calculation of m. In most cases this 
change was less than 5%  of the original area.

High purity wires or plates were suspended on a micro
balance from a tungsten wire in a vacuum system. This 
balance was constructed by Spinar and has been used for 
several Knudsen effusion and Langmuir studies at high and 
low temperatures.5

The balance consists of a 17-inch long sample beam 
supported on two tungsten points which rest in glass cups. 
To balance the long arm and the sample suspended from it,

( 1 )  H .  A .  J o n e s . T . L a n g m u i r  a n d  G .  M .  M a c k a y ,  J .  P h y s .  R e v . ,  30, 
2 0 1  ( 1 9 2 7 ) .

( 2 )  ( a )  J .  F .  H a e f l i n g a n d  A .  H .  D a a n e , T r a n s .  M e t .  S o c .  A T  M E ,  212, 
1 1 5  ( 1 9 5 8 ) ;  ( b )  R .  F .  W a l k e r , J .  E f i m e n k o  a n d  N .  L o f g r e n , t o  b e  p u b 
lis h e d  i n  “ P h y s i c a l  C h e m i s t r y  i n  A e r o d y n a m i c s  a n d  S p a c e  F l i g h t ,“  
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 .

(3 )  R .  E .  H o n i g ,  “ V a p o r  P r e s s u r e  D a t a  f o r  t h e  M o r e  C o m m o n  E l e 
m e n t s ,”  R C A  L a b o r a t o r i e s , D a v i d  S a r n o f f  R e s e a r c h  C e n t e r , P r i n c e 
t o n , N .  J . ,  1 9 5 7 .

( 4 )  J .  L .  M a r g r a v e , “ P h y s i c o - C h e m i c a l  M e a s u r e m e n t s  a t  H i g h  
T e m p e r a t u r e s ,”  e d i t e d  b y  B o c k r i s , W h i t e  a n d  M a c K e n z i e ,  B u t t e r -  
w o r t h s , 1 9 5 9 , C h a p t e r  1 0 .

(5 )  (a )  L .  S p i n a r , P h . D .  t h e s is , U n i v e r s i t y  o f  W i s c o n s i n , 1 9 5 7 ;
( b )  F .  G r e e n e , G .  L e r o i ,  S . R a n d a l l ,  J .  S o u l e n , L .  S p i n a r  a n d  J .  M a r 
g r a v e , “ P r o c e e d i n g s , C o n fe r e n c e  o n  P r o p e l l a n t  T h e r m o d y n a m i c s ,”
A m e r i c a n  R o c k e t  S o c i e t y , C o l u m b u s , O h i o ,  J u l y ,  1 9 5 9 ; (c )  W .  S .
J o h n s o n , V .  B a u e r , M .  F r i s c h , W .  H u b b a r d , L .  D r e g e r  a n d  J .  M a r 
g r a v e , J . A m .  C k e m . &o c . t 82, 1 2 5 5  ( 1 9 6 0 ) .

Spinar arranged an 8-inch long arm extending on the other 
side of the fulcrum with a permanent magnet enclosed in 
glass and placed to swing through a soylenoid coil with a 
known current flowing through it. The balance has a sen
sitivity of 0.0225 v ./m g. making it possible to detect a 
weight change of ± 5  micrograms. A special advantage of 
the balance design is that samples as large as five grams 
may be suspended from the long arm which makes it ideal 
for use with heavy Knudsen cells or samples with high den
sities.

The samples were heated indirectly by radiation from a 
hot carbon tube which was itself the susceptor for an induc
tion coil from a GE 450 kilocycle electronic induction heater. 
Temperatures were observed with an optical pyrometer and 
by manual control were held constant to ± 5 °K . during a 
run. Corrections for windows, emissivities and mirrors 
were applied to the raw pyrometer data. The calibration 
vapor pressure study of Pt was carried out to demonstrate 
the reliability of the balance and pyrometer.

The sample of Pt (commercial, 99.95+% ) as well as the 
sample of Pd (99.99+% , furnished by the International 
Nickel Company) were suspended from AhOj or MgO hooks 
during the runs. No reaction of the oxides with the metals 
was observed.

Discussion of Results
The results of the sublimation studies on Pt 

and Pd are summarized in Tables I and II. Mon
atomic Pt(g) and Pd(g) were considered the only 
important gaseous species. Combination of the 
vapor pressures with free energy functions from 
Stull and Sinke6 allow computation of third law

T a b l e  I
V apoh  P r e ssu r e  D a t a  on  P l a t in u m  M e t a l

Run r ,  °k . P ,  mm. A H 298°

1 1771 4.00 X 10“7 * 138.0'
2 1638 3.01 X 10-« 136.4
3 1732 3.97 X IO"7 135.0
4 1743 3.72 X 10~7 136.4
5 1571 6.76 X 10~9 135.3
6 1742 3.31 X 10"7 136.6
7 1742 5.59 X IO“ 7 134.7
8 1742 6.76 X 10“7 134.1
9 1783 1.50 X 10^ 134.4

10 1783 1.63 X 10-* 134.1
11 1786 2.56 X 10-* 132.7'

Av. AH298 — 135.2 ±  0.85 kcal./mole6 
From log P vs. 1/T slope and ( 7 / t  — H29S) data from Stull 

and Sinke, one calculates A7/29s =  135 ±  2 kcal./mole.
“ Large deviation; given 0 weight. 5 Honig3 cites 

A7/°298 =  134.8 kcal./mole. Stull and Sinke* cite AH%a =  
134.8 kcal./mole.

heats of vaporization at 298 °K. Plots of log P
vs. 1 /T  yield the heats of sublimation at the high 
temperature from the slopes and correction to

(6) D. R. Stull and G. C. Sinke, “ Thermodynamic Properties of the
Elements,”  Advances in Chemistry Series, No. 18, ACS, 1956.
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298 °K. can be accomplished by using heat con
tent data from Stull and Sinke.6

T a b l e  I I
V a p o r  P r e ssu r e  D a t a  on  P a l l a d iu m  M e t a l

Run r ,  "K. P, mm. Alls as (kcal./mole)
1 1640 9.28 X 10-* 92.6
2 1640 1.18 X 10“ ’ 91.8
3 1640 1.62 X 10-3 90.8
4 1338 3.58 X 10"* 90.7
5 1340 3.99 X 10-* 90.6
6 1340 3.54 X 10^ 90.9
7 1220 1.93 X 10~7 90.0
8 1363 8.24 X 10-* 90.2
9 1363 6.49 X 10-6 90.9

10 1363 7.91 X 10-» 90.3
11 1501 1.92 X 10-4 89.7
12 1562 5.14 X 10-« 90.2
13 1578 6.79 X 10-« 90.2
14 1484 5.32 X 10"* 92.3
15 1470 4.95 X 10-* 91.8
16 1467 3.40 X 10-* 92.7

Av. A ff°598 =  91.0 ±  0 .8  kcal./mole 
The log P  vs. 1 /T plot gives a AH =  87.9 at J5»». =  

1468 which corrected to 298°K. using Stull and Sinke’s8 
data gives a heat Aff°23a =  90.0 ±  2 kcal./mole.

The high temperature vapor pressure measure
ments in Table I on Pt confirm the previously re
ported data summarized by Honig3 and establish 
the reliability of the apparatus and technique. 
The third law heat is slightly higher than reported 
by Jones, Langmuir and Mackay1 but is well 
within their experimental error. Surprisingly, few 
reports of the vapor pressure of Pt exist in the 
literature.

The only reports on palladium are in wide dis
agreement. Daane and Haefling have reported 
Knudsen effusion measurements on palladium 
contained in a cell constructed partly of Ta and 
partly of graphite.23 This two-material construc
tion was needed because of the reactivity of Pd(s) 
with graphite and of Pd(g) with Ta. Walker, 
Efimenko and Lofgren have reported measure
ments on Pd done by the Langmuir technique.215 
Their measured pressures differ by several orders 
of magnitude from those of Haefling and Daane. 
The results reported here for Pd fall in between 
those of Daane, et al.,2a and of Walker, ei al.~h The 
heat of sublimation is almost exactly an average. 
Since both previous investigators are experienced 
in tha vapor pressure field, one can only suggest 
that perhaps the reactions of Pd with Ta and C 
which Daane and Haefling were trying to avoid 
were still significant and that some more volatile 
impurity was sublimed in addition to the Pd. 
With graphite crucibles and lids, it is often pos
sible to have cracks or holes through which ef
fusion occurs besides the regular effusion orifice. 
Elimination of this possibility can only be accom
plished by a calibration experiment with the same 
cell. In the work of Walker, et al.,ib the use of an 
emissivity of 0.33 for palladium in the determina
tion of the temperature of the sample may be the 
source of the error.
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SPECTROPHOTOMETRIC EVIDENCE FOR COMPLEX FORMATION IN 
THE TRI-n-BUTYL PHOSPHATE-WATER-NITRIC ACID SYSTEM
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Tri-(normal)-butyl phosphate solutions containing varying concentrations of nitric acid were investigated to determine the 
stoichiometry and stability of the complexes formed in the reaction between the two. Spectral data in the range 260 to 
320 m/x have shown that tri-n-butyl phosphate and associated nitric acid react to form a stable equimolar complex. Evi
dence is presented which indicates that additional stable complexes having different mole ratios are not formed. This 
work has demonstrated the complex which is present in the tri-n-butyl phosphate phase, and has enabled the authors to 
interpret data that have been obtained for the two phase tri-re-butyl phosphate-water-nitric acid system. The significance 
of this complex can be found in its direct application to metal extraction processes, and an understanding of the fundamental 
chemistry underlying these processes.

Introduction
Several investigators have determined the equi

librium distribution of nitric acid between tri-n- 
butyl phosphate and water. Three of these in
vestigators1-3 have indicated, from an interpre-

(1) R. L. Moore, “ The Extraction of Uranium in the Tributyl Phos
phate Metal Recovery Process,”  HW-15230, September 1, 1949.

(2) K. Alcock, S. S. Grimley, T. V. Healy, J. Kennedy and H. A. C. 
McKay, Trans. Faraday Soc., 52, 39 (1956).

(3) A. T. Gresky, M . R. Bennett, S. S. Brandt, W. T. McDuffie and 
J. E. Savolianen, Progress Report on Laboratory Development of the 
Thorex Process, USAEC Report ORNL-1367, January 2,1953 (Secret).

tation of distribution data, that equimolar com
plex formation does occur in the tri-n-butyl 
phosphate phase between tri-n-butyl phosphate and 
nitric acid. Other investigators4 have interpreted 
their distribution data as indicating the existence 
of a 1:1 complex and a 1:2 complex between tri- 
n-but,yl phosphate and nitric acid in the organic 
phase.

During an investigation of the chemistry of the 
tri-n-butyl phosphate-uranyl nitrate solvent ex-

(4) R. J. Allen and M. A. DeSeaa, Nucleonics, 15, (10) 88 (1957).
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traction process,5 6 it became necessary to determine
(1) the mole ratios of tri-n-butyl phosphate to 
nitric acid in the complexes formed, and (2) the 
stability of the complexes formed. The authors 
believed that complex formation could be demon
strated most effectively by conducting this in
vestigation in a single phase organic solution con
taining purified tri-n-butyl phosphate and pure 
nitric acid (100% nitric acid is completely miscible 
with tri-n-butyl phosphate). The data obtained 
in this investigation could then be used in con
junction with data on the composition of aqueous 
nitric acid solutions to better explain complex 
formation in the two-phase tri-n-butyl phosphate- 
water-nitric acid system.

Experimental
Materials.— For the spectral study, commercial-grade 

tri-ii-butyl phosphate was purified employing a method of 
distillation over alkali.6 The pure associated nitric acid 
(100% nitric acid was assumed to be completely associated) 
was prepared by vacuum distillation of the acid from a 
mixture of concentrated sulfuric acid, 70% nitric acid and 
solid sodium nitrate- The acid obtained was colorless and 
gave analysis for greater than 99%  nitric acid. The absorp
tion spectrum of the acid was the same as that reported by 
other investigators for associated nitric acid molecules .7 The 
associated acid was frozen except when removing aliquots for 
experimental purposes, so that discoloration or decomposi
tion of the stock acid did not occur. The solvent used in 
this work was reagent-grade carbon tetrachloride. The 
materials used to obtain the distribution curve were reagent- 
grade nitric acid and commercial-grade tri-«-butyl phosphate 
(produced by Ohio Apex Division of the Food and Machinery 
Chemical Company).

Apparatus.— The absorption spectra of tri-n-biityl phos
phate (TBP), associated nitric acid (HNOs), and the 1:1 
TBP-HNOj complex in the wave length range, 260 to 320 
mn were obtained with a Beckman Model DK-2 spectro
photometer employing matched silica cells of 1-cm. path 
length. Measurements at fixed wave lengths were made 
with a Beckman Model DU spectrophotometer using 
matched 1-cm. silica cells. The apparatus used to deter
mine the distribution curve was a separatory funnel equipped 
with an interfacial stirrer.

Procedure.— The method of continuous variation8'9 
was employed in determining TBP-H N 03 complex formation 
in the solvent carbon tetrachloride using individual stock 
solutions containing 0.125 M  concentrations of tri-n-butyl 
phosphate and of associated nitric acid. The molar ratio 
method10-11 was employed to determine the stability of the 
1:1 complex. The concentration of associated acid was 
held constant (0.0625 M  in the carbon tetrachloride solvent), 
and the tri-n-butyl phosphate concentrations was varied. 
The total volume of each solution also was held constant by 
dilution with carbon tetrachloride to a final volume of 50 ml.

The possible formation of a 1:2 tri-n-butyl phosphate- 
nitric acid complex in carbon tetrachloride also was studied 
employing the molar ratio method. In this case, the con
centration of tri-n-butyl phosphate was held constant and 
the nitric acid concentration was varied until a maximum 
concentration ratio of 0.16 M  nitric acid to 0.04 M  tri-n- 
butyl phosphate was obtained in carbon tetrachloride.

Aqueous nitric acid solutions of varying molarities were 
prepared for the partition study by adding the required 
concentration of reagent-grade acid (70% ) to distilled water. 
The molarities of the initial aqueous nitric acid solutions

(5) T. J. Collopy, “ The Tributyl Phosphate-Nitric Acid Complex 
and Its Role in Uranium Extraction,”  NLCO-749, April 23, 1958.

(6) J. Kennedy and S. S. Grimley, Tri-n-butyl Phosphate Studies, 
Parts I, II and III, AERE-CE/R-968, October 6, 1952.

(7) R. N. Jones and G. D. Thorn, Research, 27B, 580 (1949).
(8) P. Job, Compt. rend., 184, 204 (1927).
(9) W. C. Vosburgh and G. R. Cooper, J .  Am. Chem. S o c 63, 437

(1941).
(10) A. E. Harvey, Jr., and D. L. Manning, ibid., 72, 4488 (1950).
(11) J. H. Yoe and A. L. Jones, Ind. Eng. Chem., Anal. Ed., 16, 111

(1944).

were determined by titration with standard alkali to a 
phenolphthalein end-point. The nitric acid equilibrium 
distribution data were obtained by mixing the aqueous 
nitric acid solutions with tri-n-butyl phosphate for a period 
of three minutes at constant temperature (25°). The 
mixture was allowed to separate, and the phases were 
sampled and analyzed. The acidity of both the aqueous 
and organic phases was determined by titration with stand
ard alkali to a phenolphthalein end-point. The organic 
aliquot was added to an excess of distilled water and the 
titration was made directly on this mixture.

Results and Discussion
Aqueous nitric acid solutions have been shown 

by numerous investigators12-19 to contain asso
ciated nitric acid molecules (H N O 3 ). The degree 
of association has been shown to increase rapidly 
with increasing concentration of the acid.

