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FACTORS RESPONSIBLE FOR THE STABILITY 
OF DETERGENT MICELLES

B y  I r v in g  R e i c h 1

University of Southern California, Los Angeles, Calif.
Received August 7, 1963

The theory of Debye, which ascribes micelle formation to the opposition between hydrocarbon-chain attraction and 
ionic repulsion, leads to grossly incorrect calculations of micelle size distribution. Theories which depend on ionic repulsion 
are also unable to account for the formation of micelles by non-ionic detergents. A general theory for the formation of 
micelles by non-ionic detergents is outlined, based on the Hartley picture of micelle structure. For ordinary solutes, the 
energy of the system decreases indefinitely as the degree of aggregation increases. For detergents, the energy of the sys
tem no longer decreases after aggregates reach a certain size. Consequently further aggregation does not occur, since that 
would involve an entropy decrease. A general equation for micelle size distribution is developed, and the modifications 
required for ionic detergents are discussed.

Introduction
In 1949 Debye2'3 outlined a general theory of 

micelle formation. This theory was intended to 
explain why micelles do not grow indefinitely and 
separate out as an ordinary phase. In Debye’s 
theory, limitation of micelle size is attributed to 
electrostatic repulsion between the head groups of 
the detergent ions which make up the micelle.

In the first part of the present paper, it is shown 
that this theory is incorrect due to two rather fun
damental errors. In the rest of this paper a theory 
is outlined explaining the formation of micelles in 
terms of an entropy effect.

Debye’s Theory of Micelle Formation
Debye assumed the micelles to be disk-shaped 

McBain platelets. He assumed that as the micelle 
grows, each entering detergent ion releases the same 
amount of hydrocarbon-chain adhesional energy, so 
that this energy is proportional to the size of the 
micelle. Then the total work of assembling the 
micelle is

W  =  N3/ iv)„ -  Nwn, ( l )

where N  is the number of detergent ions in the 
micelle, w m is the work of hydrocarbon-chain ad-

(1) Lever Brothers Research Center, Edgewater, New Jersey.
(2) P. Debye, T his Journal, 53, 1 (1949).
(3) P. Debye, Ann. N. Y. Acad. Sci., 51, 573 (1949).

hesion per ion, and w e is a constant which relates to 
work done against electrostatic repulsion of the 
ionic head groups. Plotting W  against N  gives a 
curve with a minimum. Debye considered the 
value of N  at which the minimum occurs to specify 
the stable micelle size since “work is required to in
crease or decrease the equilibrium number N 0.”

In deriving equation 1, the effect of gegenions in 
screening the electrostatic repulsion between head 
groups is neglected. Hobbs4 attempted to refine 
the theory by taking into account the effect of the 
gegenion atmosphere, but mathematical difficulties 
prevented the development of general equations.

The above theory appears to be incorrect in 
three ways:

(1) The stable micelle size (or size distribution) 
must be that which results in minimum free energy 
for the system. This is quite different from the cri
terion of minimum free energy per micelle.

(2 ) Growth of micelles will involve a decrease in 
the number of independent particles in the system, 
and hence will involve a decrease in total entropy. 
This must be taken into account.

(3) Energy of hydrocarbon chain adhesion per 
ion must increase as the micelle grows. If it re
mained constant, as Debye assumes, growth beyond 
dimer size would not occur.

(4) M. E. Hobbs, T his Journal, 55, 675 (1951).

257



258 L iving R eich Vol. 60

Suppose C  molecules of detergent are present in 
the system and they aggregate to form C /N  mi
celles of N  molecules each. Then, accepting equa
tion 1, the total energy of micelle formation will be 
(C / N ) (N 3/Hue — N w m) or C (N I/2w e — w m). It is 
this rather than N 3/2we — N w m which must be 
minimized to determine the stable micelle size. 
However if C (N '/2w e — w m) is plotted against N , it 
is found to increase steadily with increasing N  with
out passing through a minimum. Consequently 
there would be no preferred micelle size. Instead 
aggregates of all sizes would be present— dimers in 
highest concentration and larger aggregates in 
steadily decreasing concentrations. This is a pic
ture which differs radically from generally accepted 
ideas about micelle size distributions.

More correctly we should plot free energy rather 
than total energy against N , which means that a 
temperature-entropy term should be subtracted 
from the total energy. The more disperse the 
system, the greater will be the entropy. Hence en
tropy will favor the smaller as against the larger 
aggregates without changing the trend of the curve.

In order to account for the existence of a pre
ferred micelle size, account must be taken of the 
variation of w m with N . Debj^e’s assumption that 
w m is constant appeared to lead to a preferred mi
celle size only because of the incorrect minimization 
of energy per micelle instead of energy of the sys
tem.

Micelles of Non-ionic Detergents.— Non-ionic 
detergents, such as polyoxyethylene derivatives of 
fatty acids or fatty alcohols, are known to form 
micelles in much the same way as ionic detergents.6'6 
These molecules do not have ionic groups capable 
of exerting long-range electrostatic forces. Conse
quently a general theory of micelle formation can
not involve ionic-group repulsion as an essential 
element.

Unquestionably the repulsion between head 
groups plays an important role in determining the 
critical concentrations and sizes of ionic micelles. 
Unfortunately a general quantitative treatment of 
the problem does'not appear possible at present ow
ing to the difficulty of specifying the effect of the 
gegenion atmosphere. There is much to be said in 
favor of focussing our attention on thefsimpler 
case?of non-ionic micelles in attempting to set up 
any general theory of micelle formation. The re
mainder of this paper'¡will consist of an outline of a 
theory of non-ionic micelle formation, followed by a 
brief discussion of the modifications required in 
proceeding to ionic micelles.

Thermodynamic Equations Governing Aggrega
tion.— In any solution, solute aggregates of all 
sizes have finite probabilities of existence. The 
solute consists of an equilibrium mixture of all 
aggregate sizes. At equilibrium, there will be a 
definite aggregate-size distribution which may be 
shown by plotting aggregate concentration [AN] 
against aggregate size N . The equilibrium size 
distribution will be that which gives lowest free 
energy for the system. Of course some aggregate 
sizes may be present in undetectably small concen-

(5) J. W. McBain and E. Gonick, J.Am. Chem. Soc., 69, 334 (1947).
(6) L. M. Kushner and W. D. Hubbard, T his Journal, 58, 1163 

1954).

trations or even in concentrations so small that a 
system of ordinary size will only rarely form a single 
aggregate.

The monomer is in equilibrium with aggregates of 
each size, so that the concentration of monomer 
determines the concentration of aggregates of each 
size. This is to say that the concentration of mon
omer determines the complete size-distribution 
curve. In dealing with micelle formation, it is con
venient to consider how the size-distribution curve 
changes as the monomer concentration is increased 
to the critical concentration.

In Fig. 1, four types of size distribution are 
shown. Curve 1 represents an ordinary solution. 
Monomer is present at appreciable concentration. 
Dimers and higher aggregates are present at unde
tectably low concentrations. Curve 2 represents a 
hypothetical system which would occur if the energy 
of aggregation specified in equation 1 were correct. 
Aggregates of all sizes exist in steadily decreasing 
concentration. Curve 3 represents ordinary phase 
separation. As in curve 1, monomer is present in 
substantial concentration, while dimers and higher 
aggregates are present only in very low concentra
tions. But here the concentration curve rises for 
aggregates of very large size. Finally curve 4 rep
resents micelle formation. The left-hand portion 
of the curve resembles the corresponding parts of 
curves 1 and 3. However at some value of N , gen
erally in the range 50-200, the concentration rises 
and then falls again, so that a considerable concen
tration of small aggregates is present. When the 
concentration of an ordinary solute is increased, a 
critical concentration is eventually reached at which 
the situation changes from that of curve 1 to that 
of curve 3. When the concentration of a detergent 
is increased, the change at the critical concentra
tion is from the situation of curve 1 to that of curve
4.

In a solution, aggregates of each size are formed
reversibly from monomer

NA  =  d N (2)
so that the standard free energy of formation is 

AF° — —kT In K  (3)
or

AE° -  TAS° =  (4)

which may be rearranged to give

In [An] =  • — ---------- b N  \n [A] (5)

Equation 5 is a perfectly general thermody
namic size distribution equation. It gives aggre
gate concentration [An] as a function of N . This 
size distribution function may be calculated at a 
series of different monomer concentrations [A], to 
determine what happens when [A] reaches its 
critical concentration. However &S° and AE °  
vary with the aggregate size N . They must be 
evaluated as functions of N  before the equation can 
be employed.

It will be assumed that the monomer and aggre
gates form ideal solutions. In that case, activities 
are equal to concentrations, and these will be ex
pressed in mole fractions. This has the advantage
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of defining the standard states as pure liquid mono
mer and pure liquid aggregates. A S° is the entropy 
change involved when N  moles of pure liquid mono
mer forms one mole of pure liquid W-mer. It does 
not include any entropy of dilution.

The important assumption will now be made that 
s, the standard entropy change per molecule, is 
the same regardless of the size of the aggregate 
formed. This is undoubtedly true for large ag
gregates. If it is true for smaller aggregates also, 
then

A S° =  Ns (6)
and, from equation 5

In [An] NsT  -  AE°
I t

+  N  In [A] (~)

The remaining step is to evaluate AE°.
One possibility is to employ equation 1, setting 

AE° equal to N 3/*we — N w m, so that

In [An] =  N  ( — ^  +  In [A] )  -  N N  (8)

Since We is positive, the second term is negative. 
The first term also is negative, except in physically 
meaningless cases where [An] is greater than i. 
Hence In [An] always decreases with increasing N . 
At very low monomer concentration [A], the size 
distribution, is that shown in curve 1 of Fig. 1 . At 
higher monomer concentration, it is that shown in 
curve 2 of Fig. 1 . This is the conclusion reached 
earlier by qualitative reasoning. The same types 
of size distribution obtain if the electrostatic re
pulsion work is eliminated by setting the second 
term equal to zero. Clearly the aggregation 
energy specified in equation 1 is not correct.