In a two-phase system of tri-n-butyl phos
phate and aqueous nitric acid (associated nitric 
acid and tri-n-butyl phosphate being completely 
miscible), it has been shown that hydrogen ions 
or nitrate ions do not exist appreciably in the tri- 
n-butyl phosphate phase.2 If associated nitric 
acid (H N O 3; were present in the aqueous phase, 
however, it might be expected that the polar tri- 
n-butyl phosphate would combine with the polar 
associated nitric acid through hydrogen bonding. 
The data presented by Redlich and Bigeleisen,13 
illustrating the presence of associated nitric acid in 
aqueous nitric acid solutions, plus the above con
siderations, led the authors to believe that any 
complex formation in the system would be be
tween the associated nitric acid molecules and the 
tri-n-butyl phosphate molecules. A spectrophoto- 
metric study was conducted employing tri-n- 
butyl phosphate and associated nitric acid in the 
organic solvent, carbon tetrachloride, to determine 
the mole ratio and stability of any significant com
plexes which are formed. Carbon tetrachloride was 
chosen as the solvent for this study because of its 
inertness toward the reactants under investiga
tion.

The spectra of 0.0625 M  tri-n-butyl phosphate,
0.0625 M  associated nitric acid, and a 1:1 mixture 
(0.0625 M  tri-n-butyl phosphate-0.0625 M  as
sociated nitric acid) of the two in the wave length 
range, 260 to 320 m^. are presented in Fig. 1. 
Wave lengths lower than 260 mp could not be 
investigated because of the high absorption of the 
carbon tetrachloride solvent below 260 m/i. The 
absorbance of the mixture at any wave length 
should be equal to the sum of the absorbance of 
each component at the corresponding wave length, 
if no reaction occurs in the mixture. The sum 
of the absorbance of A and B in Fig. 1 at any wave 
length over the range investigated does not equal 
the absorbance of C at the corresponding wave 
length. The difference of the observed results of 
C from the calculated results is attributed to the

(12) O. Redlich, Chem. Revs., 39, 333 (1946).
(13) O. Redlich and J. Bigeleisen, J. Am. Chem. Soc., 65, 1883 

(1943).
(14) N. R. Rao, Indian J .  Phya., 15, 185 (1941).
(15) W. F. K. Wynne-Jones, J .  Chem. Soc., 1064 (1930).
(16) A. Kossiakoff and D. Karker, J .  Am. Chem. Soc., 60, 2047 

(1938).
(17) O. Redlich, Z. physik. Chem., A182, 42 (1938).
(18) H. von Halban and J. Eisenbrand, ibid., 132, 401 (1928).
(19) G .  C .  Hood, O. Redlich and C. A. Reilly, J .  Chem. Phya., 22, 

2067 (1954).
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Fig. 1.—Absorption spectra curve A, 0.0625 M  TBP in 
carbon tetrachloride; curve B, 0.0625 M  associated nitric 
acid in carbon tetrachloride; curve C, mixture containing 
0.0625 M  associated nitric acid and 0.0625 M  TBP in carbon 
tetrachloride.

0 0.2 0.4 0.6 0.8 1.0
Mole fraction of HX<>:,.

Fig. 2.— Continuous variation plots for the TBP-H NOj 
complex in carbon tetrachloride: curve A, 298 m/u; curve B,
286 m/z.

-NO* group band shift, and intensity changes 
upon reaction of the acid with tri-n-butyl phos
phate to form the complex.

The Determination of the 1:1 Complex.— The 
method of continuous variation was employed to 
examine complex formation in the TBP H N 03 
system. Continuous variation data for TBP- 
HNO3 mixtures show the existence of a 1:1 TBP- 
IINÜ3 complex in carbon tetrachloride (Fig. 2).

Data also were obtained which showed a 1:1 
TBP HNO3 complex in the solvent chloroform and 
in a mixed solvent, 95% isoôctane by volume and 
5%  diethyl ether by volume. The fact that the 
maxima were reproducible at each wave length 
was attributed to the formation of only one com
plex in the system9 at the concentration ranges in
vestigated. The continuous variation curves were 
slightly unsymmetrical with the absorbance dif
ference being higher on the excess acid side than 
on the excess TBP side. These data might indi
cate formation of another complex species in solu
tion. Further study was conducted in excess acid 
medium, the results are presented in the section on 
the investigation of higher complexes.

Figure 3 illustrates the method of molar ratios 
which was employed to show that the 1:1 TBP- 
HNO3 complex was very stable. According to 
theory, for a very stable complex, a plot of absorb
ance of the complex against the molar ratio of the 
reagents, which react to form the complex (the 
concentration of one of the reagents remaining con
stant), would rise from the origin as a straight line 
and break sharply to constant absorbance at the 
molar ratio of the components in the complex. 
The plot of a complex that dissociates appreciably 
would not show a sharp break, but would give a 
continuous curve and approach constant absorb
ance only at large excesses of the variable compo
nent. Curve A (Fig. 3) is a plot of the solution ab
sorbance versus molar ratio (TBP/HNO3 in carbon 
tetrachloride, associated nitric acid concentra
tion 0.0625 M) at a wave length of 308 mg. The 
plot rises from the origin as a straight line (since 
associated nitric acid absorbs at this wave length, 
the origin in this case is the absorbance of 0.0625 
M  associated nitric acid) and breaks sharply at a 
mole ratio of 1:1, as predicted for a strong com
plex. With increasing excess tri-n-butyl phos
phate concentration over that required for com- 
plexing, the curve does not achieve constant density 
but continues to rise linearly. This linear increase 
of absorbance is due to the absorbance of the 
excess tri-n-butyl phosphate. Line B is the cal
culated curve obtained by subtracting the excess 
tri-n-butyl phosphate absorbance from the ab
sorbance found experimentally. The actual com
plex curve then rises from the origin as a straight 
line and breaks sharply to constant density.

The Investigation of Higher Complex Equi
libria.— Figure 4 again illustrates the method 
of molar ratios used in this case to determine 
whether any evidence of higher nitric acid com
plexes [TBP-(HN03)n, where n >  1] is shown 
in solutions containing excess associated nitric 
acid. Curves A  and B are plots of solution ab
sorbance versus associated nitric acid concentration 
with tri-n-butyl phosphate present. The tri-n- 
butyl phosphate concentration was maintained at
0.04 M. Curves C and D are plots of solution 
absorbance of nitric acid alone. Curves A and B 
rise from the origin as straight lines and break 
appreciably at a nitric acid concentration equal to
0.04 M. Once again the break occurred at the 
point indicating a 1 :1 complex. A sharp break 
would not be expected if higher complex equilibria
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exist, but rather, a gradual change of slope. Fur
thermore, if only one complex equilibrium is oper
ating and, as proved earlier, if the complex is 
extremely stable then the absorbance of the excess 
acid should be a function of the concentration of 
the excess acid; that is, absorbance is equal to a 
constant times the concentration of excess acid 
(-4 = KC). The constant obtained by plotting A 
versus excess C in the above equation should be 
equal to the constant obtained by plotting A versus 
associated nitric acid when no tri-n-butyl phos
phate is present at any wave length investigated. 
Curves A and B (excess acid) are parallel within 
experimental accuracy to curves C and D for the 
absorbance of associated nitric acid at the wave 
lengths 290 and 295 npt, respectively. The same 
results indicative of no second complex also were 
found to exist at six other wave lengths investigated 
in the range of 275 to 305 m/i.

Since it has been established that (1) associated 
nitric acid exists in aqueous nitric acid solution, 
and (2) that a stable, equimolar complex forms 
between tri-n-butyl phosphate and associated 
nitric acid, the equilibrium distribution curve for 
nitric acid between tri-n-butyl phosphate and water 
was interpreted in terms of complex formation 
between tri-n-butyl phosphate and associated nitric 
acid in the organic phase. Figure 5 presents the 
equilibrium curve up to an aqueous nitric acid 
concentration of 12 M .

The associated acid values for each aqueous solu
tion (based on data of Redlich and Bigeleisen13) 
are also indicated. Figure 5 shows that as the 
associated acid increases, the amount of complex 
formed in the tri-n-butyl phosphate phase increases 
up to the value for the 1:1 complex as would be 
predicted. The linearity of the equilibrium curve 
beyond the 1; 1 complex and the results of the spec
tral data indicate that the distribution of associ
ated nitric acid into the organic is a function of 
its solubility in the 1:1 TBP-HNOs complex and 
not of further complex formation. The fact that 
associated nitric acid distributes very strongly in 
favor of the organic phase even at low acid con
centrations (and low associated acid concentra
tion) was attributed to the associated nitric acid re
action with tri-n-butyl phosphate shifting the as
sociated nitric acid equilibrium in the aqueous nitric 
acid solution.

The results reported herein showed the forma
tion of a stable, equimolar complex between tri-n- 
butyl phosphate and associated nitric acid in the 
organic phase. It was concluded from these re
sults and from the previously reported data on the 
presence of associated nitric acid in aqueous nitric 
acid solutions that the reaction of nitric acid and 
tri-n-butyl phosphate to produce a complex is con
trolled by the associated nitric acid concentration 
in the two-phase system under study.

Acknowledgment.—The authors wish to acknow
ledge assistance by members of the Technical Di
vision, especially Mr. W. C. Manser.

Molar ratio TBP/H N O3 (H N 03 constant).
Fig. 3.—The stability of the 1:1 TBP-H N O3 complex 

in carbon tetrachloride: curve A, experimental curve;
line B, experimental curve— correction for TBP absorption 
308 niju.

0 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16
Associated nitric acid concn.

Fig. 4.—The absorbance of the 1:1 complex in the presence 
of associated nitric acid.

Associated H N 03 concn. (Af) (aq.).
1 2 3 4 6 6 7 8

Fig. 5.—Equilibrium distribution of nitric acid between 
TBP and water at various nitric acid concentrations
(25°).
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WATER-NITRIC ACID
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The equilibrium constant for the reaction of tri-ra-butyl phosphate with associated nitric acid was calculated to be 19.9 ±
0.5. The equilibrium distribution constant for the partition of associated nitric acid into tri-ra-butyl phosphate was deter
mined as 0.19. The equilibrium constants obtained were used to calculate the concentration of associated nitric acid in 
dilute aqueous nitric acid solutions. These calculations were made from the equilibrium distribution curve for nitric acid 
between tri-n-butyl phosphate and water at 25° over the concentration range of 0-12 M  aqueous nitric acid.

Introduction
A previous paper1 presented data which showed 

that a stable, equimolar complex was formed by 
the reaction of associated nitric acid (H N 03) with 
tri-n-butyl phosphate (T B P ). It was concluded 
from these results that this same reaction takes 
place between T B P  and associated nitric acid in 
the two-phase system T B P -H 2 O -H N O 3  since as
sociated nitric acid is present in aqueous nitric acid 
solutions. This two-phase system then can be 
represented by (1) an equilibrium reaction in the 
organic phase

TBPon! +  HNOso* ^ ± 1  TBP-HNChorg (I)

(2) an equilibrium reaction in the aqueous phase 
HNOtaq +  H20 ,q H30  +,q +  NOj- „q (II)

and (3) an equilibrium distribution constant (D.C.) 
for associated nitric acid between phases.

D.C. = HN Chorg/HN 0 3»q (III)
By substituting the value for the associated nitric 
acid in the organic phase from equation III into 
equation I and solving for the equilibrium constant
(K ), for the equilibrium reaction shown by equa
tion I, equation IV is obtained.
AV, = [TBP-HXOi]or(,/[(D.C.)(HXO.i)aq] [TBP]„r(, (IV)

The value for K  equilibrium for equation I can be 
calculated from the data1-2 which were obtained 
in constructing the equilibrium distribution curve 
for nitric acid between TBP and water. Using 
these experimental data, equation IV would take 
the form

y  [total organic acidity — (D.C.)(HNO.iaq)l , , r,
~  [(D .C .)(H N a U [T B P ]„rg "  CV;

This can be done by (1) obtaining values for the 
concentration of associated nitric acid in aqueous 
nitric acid solution from literature data, (2) as
suming a value for the equilibrium distribution 
constant between phases, (3) calculating the con
centration of uncombined nitric acid in the TBP 
phase, (4) calculating the concentration of the 
TBP H N O 3 complex by subtracting the value 
above from the total titratable acid in the TBP 
phase, and (5) calculating the value for uncom
bined TBP by subtracting the value obtained 
above from the starting concentration of TBP and 
compensating for the volume change. These re
sults, when the correct value for the distribution

(1) T. J. Collopy and J. F. Blum, T h is  J o u r n a l , 64, 1324 (1960).
(2) T. J. Collopy, “ The Tributyl Phosphate-Nitric Acid Complex 

and Its Role in Uranium Extraction,”  NLCO-749, April 23, 1958.

constant was used, would show the value of the 
equilibrium constant for the reaction of nitric acid 
and TBP in the TBP phase.

Since purified commercial-grade TBP was used 
in these studies, the theoretical molarity for the 
point at which the molarity of TBP would equal the 
molarity of the nitric acid in the TBP phase can be 
calculated (i.e., 3.18 M). In the two-phase T B P - 
H 2 O -H N O 3 system, this condition in the TBP phase 
is reached at an aqueous nitric acid concentration of 
7 M  (i.e., 2 M  associated nitric acid).1 The equi
librium partition data and the spectral data re
ported previously1 both showed that beyond this 
point, the additional nitric acid entering the TBP 
phase could be attributed to solvent partition 
rather than further complex formation. This 
being the case, the region above this point can be 
separated from the region of complex formation 
and examined for the value of the equilibrium 
distribution constant. This can be done by divid
ing the concentration of associated nitric acid in 
the TBP phase by the concentration of associated 
nitric acid in the aqueous phase. This latter value 
can be obtained from literature data. The value 
obtained in this way should be close to the as
sumed value used previously in the calculation 
of the equilibrium constant using equation V.

Since values for associated nitric acid in aqueous 
nitric acid solution are unavailable for the range 
between 0.5 and 4 M, the constants which are ob
tained can be used together with the data from the 
equilibrium curve to calculate values for the con
centration of associated nitric acid in dilute aque
ous nitric acid solution. These data would pro
vide an indication of the concentration of associ
ated nitric acid in dilute aqueous nitric acid solu
tions, which formerly was assumed to be negligible.

Discussion and Results

The equilibrium curve for the distribution of 
nitric acid between TBP and water at 25° was 
presented in a previous paper.1 These results 
showed that the ratio of the total nitric acid in the 
TBP phase to the total nitric acid in the aqueous 
phase decreases with increasing aqueous nitric acid 
concentration until a constant value is obtained. 
This behavior was shown by previous papers1'2 
to be attributable to (1) the partition of associated 
nitric acid between TBP and water plus equimolar 
complex formation (0 to 7 M  total H), and (2) parti
tion of associated nitric acid alone between TBP 
and water at higher aqueous nitric acid concentra-
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tions without additional complexes being formed 
(above 7 M  total H).

Using assumed values for the equilibrium dis
tribution constant, the value for K eq was calculated 
using equation V  for the region of significant 
complex formation (i.e., 0-2 M  associato! nitric 
acid in the aqueous phase). This was done by 
obtaining the values of associated nitric acid in 
aqueous nitric acid solution for the various concen
trations from the data presented by Redlich and 
Bigeleisen.* The value for associated nitric acid 
in the TBP phase was obtained by multiplying 
this value by the assumed value for the distribution 
constant. The value for the concentration of the 
TBPH N O 3 complex was obtained by subtracting 
the value determined above from the total titrat- 
able acid. The concentration of free TBP was 
calculated by subtracting from the starting con
centration of TBP the concentration of TBPH N O3 
complex and considering the volume change.

In Table I are presented the values which were 
calculated for the equilibrium constant using an 
assumed value for the distribution constant of 0.19. 
Numerous values ranging from 0.01 to 0.2 were 
tested; however, Table I  presents only the data 
at an assumed value of 0.19. These calculations 
were restricted to the region above 4 M  total aque
ous nitric acid because data for the concentration 
of associated nitric acid in aqueous nitric acid solu
tions were not available below this point. These 
results show a value of 19.9 ±  0.5 for the equilib
rium constant for the reaction of TBP and nitric 
acid to yield the equimolar complex.