As the first step toward setting up a more valid 
specification of aggregation energy, it will be help
ful to consider an ordinary solute rather than a de
tergent. Suppose we have an aliphatic hydrocar
bon dissolved in water. Each molecule will show 
some tendency to fold up on itself because of the 
tendency of segments of the chain to escape from 
the water and contact each other. To permit 
calculation, it will be assumed that each molecule 
or aggregate is a tightly-packed sphere which does 
not include any water. When molecules join to 
form an aggregate, the total surface is reduced.

If e is the total surface energy of a single molecule 
sphere, then the maximum energy change when N  
molecules aggregate would be —We. This would 
hold only for very large aggregates; for small ag
gregates the energy change would be less, since ap
preciable hydrocarbon surface would remain ex
posed to contact with water. It is readily calcu
lated that when AT spheres unite to make a larger 
sphere, the fraction of the original surface which is 
eliminated is 1 — 1 / N l/\ Hence the energy of
aggregation is

AE °  =  -J V e (I  -  l /A '/a )  (9 )

On substituting this into equation 7, we obtain

In [A n]
NsT  +  AA(1 -  1 /A'V") 

k f +  N In [A] (10)

This equation predicts phase separation at a criti
cal concentration defined by

la [A] =  (ID

for if we set In [A] equal to (—e — sT )/ k T  +  A in 
equation 1 0 , we get

In [Ax] = - N 2/'ie/kT) +  N A  (12)
I f  A is zero or negative, In [A n ] falls rapidly with N . 
so that the aggregate size distribution is as shown in 
curve 1 of Fig. 1. If A becomes infinitesimally 
greater than zero, the aggregate size distribution 
follows the same course for low values of N , but for 
very large values of N , concentrations become ap
preciable, and in fact infinite aggregates wall form. 
This is the size distribution shown in curve 3 of Fig.
1. Thus the concentration defined in equation 11 
is a critical concentration at which a new phase 
separates.

z

3

/
/

/
/

/
/

Pig. 1.—Types of aggregate size distribution: 1, ordinary 
solute; 2, hypothetical system obeying equation 1; 3,
phase separation; 4, micelle formation.

The case of non-ionic detergent molecules may 
now be considered. The hydrocarbon portion of 
the molecule is assumed to be curled up into a 
tightly-packed sphere. This, while not likely to be 
an exact picture, is probably reasonably close to the 
fact.7 Of the total surface of the molecule, A , a 
portion S  is covered by the polar group, while the 
remainder, A  — S, consists of hydrocarbon surface. 
When molecules unite to form an aggregate, the

(7) A. E. Alexander and P. Johnson, “ Colloid Science,”  Voi. II, 
Clarendon Press, Oxford, 1949, p. 671.
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hydrocarbon chains are assumed to blend together 
to form a larger sphere, with the polar groups occu
pying the surface. This is essentially the Harley 
picture of micelle structure.

Here again let e be the total energy of the hydro
carbon-water interface of a single molecule. The 
energy of aggregation will be — e multiplied by the 
fraction of the original hydrocarbon surface area 
which is eliminated by aggregation. Since the orig
inal hydrocarbon surface is N A  — N S  and the hydro
carbon surface of the aggregate is N 2/‘A  — N S , the 
fraction eliminated on aggregation is A/(l — 1/N 1/') 
(A — S ). If, for example, the polar group covers 
one fourth of the surface of the curled-up molecule, 
so that A/(A — S ) is 4/3, the fraction of the surface 
eliminated will increase with N  to the value 1 at N  =  
64. An aggregate of 64 of these molecules will be in 
effect a tiny oil droplet with its surface completely 
covered by polar groups. All of the hydrocarbon 
will then be withdrawn from contact with water 
and will be in contact with other hydrocarbon.

In this case the stable micelle size should be 64 
molecules. Aggregates should grow to this size 
for the same reason that they grew in the previous 
case— in order to eliminate as much as possible of 
their hydrocarbon surface from contact with the 
water and thus to minimize the energy of the sys
tem. However for the case of the dissolved hy
drocarbon, the fraction of the hydrocarbon surface 
which was eliminated became 1 only for infinite ag
gregates, so that aggregates grew indefinitely. Here 
it becomes 1 for aggregates of very small size. 
There is no energetic reason for these to grow 
larger. Accordingly their further growth would 
not be expected, since that would involve a decrease 
in total number and a corresponding decrease in 
the entropy of the system. Aggregates of the size 
at which the surface becomes completely covered 
with polar groups will be called “complete micelles.” 
On thermodynamic grounds it is certain that some 
aggregates larger and smaller than complete mi
celles will be present. It is necessary to show that 
their concentrations drop away rapidly as N  be
comes larger or smaller than the complete micelle 
value.

If an aggregate grew larger than the complete 
micelle size and still remained spherical, the surface 
would not accommodate all of the polar groups. 
Some polar groups would have to be buried in the 
interior. This is unlikely energetically. Such large 
aggregates would presumably be flattened suffi
ciently to create enough extra surface to accommo
date all the polar groups. Thus as N  increases 
beyond the complete micelle size, the aggregates 
become larger and flatter. The fraction of the 
hydrocarbon surface eliminated remains 1.

Accordingly for values of N  less than that of the 
complete micelle, equation 7 becomes

In [An] M  + N- ( r A s )  c
kT

l/N'h)

+  N  In [A] (13)
while for values of N  greater than that of the com
plete micelle equation 7 becomes

In [An] NsT  +  Ne 
kT +  N  In [A] (14)

The value of N  for the complete micelle is given by

-  W 7*) = 1 ( 15)

Rough calculations of aggregate size distribution 
can now be made, based on approximate values of 
A /S , e and s. Taking a polyoxyethylene ether of 
dodecyl alcohol as the non-ionic detergent, it will 
be assumed arbitrarily that the polar group covers 
one-fourth of the curled up hydrocarbon portion of 
the molecule. Then A  = 4(3 and, from equation 
15, the size of the complete micelle is given by N  = 
64.

In calculations of this type it has sometimes been 
assumed that the standard entropy change s is 
approximated by the entropy of fusion of the ap
propriate hydrocarbon. The entropy of fusion of 
dodecane is 16.8 cal./deg. However this approxi
mation does not seem satisfactory if the Hartley 
micelle structure is postulated, since the micelle 
interior is assumed to be liquid rather than crystal
line solid. It seems more reasonable to view the 
standard entropy change as the entropy change of 
condensing dodecane vapor into liquid. However 
the vapor must be assumed to have first, been com
pressed to the density of the liquid, so that no vol
ume change occurs during the condensation. The 
quantity desired can be calculated as

Satd. A Compressed B Liquid 
dodecane — >■ vapor — >■ (density
vapor (density 0.751) 0.751)

During step A, one mole of dodecane vapor at 
25° is compressed from its saturation pressure 
(0.115 mm.) to a pressure sufficient to increase its 
density to 0.751 g./cc. The vapor is assumed to 
behave as a perfect gas. The entropy change is 
R In P\/P2, which in this case is —26.68 cal./mole 
deg.

During step B the compressed vapor condenses 
to a liquid occupying the same volume. The change 
in configuration and organization of the dodecane 
molecules involves the entropy change s ' which we 
wish to calculate.

The over-all entropy change for steps A +  B is 
simply the ordinary entropy of condensation — A- 
Hvap/T. Here this is —49.16 cal./mole deg. Sub
tracting from this the value for step A, —26.68, we 
have —22.5 cal./mole deg. or —11.35 k as the value 
for s'. This is the standard entropy change for the 
hydrocarbon portions of the molecules. However 
there will also be some entropy decrease due to the 
restriction of the movement of the polyoxyethylene 
chains. The micelle may be looked upon as a tiny 
hydrocarbon oil droplet with waving polyoxyethyl
ene tentacles emerging from its surface. The 
portions of the polyoxyethylene chains within a few 
atoms’ distance of the oil-drop surface will be 
greatly restricted as to position and freedom of mo
tion. This restriction involves an entropy decrease 
which is estimated as of the order of two-thirds s', 
or about —8k. Thus the total standard entropy 
of micelle formation is of the order of —20k, and 
this value will be used in the calculations.

The interfacial energy e may be calculated by 
multiplying the surface area of a molecule-sphere by 
the macroscopically-determined interfacial energy 
of the hydrocarbon. The total interfacial energy
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of dodecane against water is 65.3 ergs,/cm.2. This 
leads to a value of 40/cT for the interfacial energy 
of a curled-up molecule of dodecane. Since we are 
assuming that one-fourth of the hydrocarbon sur
face is permanently screened off by the polyoxy
ethylene group, the value for e of the detergent be
comes 30/cT.

Specifying A = 4<S, s = —20k , and e = 30kT , 
equations 13 and 14 become
N < 64: In [An] = N(20 +  In [A]) -  40iVV. (15)
N >  64: In [An] = JV(10 +  In [A]) (16)

These equations may be used to calculate the en
tire aggregate size distribution curve at any con
centration of monomer. Thus at monomer concen
tration [A] = 2.01 X 10~5 (curve 3 of Fig. 2), 
In A n falls away rapidly with increasing N . Al
though it rises again to a maximum at AT = 64, 
the concentration of these aggregates never ex
ceeds the undetectably small value of e“52. 
Hence the solution is essentially an ordinary solu
tion of monomer. However as the concentration 
of monomer is increased, the maximum rises, so that 
at monomer concentration [A] — 3.67 X 10% 
large numbers of micelles of sizes in the neighbor
hood of N  =  64 are present.

0 20 40 60 80 100
N.

Fig. 2.— Semilogarithmic plot of calculated aggregate 
size distributions for non-ionic detergent at different mono
mer concentrations: 1, [A] =  3.67 X 10%  2, [A] = 3.00 X 
10" 6; 3, [A] = 2.01 X 10X

The sharpness which micelles appear and the 
narrowness of their size distribution is seen more 
clearly in Fig. 3, where aggregate concentrations 
are plotted as actual weight per cent, concentrations 
instead of as logarithms of mole fractions. The 
detergent is assumed to have a molecular weight of 
500. The monomer concentrations chosen here 
are much closer together than those in Fig. 2. 
It is clear that there is a sharp critical micelle con
centration at a detergent concentration of about
0.097%. At a detergent concentration slightly 
less, 0.0947%, very few micelles are present. On 
the other hand to increase the monomer concen
tration to 0.0997% requires the presence of over 
0.5% of detergent, most of which goes to form 
micelles. Approximately 90% of the micelles are 
in the size region 64 to 74.

A complete micelle in the sense defined above may 
not be attainable. If the polar group screens off 
a small enough portion of the molecule, the aggre
gate may grow to twice the chain length of the 
molecule before its surface is completely covered 
with polar groups. The aggregate cannot grow

larger as a sphere without polar groups being pulled 
into the interior. Hence any further growth 
would involve flattening of the aggregate. Such 
growth would not decrease the fraction of the hy
drocarbon surface eliminated and hence would not 
be favored. In this case, therefore, the stable 
micelle would be a sphere whose diameter is twice 
the length of the detergent molecule.

Fig. 3.— Direct plot of calculated aggregate size distribu
tions for non-ionic detergent at different monomer concen
trations: A, [A] =  0.0997%; B, [A] =  0.097%; C, [A] 
=  0.0947%.

According to the foregoing treatment, the size of 
micelles depends on the geometric ratio S /A . On 
the other hand the critical micelle concentration de
pends on the relative magnitudes of the standard 
entropy s and standard energy e. Precise calcula
tions of critical concentrations and sizes depend on 
evaluation of these quantities.

It would be expected that, for detergents with 
short polyoxyethylene chains, the critical micelle 
concentration would increase with polyoxyethylene 
chain length, due to the increasing entropy change 
when the motion of these chains is restricted. 
However for detergents with long polyoxyethylene 
chains, critical concentration should no longer vary 
with chain length, since the outer portions of the 
polyoxyethylene chains would not suffer much re
striction in their movement. Critical concentra
tion should always decrease with increasing hydro
carbon chain length since this would increase t. Mi
celle size should increase with increasing hydrocar
bon chain length, since this would result in larger
A. However it should not be appreciably influ
enced by the polyoxyethylene chain length beyond 
the first few units.

Dr. Marjorie J. Void of this University has 
pointed out to the writer that it may be necessary 
to consider the energy of dehydration of the poly
oxyethylene groups. As the micelle grows, these 
groups will be forced closer together. If dehydra
tion of ether oxygen occurs, the energy associated 
with this must be subtracted from e.

The McBain Micelle
The above calculations have been based on Hart

ley’s picture of the micelle. An alternative picture 
is that of McBain. The micelle is assumed to 
grow in two dimensions as a platelet, with the hy
drocarbon chains aligned parallel to each other and 
the polar groups covering the flat faces. No mat
ter how large such an aggregate may become, the 
hydrocarbon-water interface will never be elimi
nated completely, since the detergent molecules at 
the edge will have their hydrocarbon chains ex
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posed to water. The usual assumption will be 
made that the platelet aggregates are disk- 
si laped.

The original separate molecules, as before, are 
assumed to be curled up into spheres. The proc
ess of forming a McBain aggregate may be analyzed 
into two steps. First the molecules uncurl, assum
ing cylindrical shape. This involves an increase in 
hydrocarbon surface with a corresponding energy 
change N ei. Then the molecules form the disk 
aggregate. In this process the flat ends of the 
hydrocarbon chains are completely covered. This 
involves an energy change — Ah2. The sides of 
the hydrocarbon cylinders are covered except for the 
exposed portions of the cylinders at the edge of the 
aggregate. If e3 is the total interfacial energy of 
the cylinder side, then the energy change which 
occurs when the aggregate is formed is — N es( l  
— l/iVI/2). Thus the standard energy of forming 
an aggregate is

AE °  = Ah, -  N ti -  Ah3(l -  l / N 'h )  (IT)
When this is substituted into equation 7, the 

aggregate size distribution obtained is that for 
phase separation rather than for micelle formation. 
The critical concentration is given by

In [A] = 61 ~  62 (18)

The situation here is like that defined by equations 
10-12. At monomer concentrations less than the 
critical concentration, very few aggregates are pres
ent. When the monomer concentration is raised 
to the critical value, the aggregates grow to infinite 
size.

It follows that, according to the theory here 
proposed, micelles of non-ionic detergents must 
have the structure proposed by Hartley rather than 
that proposed by McBain.

Preston8 pointed out that soaps and other col
loidal electrolytes exhibit transition temperatures. 
Above the transition temperature micelles form at 
a certain critical concentration. Below the transi
tion temperature, when the critical concentration 
is attained, a solid phase separates out. This may 
be explained if the transition temperature is con
sidered a microscopic melting point. Below the 
transition temperature the hydrocarbon chains in 
an aggregate are aligned parallel to each other 
forming a crystalline plate. Accordingly aggre
gates grow to infinite size. Above the transition 
temperature the hydrocarbon chains form a liquid 
sphere, so tha* the aggregate is of the Hartley type 
and is limited in size.

This treatment apparently ignores the effect of 
electrostatic repulsion energy which must be a fac
tor for the ionic detergents which Preston consid
ered. However Halsey9 has shown that when an 
aggregate reaches large enough size, each entering 
detergent ion will be repelled only by the portions of 
the aggregate near its entry point. The more dis
tant parts of the aggregate would be screened off by 
a cloud of gegenions. The work of electrical repul
sion per entering ion would then become constant 
rather than increasing and would no longer limit

(8) W. C. Preston, T his Journal, 52, 84 (1948).
(9) G. D. Halsey, Jr., ibid., 57, 87 (1953).

the growth of the aggregate. Hence the transition 
from liquid to crystalline state for the hydrocarbon 
chains would permit infinite growth of the aggre
gate and the electrical work would be merely a 
constant factor to be subtracted from the hydro
carbon adhesion work.

Micelle Formation by Ionic Detergents.—The
formation of micelles by ionic detergents may be 
accounted for in the same way as their formation by 
non-ionic detergents. However the additional fac
tor of electrostatic repulsion between ionic head 
groups must be introduced. As a first approxima
tion, we may adopt Debye’s function, adding the 
term —w eN 3/i/kT  to the right-hand sides of equa
tions 13 and 14. This does not change the general 
form of the size distribution curve. However it 
causes smaller aggregates to be favored as against 
larger ones and results in a decreased average mi
celle size and an increased critical micelle concen
tration. If we is of sufficient magnitude, the stable 
micelle size may be considerably smaller than the 
“complete micelle” defined earlier. Before the 
aggregate had reached completion, the electrical 
work term would grow larger than the hydrocar
bon-adhesion energy, preventing further growth, 
even though the aggregate still had exposed hydro
carbon.

If we assume the aggregates to be crystalline 
platelets, we must add —weN i/2/lcT to equation 17. 
Substituting this into equation 7 leads to a modified 
equation which predicts micelle formation. Thus it 
appears that electrical repulsion may be capable of 
stabilizing a McBain-type micelle. However the 
electrical work term employed here does not take 
into account the screening of repulsion by the gegen
ions. This effect will become increasingly impor
tant as the aggregate grows. Indeed, as Halsey9 
has shown, for a sufficiently large aggregate the 
N ’"'- factor becomes simply N , so that the aggre
gate is not stabilized against further growth. With
out exact calculation of the potential due to gegen
ions, it is not possible to determine whether elec
trical repulsion is in fact capable of stabilizing 
McBain micelles.

Appendix
Since this paper was first submitted for publica

tion, Ooshika10 has published a theory of micelle 
formation. Ooshika here points out the incorrect
ness of Debye’s treatment in assuming constant 
energy of hydrocarbon chain adhesion and in 
minimizing the free energy of the micelle rather 
than of the entire system.

Ooshika’s treatment does not account for the 
formation of micelles by non-ionic detergents. The 
micelle size which he calculates is given by N  =  
ws/we. For non-ionic detergents, where we is zero, 
the aggregates would become infinite.
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The selective uptake of lithium, sodium and potassium by a series of methacrylic acid cation-exchange resins of various 
divinvlbenzene contents was measured; the general order of preference was lithium >  sodium >  potassium. This pref
erence became more marked as the degree of cross-linking increased, or as the degree of neutralization of any given resin 
increased. This resin behavior was compared with the association evidenced by the alkali metal acetates. Values of rel
ative alkali metal resinate activity coefficients were compared with analogous acetate values, giving fairly good agree
ment. Also, integration of the Gibbs-Duhem equation for a two-component system led to a simple expression which 
correlated the selectivity coefficients with the DVB content of the resin and the composition of the resin phase.

A previous paper in this series4 5 described the up
take by carboxylic acid cation-exchange resins of 
various bases from solutions of different concentra
tions and ionic strengths, where the pH of the solu
tion phase, the absorptive capacity and the swell
ing of the resins were measured. This behavior was 
correlated with the general properties of polymeric 
electrolytes. This contribution describes the selec
tive uptake of one cationic species over another by 
these resin systems with lithium, sodium and potas
sium, where the resin acid is neutralized to different 
degrees and coefficients measured at different tem
peratures.

Experimental
Procedures.—The same methacrylic acid-divinylbenzene 

copolymers were used in this study as in the previous one4; 
for details of the preparation and conditioning procedures 
the reader is referred to this earlier paper.

The practical (molal) selectivity coefficient K j for the 
cation-exchange process where cation (2) is displaced from 
the resin phase by cation (1) originally present in the solu
tion phase is defined as

where an upper case letter {M ) denotes the molality of an 
ion in the resin phase, calculated from the water content. 
A lower case letter (m) is the molality of the corresponding 
ion in the solution phase. The relationship between K a 
and the true thermodynamic equilibrium constant for_the 
exchange processes has been described.6 ' ' S’ -.