T a b l e  I
C a l c u l a t e d  E q u il ib r iu m  C o n st a n t  f o r  t h e  R e a c t io n  

o f  A sso c ia t e d  N it r ic  A cid  w it h  TBP 
TBP-HNOs

Associated (M) total 
Associated nitric acid acid

Total acid 
hydrogen

nitric
acid,

M  Org \ i . e in TBP- 
HNOíAq X free HNOi

Free
TBP K,

M , aq. M, aq. D.C. in TBP M l./mole
4 0.60 0.11 2.34 1.06 20.1
4.5 .70 .13 2.45 0.93 20.3
5 .85 .16 2.54 .82 19.4
5.5 1.05 .20 2.63 .67 19.6
6 1.25 .24 2.71 .56 20.2
6.5 1.55 .30 2.78 .46 20.1
7 2.00 .38 2.80 .38 19.4

Utilizing once again the values for ;associated
nitric acid in aqueous nitric acid solution3 and 
calculating the value for associated nitric acid in 
the TBP phase, the equilibrium distribution con
stant for the partition of associated nitric acid be
tween TBP and water (equation III) was calcu
lated. This was done by assuming that the region 
above 3.18 M  associated nitric acid in the TBP 
phase and 2 M  associated nitric acid in the aqueous 
phase was engaged primarily in nitric acid parti
tion with no further complexes being formed and 
only minor shifts in the concentrations of TBP and 
TBP H N O 3 which existed in the TBP phase at a 
concentration of 3.18 M.

In Table II are presented the calculated values for 
the equilibrium distribution constant at several

(3) O. Redlich and J. Bigeleisen, J. Am. Chem. Soc., 65, 1883
(1943).

0 2 4 6 8 10 12 14
Total [H] ion concn. (Af) aq.).

Fig. 1.— Concentration of associated nitric acid in aqueous 
nitric acid solution.

aqueous nitric acid concentrations. These results 
show a value for the equilibrium distribution 
constant of 0.19, which corroborates the assumed 
value which best satisfied the calculation of the 
equilibrium constant by equation V.

T a b l e  II
E q u il ib r iu m  D is t r ib u t io n  C o n st a n t  f o r  t h e  P a r t it io n  

o f  A sso ciated  N it r ic  A cid  b e t w e e n  T B P  an d  W a t e r
Total acid 
hydrogen, 

M

Associated 
nitric acid,“ 

M, aq.

Associated 
nitric acid, & 

M, org.
D.C.

(O /A)

8 1.25 0.24 0.19
9 2.50 .48 .19

10 3.75 .72 .19
11 5 .96 .19
12 6.3 1.21 .19

“ In excess of 2 M .  h In excess o f 3.18 M .

Using these values for K  equilibrium and the 
distribution constant, the values of associated nitric 
acid at concentrations below the range used in 
the determination of K  equilibrium were calculated 
from the data obtained when constructing the 
equilibrium curve. The equation used is
(HN03)a„ =  Total organic acidity/A eq(D.C.)TBPore +

(D.C.) (VI)

This calculation showed the amount of associated 
nitric acid present in aqueous nitric acid solutions 
below the values reported previously.3 Table III 
presents the data for the concentration of associ
ated nitric acid in dilute aqueous nitric acid solu
tion. In Fig. 1 these data are presented together 
with the data previously reported.3
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T a b l e  III
C a l c u l a te d  V a lu e s  f o r  A sso ciated  N it r ic  A cid  in

D il u t e  A q u eo u s  N it r ic  A cid  So lu tio n s
Total acid 
hydrogen, 

M

Total organic 
acidity,

M
TBP,

M

Associated 
nitric acid, 

M, aq.
3.5 2.28 1.24 0.47
3.0 2.04 1.50 .35
2.5 1.77 1.74 .26
2.0 1.42 2.10 .17
1.5 1.07 2.46 .11
1.0 0.75 2.80 .07
0.5 0.48 3.09 .04

The fact that the partition coefficient was a con
stant is believed to be supporting evidence for 
considering the nitric acid which enters the TBP 
phase in excess of a 1:1 ratio as dissolved acid 
which does not enter into a complexation reaction 
with the 1:1 T B P H N 03 complex to yield higher 
complexes.

Further data are being collected to show the role

which this complex has in metal extraction proc
esses in which metals are extracted from acidic 
solutions with tri-n-butyl phosphate.

Summary
Data are presented which show the values for the 

equilibrium distribution constant and the equilib
rium reaction constant for the partition of as
sociated nitric acid into T B P  and the reaction of 
this acid in TBP to form a complex as 0.19 and 
19.9 ±  0.5, respectively. These constants were 
used to arrive at values for the concentration of as
sociated nitric acid in dilute aqueous nitric acid 
solutions. These data are offered as indicating 
that only one complex forms between T B P  and 
nitric acid in a two-phase T B P -H 2 O -H N O 3  sys
tem.

Acknowledgment.—The authors wish to ac
knowledge the helpful assistance of Dr. C. E. 
Crompton of the Division Staff and Dr. D. S. 
Arnold and W. C. Manser of the Chemical Depart
ment.

NOTES

THE SOLUBILITY OF NITROGEN, ARGON, was controlled at 25° to ±0.01° and at 35° to 
METHANE, ETHYLENE AND ETHANE IN ±0.05°.

NORMAL PRIM ARY ALCOHOLS1 Materials.— All of the alcohols were purified by the re
moval (if necessary) of the aldehydes and ketones, then 

B y  F r a n k l i n  L. B o y e r 2 a n d  L o u i s  J. B i r c h e r  dried and distilled. Known procedures for the purification
of the alcohols were used.4-6 We chose middle cuts with

Furman Chemistry Laboratories, Vanderbilt University, Nashville 
Tennessee

Received February 18, 1960

A study of the solubility of nitrogen, argon, meth
ane, ethylene and ethane in a series of normal 
primary alcohols at the temperatures of 25 and 35° 
was made using a modified E. H. Sargent Com
pany manometric Van Slyke-Neill blood gas 
apparatus. The apparatus was equipped with a 
chamber similar to a volumetric Van Slyke blood 
gas apparatus. A manometer was mounted at 
the waste solvent exit port., which was opened 
to the solution chamber during the solution process 
so that the total pressures of gas and vapor in 
the solution chamber could be adjusted to atmos
pheric pressure. The procedures given by Van 
Slyke and Peters3 for extraction of gases from the 
solvent, and the measurement of the gas and sol
vent volume was followed. To avoid the cor
rections attendant with measuring the extracted 
gas pressure over the solvent, the solvent was 
transferred to the bulb below the lower stopcock of 
the extraction vessel and sealed off. The gas and 
solvent vapor then was brought to volume over 
mercury. This also enabled us to make repeated 
extractions of the solvent to assure complete re
moval of gas from the solvent. The temperature

(1) Adapted from Ph.D. thesis of F. L. Boyer, Vanderbilt Univer
sity, 1959.

(2) E. I. du Pont de Nemours and Co., Inc., Circleville, Ohio.
(3) J. P. Peters and D. D. Van Slyke. ‘ ‘Quantitative Clinical Chem

istry,”  Vol. II, Williams and Wilkins Co., Baltimore. Md.. 1932.
Fig. 1.— Solvent capacity of alcohols for gases and alcohol 

solubility parameters (25° and 760 nun.).
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T a b l e  I
O s t w a l d  C o e f f i c i e n t  o f  S o l u b i l i t y  a t  2 5 °  a n d  1 A t m . P r e s s u r e

Gas — 
Alcohol O b s .

n 2
L it . O bs.

Ar
L it .

CH4
O b s . L it .

C2H4
O b s . L it . O b s .

C2H«
Lit.

CH5OH 0 . 1 6 7 0 . 1 6 4 “ 0 . 2 6 7 0 . 2 6 7 1* 0 . 5 5 2  ............. 2 . 6 3 2 . 3 4 2 . 3 T
C2H5OH . 1 4 9 . 1 4 8 9 “ . 2 5 8 . 2 5 8 “* . 5 3 9  ............. 2 . 5 6 2 . 8 7 2 . 7 5 6
c 3h 7o h . 1 3 3 . 1 3 2 6 . 2 5 4 • 2 5 1 6 . 5 1 0  ............. 2 . 4 1 2 . 9 8 2 . 8 4 6
C4H sOH . 1 2 2 . 1 2 2 5 “ . 2 4 6 ■ 2 4 0 6 . 5 0 9  ............. 2 . 2 6 2 . 9 3 2 . 8 5 6

c 5h „ o h . 1 1 6 . 1 2 2 5 ' . 2 2 9 , 2 2 4 4 . 4 8 3  ............. 2 . 2 3 2 . 9 5 2 . 7 6 4
c 6h 13o h . 1 1 4 . 2 2 4 . 4 6 4  ............ 2 . 0 8 2 . 8 4
c ,h ,5o h . 1 0 5 . 2 1 8 . 4 4 8  ............ 2 . 0 5  . . . . 2 . 7 6
c 8h „ o h . 1 0 2 . 2 1 3 . 4 3 6  ............. 1 . 9 1 2 . 6 6

“ C. B. Kretschmer, J. Nowakowska and R. Wiebe, Ind. Eng. Chem., 38, 506 (1946). b J. C
Acta Chem. Scand., 5 ,  1 2 ,  1 0 1 5  ( 1 9 5 8 ) .  
6 8  ( 1 9 3 0 ) .

Gjaldbaek and H. Niemann,
1 G. Just, Z. physik. Chem., 37, 342 (1901). d A. Lannung, J. Am. Chem. Soc., 52,

T a b l e  II
M o l e  F r a c t i o n  S o l u b i l i t y  \ ] j0 4)  a t  2 5 ° ,  1 A t m . P r e s s u r e , a n d  G a s  F o r c e  C o n s t a n t

Gas t/k«T CH3OH CsHsOH C1 H7OH C4H9OH CsHiiOH C.H!,OH CiHuOH C.H17OH
N2 91.5 2.55 3.48 4.18 4.74 5.25 5.64 6.09 6.47
Ar 124 4.15 6.18 7.82 9.23 10.5 11.6 12.6 13.7
Cth 136.5 8.67 12.8 16.1 19.1 21.5 23.4 26.0 28.0
c 2h 4 205 43.9 59.7 74.6 87.1 98.4 108 4 118.0 126.8
c 2h 6 230 40.5 68.6 90.0 109 126 143 159 173

T a b l e  III
I d e a l  a n d  C a l c u l a t e d  E n t r o p y  o f  S o l u t i o n , G a s e s  i n  A l c o h o l s

Alcohol
.----------Nî

R In xi &« -  Sg
.-----------Ar

R ln X2 S C  -  Sg
---------- Cl
R In ar2

a*--------- ,
S20 -  Sg

-------— Gt
R ln X2

m --------- .
s c  -  Sg

,----------C,I
R ln X

1. - ------- -
S C  -  Sg

CH 3OH -1 6 .3 9 5.73 -1 5 .4 1 -3 .8 2 -1 3 .9 7 -8 .9 1 - 10.88 -2 7 .6 8 -1 0 .7 8 -2 4 .1 8
C Ä O H — 15.77 5.73 -1 4 .6 3 -1 .2 7 — 13.19 -7 .6 4 -1 0 .1 4 -2 3 .2 3 -  9.86 -2 1 .6 4
C 3H,OH -1 5 .4 0 5.73 - 1 4  17 -0 .3 2 -1 2 .7 3 -7 .0 0 -  9.70 -2 1 .0 0 ^  9.32 -2 0 .0 5
C4H8OH -1 5 .1 5 6.04 -1 3 .8 4 -0 .9 5 -1 2 .4 1 -6 .3 6 -  9.39 -1 9 .4 1 -  8.94 -1 8 .7 7
CsHnOH -1 4 .9 6 6.36 -1 3 .5 9 -2 .2 3 -1 2 .1 6 -6 .0 4 -  9.15 -1 8 .4 6 -  8.65 -1 7 .5 0
C6H„OH -1 4 .7 9 6.36 -1 3 .3 8 -2 .8 6 -1 1 .9 6 -5 .7 3 -  8 96 -1 7 .5 0 -  8.41 -1 6 .5 5
C,H,sOH -1 4 .6 6 6.36 -1 3 .2 1 -3 .5 0 -1 1 .7 9 -5 .4 1 -  8.79 -1 6 .8 6 -  8.20 -1 5 .9 1
CsHnOH -1 4 .5 4 6.36 -1 3 .0 6 -4 .1 4 -1 1 .6 3 -5 .7 3 -  8.64 -1 5 .9 1 -  8.03 -1 5 .2 7

constant index of refraction from the distillations. The 
gases were used without further purification and were: 
Air Reduction nitrogen 99.7% N2, Ohio Surgical Company 
argon 99.6% pure, Phillips Petroleum methane and ethane, 
each 99.9 mole %  pure, and Matheson C.p . ethylene 99.5% 
pure.

Results and Discussions.— We have reported in 
Table I the Ostwald coefficients measured at 25° 
along with those values obtained by other workers 
whose values have generally been accepted as ac
curate.

The solubility of the gases in the alcohols in
creases with decreasing internal pressure of the 
solvent as shown in Fig. 1 and decreases with de
creasing Lennard-Jones force constants of the gases 
as shown in Table II. The solubility in the normal 
primary alcohols of the five gases studied was 
found to follow the equation log xi =  a +  b log 
C where a and b are empirical constants and C is 
the number of carbon atoms in the alcohol chain. 
From the equations of this family of curves we were 
able to calculate the solubility of the gases in the 
alcohols at 35° using only four measured values in 
1-propanol, 1-butanol, 1-pentanol and 1-octanol. 
We estimated

(4) L. F. Fieser, "Experiments in Organic Chemistry," Jnd ed., 
D. C. Heath and Co., Boston, Mass., 1941, p. 358.

(5) A. Weissherger and E. S. Proskauer, "Organic .Solvents,” The 
Clarendon Press, Oxford, 1935.

S, = R
d(ln i 2)
d(ET)

from our solubility measurements, and our results 
are given in Table III. The results may be sub
ject to error because of the short temperature range 
over which the measurements were made. They 
are, however, sufficiently good to warrant some 
generalizations: (1) as in non-polar solvents the 
entropy of solution is positive whenever the solu
bility increases with increasing temperature. (2) 
The entropy of solution increases with decreasing 
gas force constant and decreasing solvent internal 
pressures. These observations are in line with 
those of Jolley and Hildebrand6 for solutions of 
gases in non-polar solvents. (3) The effect of po
larity apparently is not as great as would be de
duced from the internal pressures alone.

Summary.—The solubilities of N2, Ar, CH4, C2H4 
and C2H c on the series of normal primary alcohols, 
methanol through octanol, were measured at 25 
and 35°. The solubility of the gases in the alco
hols has been related to the internal pressure of 
the solvent and the Lennard-Jones force constant 
of the gas. The entropy of solution for each system 
has been estimated.

(6) J. E. Jolley and J. H. Hildebrand, J. Am. Chem. Soc.. 80, 1050 
(.1958).



HIGH ENERGY 7-IRRADIATION OF VINYL 
MONOMERS. II. INFRARED SPECTRA OF 

RADIATION-POLYMERIZED 
ACRYLONITRILE

B y  Jet t  C. A rthur, Jr., and R obert  J. D em int

S o u t h e r n  R e g i o n a l  R e s e a r c h  L a b o r a t o r y ,1 N e w  O r le a n s ,  L o u i s i a n a  

R e c e i v e d  M a r c h  4, 1 9 6 0

In recent studies to prepare graft polymers of 
cotton cellulose and acrylonitrile,2’3 it was noted 
that when the ratio of acrylonitrile to water was 
increased, radiation-polymerized acrylonitrile, hav
ing decreased solubility in N,N-dimethylformamide, 
was produced at higher radiation dosages.4 This 
decrease in solubility probably was due to radia
tion-induced crosslinks or to a basic change in the 
intrinsic structure of the polymer.