Selectivity coefficients were determined using three simi
lar techniques. The selective uptake of two cations from 
solutions of their hydroxides (potassium-lithium, Fig. 1) 
was measured by weighing air-dried hydrogen form resin (of 
known moisture content) into inert plastic bottles, adding a 
standard solution containing the two cations as their hy
droxides, and shaking to equilibrium. A 3-4 fold excess of 
base over resin acid (in terms of equivalents) was used. The 
volume of base was sufficiently large so that errors due to 
water sorbed by the resin were negligible. After equilib
rium, the solution phase was filtered off and analyzed for total

(1) A portion of this work is abstracted from the thesis of Alary 
Jane Hamilton, submitted in partial fulfillment of the requirements 
for the degree of Master of Science in Chemistry, Polytechnic Institute 
of Brooklyn, June, 1950.

(2) A portion of this work is abstracted from the thesis of Ramesh 
J. Oza, submitted in partial fulfillment of the requirements for the 
degree of Master of Science in Chemistry, Polytechnic Institute of 
Brooklyn, June, 1952.

(3) A portion of this work is abstracted from the Dissertation of 
Fabian Bernstein, submitted in partial fulfillment of the requirements 
for the degree of Doctor of Philosophy in Chemistry, Polytechnic 
Institute of Brooklyn, February, 1952.

(4) Id. P. Gregor, M. J. Hamilton, J. Becher and F. Bernstein, T his 
Journal, 59, 874 (1955).

(5) H. P. Gregor and J. I. Bregman, J. Colloid Sci., 6, 323 (1951).

base and also for the reference cation (potassium) bj' means 
of the flame photometer (Perkin-Elmer, Model 52 A). 
The distribution coefficient could then be calculated. 
Since only one of the competing cations in but one of the 
phases (solution) was determined directly, the other terms 
being calculated by difference, this procedure gave the least 
precise results and was for this reason restricted to systems 
where K i was near unity and where AT, the mole fraction 
of exchange cations (excluding hydrogen) in the resin phase 
was about 0.5. Where more accurate K i determinations 
were required the total base and the potassium content of the 
resin were also determined. Here the exchange cations were 
eluted from centrifuged resin with an excess of standard 
hydrochloric acid. The accuracy of Ad as determined in 
this manner was considerably improved because two of the 
four concentration terms were determined directly.

Potassium-sodium exchange (Fig. 2) was measured at 
different pH levels by passing a large excess of a phosphate 
buffer solution containing mixtures of sodium and potassium 
at an ionic strength of about 0.2 through a 0.1-g. bed of 
resin until equilibrium was reached. The resin was rinsed 
quickly with a small amount of water and the cations eluted 
with an excess of standard acid and determined flame- 
photometrically.

Selectivity coefficients for resin systems at different de
grees of neutralization a, defined as moles of base added per 
mole of resin acid (Fig. 3) were determined by shaking the 
hydrogen form resin with different amounts of equimolar 
mixtures of potassium chloride and the hydroxide of either 
lithium or sodium. After equilibration, the potassium 
content of both the resin and solution phases was deter
mined.

All data reported are equilibrium values. Systems were 
shaken in every case for twice the period of time required 
to obtain equilibrium. Where the K a values were very 
large or very small, equilibrium was approached from both 
directions. All experiments were carried out at room tem
peratures (24-26°) unless otherwise stated. The systems 
were kept carbonate-free. The use of inert plastic bottles 
eliminated errors due to sodium contamination from glass.

The accuracy of the K a values was set by that of the flame 
photometric determination of potassium which was accurate 
to ±  1 % . K a values in the range of 0.2 to 5 were accurate 
to within ± 3 % . When the mole fraction of potassium in 
the resin was low, K a values maintained this latter accuracy, 
but when X ’K was high (>  0.9) the K a values were probably 
accurate to but ± 1 0 % .

When two bases were used, the solution concentration 
was kept in the range 0.03-0.04 M ; when base-chloride 
solutions were employed to give systems of different degrees 
of neutralization the concentration range was 0.01-0.05 M . 
In these concentration ranges the total capacity of the resins 
was fairly constant, although where necessary corrections 
were made for changes in capacity.4 For potassium-sodium 
exchange the solution ionic strength was 0.2.

Results
Selectivity coefficients for the exchange of potas

sium with lithium (from 0.03-0.04 M  solutions of 
their hydroxides) with different resins are shown in 
Fig. 1. The selective uptake of potassium meas-
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Fig. 1.— Selectivity coefficients for potassium-lithium 
exchange from base solutions as a function of the fraction 
of resin exchange sites occupied by potassium. Resins are: 
O, DVB 0.25; A, DVB 1; □ , DVB 2; a , DVB 16; « ,  DVB  
24.

ured against sodium from buffer solution at pH 7 
is given in Fig. 2. Determinations were also per-

Fig. 2.— Selectivity coefficients for potassium-sodium 
exchange in buffered solutions at pH 7. Resins are: ■,
DVB 0.5; □ , DVB 2; a , DVB 16.

formed at pH 6 and 8 ; at all three pH levels the 
data were substantially the same, usually within 
experimental error. The total capacity of the res
ins in the mixed potassium-sodium state was the

same at the different mole fractions (Arg) studied, 
in agreement with the earlier observations that the 
capacity at the same degree of neutralization and 
ionic strength was the same to alkali metal cations.4 
At pH levels of 6 , 7 and 8 the corresponding capaci
ties in millimoles/g. were: DVB 0.5-6.7, 9.7, 11.5; 
DVB 2-4.5, 7.2, 9.2; DVB 16-1.4, 2.6, 4.6.

The selective uptake of potassium over sodium 
and lithium at different degrees of neutralization a  
of resin DVB 6 is shown in Fig. 3. Here the total 
concentration of the solution phase was 0.01-0.05
M . Values of pH at different degrees of neutraliza
tion were as follows: a  = 0.2, pH 6.5; 0.4, 7.0; 
0.65,7.4; 0.85,8.7.

Fig. 3.— Variation of specific external volume of resin 
DVB 6 in alkali metal states with degree of neutralization 
a (right-hand ordinate), and Kd as a function of a for 
potassium-lithium and potassium-sodium exchange. 
Cations are: lithium (A) ,  sodium (o ) ,  potassium (□  ); ex
change, shown dotted.

The selective uptake of potassium over lithium 
from 0.03-0.04 M  solutions of their hydroxides with 
resins DVB 0.25, 1, 2, 16 and 24 was measured at 
4° in addition to the measurements at 25°. In ev
ery case no significant variation in IQ was ob
served, nor was any consistent trend seen to occur. 
Since A H  is therefore nearly zero, one can conclude 
that appreciable changes in enthalpy such as those 
which correspond to changes in hydration of the 
lithium ion are not taking place, or that such 
changes as do occur compensate for one another as 
regards enthalpy contributions.

Discussion
Figure 1 shows that fully neutralized methacrylic 

acid resins show a low order of preference for potas
sium over lithium when the resin phase is rich in 
lithium (XiC =  0.1). With potassium-rich resins 
this preference is reversed and the resin prefers lith
ium over potassium to a marked degree. Further, 
these effects are relatively weak for resins of low de
grees of cross-linking, increasing in magnitude as the 
cross-linking increases.

With potassium-sodium exchange (Fig. 2) the 
resins also show a decrease in potassium selectivity
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as the mole fraction of potassium in the resin phase 
increases. The order of preference is low, being 
2:1 or 1:2 in the range examined. Here the low 
cross-linked resins show the strongest preferences, 
that for sodium.

Figure 3 shows K § a and K\\ for resin DVB 6 
at different degrees of neutralization. At a =  0.2 
the resin prefers potassium but at a S 0.4 this 
preference is reversed, in the order of Li > Na > K. 
Figure 3 also shows the swelled volumes V e of these 
resins.4 Selectivity is favored for those ions giving 
smaller resin volumes; this behavior is consistent 
with that generally observed with cation and anion- 
exchange systems.5'6

The thermodynamic equilibrium constant for 
potassium-lithium exchange is

B T , n K .  = RT  In [ ( £ )  ( £ , ) ( “ )  ( “ ) ' ]  *
ir(Fu -  IN -  <7 Fw)

where Tk is the single cationic activity coefficient and 
A w the activity of water in the resin phase, and 
where g moles of water are transferred from the 
solution to the resin phase per mole of each cation 
being exchanged. As a first approximation, the 
solvent term and the pressure-volume term can be 
set equal to zero. In dilute solution phases ratios 
of solute molalities are nearly equal to ratios of ac
tivities; the expression above therefore considers 
only solution molalities. It chen becomes

Ah M  kFkTOlî =  K i =  1 and Ah = Tu /F k r  Li

Multiplying and dividing by the activity coefficient 
of the resinate (R) which is oeing treated here as a
1-1 electrolyte leads to the expression

jr _  FliFr _ /T libV
id ~  r Kr R _  \Fkr /

where Fkr is the mean activity coefficient of the 
potassium resinate, etc.

K d  can then be calculated if mean activity coef
ficients of the resinate are known. These values are 
not available, but nevertheless a comparison can be 
made on the basis first of the assumption that the 
molality of a cationic species in the resin phase will 
vary linearly with its mole fraction. Thus if the 
molalities at = 0 and X rK = 1 are known, the 
molality at any value of can be determined. 
Further, it is assumed that there is little, if any, in
teraction between the lithium and potassium résin
âtes. At a given molality, then, the mean activity 
coefficient of the alkali resinate is independent of 
the concentration of other résinâtes present. Fur
ther, it is assumed that the ratio of the mean activ
ity coefficients of the lithium and potassium résin
âtes may be approximated by the corresponding ra
tio of the mean activity coefficients of the lithium 
and potassium acetates.

The order of the activity coefficients of the alkali 
salts of the halogen acids is reversed in the alkali 
hydroxides and acetates. The general order for 
chlorides, bromides and iodides is Li > Na > K. 
For the acetates and hydroxides it is K > Na > Li.

(6) IT. P. Gregor, J. Belle and R. A. Marcus, J. Am. Chem. Soc., 77, 
2317 (1955).

Harned and Owen7 discuss this problem and sug
gest that the reversal is due to solvent interaction 
with the ions (“local hydrolysis”) which results in 
association between anion and cation through the 
solvent dipole.