In addition to physical-chemical data on Co60 
7-radiation polymerized acrylonitrile previously 
reported,4 infrared spectra, over the range of 2.5 
to 15 n, were determined for the polymers. Mono
mer to water ratios were 1:25, 1:12, 1:4 and 29:1; 
radiation dosages were 5.2, 16, 26, 39, 52, 156, 
260 and 520 X  1021 electron volts per liter. In
frared spectra of the twenty-eight samples of poly
mers in the solid phase were obtained using the 
KBr disc technique.5

The infrared spectra for all of the polymers were 
practically identical with no apparent correlation 
between solubility, intrinsic viscosity, or conversion 
of monomer to polymer and their spectra. On 
comparing the infrared spectrum of chemically- 
initiated polymerized acrylonitrile, determined by 
Liang and Krimm on thin solid films,6 with the 
spectra of the radiation polymerized acrylonitrile, 
it was noted that the sharp bands coincided, as 
follows: 3.4, 6.8 and 7.4 n, -C H 2; 4.5 fi, -C N ; 
8.0m,-C H ; 9.3 n, -C -C N .

These spectra are consistent with the interpre
tation of Liang and Krimm6 that the structure of 
polyacrylonitrile was based on a head-to-tail 
arrangement of the -C H 2CH (CN )- monomer 
units. From the physical-chemical data4,and these 
spectra, the change in configuration of the structure 
of the radiation-polymerized acrylonitrile at the 
higher radiation dosages was probably that re
sulting from a dehydrogenation followed by cross- 
linking between two or more polymeric molecules. 
Since this would have introduced no new kind of 
bonds and would have only slightly increased the 
intensity of existing bonds, the infrared spectra 
did not indicate any marked change.
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DEFORMATION OF THE URANYL ENTITY  
IN URANYL-MALATE, -TARTRATE, AND 

-CITRATE TRIDENTATE CHELATES1
B y  I saac F eldman

Division of Radiation Chemistry and Toxxcology, Department of Radiation
Biology, School of Medicine and Dentistry, University of Rochester, 

Rochester, New York
Received March 8, 1960

It is now well-accepted that the uranyl ion may 
be considered to be collinear, uranium being the 
middle atom.2 Previously, the belief has been 
expressed3 ihat, when the uranyl ion is chelated 
in a trid^fttate manner by malate, d-tartrate or 
citrate ions, this collinearity is destroyed because 
of repulsion between the uranyl oxygen atoms and 
the chelating oxygens of the tridentate ligand.

It is desirable to establish the reasonableness 
of this postulate in order to strengthen the in
terpretation of equilibrium-constant results pre
sented in a separate paper.4 To do so, we have 
set up a semi-quantitative potential energy 
function F  for the tridentate chelate relating the 
mutual repulsion energies of the uranyl oxygen 
atoms and the ligand atoms with the angle of de
formation X  of the uranyl entity and have cal
culated X  for dV/dX — 0. This energy function 
is v  =  Fx +  F2 +  F2' +  Vz +  V /  +  l/2kX\ Vi 
represents repulsion between the uranyl oxygens, 
Oia and Oibj F2 and V2 represent repulsion of 
Oia and Oib, respectively, by the tridentate chelat
ing group; Vz and F3' represent the sum of the 
repulsions on Oi* and Oib, respectively, by the 
three waters of hydration which still remain5 
attached to uranium after chelation and which 
tend to prevent the deformation in opposition to 
the effect of the chelate group. The force constant 
k equal to 1.28 X 10-11 ergs/radian2 was calculated 
from the Raman frequency, 210 cm.-1, attributed 
to the bending vibration of the uranyl ion by 
Dieke and Duncan.6

Each repulsion term consists of an electrostatic 
term plus a van der Waals repulsion term. Each 
electrostatic term contains a permanent charge 
term and an induced dipole term. For the perma
nent charge term Fp each atom was treated 
as a point charge, so that Fp =  S(g; 2̂/>'), but for 
the induced dipole term, V-„ each group was treated 
as an ideal point dipole located at the geometric 
center of the groups, so that F i  =  "Lqin\/r2. For

(1) This paper is based on work performed under contract with the 
United States Atomic Energy Commission at the University of 
Rochester Atomic Energy Project, Rochester, New York.

(2) J. J. Katz and G. T. Seaborg, “ The Chemistry of the Actinide 
Elements,”  Methuen and Co., Ltd., London, 1957.

(3) I. Feldman, J. R. Havill and W. F. Neuman, J. Am. Chem. Soc., 
76, 4726 (1954).

(4) I. Feldman, C. A. North and H. B. Hunter, T h is  J o u r n a l , 64, 
1224 (1960).

(5) Our earlier contention* that steric considerations should cause 
the coordination number of uranium to be less than its normal value of 
8 is retracted.

(6) G. H. Dieke and A. B. F. Duncan, “ Spectroscopic Properties of 
Uranium Compounds,”  Chapter 3, Nat. Nuclear Energy Ser. Div. I l l , 
2, 1949.
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the carboxylate groups, each oxygen was assigned 
a permanent charge of e/2, where e =  4.78 X 
10-10 e.s.u. For the alcoholic group, permanent 
charges on C, H and 0  atoms of +0.80, +1.57, 
and —2.37 X 10~10 e.s.u., respectively, were 
estimated from the 0 - 0  and H -0  permanent bond 
moments.7 Also from the latter moment, values 
of +1.57 and —3.14 X  10~10 e.s.u. were assigned 
as permanent charges for H and 0 , respectively, 
in water.

The induced dipole moments of the ligands were 
estimated only as a first approximation by ignoring 
the effect of the ligands on each other and setting 
each induced dipole m ~  aq/r2, where a is ligand 
group polarizability, q is effective uranium charge 
at the location of the ligand group, and r is the 
distance between ligand group and uranium, 
A value of +3e was used for q, since Connick 
and Hugus8 estimated that “ a uranyl ion appears 
as a + 3  ion to waters about its equator.”  A 
polarizability of 1.28 A.3 was calculated for the 
COH group from */3irNa =  Rcoh, where N  is 
Avogadro’s number and Rcoa  is the group re
fraction,7 3.23 cc. Similarly, 3.55 A.3 was cal
culated for the carboxylate group using an R coo- 
— 1/ 2(f?Ba(oocH)!-^Ba++) — f?H- The value of 
A'BacoocHJs was approximated by use of the Lorentz- 
Lorenz equation, from the mean index of refraction 
of the biaxial Ba(OOCH)2. A value of 1.48 A.3 
was used for the polarizability of water.

A permanent charge of — le was assigned to the 
uranyl oxygens in accordance with the entropy 
calculation of Connick and Hugus.8 No induced 
charge was considered.

The van der Waals repulsion terms were esti
mated9 by applying Amdur’s potential energy 
function, Vd =  1.36 X 10-9d-8-33 erg/molecule 
for 2.18 A .<d  <2.69 A., where d is the distance 
between two atoms.

A reasonable geometry for the chelate had to be 
assumed. Zachariasen’s extrapolated value10 of
1.60 A . 3 was used for the bond lengths in the uranyl 
entity. A maximum value of 2.45 A. for the second
ary U -0  bonds, i.e., bonds involving the ligand 
oxygens, seems quite reasonable whether the bonds 
are ionic or covalent, for the following reasons. 
Considering the uranyl entity to behave as a + 3  
ion toward the ligands,8 Zachariasen’s values of
1.03 A. for the ionic radius2 of U +s and 1.80 A. for 
its covalent radius11 may be employed too give 
lengths of 2.43 A. for an ionic bond or 2.46 A. for 
a covalent bond. In fact, 2.45 A. is the secondary 
bond length in crystalline NaU02Ac3.9 Since the 
tridentate chelates are much stronger than the 
acetate complex,2'4 the secondary bond length

(7) C. P. Smyth, “ Dielectric Behavior and Structure,”  McGraw-Hill 
Book Co., New York, N. Y ., 1955, p. 301.

(8) R. E. Connick and L. Hugus, Jr., J. Am. Chem. Soc., 74, 6012 
(1952).

(9) F. H. Westheimer, Chapter 12 in “ Steric Effects in Organic 
Chemistry,”  edited by M. S. Newman, John Wiley and Sons, Inc., 
New York, N. Y ., 1956.

(10) W. H. Zaehariasen, Acta Cryst., 7, 795 (1954).
(11) This value may be estimated by subtracting 0.12 A. from the 

TJ+* metallic radius, 1.92 A., since for U +4, U +5 and U +6 the covalent 
radius is 0.12 A. smaller than the metallic radius.12

(12) W. H. Zaehariasen, Chapter 18 of “ The Actinide Elements,”  
Natl. Nuclear Energy Ser. Div. IV, 14A (1954).

Fig. 1.— Side view of tridentate chelate. Solid-line 
letters indicate atoms in plane of paper. Dashed-line H20  
and COO groups indicate that groups are not in plane of 
paper, but in planes at angles shown in Fig. 2, and each 
has a mirror image. ; i ■

' '■

Fig. 2.— End view of tridentate chelate. O atoms of 
waters are in plane of paper about equator of uranyl entity. 
COO atoms are not in plane of paper but at angles shown 
in Fig. 1. COH group not shown in this figure.

in the tridentate chelates should be shorter than 
those in the acetate complex.

Fisher-Hirschfelder-Taylor atom models and 
a homemade uranium atom model (sphere of 
radius 1.05 A.) were employed as an aid in estab
lishing the geometry. However, it was necessary 
to bear in mind that the van der Waals radius of an 
F -H -T  oxygen atom model is only 1.22 A., which 
is decidedly less than oxygen’s normal ionic 
radius of 1.40 A. and would be valid only if the 
oxygen atom is under considerable compression. 
With the scale models, it seems evident that 
the most favorable arrangement for preserving 
the linearity of the uranyl entity in the tridentate 
chelate is represented closely by Figs. 1 and 2 in 
which Ona represents alcoholic oxygen, and Om> 
and Onb- represent carboxylate oxygens. For 
a zero deformation angle each chelating oxygen 
atom is situated at 2.45 A. from its nearest uranyl 
oxygen, and the alcoholic oxygen is also 2.45 A. 
from each chelating carboxylate oxygen. When 
the uranyl deformation is zero, the three waters6 
can be arranged about the equator in such a manner 
that the nearest water oxygens are 2.80 A. apart
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and each water oxygen is 2.93 A. from each uranyl 
oxygen.

Applying geometry to Figs. 1 and 2, the distances 
between each uranyl oxygen and each atom of the 
ligands was calculated as a function of the uranyl 
deformation angle X  and inserted in the potential 
energy function V. Minimizing this function gave 
a deformation angle of 18°, V  being (26 kcal./ 
mole U) less than for zero deformation.

This deformation angle is presented, not for its 
actual magnitude, which must be only a rough ap
proximation, but only as evidence that significant 
bending of the uranyl entity should occur in the 
tridentate chelate. It is believed that the actual 
bending is greater than the calculated angle, 
since with one exception assumptions were made on 
the safe side, i.e., to minimize bending. For 
instance, the 0 n a-0iib  distance in Fig. 1 was main
tained constant at 2.45 A., although it should 
increase if there is any deformation at all.

The exception to our normally-conservative 
assumptions is the use of tii~aq/r2 to obtain p; 
for ligands. However, if only y 2 of this value 
had been used for the chelating groups, but the 
maximum value still kept for the ligand waters, 
X  would have decreased only i y 2 degrees. Calcu
lations also showed that the deformation angle 
would not be significantly changed from 20° if 
the uranyl oxygens were displaced unequal dis
tances.

THE HEATS OF DECOMPOSITION OF 
ARSINE AND STIBINE1

By St u a r t  R. G u n n , W i l l i a m  L. J o l l y  a n d  
L e R o y  G . G r e e n

University of California, Lawrence Radiation Laboratory, Livermore, 
California

Received March 11, 1960

The heats of formation of arsine and stibine are 
of interest for systematization of the thermody
namics of hydrides and their thermochemical 
bond energy terms, and for the correlation of the 
properties with increasing atomic number in 
group V. The best previous value for A//f°(AsH3) 
is that of Ariya, Morozova and Tszi-Tai2 who, 
by measuring the heats of reaction of zinc arsenide 
with dilute HC1 and with dilute HC1 containing 
Br2 and of arsenic with dilute HC1 containing Br2, 
derived a value of +18  ±  1.5 kcal. mole-1. Ogier3 
measured the heat of reaction of arsine with 
bromine water; from this the NBS compilers4 
derive a value of +41.0 kcal. mole-1. The best 
value for stibine is that of Stock and Wrede5 
who measured the heat of the explosive decompo
sition to the elements and obtained +34.0 kcal. 
mole-1 for AHf°(SbH3). Berthelot and Petit6 
measured the heat of reaction of SbH3 with bro-

(1) This work was performed under the auspices of the U. S. Atomic 
Energy Commission.

(2) S. M. Ariya, M. P. Morozova and Khuan Tszi-Tai, J. Gen. Chem. 
USSR, 26, 2023 (1956); Zhur. Obkchei Khem., 26; 1813 (1956).

(3) L. Ogier, Compt. rend., 87, 210 (1878).
(4) F. D. Rossini, et al., Circular 500 of the National Bureau of 

Standards, 1952.
(5) A. Stock and F. Wrede, Chem. Ber., 41, 540 (1908).
(6) Berthelot and Petit, Ann. chim. phy8i, [6], 18, 55 (1889);

mine water; from this Biehowsky and Rossini7 
obtain a value of +79.5 kcaljnole-1 for the heat 
of formation. Stock and Wrede showed this 
method to be in error, and this would apply also 
to the same method for arsine.

Stibine, in a closed tube at a pressure greater 
than about 0.05 atmosphere, decomposes ex
plosively and quantitatively to the elements when 
any part of the gas is heated sufficiently. In the 
present work the decomposition was initiated by 
beating a platinum filament in the tube to its 
melting point in a few milliseconds. Arsine so 
treated did not decompose appreciably even at a 
pressure of 19 atmospheres. Attempts were made 
to design a calorimetric experiment wherein at 
least a considerable fraction of an arsine sample 
would be decomposed by contact with a tungsten 
filament or passage through a quartz tube at 
surface temperatures of 500 to 700°. Yields 
were, however, inadequate to permit accurate 
measurement of the small reaction heat super
imposed on the large filament or furnace heat. 
It was finally found that ignition of appropriate 
mixtures of arsine and stibine in a closed tube re
sulted in complete decomposition of both. In small 
tubes of about 10-ml. volume and 8-mm. inner 
diameter, it was found that with a mixture of 0.5 
atmosphere stibine and 0.5 atmosphere AsH3, 
part of the arsine was decomposed; with 0.75 at
mosphere of each, more of the arsine decomposed; 
and with 1.0 atmosphere stibine and 0.5 atmos
phere A sH 3, decomposition was quantitative.

Materials.— The same apparatus was used for preparing 
both the arsine and the stibine. A  solution of 25 ml. of 
concentrated sulfuric acid in 200 ml. of water was placed in 
a 500-ml. three-neck round-bottom flask equipped with 
a magnetic stirrer, a nitrogen inlet tube (dipping beneath 
the solution), a 100-ml. dropping funnel, and an outlet tube 
with a Dry Ice cold finger. The flask was immersed in an 
ice-bath. The outlet tube led, successively, to a Dry 
Ice trap, two efficient liquid-nitrogen traps, and a stopcock 
leading to the vacuum pump. During a run, nitrogen was 
continuously bubbled through the sulfuric acid solution, 
and the pressure in the system was maintained at approxi
mately 100 mm. by adjustment of the stopcock leading to 
the vacuum pump.

For the preparation of arsine, 4.0 g. of sodium hydroxide,
8.0 g. of arsenic(III) oxide and 2.0 g. of potassium hydro- 
borate were dissolved, in that order, in 20 ml. of water. 
(This solution should be prepared immediately before its 
use, because it decomposes with evolution of arsine and pre
cipitation of arsenic.) The solution was added through the 
dropping funnel, over a period of 15 minutes, to the sulfuric 
acid solution. A beautiful orange precipitate of arsenic 
formed in the flask as a by-product. Another by-product, 
biarsine (As2H4), was recognized by its yellow decomposi
tion product which formed at the entrance to each of the 
cold traps. The crude arsine that collected in the liquid 
nitrogen traps was distilled in vacao through a trap contain
ing Ascarite at room temperature and then through traps 
at —78 and 95°. The arsine that passed through these 
traps (29.5 mmoles, or 60%, based on hydroborate) had a 
vapor pressure of 35 mm. at the melting point of carbon 
disulfide (lit.8 35 mm.).