The data of Fig. 1 for K^\ can thus be explained 
qualitatively in terms of the assumptions made 
above. In Fig. 4, the mean activity coefficients of 
the alkali metal acetates are plotted against their 
molalities.7 It can be seen that in general the val
ues for potassium are higher, but that if the resin 
is largely in the lithium state, i.e.. the molality of 
lithium is large compared to potassium, 7 uiAc > 
Ykac and by analogy Fur would be greater than 
Tkr. This effect would be enhanced as the total 
molality increases, that is, as the degree of cross- 
linking increases. Thus for small values of X rK  

there would be a preference for potassium, but for 
intermediate and large values of X TK there would be 
a cross-over and the resin would prefer lithium.

Fig. 4.— Mean molal activity coefficients of alkali acetates 
in aqueous solution.

In view of the assumptions made above, Table I 
was constructed and the Ad values for the various 
DVB resins compared with (yliAc/ykac) -2

For resin DVB 1, there is essentially no agree
ment; K d  decreases slightly with A'k while (yuA c/  
Ykac) 2 increases slightly.

The data for resin DVB 2 show reasonably good 
agreement except that the calculated values are 
somewhat low; there is excellent agreement with 
resin DVB 16. There is also fairly good agreement 
with the DVB 24 data, and here the calculated 
values are somewhat high. With resins DVB 16 
and 24 where high osmotic pressures are present, 
the pressure-volume term is appreciable and 
would make for an increased preference for lithium.

Obviously, calculations of this type are useful 
only for qualitative comparisons. They do show a 
relationship between the mean activity coefficients

(7) H. S. Harned and B. B. Owen, “ The Physical Chemistry of 
Electrolytic Solutions,”  Reinhold Publ. Corp., New York, N. Y., 
1950.
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T a b l e  I

E x p e r im e n t a l  an d  C a lc u l a t e d  Se l e c t iv it y  
C o e ff ic ie n t s  f o r  P o tassiu m - L it h iu m  E x c h a n g e

wit *»Li X i Ki
Al.iOAc
72KOAc

0.11 1.32
DVB 1

0.08 1.14 0.78
.29 1.11 .21 1.05 .84
.64 0.70 .48 0.87 .84

1.01 .26 .80 .79 .86

0.52 2.24
DVB 2 

0.19 1.21 1.00
1.39 1.37 .50 1.03 0.73
2.11 0.64 .77 0.74 .56

0.55 4.33
DVB 16 

0.11 1.54 1.53
1.03 3.72 .22 1.26 1.23
2.04 2.46 .45 0.69 0.70
3.15 1.05 .75 .35 .38

0.53 4.82
DVB 24 

0.10 1.57 1.69
1.03 4.25 .20 1.16 1.38
1.53 3.67 .29 0.83 1.04
2.14 2.96 .42 .52 0.74
3.90 0.95 .80 .13 .29

of the alkali metal salts of polymers and their mono
meric analogs. In the case of the carboxyl resins 
these comparisons are particularly useful because 
association between the exchange cation and the 
fixed anion appears to be the principal causative 
effect. The same general considerations also ap
ply to anion-exchange processes.6’8'9

With sulfonic acid resins where hydration of the 
cation appears to be the dominant factor, compari
sons of the type given above are used but have a dif
ferent physical basis. The hydration of one cation 
obviously affects that of the other cationic species 
and therefore their hydrated sizes and effective mo
lalities. It is for this reason that applications of 
Harned’s Rule by Glueckauf10 give good agree
ment. Harned’s Rule has as its physical basis (in 
large measure) differences in hydration; an ex
cellent discussion of the hydration theory has been 
given by Robinson and Stokes. 11

While in theory one could determine osmotic 
coefficients for the solvent in linear and weakly 
cross-linked resins and use these values to calculate 
mean resinate activities, several theoretical diffi
culties supervene because of differences in the entro
pies of linear and cross-linked resins, as has been 
discussed by Gregor, el a l. 12-15

The assumption that simple ion-pair formation 
between the fixed carboxylate groups and the ex

change cations is responsible here is not valid be
cause this would lead to the prediction that K d 
does not vary appreciably with Binding of
the alkali metal ions to the polymer is due in large 
part to the charge on the polymeric chain, 4-16 and 
therefore a simple ion-pair formation association 
constant cannot be applied.

The variation in K d  with the degree of neutraliza
tion a  (Fig. 3) is consistent with the concepts just 
discussed. At low degrees of charge the concen
tration of the resinate is low (the hydrogen form 
resin is appreciably swelled4) and the charge upon 
the chain is also low. Therefore, specific binding 
does not occur to a significant degree and pressure- 
volume effects would determine Kd- As a  in
creases so does specific binding. K d  becomes 
fairly constant at a  >  1, as expected.

It is noted from Fig. 1 that log K d is nearly a 
linear function of X rK. A plot of log (M u / M u ) vs. 
log (niK/m u) also gives reasonably straight lines, 
as expected. These plots suggest an application 
of the Gibbs-Duhem-Margules expressions. When 
the Gibbs-Duhem expression for a binary system 
is expanded in powers of the product of the mole 
fractions X 1X2, the higher members of the series 
discarded and the expression integrated, 17 a simple 
relationship between the activity (a) of each com
ponent and its mole fraction in terms of a common 
constant d is obtained. The expression

W  R & ?  =  “  +  ^ ¡ ( l  ~  X l)

upon integration becomes
In a, =  a lnAi +  0X, — 0X ,2/2 +  constant

At X i  = 1, (h =  ai°, and evaluating the constant 
of integration one obtains

In <i\ - a In X i -f- In a,0 — ^(A\2 —■ 2Ai -f- 1)

For an ideal system d must be zero and the expres
sion becomes ai = X “ai0. Therefore, a  = 1. Then

ai =  Xiai° exp | (1 — A i)2̂J

If the resin phase is now treated as a binary system 
composed of potassium and lithium résinâtes with 
the pure résinâtes taken as the reference states (r° = 
1), their activities become

A k
A u

A k ° X k 
A u °  X Li

Since A k = X kFk

log ^  =  — log B +  k(l -  2X k ) =  -  log K h¿Li
(8) H. P. Gregor, J. Am. Chem. Soc., 73, 3537 (1951).
(9) H. P. Gregor, J. Belle and R. A. Marcus, ibid., 76, 1984 (1954).
(10) E. Glueckauf, Proc. Roy. Soc. {London), A 214, 207 (1952).
(11) R. A. Robinson and R. H. Stokes, Ann. N. Y. Acad. Sci., 51, 

573 (1949).
(12) H. P. Gregor, J. Am. Chem. Soc., 73, 642 (1951).
(13) H. P. Gregor, B. R. Sundheim, K. M. Held and M. H. Wax- 

man, / .  Colloid Set., 7, 511 (1952).
(14) H. P. Gregor, M. H. Waxman and B. ,R. Sundheim, T his 

Journal, 57, 969 (1953).
(15) H. P. Gregor and M. Frederick, Ann. N. Y. Acad. Sci., 57, 87 

(1953).

where the constant B  =  4°LiM °K. This latter ex
pression is similar in form to Harned’s Rule. Then 
the relationship between K f;{ and X k is

log K h  =  log A d =  log B +  p (l -  2X k)

If log A l; is plotted against (1 — 2Xk) excellent
(16) J. R. VanWazer and D. A. Campanella, J. Am. Chem. Soc., 72, 

655 (1950).
(17) A. W. Porter, Trans. Faraday Soc., 16, 336 (1920).
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Fig. 5.— Plot of expression log K g =  log B +  [(DVB +  
2.82)/34.8](l — 2X’k) showing fit of experimental points 
for potassium-Lthium exchange. The resins are: O, DVB 
1; V, DVB 2; □ , DVB 16; A, DVB 24.
straight line relationships are obtained, similar to 
Fig. 1. Values of B and p ca.n be calculated from

this plot, and it is found that the p ’s are linear func
tion of the percentage cross-linking. Therefore the 
relationship DVB =  ap +  b was postulated and 
values of a and b determined from a plot of DVB vs. 
pare: a = 34.8; b = —2.82. The final expression 
relating Kj) and Yr- is

i v k i i) i /D V B  H- 2.82\ . vlog Rh = lo g «  +  ( — -g jg ----- J (1 -  2Xk)

Figure 5 shows a plot of this function with all experi
mental points.

This simple expression therefore allows one to 
express the selectivity coefficient as a function of 
the mole fraction in terms of a parameter B which is 
itself a function of the DVB content. The values 
of B are: DVB 1, 0.91; DVB 2, 0.96; D VB 16, 
0.63; DVB 24, 0.39. This latter expression is use
ful as a means of expressing a group of related data; 
there is no basis at this time for assigning physical 
parameters to the various contents.

This investigation was supported in part by the 
Office of Naval Research, and in part by a research 
grant RG-2934 from the Division of Research 
Grants of the National Institutes of Health, Pub
lic Health Service.

KINETICS OF LUMINESCENCE QUENCHING IN LIQUID SCINTILLATORS
B y  B . L io n e l  F u n t  a n d  E d w a r d  N e p a r k o 1 
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The kinetics of luminescence quenching in liquid scintillator solutions containing dissolved oxygen have been studied. 
A mechanism is postulated which is in good agreement with the experimental data for the eight systems reported. The 
experimental rate constants have been compared with rates of collision obtained from simple kinetic theory. Such a com
parison indicates an extremely efficient collisional mechanism with almost every collision effectively deactivating the solute 
molecule.

It is now well established that traces of dissolved 
oxygen decrease the luminescence of liquid scintil
lator solutions.2 The mechanism of the process, 
however, has not been clearly demonstrated, and 
the magnitude of the quenching effects recently has 
been questioned.2,1

Studies of fluorescence quenching under ultravio
let excitation also show that, oxygen acts as an ef
ficient quenching agent.3 4 Bowen4 has suggested 
that studies of the kinetics of such systems were of 
considerable theoretical interest since the quench
ing process can be considered typical of fast reac
tion in which most collisions are effective.

A  detailed study of the kinetics of oxygen quench
ing in liquid scintillator solutions, therefore, ap
peared warranted in order to test and establish the 
validity of some of the previous experimental data 
and to investigate the theoretical basis of the 
quenching process.