For the preparation of stibine, 12 g. of 85%  potassium 
hydroxide, 15 g. of potassium antimony tartrate and 2.0 g. 
of potassium hydroborate were dissolved, in that order, in 
100 ml. of water. This solution was added through the 
dropping funnel, over a period of 15 minutes, to the solu-

(7) F. R. Biehowsky and F. D. Rossini, “ The Thermochemistry of 
the Chemical Substances,”  Reinhold Pubi. Corp.. New York, N. Y., 
Ì936.

(8) W. C; Johnson and A. Pechukas, J. Ami Ghemi S o c 59, 2065 
(1937);
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tion of sulfuric acid. A black precipitate of antimony 
formed in the flask as a by-product. The crude stibine that 
collected in the liquid nitrogen traps was then distilled 
in vacuo through a series of traps maintained at —78, 
—95, —130 and —196°. The material that collected in 
the —78, —95 and —196° traps was discarded. The re
maining stibine (25.2 mmoles, or 51%, based on hydrobo
rate) had vapor pressures of 81 and 226 mm. at the melting 
points of chloroform and chlorobenzene, respectively 
(lit.9 81 and 224 mm.).

Apparatus and Procedure.— Weighed samples of the 
gases were sealed in Pyrex tubes 2.8 cm. o.d ., 20 cm. long, 
equipped with a break-seal for subsequent withdrawal of 
the hydrogen. Two tungsten leads also were introduced; 
across these was welded a short length of 0.002-in. plati
num wire. This was fired with a 24-volt storage battery 
to initiate the reaction. Oscilloscopic power-time measure
ments indicated that the fuse broke in a few milliseconds 
and that the energy dissipated was approximately that re
quired to heat the known mass of platinum to the melting 
point and liquefy it. This correction, about 0.1 cal., has 
been subtracted from all runs.

The construction of the isothermal calorimeter, laboratory 
designation X V , has been described in detail,10 and its appli
cation to chemical reactions has been discussed briefly.11 
In these measurements thermal equilibration was complete 
in about 30 minutes. Several test runs, wherein the in
ternal heater of the calorimeter was operated for a brief 
period and the bridge output-time curve was integrated, 
indicated an accuracy of a few tenths of a per cent, under 
conditions of these measurements.

Following the reaction measurement and calibration of 
the calorimeter, the hydrogen was transferred through 
traps at —196° and measured with a Toepler pump-buret 
system previously described.12 The traps then were warmed 
to permit measurement of condensable gases and in some 
cases the reaction vessel was flamed strongly to liberate 
hydrogen which might be included in solid hydrides; negli
gible amounts were found in these operations.

Part of the metal produced in the runs adhered to the 
tube as a dark-gray blotched mirror and part fell to the bot
tom as a powder. X -R ay diffraction examination of this 
powder from tubes that had not been flamed indicated 
for the Sb runs a normal crystalline pattern, and for the 
Sb-As mixtures a nearly homogeneous solid solution of the 
same structure. A certain systematic error must occur in 
the AsHj results because of the heat of formation of this 
solution from the elements; however, since the two metals 
have the same crystal structure and are chemically quite 
similar, it may be expected that this heat is quite small.

Results.— Results of the measurements are given 
in Table I.

T a b l e  I
H e a t s  o f  D e co m po sitio n  o f  AsH3 an d  S bH a

Run
SbHa AsHa 
(millimoles)

(SbH3) (a 1h ¡) 
(cal.)

AE- A E- 
(SbHa) (AsHa) 

(kcal, mole-1)
Ht
(%

theo.)
1 3.744 130.93 -3 4 .9 9 99.90
2 4.331 150.70 -3 4 .8 2 99.85
3 2.674 93.36 -3 4 .9 1 (99.9)
4 3.123 1.583 (109.02) 25.63 -1 6 .1 9 99.83
5 3.129 1.582 (109.23) 25.66 -1 6 .2 2 99.85
6 3.059 1.550 (106.68) 24.97 -1 6 .1 1 99.94

The defined thermochemical calorie (4.1840 
absolute joules) and the 1957 atomic weights are 
used. The arsine results are calculated assuming 
AE^SbEL) =  —34.91. Converting from AE to 
AH and including estimated over-all uncertainties

AH’f°(SbH3) =  +34.61 ±  0.10 
AH,°(AsH 3) =  +15.87 ±  0.25

(9) L. Berka, T. Briggs, M. Millard and W. Jolly, J. Jnorg. Nuclear 
Chem., in press (1960).

(10) S. R. Gunn, University of California Radiation Laboratory 
Report UCRL-5375, November, 1958.

( 1 1 )  S. R. Gunn, L. G. Green and A .  I .  von Egidy, T h i s  J o u r n a l , 
63, 1787 (1959).

(12) S. R* Gunn and L. G. Green, J. Am, Chem. Soc., 80, 4782
(1958).

These results are in good agreement with the 
earlier values. They may be considered more 
precise and, in the case of arsine, much more 
direct.

The spectroscopic constants of stibine given 
by Haynie and Nielsen13 have been used to cal
culate the standard entropy and heat capacity. 
These are given in Table II together with other 
thermodynamic functions of arsine and stibine; 
the entropy and heat capacity of arsine are taken 
from Sherman and Giauque,14 and auxiliary data 
from the NBS tables.

T a b l e  II
T h e r m o d y n a m ic  F u n ctio n s  o f  A r s in e  an d  St ib in e  a t  

298.16°K.

Cp° (cal. deg.~‘ mole-1)
8° (cal. deg.-1 mole-1) 
AHf» (kcal, mole-1)
AiSf0 (cal. deg.-1 mole-1) 
AFf° (kcal, mole-1)
ACpf0 (cal. deg.-1 mole-1)

AsHa SbHi
9.207 9.887

53.18 55.65
+  15.87 +34 .61
-3 5 .2 6  -3 4 .2 3
+ 26 .3 8  +44 .82
-  6.099 -  5.419

By use of the auxiliary data of Cottrell15 the 
thermochemical bond energies may be calculated 
and compared with his values for the other simple 
group V hydrides: NH3, f?(NH) =  93.4 kcal. 
mole-1 ; PH3, #(PH ) =  77; AsH3, I?(AsH) =  
66.8; SbH3,£(SbH ) =  60.9.

Acknowledgments.—The X-ray diffraction work 
was performed by Mr. Vernon G. Silveira and Dr. 
Allan Zalkin.

(13) W. H. Haynie and H. H. Nielsen, J. Chem. Phye., «1, 1839 
(1953).

(14) R. H. Sherman and W. F. Giauque, J .  Am. Chem. Soc., 77, 2154 
(1955).

(15) T. L, Cottrell, “ The Strengths of Chemical Bonds,”  2nd ed., 
Butterworth Scientific Publications, London, 1958.

CONDUCTANCE OF ETHANOL-AMMONIUM 
SALTS IN W ATER AT 25°

B y  J o se ph  V a r im b i1 an d  R a y m o n d  M. F uoss

Contribution No. 1609 from the Sterling Chemistry Laboratory, Yale 
University, New Haven, Connecticut

Received March IS, i960

By addition of methyl iodide to ethanolamines, 
several salts of the pattern Ri-nN (CH2CH20H)„I 
can be formed. The cation contains at least one 
external hydroxyl group; it seemed of interest to 
measure the conductance of these salts in aqueous 
solution, in order to see whether any interaction 
between the cation and the hydrogen bond struc
ture of the water could be observed. Briefly sum
marized, no interaction was detected: the cationic 
single conductances are determined by the number 
of heavy atoms in the side chains of the cations, 
independently of whether these are carbon or oxygen.

Experimental.— Trimethylethylammonium iodide was pre
pared as a reference compound by addition of ethyl iodide to 
a 25%  methanolie solution of trimethylamine, and recrystal
lized from ethanol. Analysis by titration with silver nitrate 
solution: 59.1, 59.2% I vs. 59.1% calculated. Trimethyl-2- 
hydroxyethylammonium iodide was prepared from equimolar 
quantities of methyl iodide and dimethylethanolamine in

(1) Du Pont Postdoctoral Research Fellow, Yale University,
1955-1956.
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Fig. 1.— Dependence of ionic resistance on number of 
atoms: 1, Me4N; 2, Et4N ; 3, Pr4N; 4, Me3NEt; 5, Me3N- 
(CH1CH2OH); 6, Me2N(CH2CH2OH)2.

ethanol, and recrystallized from ethanol; m.p. 272-273° 
with decomposition. Analysis, 54.9, 54.7% I vs. 54.9% 
calculated. Dimethyl-di-(2-hydroxyethyl)-ammonium io
dide forms less readily than the preceding compound. It 
was made by miring equimolar quantities of methyl iodide 
and methyl-diethanolamine, and heating at 40° for 12 hours. 
On chilling in Dry Ice, the mixture crystallized. The hygro
scopic product was twice recrystallized from ethanol, dried 
under vacuum and stored over P20 3. The compound melted 
to a translucent liquid at 90-98°; the liquid became trans
parent at 98-101°. Recrystallization from 50-50 benzene 
alcohol gave a product melting at 102-104°. Analysis:
48.7, 48.8% I vs. 48.7 calculated.

Addition of methyl iodide to triethanolamine produced 
only the hydroiodide of triethanolamine (m.p. 168-169°; 
analysis, 45.7, 45.7, 45.5% I vs. 45.8 calculated). Addi
tion of methyl bromide likewise gave the hydrobromide in
stead of the expected quaternary salt. Possibly the trieth
anolamine contained some di- or mono-ethanolamine, which 
would lead to the observed products. Addition of ethylene 
bromohydrin to triethanolamine gave a good yield of the 
hydrobromide of triethanolamine instead of the desired 
quaternary salt with n =  4. Lack of time unfortunately 
prevented further attempts to prepare salts with n =  3 or 4.

Conductances were measured at 25.00° in an erlenmeyer 
cell with a constant of 0.9054, using a modified Shedlovsky 
bridge.2 The conductances are summarized in Table I.

The data were analyzed on the IBM 650 computer, using a 
modified form of K ay’s program3 to determine the constants 
A0 and a which appear in the conductance equation* for 
unassociated electrolytes

A =  A» — Sc1/« +  Ec log c +  J(a)c — FAac +  / 2c*/«
The constants are summarized in Table II.

The small value of J  obtained for the first salt suggests 
that a slight association may occur here; analysis of the 
data using the equation4 for A k ,  defined as

A k — A +  /Sc1/« — Ec log c — Jc +  FAoC
gave K x  =  0.8 ±  0.8, Ao =  118.06, when & =  5.2 was used 
to evaluate the coefficient J  of the linear term. This is al
most negligible association, but probably is real; the exam
ple serves to emphasize the fact that the Jc term and the as
sociation term in the conductance equation oppose each other 
and hence a too small ¿-value can always be compensated by 
the ad hoc assumption of slight association. Reliable con
clusions concerning association evidently can only be ob
tained from data covering a range of dielectric constants,

(2) H. Eisenberg and R. M . Fuosa, J . Am. Chem. Soc., 75, 2914
(1953).

(3) R. L. Kay, ibid.. 82, 2099 (1960).
(4) R. M . Fuoss and L. Onaager, This J o u r n a l , 61, 668 (1957);

R. M. Fuoss, J. Am. Chem. Soc., 81, 2659 (1959).

T a b l e  I
E q u iv a l e n t  C o n d u ctan ce  a t  25°

Vol. 64

10* c A 10» c A
EtNMesI

14.133 106.08 1.9472 113.98
9.454 108.35 1.3905 114.58
3.2052 112.77 1.1760 114.79
2.2604 113.58 0.9750 115.11

0.6287 115.61

HOCH2CH2NMeaI
21.037 102.00 5.491 108.40
11.254 105.59 5.163 108.72
10.760 105.76 3.920 109.56
9.214 106.56 2.1619 111.04

1.5549 111.76

(HOCH2CH2)2NMe2I
19.534 97.78 5.3376 103.84
9.568 101.61 2.7650 105.73
6.430 103.18 1.3723 107.27

T a b l e  II
D e r iv e d  C on stan ts

Salt Ao J i
MejNEtl 118.05 ±  0.05 (193 ±  9) (3.62 ±  0.16)
Me,N(CH>CHiOH)I 115.22 ±  .03 280 ±  3 5.39 ±  .07
MetN(CHiCHjOH)iI 110.45 ±  .04 254 ±  4 5.04 ±  .09

through the markedly different sensitivity of J  and K a to 
this parameter.

The single ion conductances for the cations were obtained 
by subtracting Ao-  ( I ')  =  76.84 from the observed limiting 
conductances. Kraus5 has shown that the equivalent ionic 
resistance (l/X o+) of alkyl quaternary ions is a simple func
tion of the number of carbon atoms surrounding the central 
nitrogen. The solid circles in Fig. 1 are for the ions Me4N +, 
Et4N + and Pr4N +, from data obtained at Brown,6 and the 
open circles correspond to the three salts of Table II. It 
will be noted that the points for the two salts containing the 
external hydroxyl group fall quite near the line through the 
points for the alkyl salts. If there were any strong inter
action between the -C H 2CH2OH groups of the cations and 
the solvent molecules, we would expect these ions to move 
more slowly than purely alkyl ions and the points should 
then lie above the smooth curve. Since they do not, we con
clude that any hydrogen bonding between the ethanol 
groups and the solvent is completely mobile; the -O H  group 
simply slows the ion by its bulk, much as would a methyl 
group.

(5) C. A. Kraus, J .  C h e m . E d u c . ,  35, 324 (1958); M . J. McDowell 
and C. A. Kraus, J .  A m .  C h e m . S o c . ,  73, 3293 (1951).

(6) H. M . Daggett, Jr., E. J. Bair and C. A. Kraus, i b i d . ,  73, 799
(1951).

THE CRYOSCOPIC AND SPECTROSCOPIC
PROPERTIES OF M ETHYL BORATE AND

OF ITS AZEOTROPE W ITH METHANOL
By P h o e b u s  M. C h r is t o p h e r *

D e p a r t m e n t  o f  C h e m i s t r y ,  N e w  Y o r k  U n i v e r s i t y ,  N e w  Y o r k  S , N .  Y .

R e c e i v e d  M a r c h  1 5 ,  I 9 6 0

CH30H  and (CH30 )3B readily form an azeo
trope having a lower boiling point than either of the 
respective components. It is relatively difficult to 
separate the components of the azeotrope. Too, 
the tendency for boron to become tetracoordinated 
and the preparation and characterization of numer
ous stable salts of the type M [B(RO)4], where M

* Department of Chemistry, Newark College of Engineering, New
ark 2, N. J.
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may be Li, Na, Ca or other strongly metallic ele
ments, has led to some speculation1 into the possi
bility for the existence of a parent tetraalkoxo acid, 
(CH30)4BH. The findings previously reported1 
concerning this speculation, although showing the 
azeotrope to be essentially a mixture, were inconclu
sive. The results of the present work, however, 
make possible the elucidation of definite conclusions.

Experimental
Infrared spectra were taken of CH3OH, (CH30 ) 3B, and 

of the azeotrope, in an attempt to observe any shifts in the 
absorption peaks of the separate components after forming 
the azeotrope. A Baird Infrared Spectrophotometer was 
used; the cells were of 0.025 mm. thickness and had AgCl 
windows. The spectra were scanned from 2-16/i at a speed 
of Ijn/min. with a programmed slit width.

The molecular weight of the azeotrope in the vapor state 
was previously reported1 as being slightly higher (69.7 g ./  
mole) than the average value for this property from an 
equimolar mixture (68.0 g./m ole). In the present investi
gation, a cryoscopic study was made of the azeotrope in 
solutions of nitrobenzene, benzene and p-dioxane. The 
molecular weight of (CH 30 )3B in the same solvent media 
also was determined, after a search of the literature failed 
to disclose any investigations of this nature for the borate. 
A simple Beckmann method was used for the cryoscopy, 
consisting of a 5° thermometer (in hundredths) immersed 
in an 8 in. test-tube containing the solutions under observa
tion; this was surrounded by a slightly larger glass tube 
which served to insulate it from the water-ice bath used for 
all determinations. The solute and solvent were in all 
cases weighed out directly, and no special attempts were 
made to correct for the amount of solvent that may have 
frozen out during the process of supercooling (although this 
was negligible in most cases, since the cooling bath was main
tained so as to keep the amount of supercooling at a mini
mum). The highest reading at which the temperature re
mained constant was taken as the freezing point. A manu
ally operated glass-ring stirrer was used for the nitrobenzene 
solutions, and a steel stirrer for the benzene and p-dioxane 
solutions.

The (CH 30 )3B and azeotrope (courtesy Callery Chemical 
Co.) were distilled and assayed for borate content by means 
of the standard mannitol-phenolplithalein analysis. The 
borate assayed 100.1% (CH30 ) 3B (the high assay probably 
is the result of the presence of small amounts of dissolved 
H3B 0 3, formed by partial hydrolysis). The azeotrope 
(b.p. 54.5° (758 m m .)) contained 74.83% (CH30 ) 3B (this 
value being slightly lower than that to be expected for a 
1:1 mixture).

Results and Discussion
Spectroscopic.—The infrared spectra of the 

CH3OH and (CH30 )3B were found to be identical 
with the spectra already reported for these com
pounds.2-4 The spectrum of the azeotrope showed 
the presence of the B -0  stretching peak at 1348 
cm.-1, the OH stretching peaks (with intermolecu- 
lar hydrogen bonding) at 3200-3400 cm.-1, in addi
tion to the other characteristic assignments found 
in the separate components.2-4 Thus the com
plete additivity of the component spectra indicates 
the absence of any tendency for compound forma
tion.

Cryoscopic.—Table I presents the results of the 
cryoscopic study made on the (CH30 )3B. Six de
terminations were made in each solvent medium.

(1) T. J. Tully and P. M. Christopher, T h is  J o u r n a l , 61, 1578 
(1957).

(2) H. M. Randall, R. G. Fowler, N. Fuson and J. R. Dangl, “ In
frared Determination of Organic Structures,”  D. Van Nostrand Co., 
Inc., New York, N. Y., 1949, p. 191.

(3) L. J. Bellamy, “ The Infra-red Spectra of Complex Molecules,”  
John Wiley and Sons, Inc., New York, N. Y., 1958, p. 348.

(4) R. L. Werner and K. G .  O’Brien, Australian J. Chem., 8, 355
(1955).

Fig. 1.— Cryoscopic plot of the CH30 H -(C H 30),B  azeo-
trope.

T a b l e  I
Solvent K t G. borate/kg. solvent M  (g./mole)

Nitrobenzene 6.852» 20.76-40.32 104.3 ± 0 . 5
Benzene 5.065« 26.80-62.27 103.4 ±  .4
p-Dioxane 4.63« 16.87-60.29 104.0 ±  .7

The results reported in Table I show the molec
ular weight of (CH30 )3B (theoretical 103.9) to be 
normal in the solvents employed.

Figure 1 is the cryoscopic plot for the azeotrope 
in the same solvent media listed in Table I. The 
ratio of the apparent to the theoretical molecular 
weight, M/Mo, where M0 is 136.0 g./mole, is plotted 
against the molality, m.

Since the azeotrope has been shown to be a true 
mixture, the curves in Fig. 1 should all be straight 
lines that approach a limiting value of M/M0 =
0.5 at infinite dilution if the solutions obeyed Hen
ry’s law. This relationship is evident for the ni
trobenzene plot, which is almost linear, and for 
solutions in p-dioxane greater than 0.1 m. The 
benzene plot, on the other hand, shows no such 
concordance. Table I shows the molecular weight 
of the borate to be normal in all three solvents; 
therefore one must attribute any deviations from 
linearity and from the limiting value of M/M0 to 
the presence of the CH3OH and to systematic ex
perimental errors. The nitrobenzene and p-diox
ane plots, however, demonstrate an early view that 
in the cryoscopic method it is the molecular weight 
of the solute as vapor which is obtained.7

Conclusions
1. A speetroscopic examination in the infrared 

region (2-16 p) of the methanol-methyl bor
ate azeotrope gave no evidence for compound 
formation. 2. Methyl borate exhibits a normal 
molecular weight in solutions of nitrobenzene, ben
zene and p-dioxane. 3. The azeotrope obtains 
molecular weights in nitrobenzene and p-dioxane 
that are characteristic for a true mixture in solu
tion, and at infinite dilution gives the same value 
for this property as the one previously reported for 
the vapor state.1 The presence of methanol in the

(5) W. E. Turner and C. T. Pollard, J. Chem. Soc., 1751 (1914).
(6) C. A. Kraus and R. A. Vingee, J. Am. Chem. Soc., 56, 511 (1934).
(7) J. M. Peterson and W. H. Rodebush, T h is J o u r n a l , 32, 709 

(1928).
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azeotrope failed to produce the same concordance in 
benzene as in the other two solvents.

Acknowledgment.—The author wishes to express 
his thanks to Mr. Jack Cazes, Department of 
Chemistry, New York University, for the purifica
tion of all reagents and for taking the infrared spec
tra used in this investigation.

THE EFFICIENCY OF STREAMING 
POTENTIAL GENERATION1

B y  A r m a n d  F. L e w is 2 an d  R a ym o n d  R . M y e r s

L e h ig h  U n iv e r s i t y ,  B e th le h e m , P a ,

Received March 19, 1960

Experiments were conducted to determine the 
efficiency of electric power generation in the elec- 
trokinetic streaming process. The electrokinetic 
streaming efficiency has been defined as the ratio 
of electrical power, E l  (streaming potential times 
streaming current) to the mechanical power, 
APQ (pressure difference times volume flow rate 
through the diaphragm).8

Basically, the streaming potential phenomenon 
can be shown to consist of an interaction between 
two apparent charge density functions; the elec
trokinetic charge density, AP/E, and the streaming 
charge density, I/Q. The electrokinetic charge 
density has been described in a previous paper4 
where it is defined as the apparent ionic charge 
concentration, e.s.u./cm.3, within the electro- 
kinetically sensitive portion of the double layer. 
On the other hand, the streaming charge density 
represents the ratio of current I  (e.s.u. per second) 
to flow rate Q (cm.3 per second); thus from a strict 
definition of terms, I/Q represents the number of 
ionic charges moved (or distorted at the double 
layer) by each cm.3 of streaming liquid. The 
efficiency function therefore can be regarded as a 
ratio of these two charge density parameters, 
1/Q divided by AP/E.

Experimental
Quartz wool4 and isocyanate plastic sponge were used in 

this study. These materials were chosen because of their 
ease of packing into a diaphragm of reproducible perme
ability, and because they represent two different types of sur
face. The isocyanate sponge was similar to that manu
factured by the Hudson Cush-N-Foam Corporation. This 
material was leached with water until free of ionic impurity 
as determined by the conductivity of the leaching water. 
The sponge was cut into a cylindrical shape so that it would 
fit firmly into the sample holder of the apparatus.4

The resistance of the plug R  was determined using the 
technique of Neale and Peters. I/Q was calculated from a 
combination product of the experimental parameters (E/aP ) 
(AP/Q)(l/R). Various plug permeabilities were obtained 
by compressing the sample into the holder by a thin-walled 
glass tube retainer. The diaphragm thus was held at a 
particular compression during the measurement with the 
minimum possible obstruction.

Results and Discussion
Results of temperature studies on both quartz 

wool and isocyanate sponge are given in Table I. 
In general, the streaming efficiency of isocyanate

(1 )  B a se d  in  .p a rt o n  t h e  P h .D .  d is s e r t a t io n  o f  A r m a n d  F . L e w is , 
L e h ig h  U n iv e r s it y ,  O c t o b e r ,  195 8 .

(2 )  A m e r ic a n  C y a n a m id  C o m p a n y , S t a m fo r d ,  C o n n .
(3 )  H . B . B u ll  a n d  L .  S . M o y e r ,  T h is  J o u r n a l . 40, 9 (193f>).
(4) R. R. Myers and A. F. Lewis, ibid., 64, 196 (1960).

sponge decreased at higher temperature, while 
with quartz wool, the opposite trend was found. 
Of greater potential significance is the behavior 
of the charge density parameters. The streaming 
charge density I/Q rose with increased temperature 
for quartz wool, but dropped in the case of iso
cyanate. The electrokinetic charge density AP/E 
followed a reverse behavior with the two surfaces. 
AP/E therefore augmented the temperature de
pendence of efficiency, since AP/E is inverted in 
the efficiency computation.

T a b l e  I
T e m p e r a t u r e  D e pe n d e n c e  o f  St r e a m in g  E f f ic ie n c y  of 

Q u a r t z  W o o l  a n d  I so c y a n a t e  Sp o n g e  in  W a t e r

M a t e r i a l "
T e m p . ,

° C .

Q/AP.
c m .8/  

s e c .- c m .

A P / E  
X  I O “ ’ , 
e . s . u ./  

c m .3

I/Q
X  1 0  
e . s . u ./  

c m .3

E f f i 
c i e n c y  
X  1 0 *

Quartz wool 25 0.63 2.10 1.54 0.73
(wt., 0.4 g.) 27 .66 2.06 1.71 .83

30 .70 1.82 1 71 .94
40 . 8 8 1.45 2.23 1.54
49 1.06 1.22 2.58 2.12
57 1.36 1.07 3.42 3.20
67 1.37 1.07 3.48 3.25

Isocyanate 25 0.12 1.82 5 46 3.00
sponge 29 .14 1.99 4.54 2.28
(wt., 1.5 g.) 38 .17 2.03 4 56 2.24

40 .20 2.04 4 62 2.26
62 .24 2.80 4 93 1.76

“ Both diaphragms 3.9 cm. long and 1.1 cm. in diameter.

The important variable of conductivity was 
studied by adding various amounts of KC1 to the 
streaming water. As shown in Table II, the pres
ence of the electrolyte drastically reduces the 
streaming efficiency of both materials. These data 
conform to the expected trend wherein the increase 
in streaming liquid conductance impresses an 
internal shunt on the voltage produced. Further
more, the I/Q parameter is shown by this analysis 
to maintain a remarkable constancy in the face of 
wide changes in ionic strength. Consequently, 
all of the efficiency drop with increased conductivity 
can be attributed to the increase in electrokinetic 
charge density.

T a b l e  II
D e p e n d e n c e  o f  Str e a m in g  E ff ic ie n c y  on  th e  C on 

d u c t iv it y  o f  th e  St r e a m in g  L iq u id  (2.5°)
S p e c if ic
e o n d u c -

K C 1 t i v i t y A P / E I / Q E f f i 
X  IO«. X  1 0 - • X  1 0 - / X  1 0  ~ 8, c i e n c y

M a t e r i a l " m o l e s / I . o h m - c m . e . s . u ./ c m .8 e . s . u ./ c m .8 X  1 0 3

Quartz wool 0 1.4 2.10 1.54 0.73
Q/AP: 0.63 17 2.0 2.84 1.92 .68
cm.3/sec.- 33 5.7 6.89 1.77 .26
cm. 50 8.5 12.46 1.67 .13

79 12.6 24.88 1.39 .06
100 17.3 28.46 1.62 .06

Isocyanate 0 1.4 1.82 5.46 3.00
sponge 25 4.6 5.69 5.34 0.94
Q/AP: 0.15 42 7.2 8.87 5.86 .66
cm.3/sec. cm1. 100 18.0 18.10 6.C5 .30
“ Same diaphragms as used in Table I .

The influence of hydrodynamic permeability of 
the diaphragm on efficiency was studied by stream-



Sept., 1960 Notes 1339

ing water through quartz wool and isocyanate 
sponge held at various compressions. In Table 
III, the permeability changes are represented by 
two factors, the solids density and the flow rate per

T a b l e  I I I
E ff ect  o f  P e r m e a b il it y  on  th e  St r e a m in g  E ff ic ie n c y  
o f  Q u a r t z  W ool an d  I so c y a n a t e  Spo n g e  D ia p h r a g m s

Length,a 
cm.

Solids
density,
g./cm.*

Q/AP,
cm.3/

sec.-cm.

A P/E 
X 10-L 

e.s.u./cm.*
I/Q x  10-=,

e.s.u./cm.*
Effi

ciency 
X 10‘

Quartz wool
6.3 0.06 0.92 1.21 2.10 1.74
5.5 .07 .82 2.15 1.41 0.65
4.8 .08 .67 2.29 1.30 .57
3.9 .10 .66 2.05 1.74 .85
2.3 .17 .49 2.13 1.62 .76

Isocyanate sponge
5.2 .24 .33 1.22 3.55 2.91
4.7 .26 .20 1.35 4.34 3.22
4.6 .27 .19 1.40 3.91 2.80
3.9 .31 .16 1.47 4.47 3.04
3.8 .32 .14 1.51 5.07 3.35
2.6 .47 .04 2.01 13.16 6.55
2.4 .51 .03 2.32 17.04 7.36
2.0 .61 .01 2.46 22.30 9.07
3.0 .05 1.90 1.48 0.38 0.26
3.0 .08 1.60 1.23 .62 0.49
3 .0 .09 1.30 1.11 .67 0.60
3.0 .13 0.47 0.95 2.02 2.13
3.0 .38 .19 1.42 3.00 2.12
3.0 .47 .11 1.59 4.95 3.10
3.0 .53 .04 2.21 8.16 3.69
3.0 .61 .01 2.84 20.50 7.23
“ Diameter of all diaphragms, 1.1 cm.

unit pressure across the diphragm, Q/AP. A wide 
range of permeability could not be attained with 
quartz wool plugs; hence the effect of permeability 
on efficiency was not clearly defined. On the other 
hand, the permeability of isocyanate sponge was 
varied in two ways. First, the amount of sample 
was held constant and then compressed to various 
lengths; second, the sample was held at constant 
length (3 cm.) and the permeability was varied by 
changing the packing. Under both conditions the 
efficiency increased at decreased permeability. 
The data presented show that permeability drasti
cally influences the streaming efficiency below a 
Q/AP of about 0.1 cm.3/sec.-em. Since this 
behavior is not predicted by classical theory of 
streaming potential, much doubt is cast on existing 
literature which reports streaming data at low 
permeabilities. A similar conclusion has been 
made by Biefer and Mason.5

In general, streaming potential generation is 
a very inefficient process with efficiency values in 
the order of 10 ~5, depending upon experimental 
conditions. The results presented illustrate that 
the streaming potential phenomenon can be a use
ful tool for studying the solid-liquid interface 
without employing the classical approach. Further
more, this analysis gives a broad picture of the 
streaming potential effect which may serve as a 
basis for future studies in the field.

(5) G. J. Biefer and S. G. Mason, Trans. Faraday Soc., 55, 1239
(1959).
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THE HEATS OF FUSION OF THE CADMIUM 
HALIDES, MERCURIC CHLORIDE AND 

BISMUTH BROM IDE1
B y  L. E. T opo l  an d  L. D. R an som

Atomics International, A Division of North American Aviation, Inc.
Canoga Park, California
Received March 21, 1960

In the course of investigations of molten metal- 
metal salt systems in this Laboratory, cryoscopic 
measurements in CdCl2, CdBr2, Cdl2, HgCl2 and 
BiBr3 solutions have been carried out. Interpre
tation of these results required an accurate value 
for the heat of fusion of the salt solvent. As 
the literature values for the heats of fusion of the 
above salts were all based on cryoscopic measure
ments and thus, as has been shown in recent calori
metric studies with other salts,2-3 may be of doubt
ful accuracy, a calorimetric study was made to 
determine these values.