(1) Holder of National Research Council of Canada Scholarship.
(2) (a) R. W. Pringle, L. D. Black, B. L. Funt and S. Sobering,

Phys. Rev., 92, 1582 (1953); (b) D. G. Ott, F. N. Hayes, J. E.
Hammel and J. E. Kephart, Nucleonics, 13, 62 (1955).

(3) E. J. Bowen and W. S. Metcalfe, Proc. Roy. Soc. (London), 
206A, 437 (1951).

(4) E. J. Bowen, Trans. Faraday Soc., 50, 97 (1954).

By analogy to the Stern-Volmer equation and its 
modifications usee by Bowen, the following mecha
nism was postulated

S +  he — S* Ä*t (D
S* —->  s /cd (2)
S* +  M —->  S +  M* k e (3)
M* —e -  M +  hv' kf (4)
M* +  Q — ->  M +  Q kq (5)

Hence
F */F  -  1 = =  y rel =  h  q  =  K q  (6)

where S represents solvent molecule; M , solute; 
Q, quencher; K ,  the quenching constant; F 0, the 
luminescent output in the absence of quencher, and 
F , the luminescent output in the presence of 
quencher. The transfer steps from solvent to sol
ute have been added in accordance with the present 
theories of the energy transfer process in liquid scin
tillator solutions.5-11 They do not, however,

(5) H. Kallmann and M . Furst, Phys. Rev., 79, 857 (1950).
(6) H. Kallmann and M . Furst, ibid., 81, 853 (1951).
(7) H . Kallmann and M . Furst, ibid ., 85, 816 (1952).
(8) M . Furst and H. Kallmann, ib id ., 94, 503 (1954).
(9) R. K. Swank, Ann. Rev. N ucl. Sci., 4, 111 (1954).
(10) R. K. Swank and W . L. Buck, P h ys. Rev., 91, 927 (1953).
(11) E. J. Bowen ami R . Livingston, J. Am. Chem. Soc., 76, 6300 

(1954).
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change the form of the resultant equation6 from 
that obtained bj' the Stern-Volmer mechanism. 12 
It should be noted that kt is the reciprocal of the 
mean life of the luminescent molecule, and its 
value may be measured directly by appropriate 
fast circuitry.

Experimental
Apparatus.— The liquid scintillator solution was placed in 

a flat bottomed cylindrical cell, of 25 mm. o.d ., 100 mm. 
length provided with a stopcock. This cell was degassed 
by alternate freezing and thawing on a vacuum line. A 
minimum of four freezing and thawing cycles was found 
sufficient for the removal of dissolved gases. The evacu
ated cell was then allowed to return to room temperature 
and increments of oxygen were introduced by a low pressure 
gas buret system.

The pulse height of the resultant solution was then de
termined relative to an anthracene crystal of the same 
weight. For this purpose, the cell was mounted on an 
EMI No. 1361 V X  5055 photo tube and was excited by a 
Cs1:,: source. The pulses were fed to an Atomic Instrument 
No. 204C amplifier, and thence to a Dynatron N/101 
pulse analyzer, and finally to an Atomic Instrument 162-A 
glow transfer counter. The variation of luminescent out
put with oxygen concentration was thus determined.

Chemicals.— Scintillation grade chemicals obtained from 
the Arapahoe Chemical Company were used without fur
ther purification. These were p-bis-(2,5-phenyloxazolyl- 
benzene) (POPOP),13 phenylbiphenylyloxadiazole-1,3,4

Oxygen concn., moles/1. X 104.
Fig. 1.—Variation of luminescent output with oxygen 

concentration. Solid curve calculated from equation 6. 
Experimental points as follows: □, xylene 4 g ./l. PBD;
®, p-xylene 4 g./l. terphenyl, 0.1 g./l. POPOP; O, xylene 
6 g ./l. terphenyl; A, p-xylene 4 g ./l. terphenyl.

Oxygen concn., moles/1. X  104.
Fig, 2.—Variation of luminescent output with oxygen 

concentration. Solid curve calculated from equation 6. 
Experimental points as follows: A, toluene 8 g./l. PBD; 
9 , toluene 5 g./l. terphenyl; □ , toluene 4 g./l. PBD; O, 
toluene 5 g./l. terphenyl, 0.1 g./l. l'PO.

( 1 2 )  O. Stern and M. Volmer, Phys. Z., 20, 183 (1919).
(13) F. N. Hayes, C. R. Rogers and D. G. Ott, J. Am. Chem. Soc., 

77, 1850 (1955).

(PB D ), 2,5-diphenyloxazole (PPO), p-diihenylbenzene 
(p - terphenyl), 2 -(naphthyl)-5 -phenyloxasole (NPO).
Eastman Kodak Co. reagent grade xylene, p-xylene and 
toluene were employed.

Results
The variation of luminescent output as a function 

of oxygen concentration is shown in Figs. 1 and 2 . 
The pulse height data were determined relative to 
an anthracene crystal of the same weight and are 
expressed as percentages on the anthracene scale. 
The geometry of the liquid scintillator cells did not 
provide a very effective means of light collection. 
Although powdered MgO reflectors were used, the 
absolute pulse height efficiencies were slightly lower 
than those obtained with wider and shorter cells 
of the same volume. Since the same geometry was 
used throughout this work, the relative pulse heights 
are comparable and the advantages of the longer 
cylindrical cells in the vacuum procedure compen
sated for their poorer light collection properties.

Figures 1 and 2 show the magnitude of the oxy
gen quenching effect in a number of commonly em
ployed liquid scintillator solutions. It should be 
noted that the curves are the theoretical curves ob
tained from  equation 6. whereas the points repre
sent experimentally determined values. The vari
ation of the points about the curve is within experi
mental error, and represents extremely good agree
ment with the postulated mechanism for the 
quenching reaction. The value of F 0 for equation 
6  was determined from the relative pulse height 
efficiency of the evacuated solution. The nitrogen 
bubbling procedure previously described,2“ yields 
exactly the same value for this point.

Plots of the relative luminescent efficiency (F0 — 
F )/ F  versus oxygen concentration are shown in Fig.
3. Excellent agreement is obtained with a linear 
relationship in quencher concentration as predicted 
by equation 6 .

Oxygen concn., moles/1. X  104.
Fig. 3.—Linear plots of relative light output as a function 

of oxygen concentration: □ , p-xylene 4 g ./l. terphenyl;
0.1 g./l. POPOP; A, xylene 0 g./l. terphenyl; O, toluene 5 
g./l. terphenyl; 0.1 g./l. PPO; o ,  xylene 4 g./l. PBD.

The slopes of eight lines, four of which are shown 
in Fig. 3, have been used to determine values of the
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T a b l e  I

1
R a t e  C on stants  

2

fo e  L u m in escen ce  Q u en ch in g  
3 4 5

Solutions

Quenching 
constant, 

K = hQ//t fc, = K/t

Molar
concn. for 10% 

quenching
Collisions 

per 2 X 10- 
sec.

p-Xylene
4 g./l. terphenyl 
0,1 g ./l. POPOP 210 1.05 X 1011 5 X 10-4 0.2

p-Xylene
4 g./l. terphenyl 213 1.07 X  1011 5 X 10 -4 .2

Xylene 
4 g./l. PBD 132 6.6 X 10“ 9 X 10-4 .4

Xylene
6 g./l. terphenyl 175 8.8 X  1010 6 X 10-4 . 1

Toluene 
8 g./l. PBD G8 3.4 X 10“ 1.5 X 10-3 .6

Toluene 
4 g./l. PBD 125 6.3 X 10“ 8 X 1U“ 4 .4

Toluene
5 g./l. terphenyl 141 7.1 X 1010 7 X 10-4 .2

Toluene
5 g./l. terphenyl 
0.1 g./l. PPO 143 7.2 X 10“ 8.5 X 10- ‘ .2

quenching constants K  shown in Table I, and for 
the calculation of the theoretical curves for Figs. 1 
and 2 .

If one assumes an average value of 2 X 10 -9 sec
onds9 for the liquid scintillator solutions, it is pos
sible to calculate fcq from the relationship kQ =  K / t 
for the systems reported here. The values of kq 
are tabulated in Table I.

Self quenching effects have not been considered 
in this work, and the values of kri vary with the con
centration of the primary solute. Studies of self 
quenching for several of the primary solutes, have, 
however, been reported.5-7

The magnitude of air quenching can be estimated 
from the F Tei values corresponding to O2 solubility 
in the solvent at its partial pressure. In xylene, 
the solubility is approximately 1.4 X 10-3  M  at 
18°. It can be seen from Figs. 1 and 2 that the 
relative decreases in luminescent output at this con
centration are not constant for the various solutions 
investigated.

The solubility figures given by Ott, et a l.,2h are 
lower due to the lower partial pressure of 0 2 at 
Los Alamos.

An insight to the molecular mechanisms in
volved can be obtained from a calculation of the 
effectiveness of collisions between solute and 
quencher molecules. For such a comparison, one 
may arbitrarily select a molar concentration for 10% 
quenching14 (F /F 0 =  0.9) and calculate from simple 
kinetic theory the number of collisions between 
solute and quencher molecules that will occur within 
the lifetime of the excited solute molecule. For

(14) E. J. Bowen and F. Wokes, “ Fluorescence of Solutions,” 
Longmans, Green, New York, N. Y., 1053.

these calculations collisional cross sections of 2 , 5 , 6 
and 8 A. were assumed for oxygen, terphenyl, PPO 
and PBD, respectively. A comparison of encounter 
frequency and collision frequency in fluorescent 
solutions has been presented by Bowen. 414 For 
the purposes of the present analyses the gas colli
sion frequency was deemed sufficient to indicate 
the magnitude of the quenching process. The 
relevant quantities are given in columns 4 and 5 of 
Table I. The data show that for 10%, quenching 
between 0.1 and 0 .6  collision occurs between a given 
solute molecule and oxygen molecule in 2 X 10-9  
second. For 50% quenching, the values are ten 
times as great, and between 1 and 6 collisions occur 
between an activated molecule and the quencher 
molecule within its lifetime.