Experimental
Materials.— CdCl2, CdBr2 and Cdl2 were prepared and 

purified as described elsewhere.4
BiBrj was synthesized from the elements in a similar 

manner to CdBr2.
HgCl2) Mallinckrodt analytical reagent grade, was 

dried overnight at 140° in vacuo.
Apparatus and Procedure.— The drop-calorimeter and 

procedure were identical to those used earlier.1 A minimum 
of six drops over a 60 to 100° range both above and below 
the melting point of each salt was made. The salt samples, 
10 to 20 g. in weight, were contained in platinum and were 
always melted before the measurements were carried out to 
ensure intimate contact between the salt and container. 
In the case of HgCl2 the possibility of reaction between the 
salt and container was checked by X-ray fluorescence tech
niques. Within the sensitivity of the method (0.5% by 
weight) no platinum was found in the salt phase.

Results and Discussion
The calorimetric results for CdCl2, CdBr2, 

Cdl2, HgCl2 and BiBr3 found in this study together 
with the literature values for the heats of fusion6-6 
are listed in Table I. The heat capacities of the 
salts were assumed to be constant for the limited 
temperature ranges of the measurements.

It is interesting to note that the heats of fusion 
reported in the literature were determined cryo- 
scopically and are lower in every case than the 
calorimetrically measured values. These lower 
results might be expected when solute concentra
tions are not sufficiently dilute to permit accurate 
use of the Raoult-van’t Hoff relation.

(1) This work was supported by the Research Division of the 
Atomic Energy Commission.

(2) L. E. Top:>l, S . W. Mayer and L. D. Ransom, T h is  Journal, 
in press.

(3) A. S. Dworkin and M. A. Bredig, T h is  Journal, 64, 269 (1960).
(4) L. E. Topol and A. L. Landis, to be published.
(5) K. K. Kelley, U. S. Bur. Mines Bull. 393, 1936.
(6) L. Brewer et al., “ The Chemistry and Metallurgy of Miscellane

ous Materials: Thermodynamics,’ ’ ed. by L. L. Quill, McGraw-Hill 
Book Co., New York, N. Y., 1950.
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T a b l e  I

Salt

H e a t  C a p a c it ie s , H e a t s  an d  E n tr o pie s  o f  F usion
*-------------- Heat capacity-------------- «.

(cal./deg./mole)
Solid Liquid M.p., °K.

f o r  C d C l2, CdBr2, 

ASt (e.u.)

Cdl2, HgCl2 an d  BiBr3

x-------AH f (kcal./mole)
This work Lit.®

C d C h 28.5 ±  1.5 26.3 ±  2.3 842.1 8.57 ±  0.20 7.22 +  0 .17 5.30
CdBrj 22.8 ±  2.0 24.3 ±  1.2 841.2 9.48 ±  .09 7.97 ± .08 5.00
Cdl2 21.5 ±  1.6 24.4 ±  2.7 661.2 7.49 ±  .20 4.95 ± .13 3.66
HgCh 19.2 ±  0.6 27.2 ±  1.1 552.7 8.40 ±  .09 4.64 ± .05 4.15
BiBr3 26.0 ±  1.0 37.7 ±  1.7 492.2 10.55 ±  .40 5.19 ± .20 (4.0)

The entropies of fusion for these salts are of the 
same magnitude as those for most inorganic sub
stances, i.e., between 2.5 and 3.2 e.u. per gram- 
atom.7 However, for the cadmium halides the 
highest entropy of fusion exhibited by the bromide 
is interesting. Since CdCl2 and CdBr2 are similar 
compounds, chemically and structurally, little 
difference in the entropy of fusion would be ex
pected.

The entropy of fusion of BiBr3, 10.5 e.u., is 
somewhat lower than that found for BiCl3,2 11.2 
e.u. As the two salts have similar structures,8 
at least a part of the difference in values may be 
the result of the solid phase transition which occurs 
in BiBr3 at 158°.8 This transition, observed by 
thermal analysis, does not involve a change in 
structure. This fact suggests a maximum en
tropy and heat effect of 0.7 e.u. and about 0.3 
kcal./mole, respectively, are associated with the 
solid phase change. Such a heat effect was not 
found in the calorimetry studies, possibly as a result 
of the rapid cooling of the sample during the meas
urements.®

(7) O. Kubaschewski and E. LI. Evans, “ Metallurgical Thermo
chemistry,”  Pergamon Press, New York, N. Y., 1958, p. 191.

(8) G. M. Wolten and S. W. Mayer, Acta CrysL, 11, 739 (1958).
(9) Reference 7, p. 125.

THE AFFINITY OF CERTAIN 
DISUBSTITUTED AMIDES AND 

ORGANOPHOSPHORUS COMPOUNDS 
FOR WATER1

water. This strong affinity is lost with the di
ethyl amide but persists even with ethyl groups in 
the phosphorus compounds. It is also seen that 
the order of affinity for water is phosphinate >  
phosphonate >  phosphate.

These observations allow two conclusions to 
be drawn. First, the affinity for water depends 
greatly on the degree of steric hindrance around the 
dipole group. Longer alkyl chains seem to prevent 
the accumulation of water molecules around the 
dipole group. Second, the affinity for water follows 
the same trend as the ability to extract actinide 
elements and nitric acid from aqueous nitrate solu
tions. The order of extractant strength is also 
phosphinate >  phosphonate >  phosphate.

Perhaps the most interesting question that arises 
from the data in Table I concerns the structure of 
organic phases that contain so much water. It is 
obvious that as many as 30 molecules of water 
cannot be directly fixed to the organic dipole. 
Instead the effect of the organic dipole must be 
propagated through a chain or network of water 
molecules. However, the normal ability of these 
water molecules to solvate metal ions is little, if 
any, impaired. Preliminary experiments showed 
that for tracer concentrations, the extraction co
efficients for cesium, strontium and promethium 
are all about 0.3 with 0.05 M  nitric acid in the aqu
eous phase and with dimethyl octylphosphonate. 
Since cesium, in particular, is not very well ex
tracted by esters that contain phosphorus, the ex
traction must be due to solvation by water.

By T. H. S id d a l l , III
S a v a n n a h  R i v e r  L a b o r a t o r y ,  E .  I .  d u  P o n t  d e  N e m o u r s  &  C o A i k e n ,  

S o u t h  C a r o l in a

Received April 11, 1960

Various esters that contain phosphorus have been 
investigated as extractants for actinide and rare 
earth elements and for nitric acid. The author 
also has in process of publication a similar study of 
extraction by disubstituted amides. However, 
no extensive study has been reported pertaining to 
the solubility of water in such compounds. Ob
servations that the volume of samples of dimethyl 
octylphosphonate increased markedly on being 
wetted prompted an investigation of water solu
bility in the octylphosphonate, similar compounds, 
and in disubstituted amides. Preliminary results 
of such a study are reported here.

The data in Table I show that those phosphorus 
compounds and amides with the dipole group 
(P = 0  or C = 0 )  exposed have a strong affinity for

(1) The information contained in this article was developed during 
the course of work under contract AT(07-2)-l with the U. S. Atomic 
Energy Commission.

T a b l e  I
W a t e r  So l u b il it y  in  V a r io u s  A m id e s  a n d  O rg a n o - 

ph o sph o ru s  C om pounds
Weight Temp., Mole ratio

Compound % H*0 °C. H,0/organic
N,N-Dimethyloctanamide 26 30 3.3
N,N-Diethyldecanamide 3.0 30 0.34
N,N-Dibutylbutyramide 3.0 30 0.34
Tributyl phosphate 6.4 30 1.0
Dibutyl butylphosphonate 10.4 30 1.7
Dimethyl octylphosphonate 71 0 30

51 30 13
35 60 6.6

Diethyl octylphosphonate 43 0 11
22 30 3.9
15.4 60 2 .5

Octyl diethylphosphinate 59 30 18

Preliminary experiments showed that when 
nitric acid is extracted, the methyl and ethyl 
phosphonates lose the ability to extract water. 
Each molecule of extracted nitric acid removes 
one phosphonate molecule as a water acceptor.

Further experiments with these compounds are
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in progress. Solutions of water in such compounds 
as dimethyl octylphosphonate should be interesting 
solvent media and should provoke a number of 
questions as to the structure and properties of the 
solutions themselves. Measurements of the solu
bility of the organic compounds in the aqueous phase 
also are required. Qualitative indications, so far, 
are that such solubility is low.

CONDUCTANCE OF 
TETRABUTYLAMMONIUM  

TETRAPHENYLBORIDE IN NITRILES1
B y  A l a n  M a c k e n zie  B r o w n  a n d  R a ym o n d  M . F uoss

Contribution No. 1615 from the Sterling Chemistry Laboratory, Yale 
University, New Haven, Connecticut

Received May £, 1960

Tetrabutylammonium tetraphenylboride (BmN- 
BPh4) is a useful reference electrolyte for exploring 
a given solvent system, because both ions have the 
same volume and therefore half the limiting con
ductance gives the single ion conductances2 of 
Bu4N+ and BPh4~, whereby the single conduct
ances of other anions and cations can be obtained. 
Since the ions are large, ion pairs are not very stable 
until solvents of fairly low dielectric constants 
are used: at D =  25, K a is about 20, and at a con
centration of 3 X  10 ~3, for example, the decrease in 
conductance due to pair formation is only about 
4%. In the range D >  25, the graphical y — x 
method of determining the association constants 
from conductance data for this salt fails because it 
becomes too sensitive to even small experimental 
error. The purpose of this note is to present a new 
method of determining small association con
stants, using as example the conductance of Bu4N- 
BPh4 in acetonitrile-isobutyronitrile as solvent.

Experimental
Tetrabutylammonium tetraphenylboride was prepared 

from recrystallized tetrabutylammonium bromide (20 g. 
to 100 ml. benzene and 20 ml. of re-hexane, m.p. 119.6°) 
and sodium tetraphenylboride, and recrystallized from 2:1 
acetone-water; m.p. 236°. The density of the salt is 
1.023 g./m l. Acetonitrile was distilled from P20 6 twice 
and then from anhydrous K 2CO3, using a Todd still; b.p. 
81.6°; density 0.7766 g ./m l.; conductance, 0.2-0.4 X  
10-6; viscosity at 25°, 0.003441 poise; dielectric constant at 
25°, 36.23. Isobutyronitrile was shaken with concentrated 
hydrochloric acid to remove isonitriles, then with water and 
with sodium bicarbonate solution. It was dried over P20 6 
and twice fractionated through the Todd still: b.p. 103.6°; 
density, 0.7650 g ./m l.; conductance, 0.05 X 10-6; vis
cosity at 25°, 0.004946 poise; dielectric constant at 25°, 
24.90.

Solutions were made up by weight and calculated to 
volume concentrations from the known densities. Con
ductances were measured at 25.00°, using cells with con
stants 0.9021, 0.3478 and 0.08356. The experimental 
results are summarized in Table I; the mixture was 79.6 wt. 
%  isobutyronitrile, with D =  27.58 and r\ =  0.004414.

The data were analyzed by a graphical method, using as 
the starting point the equation3
A = Ac — S(cy)'/‘ +  Ecy  log Cy +  Jcy  — FAc —

K AcypA  (1)
Association to ion pairs was very slight ; hence the graphical

(1) Office of Naval Research Technical Report no. 64. This paper 
may be reproduced In whole or in part for any purpose of the United 
States Government.

(2) R. M . Fuoss and E .  Hirsch, J. Am. Chem. Soc., 82, 1013 (1960).
(3) R. M. Fuoss, iiid., 81, 2659 (1959).

y  —  x  method of evaluating the constants Ao, a and K a 
could not be used, because the difference AA which deter
mines y becomes far too sensitive to experimental error.4 
Attempts to process the data by the Kay program5 for 
equation 1 on the IBM-650 computer failed, also because 
association was slight and the computer gave negative K a- 
values with an uncertainty of ± 1 0 0 % . When processed 
by the program for unassociated electrolytes (y  =  1 and 
K a =  0 in equation 1), the preliminary  values shown in 
Table II resulted. The small values of a (about 5 A .) 
show that some association is taking place, because the J- 
and K a-terms in (1) oppose each other and calculating a

T a b l e  I
C o n d u ctan ce  o f  BmN-NBPh, a t  25°

10* c A 104 c A 10* c A
MeCN Mixture MejCHCN

56.732 99.33 38.610 75.88 31.277 66.38
37.179 102.58 30.889 77.28 25.436 67.55
29.077 104.24 23.532 78.86 19.906 68.87
20.575 106.41 20.670 79.53 13.965 70.64
14.839 108.18 14.682 81.33

T a b l e  II
D e r iv e d  C o n st a n t s  

MeCN Mixture MejCHCN
A0 (prelim.) 
â (prelim.) 
Ao (final)
H
K a

119.90 ±  0.06
5.18 ±  .06

119.85 ±  .05 
1780

8.2

92.77 ±  0.06 
5.19 ±  .05 

92.70 ±  .05 
2720 

14.4

81.66 ± 0 .0 3  
5.05 ±  .03 

81.61 ±  .05 
3100 

18.4

from the observed coefficient of the net linear term then 
necessarily will give too low a value to a. Hence another 
method of analyzing the data was devised which promises 
to be useful for other cases of slight association.

To a close approximation, the quantity A ',, defined as

A ', =  A +  Sc' / * — Ec log c ■+- FAc (2)
~  Ao -f- He

gives a linear plot against concentration when the association 
constant is small (y  ~  1). Using6 F  = 2 .0  and the pre
liminary values of Ao, A'v was computed and extrapolated 
to give the final values of A0 (Table II).

The observed slopes H  are also given in the table; from
(1), we see that

H — J — K aA„ (3)

Empirically, J  is nearly linear in a over small ranges of a- 
■values

J — ki -j- k,(i (4)
where k\ and fc2 are determined easily from a graph of J 
against o (ref. 4, equation 15.34). Theoretically,7 if ion- 
solvent interaction is temporarily neglected

K a =  (4nNa3)/3000y  =  a3k3eh (5)
whence, for 25°

H = ki +  k2a — a3k̂ A<> X  lO243-4'*14 (6)

In other words, the slope of the A%-c plots is a function of a 
and the dielectric constant (the latter implicitly through 
ki and k, and explicitly in the exponential). Rearranging
(6) gives

ot =  (H  — h )/ h  =  a -  (a*hAo/h) X  10 243-4'»c  (7)
=  a — (3fea310')'/o (8)

For each system studied, we have an equation of the form

(4) R. M. Fuoss and F. Accascina, “ Electrolytic Conductance,” 
Interscience, New York, 1959, Ch. 17. All symbols used are defined 
here.

(5) Robert L. Kay, J. Am. Chem. Soc., 82, 2099 (1960).
(6) R. M. Fuoss, J. B. Berkowi'z, E. Hirsch and S. Pétrucci, Proc. 

Natl Acad. Sci., 44, 27 (1958).
(7) R. M. F u o s s , J. Am. Chem. Soc., 80, 5059 (1958).
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Fig. 1.— Determination of paired (fa, a) values for Bu4N- 
BPh4 in MeCN.

Fig. 2.— Determination of fa and a for Bu4N B P h4 in three 
solvents.

(8); the problem is to solve this set of equations for a and 
fa. Using subscripts i to denote different systems, (8) 
rearranges to

7i/<* = log [(a -  a>)/Pifaa3] = / i ( a ,  fa) (9)
Now is simply 243.4//A while f ,  depends on fa and a. 

Figure 1 shows a plot of 71 /a against a range of trial values of 
a; on the same graph are shown plots of /1 for fa =  0.00170,
. . ., 0.00215 for the same values of n (i =  1 corresponds to 
acetonitrile as solvent). According to (9), the intersections 
of the 7 i/a curve with the family of f\ curves gives a set of 
mutually consistent (fa, a) pairs. Similar plots were con
structed for the other two solvent systems. Then in Fig. 2, 
these values of fa are plotted against their partner a-values. 
If (5) is correct, i.e., if the functional dependence of K\ 
on a is as shown in (5), and if a is independent of solvent 
composition (i.e., characteristic of the solute), the three 
curves of Fig. 3 should intersect at one point, the unique 
solution of the set of equations. It will be seen that this is 
indeed the case; from the figure, fa =  2.11 X 10“ 3 and a =  
8.68 ±  0.05.