If one considers the encounter theory of repeated 
collisions between adjacent molecules in a liquid the 
limiting value of % in quenching4 is 7cq = SI? T/30001).

For xylene this yields a value of 1 X 1010 which 
agrees reasonably with the experimental results 
listed in Table I.

These data show that the quenching process is 
characterized by an extremely efficient collisional 
mechanism, in which almost every bimolecular 
collision is effective in robbing the activated solute 
molecule of its excess energy. Kinetic studies of 
fluorescent solutions have yielded the same conclu
sion and, in fact, it would appear that such work 
may be the means of shedding further light on the 
general problem of bimolecular collisions in the 
liquid stated

The authors are indebted to the National Re
search Council of Canada for a grant in aid of this 
work and for scholarship aid to E.N.
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FLOW PROPERTIES OF ALUMINUM DILAÜRATE-TOLUENE GELS
B y  N e il l  W e b e r  a n d  W a l t e r  H . B a u e r  

Department of Chemistry, Walker Laboratory, Rensselaer Polytechnic Institute, Troy, N. Y.
Received August 2, 1955

Mow properties of aluminum dilaurate in toluene gels at 25° have been studied in a pressure capillary viscometer over a 
range of mean rate of shear from 10“ 3 to 10+6 cm .“ 1. Flow curves, mean rate of shear versus wall shearing stress, obtained 
for gels of 1, 2, 3, 5%  weight per cent, soap in toluene, showed three types of flow. A region of Newtonian flow with high 
viscosity was found at shear rates below 10“ 2 sec.-1. When a critical shear stress range was exceeded, the shear rate rapidly 
increased with small increase in shear stress. At shear rates above 100 sec.“ 1, a third regime of flow was found, in which a 
plot of log shear rate versus log shear stress approached a constant slope, always greater than unity, and the flow curve was a 
very marked function of the length to radius ratio of the capillary used. The shear modulus of elasticity and the viscosity 
were measured for 2, 3 and 5%  weight per cent, soap in toluene gels at shear rates below 10“ 2 sec..“ 1.

Systems of aluminum soaps dispersed in hydro
carbon solvents exhibit a wide variety of rheological 
properties, ranging from those characteristic of in
elastic fluids in dilute dispersions to those typical 
of plastic solids in gels of high soap concentration. 
Studying the flow properties of aluminum soap 
dissolved in gasoline, Carver and Van Wazer1 
showed the presence of a structure affecting flow 
which was partially destroyed under shear and 
restored after rest. They interpreted their results 
to show a yield value for extension, but there was no 
Bingham yield value. Goldberg and Sandvik, 2 
measuring elastic constants for aluminum soap 
gels in Varsol, found that the dynamic viscosity 
and the elastic shear modulus were functions of the 
rate of shear. Complete recovery of the original 
elastic properties was found after a period of rest. 
Dilute solutions of aluminum soaps in benzene 
were found by Alexander and Gray3 to show stream
ing birefringence under low rates of shear. The 
viscosity, double refraction, and extinction angle 
were measured at various rates of shear. Garner, 
Nissan and Wood,4 studying gels of aluminum 
stearate in petrol, found that the apparent viscos
ity at different rates of shear was at first constant. 
Above a value of one for the rate of shear, the vis
cosity began to decrease, reaching another approxi
mately constant value at very high rates of shear 
in a capillary viscometer. Unusually large inlet 
end effects were found when the flow of the gels in 
pipes was studied. It is thus apparent that various 
regions of flow are exhibited by hydrocarbon gels 
of aluminum soaps, according to the range of rate 
of shear, the applied shearing stress, and the con
centration of the soap used. In any attempt to 
correlate the structure of the aluminum soap 
polymers and the nature of the parent fatty acid 
with the flow properties of soap hydrocarbon gels, 
it is thus necessary to study the flow properties in 
instruments in which rates of shear may be varied 
over very wide ranges. For the purposes of this 
investigation, therefore, a capillary viscometer was 
constructed, so that a very wide range of flow rate 
might be studied in a single capillary if desired. 
In order to provide a basis for comparison, a study 
of the flow properties of aluminum hydroxydilau- 
rate gels in toluene was undertaken. Although this

(1) E. Iv. Carver and .1. R. Van Wazer, T his Journal, 51, 751 
(1947).

(2) H. Goldberg and 0. Sandvik, Anal. C h em ., 19, 123 (1947).
(3) V. R. Gray and A. E. Alexander, This Journal, 53, 9 (1949).
(4) F. H. Garner, A. FT. Nissan and G. F. Wood, Phil. Trans. Roy. 

Soc., 243, 37 (1950).

investigation was conducted at 25°, toluene was 
chosen so that measurements subsequently could be 
made at lower temperatures.

Experimental
Materials.— Aluminum hydroxydilaurate was prepared 

as previously described.5 Aluminum analysis showed that 
the ratio of moles of fatty acid per mole of aluminum was
1.98 to 1.99 in successive lots of 100 g. prepared. Infrared 
absorption measurements showed no free fatty acid. Tolu
ene, Eimer and Amend reagent grade, was shaken succes
sively with sulfuric acid, mercury and sodium The toluene 
was then distilled through a column packed with glass 
helices, and a fraction was used which boiled at 110.7° and 
765 mm.

Gel Preparation.— In the preparation of aluminum di- 
laurate-toluene gels, weighed portions of soap, dried over 
phosphorus pentoxide, were added to measured weights of 
toluene in jars which were then sealed. The suspension of 
soap and toluene was shaken manually until gelation had 
proceeded to a stage at which elastic properties had de
veloped and the settling rate of particles was slow. The 
gels were then transferred to anodized aluminum storage 
tubes, fitted with vapor tight caps. The operations de
scribed were carried out in a box with an atmosphere dried 
by phosphorus pentoxide. It was found to be very impor
tant to avoid the absorption of water by the soap during gel 
preparation. The storage tubes containing the gel samples 
were placed in a rotating mount and aged for 24 hours at 
55°, in order to ensure uniformity and to complete the dis
persion of the soap. Before flow measurements were made, 
gels were stored for 48 hours at the operating temperature. 
Gels prepared in this manner were reproducible and showed 
no change in flow properties in a 3-month period, in the 
range of 1 to 8%  soap by weight.

Flow Measurement— Capillaries.— In the measurement of 
flow rates, fourteen capillaries were used, having lengths 
varying from 2.9 to 37.8 cm., and diameters varying from
0.0203 to 0.0643 cm.

Capillary Viscometer.— A capillary viscometer was con
structed with a removable base containing a standard-taper 
opening for receiving a capillary tube. A metal head of the 
same taper was cast on each of the viscometer capillary tubes, 
which were thus interchangeably mounted flush with the 
surface of the base plate. Viscometer body cylinders, 1.5" 
in diameter and 10" long, with closely fitted, but freely slid
ing pistons were constructed of stainless steel. The cylin
ders, provided with gas tight caps, were loaded with gel and 
stored at the test temperature. When flow measurement 
was to be made, a piston was inserted in the loaded vis
cometer cylinder, which was then fitted with a base plate 
carrying a capillary tube. Air entrapped was allowed to es
cape through a valve in the piston which resred on the gel. 
The viscometer tube was mounted vertically and connected 
through a port to a large reservoir of compressed nitrogen 
which provided constant driving pressures. The volume 
rate of flow of the gel through the capillary was calculated 
from the rate of descent of the piston and its cross-sectional 
area. For measurement of the movement of the piston, a 
rod, having finely turned grooves at regular intervals, was 
fastened to the piston, projecting vertically upward, travel
ling in a thick-walled glass tube mounted in the head cover * 24

(5) W. W. Harple, S. E. Wiberley and W. H. Bauer, Anal. Chem.,
24, 035 (1952).
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plate. As the piston moved when the viscometer was 
operated, the grooves in the rod affected the intensity of a 
light beam directed through the guide tube to a photo cell. 
A Dumont 304-A oscillograph with a Fairchild F26A re
corder camera was used to monitor the output of the photo 
tube.

The driving pressure was measured either by a Bourdon 
gage at the nitrogen input port or by a capacitance gage in 
contact with the gel below the piston. The direct current 
output from a link coupled oscillator and power supply of 
the capacitor gage was fed into an oscilloscope, and the re
sulting pressure trace was visibly observed or photographed. 
The gage, previously described,6 was converted for use in 
the range of 0 to 15 lb ./sq. in. by reduction of the diaphragm 
thickness. The pressure applied was usually measured by 
the Bourdon gage, because it was found that there was no 
significant pressure loss over the piston under any operating 
condition. The whole viscometer was housed in an Aminco 
constant temperature air cabinet, in which the temperature 
was regulated to 25 ±  0.1°.

Flow rates for which the mean rates of shear were less 
than 100 sec.-1 were measured in a separate apparatus, 
similar to that described by Bingham and Robertson.7 
Movement of the gel meniscus in a capillary tube partially 
filled with gel from a reservoir was observed with a cathe- 
tometer, or the efflux from the tube was weighed to deter
mine very small flow rates.

Calibration of Viscometer Tubes.— Pyrex capillary tubes 
showing minimum deviations of the bore from that of a cir
cular cylinder were selected. Uniformity of the bore was 
checked by measurements of the length of a mercury drop 
moved along the length of the capillary tube. The as
sembled viscometer was calibrated with a National Bureau 
of Standards oil L-13, 0.8213 poise viscosity at 25°, using 
capillaries whose length to radius ratio varied from 1021 to 
208.

From the flow rates, the driving pressures corrected for 
kinetic energy, and the measured dimensions of the capillary 
tubes used, shear stresses were calculated for values of wall 
rate of shear from 1 X  103 to 3 X  104 sec.-1. When the 
shear stresses were plotted versus the rates of shear obtained, 
all points fell on a straight line through the origin. The 
viscosity for the NBS L-13 oil obtained from the slope of this 
plot was 0.823 at 25.0°. At constant driving pressure, a 
uniform flow rate of gel was rapidly established and main
tained as the driving piston moved down the viscometer 
body cylinder.