The value of fa is somewhat smaller than the theoretical 
value (4 wN X 10~2V3000) = 2.524 X 10“ 3, but if a term 
is inserted in (5) to allow for solvent-ion interaction,8 so that

A'A =  2.524 X 10~3 d3 exp(6 +  E./kT) (10)

we find E,/kT =  —0.185. Since both ions are large, and 
the central charge is well shielded in the cation and dis
tributed in the anion, the small value of Ee seems reasonable. 
The values of Kj, in Table II are computed using the con
stants from Fig. 2; K aì =  2.11 X  10-3 (8.68)3 IOyì'8«8. 
Finally, plotting the apparent Stokes radius against re
ciprocal dielectric constant9 evaluates the hydrodynamic 
radius fifa = 3 .7 7 ,  which is in excellent agreement with 
Hirsch’s value2 of 3.63 found for this salt in the solvent sys
tem nitrobenzene-carbon tetrachloride.

(9) R. M. Fuoss, Proc. Natl. Acad. Sci., 45, 807 (1959).

THE ULTRAVIOLET ABSORPTION 
SPECTRA OF A SERIES OF ALKYL-, 

CYCLOALKYL- AND CHLORO- 
SUBSTITUTED KETONES1

By W. R. M o u n t c a st l e , Jr., D. F. Smith an d  E. L. G r o v e

School of Chemistry, University of Alabama and the Department of
Chemistry, Birmingham—Southern College, Birmingham, Alabama

Received May 6, 1960

The vapor phase absorption spectra of a series of 
alkyl-, cycloalkyl- and chloro-substituted ketones 
have been determined in the 220-320 m^ region. 
The compounds studied included: eight a-methyl- 
substituted ketones (including 2,2,4,4-tetramethyl-
3-pentanone); eight a-chloro-substituted ketones 
(including l,l,l,3,3,3-hexachloro-2-propanone); the 
two «-substituted cyclopropyl ketones; and two 
cyclo-ketones. The spectra of a number of these 
compounds were determined in “ isooctane”  solu
tion. However, no striking differences were evi
dent for the spectra in the vapor state and in the 
non-polar solvent.

The compounds studied provided examples of a 
simple system in which the positive inductive ef
fect of the methyl group can be compared with the 
negative inductive effect of a chlorine atom. How
ever, this simple effect is overcome by other ef
fects, i.e., steric requirements of the substituent 
groups, hyperconjugation, etc.

Experimental
The vapor phase ultraviolet spectra were determined by 

standard methods in a 1-meter fused quartz cell using an 
Applied Research Laboratories, 1.5 meter, 24,400-lines per 
inch grating spectrograph. Eastman Kodak No. 103-0 
UV 35-mm. film was used. Absorbancy readings were made 
on a National Spectrographic Laboratories, No. 310-2, 
Spec-Trol, densitometer, using as a reference an iron arc 
standard, previously placed on the film as a part of the 
determination.

All compounds used were commercially available or were 
prepared by methods described in the literature. All wore 
purified by distillation. The physical properties and Xmax 
of the compounds are summarized in Table I. The spectral 
data for the thirteen compounds which have not been 
reported previously have been accepted for publication by 
the Manufacturing Chemists Association Research Project, 
Chemical and Petroleum Research Laboratory, Carnegie 
Institute of Technology, Pittsburgh 13, Pennsylvania.

Discussion of Results
It is evident that the near ultraviolet carbonyl 

absorption maximum of a ketone undergoes a “ red 
shift”  as the a-hydrogens are replaced by methyl

( 1 )  T h i s  i n v e s t i g a t i o n  w a s  s u p p o r t e d  in  p a r t  b y  t h e  A t o m i c  E n e r g y  
C o m m i s s i o n . F r o m  a  d i s s e r t a t i o n  s u b m i t t e d  b y  W .  R .  M o u n t c a s t l e , 
J r . ,  in  p a r t i a l  f u l f i l l m e n t  o i  t h e  r e q u ir e m e n t s  f o r  t h e  d e g re e  o f  D o c t o r  o f  
P h i l o s o p h y , A u g u s t , 19.r)8 . P r e s e n t e d  in  p r e l i m i n a r y  f o r m  a t  t h e  
S o u th e a s t e r n  R e g i o n a l  M e e t i n g , A C S ,  G a i n e s v i l l e , F l o r i d a , D e c e m b e r  
1 2 , 1 9 5 8 .(8 ) W .  R .  G i l k e r s o n , J .  C h e m . P h y s . ,  2 5 , 1 1 9 9  ( 1 9 o G ) .
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T a b l e  I
P h y sic a l  C o n st a n t s  o f  t h e  C om pou n ds  U sed  in  T his 

R e se a r c h

Compounds
Xmax,

my.
Refractive

index
B.p., °C. 

(mm.)
2-Propanone 277 n20n 1.3588 56 (755)
2-Butanone 278 n»°D 1.3788 79 (748)
3-Pentanone 279 n*> d 1.3924 102 (760)
3-Methyl-2-butanone 283 n20D 1.3881 94 (761)
*-, 4- Dimethyl-3-pentanone 287 n10D 1.3999 125 (762)
3,3-Dimethyl-2-butanone 285 n20D 1.4016 106 (755)
2-Hexanone 279 n20D 1.4003 128 (755)
2,2-Dimethyl-3-pentanone 288 n20n 1.4050 129 (760)
2,2,4-T rimethy 1-3-pentanone 290 n20D 1.4060 136 (760)
2,2,4,4-T etramethyl-3-pentanone 297 n20n 1.4193 153 (760)
1 -Chloro-2-propanone 289 n“ D 1.4312 67 (110)
1,1-Diehloro- 2-propanone 295 n«D 1.4442 121 (760)
l,3-Dichloro-2-propanone 300 173 (760)

1,1, l-Trichloro-2-propanone 281 ti2°d 1.4650
m.p. 43-44* 

133
l,l,3,3-Tetrachloro-2-propanone 301 n18D 1.5000 47-48 (5.5)
l,l,l,3-Tetrachloro-2-propanone 299 n‘«D 1.4900 47-48 (6.0)
1,1,1,3,3-Pentachloro- 2-propanone 298 n**D 1.4955 189 (750)
1, l,l,3,3,3-Hexachloro-2- 

propanone 298 n25i.> 1.5090 201 (750)
Methyl cyclopropyl ketone 276 tj2*d 1.4222 111 (758)
Dicyclopropyl ketone 276 n«n 1.4657 163 (760)
Ethyl acetoacetate 278 n20D 1.4192 50 (7.0)
Cyclopentanone 300 t?2°d 1.4335 130 (755)
Cyclohexanone 289 n20D 1.4497 155 (755)

groups.2 This shift has been ascribed variously 
to the positive inductive effect of the methyl group, 
or to hyperconjugation; and it also has been de
scribed simply as the “ methyl effect.”  In this in
vestigation it has been observed that the “ red 
shift”  is more dependent on the symmetry of sub
stitution than on the number of entering methyl 
groups.

A possible explanation for this effect is the steric 
requirements of the entering group and the strain 
produced by the opposing groups at the carbonyl 
carbon angle-a.

Rl *~Q!—* R2

The effect of strain at the carbonyl carbon has 
been cited to explain the higher Xnmx of cyclopen- 
tanone vs. cyclohexanone.3 The observation that 
“ hexamethylacetone” and “ hexachloroacetone” 
have Xma3[. values which are almost identical supports 
the contention that, in this case, the effect is steric.

The following series can be observed for a “ red 
shift”  produced by changing the complexity of R 

methyl <  ethyl <  n-butyl <  ¿-propyl <  ¿-butyl
The same order is preserved for Ri vs. R2 and the 
effect is accentuated by the degree of complexity 
of Ri and R2.4 The apparently greater effect of an 
f-propyl group when compared with other groups 
possibly could be the modifying effect of “ B” 
strain in such a group.

Where steric strain is the primary consideration, 
the case of the chloro-substituted ketones appears 
to be the same as that observed in the alkyl ke
tones. However, for the compounds in which 
the substitution is symmetrical and «-hydrogens 
are present, simple steric effects do not appear to 
offer a complete explanation. The resonance ex
treme shown

© H®

------C=C1|
I ~

H
is possible and may be a partial answer; however, 
this is pure conjecture.

The case for the cyclo-alkyl ketones is perplex
ing and no simple explanation is offered for the ob
served spectra. Hart,5 et al., have reported these 
same compounds, previously, without any ex
planation for the spectral data.

( 2 )  A .  E .  G i l l a m  a n d  E .  S .  S t e r n ,  “ A n  I n t r o d u c t i o n  t o  E l e c t r o n i c  
A b s o r p t i o n  S p e c t r o s c o p y  i n  O r g a n i c  C h e m i s t r y , ”  E d w a r d  A r n o l d  
L t d . ,  L o n d o n ,  1 9 5 4 ,  p p .  4 7 —5 1 .

( 3 )  M .  S .  N e w m a n ,  “ S t e r i c  E f f e c t s  i n  O r g a n i c  C h e m i s t r y , ”  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 6 ,  p p .  5 0 6 —5 0 7 .

( 4 )  R .  P .  M a r i e l l a  a n d  R .  R .  R a u b e ,  J. A m .  C h e m . Soc., 74, 5 1 8
( 1 9 5 2 ) .

( 5 )  H .  H a r t  a n d  O .  E .  C u r t i s ,  i b i d . ,  78, 1 1 2  ( 1 9 5 6 ) .

COMMUNICATIONS TO THE EDITOR

COMMENTS ON THE MECHANISM OF THE 
REACTION OF ACTIVE NITROGEN WITH 

ETHYLENE AND NITRIC OXIDE
Sir:

It is the purpose of this communication to show 
that the results of Verbeke and Winkler1 can be 
interpreted by assuming that the only constituent 
of active nitrogen which reacts with nitric oxide is 
atomic nitrogen in contradistinction to their con
clusions. This reaction is quantitative. The re
sults obtained for the reaction between active 
nitrogen and ethylene then can be explained by a 
mechanism analogous to Frey’s mechanism for the

(1) G. J. Vcrbekc and C. A. Winkler, J. Phys. Chem., 64, 319
(I960).

reaction between ethylene and methylene free radi
cals,2 viz.

k,
X +  (M L — > (C2H4 - N) — HCN

+  eventual hydrocarbon products
k, k,P

N +  (M b  — >- CH, -(Mb* — >- C H s-C H ,
\ /  \  /
ktS  X

HCX + eventual hydrocarbon products
h

2 C H --O H ------ >  X . +  2C,H,
\  /

X
This mechanism predicts that when active ni-

(2) U. M . Frey, J. Am. Chem. Soc., 79, 1259 (1957).
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I /  P ( mm Hg"1)
Fig. 1. Plot of (H C N pro(Iuced/N O deB troyed)( 1 H C N p rod u ce il/
NOdestroyed) _1 vs. 1/pressure taken from Verbeke and Wink
ler (1).

trogen is successively titrated with nitric oxide 
and ethylene in a given system the variable 
(HCNproduced/N Odestroyed) X  (1 HCNproduced/ 
NOdestroyed) -1 will be a linear function of the re
ciprocal of the total pressure. Figure 1 shows 
that Verbeke and Winkler’s data can be correlated 
in this way.

The slope of this correlation is 1.9 ±  0.3 mm. 
(90% confidence limit); the intercept is 0.6 ±  
0 .6.

N
/ \

CH2— CH2 is inherently unstable so that it may 
be destroyed by other reactions besides the one 
given above under appropriate experimental con
ditions. For example, Winkler3 has found re
cently that with increasing temperature, the HCN 
yield from the reaction of ethylene and active 
nitrogen increases when an unpoisoned vessel is 
used. This indicated that the wall catalyzed 
decomposition of CH2— CII2 competes with reac

tion five under these conditions.
M a t e r ia l s  D e v e l o p m e n t  L a b o r a t o r y  
R e p u b l ic  A v i a t i o n  C o r p o r a t io n ,
F a r m in g d a l e , L o n g  I s l a n d , N. Y. W a l t e r  G. Z i n m a n  

R e c e iv e d  J u n e  14, I960
(3) C. A. Winkler, unpublished communication (I960).

SOLUTIONS OF METALS IN MOLTEN SALTS 
CERIUM IN CERIUM TRICHLORIDE

Sir:
Investigations of the Ce-CeCl3 system have 

yielded lately rather surprising results such as a 
strange dependence of the electrical conductance on 
metal concentration,1 a proposal of a novel, mono-

(1) G. W. Mellors and S. SenderofT, J. Phys. Chem., 64, 294 (i960).

valent rare earth ion, Ce+, as the solute species,2 
and the enormous apparent molar volume of 500 
cc. per mole of mobile electrons, in dilute solution.1 
The recent discovery3 of solid halides of divalent 
neodymium and prasedymium such as NdCl2 and 
PrCl2.3 supports our own view that cerium enters 
the solution in molten CeCl3 as Ce++, but clarifica
tion of the aforementioned findings appeared de
sirable. A reinvestigation was started in connec
tion with the general study of molten salt-metal 
systems at this laboratory. The nature of our first 
results is such as to warrant an early report.

In agreement with available thermodynamic data 
we have found that refractory oxides such as 
sintered alumina (“ Morganite Triangle R R ” ) or 
sapphire single crystals are not suited for use with 
even dilute solutions of Ce in molten CeCl3 as they 
react readily to form cerium oxychloride according 
to: MA),, +  2y/3Ce +  y/3CeCl3 =  yCeOCl +  
iM . For instance, 0.9 g. of cerium metal and 16.3
g. of CeCl3 prepared by dehydration with NH4C1 
and subsequent sublimation were kept molten 
under argon at 850° in a Morganite crucible for two 
hours. After leaching with water, 1.62 g. of an in
soluble residue consisting mainly of purplish-white 
crystal platelets of cerium oxychloride were re
covered (X-ray identification). The inner wall of 
the crucible showed severe attack and its weight 
was reduced by 0.25 g., corresponding to approxi
mately 75% completion of the above reaction. 
Aluminum metal also was identified. Similar re
sults were obtained with a single crystal of MgO or a 
slice of high-density Th02 ceramic in a molybdenum 
crucible. (A control experiment with such a cru
cible, without refractory oxides, yielded only 
traces of CeOCl.)

On the basis of these findings it is certain that the 
data obtained in the e.m.f. and conductivity meas
urements which had been carried out in Morganite 
crucibles1-2 did not pertain to the Ce-CeC’k system! 
Rather, the added cerium must have been largely, 
if not completely, converted to CeOCl. Although 
under the circumstances any attempt at interpreta
tion of those measurements must be inadequate, the 
observed e.m.f.2 may perhaps be ascribed to a cell 
such as

M oiM o02(solid), CeOCl, CeCl3|iCeCl3|Cl2

with variable oxygen concentration in the form 
of CeOCl. We arc now in the process of de
veloping methods of investigating the Ce-CeCl3 
and similar systems in such a manner as to avoid 
reaction with unsuitable container materials. Of 
particular interest is the question whether the simul
taneous presence of the two valence states of cer
ium, Ce++ and Ce3+, leads to a high electron 
mobility.
C hemistry D ivision , Oa k  R idge N ational L aboratory 
OPERATED FOR TH E U. S.
Atomic E nergy C ommission H. R. B ronstein
b y  U nion C arbide C orporation A. S. D workin
Oa k  R idge, T enn essee  M. A. B redig

R eceived  June 17, 1960

(2) S. Senderoff and G. W. Mellors, J. Electrochem. Soc., 105, 224
(1958) .

(3) L. F. Druding and J. D. Corbett, J. Am. Cliem. Soc., 81, 5512
(1959) ; and J. D. Corbett, private communication.
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