Experimental Results
The results of flow measurements on 1, 2, 3 and 

5 % by weight aluminum dilaurate gels in toluene 
are shown in Fig. 1. From the mean driving pres
sure, P , corrected for kinetic energy losses, and the 
flow rate, Q, the maximum shearing stress at the 
wall, r, and the mean rate of shear, D , were cal
culated. For flow of gel in a capillary of length L  
and radius R , the following relations were used

In the region in which the rate of shear, D , ex
ceeded approximately 100 sec. -1  flow rates were 
determined in a series of capillaries of various length 
to radius ratios. At low rates of shear, the flow 
curve was found to be independent of the capillary 
length to radius ratio.

Flow data were also obtained with a series of 
capillaries for gels of 1, 2, 4, 5 and 8% aluminum di
laurate in toluene, in the region of shear rate 
through which marked dependence of the flow on 
the length to radius ratio of the capillary was found. 
The results are plotted in Fig. 2. Flow was ob
served after a sufficient lapse of time for all gels, 
even under the lowest shear stresses applied.

(6) F. Bellinger, et al., lnd. Eng. Chem., 38, 164 (1946).
(7) E. C. Bingham and J. W. Robertson, Kolloid Z., 47, 1 (1929).

Fig. 1.— Capillary flow curves for aluminum dilaurate in 
toluene gels at 25°.

In order to obtain data from which a modulus of 
elasticity could be calculated, measurements of 
initial axial extension of gel in a capillary under 
suddenly applied stresses were made. Results for 
gels of 2 % by weight aluminum dilaurate in toluene 
are shown in Fig. 3 in which axial extension is plot
ted as a function of time. Flow of the gel occurred 
after an initial extension at the various constant 
shearing stresses, t, indicated, followed by a rapid 
initial elastic return in those cases when the stress 
was suddenly released.

Discussion
Three distinct regimes of flow are shown by the 

aluminum soap-toluene gels. Below the mean rate 
of shear of 1 0 -2  sec.-1, the 2 % soap gel, for instance, 
flows as a Newtonian liquid of very high viscosity,
4.8 X 10s poise, under shearing stresses up to 40 
dynes cm.-2. In the range of shearing stress of 
from 40 to 100 dynes cm.-2, the rate of shear rap
idly increases, as if a yield value had been exceeded. 
When the shear rate is greater than 100 sec.-1, a 
third type of flow is shown, in which the flow curve, 
log D  versus log t, approaches a constant slope, 
always greater than unity, behavior typical of sys
tems exhibiting shear rate thinning. The unusual 
dependence of the flow curve on capillary length to 
radius ratio shown in this region results from ab
normally high inlet losses, similar to those re
ported by Garner, Nissan and Wood4'8 for flow of 
aluminum soap-hydrocarbon gels in capillaries and 
pipes. Such losses may be ascribed to capillary 
entrance work arising from the partial disruption of 
a network formed by the association of the rigid 
linear soap polymer units postulated by Ludke.9

The fraction of the total flow work performed 
which is expended at the capillary entrance dimin
ishes as the L /R  ratio increases, since the apparent 
shearing stress, Fig. 4, required to maintain a fixed

(8) G. F. Wood, A. H. Nissan and F. H. Garner, J. Inst. Petroleum, 
33, 71 (1947).

(9) W. O. Ludke, S. E. Wiberley, J. Goldenson and W. H. Bauer, 
T his Journal, 59, 222 (1955).
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Fig. 2.—Effects of capillary length to radius rate L/R and soap concentration on flow curves of aluminum dilaurate in
toluene at 25°.

Fig. 3.— Axial extension of 2%  by weight aluminum di
laurate in toluene at various rapidly applied constant wall 
shear stresses, at 25°. Shearing stress was suddenly re
moved after a time interval lor t =  63.7, 54.8, 38.9, 31.3 and 
22.0 cm .-'.

Fig. 4.— Shear stress at constant mean rate of shear, D =  
0310 sec.-1 versus capillary length to radius ratio, for alumi
num dilaurate in toluene gels at 25°.

rate of shear approaches a constant value as L /R  
increases. This is in agreement with the results of 
Carver and Van Wazer, 1 who found that the shear
ing stress measured at constant rate of shear fell olf 
similarly as strain increased, finally approaching a 
constant value.

As shown in Fig. 3, when various small constant
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pressures were rapidly applied to a reservoir of gel 
connected to a volume of gel in a partially filled 
capillary, a rapid initial elastic axial extension took 
place followed by slow flow of the gel along the 
tube. When the applied stress was suddenly re
lieved, a rapid initial axial return was observed, not 
ascribable to surface tension effects. The initial 
axial extension for each suddenly applied stress was 
obtained by extrapolation of the curve of axial ex
tension versus time to zero time. Thus initial axial 
extensions, La, were obtained, from which an in
stantaneous elastic modulus, G, was calculated7 
from the relation

G =  tR/2La

where r is the shear stress at the wall, and l i  is the 
capillary radius. For these gels which showed a 
constant ratio of t/D  at shear rates below 100 sec.-1, 
in the region of Newtonian flow, viscosities were 
calculated. Results of the determination of elas
tic moduli and viscosities are given in Table I.

T a b l e  I
E lastic  a n d  V iscou s  P r o p e r t ie s  o f  A lu m in u m  D il a u - 

r a t e - T o lu e n e  G els

Shear modulus Viscosity,
Wt. %  soap of elasticity, poise

in gel dynes cm .-2 X 10" 3
2 95 4.8
3 380 39
5 1300 184

Pronounced elastic properties and high low rate 
of shear viscosity appear abruptly in the gels as the

concentration of soap is increased when a concen
tration of 1% by weight of aluminum dilaurate in 
toluene is reached. Evidently at this critical con
centration, the soap polymer particles are suf
ficiently large and close that interaction leading to a 
three dimensional structure becomes important.

The viscosity of 4800 poise shown by the 2 %  alu
minum dilaurate in toluene gel at shear rates below 
100  sec. “ 1 is in marked contrast with the apparent 
viscosity of 0.083 given by the ratio of t/D  when a 
mean rate of shear of 4.6 X 104 sec. “ 1 is reached. 
When it is considered that for the 2% aluminum 
dilaurate gel in toluene the measured ratio of t / D  
varies by an order of magnitude of 105, and that 
three distinct ranges of flow are found in a single 
capillary as the rate of shear changes from 1 0 -3  to 
105 cm.-1, it is clear that for correlation of soap 
structure with flow properties of derived gels, 10 in
struments allowing very wide range of shearing 
stresses are required. A capillary viscometer such 
as the one described in this report, in which a single 
capillary tube may be used to cover the whole 
range of measurement if desired, offers many ad
vantages when comparisons of flow properties of 
various materials is desired.

Acknowledgment.— Acknowledgment is made to 
the Koehler Instrument Company, Jamaica, N. Y., 
for advice and assistance in the construction of the 
viscometer used in this study. This work was 
conducted under contract between the Chemical 
Corps, U. S. Army, and Rensselaer Polytechnic In
stitute.

(10) L. Finkelstein, T his Journal, 52, 1460 (1947).

CRYSTAL STRUCTURE OF 7 -AIOOH AND T-ScOOH
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Department of Chemistry, The Rice Institute, Houston, Texas 
Received August 4, 1955

The unit structure, space group symmetry and detailed atomic arrangement of y-AlOOH (bohmite) and 7-ScOOH have 
been determined. The unit structure is orthorhombic end-centered on (100) and the most probable space group is D1Ï-
Amam.

Bohmite, y-AlOOH, has been found to exist in 
nature1'2 and may be prepared in the laboratory in 
a variety of wavs. 3-6 From the close similarity of 
the powder X-radiograms of bohmite and the min
eral lepidocrocite, y-FeOOH, it has been concluded 
that the structures are analogous.7'8 The existence 
of the closely related compound y-ScOOH has 
clearly been established by X-ray diffraction and de
hydration isobaric studies,9-11 but quantitative X- 
ray studies have not been made.

(1) J. Bohm, Z . anorg. Chem., 149, 203 (1925).
(2) J. De Lapparent, BuU. soc. franc. Mineral, 53, 255 (1930).
(3) J. Bohm and H. Niclassen, Z. anorg. Chem., 132, 1 (1924).
M) J. D. Edwards and M. Tosterud, T his Journal, 37, 483 (1933).
(5) H. Lehl, ibid., 40, 47 (1930)
(6) H. B. Weiser and W . O. Milligan, Advances in Colloid Sci., 1, 

227 (1942).
(7) S. Goldstaub, Bull. soc. franc. Mineral, 59, 148 (1936).
(8) R. Hocart and J. Do Lapparent, Comp, rend., 189, 995 (1929).
(9) R. Fricke and A. Seitz, Z . anorg. Chem., 255, 13 (1947).
(10) W. O. Milligan. T his Journal, 55, 497 (1951).
(11) W. O. Milligan and H. B. Weiser, ibid., 42, 669 (1938).

There are two crystalline modifications of the 
monohydrate of aluminum oxide with the formula 
AlOOH. The modification corresponding to dia
spore, a-AlOOH, has been found to be isomorphous 
with goethite, a-FeOOH, of known structure. 12 
The second modification corresponding to bohmite, 
y-AlOOH, is isomorphous with lepidocrocite, y- 
FeOOH. The structure of lepidocrocite has been 
determined by Ewing employing oscillation and ro
tation photographs of a naturally occurring single 
crystal. 13 Reichertz and Yost14 employing pow
der methods, determined parameters for the various 
ions in the crystal structure of bohmite that lead to 
a hydrogen bond distance of 2.47 ± 0.07 A., which 
is considerably less than similar distances previ
ously reported15 with the exception of a value of

(12) F. J. Ewing. J. Chem. Phils.. 3, 203 (1935).
(13) F. J. Ewing, i b i d . ,  3, 420 (1935).
(14) P. P. Reichertz and W. J. Yost, ibid., 14, 495 (1946).
(15) L. Pauling, “ The Nature of the Chemical Bond,’ ’ Cornell Uni

versity Press, Ithaca, N. Y., 1948.
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2.42 A. for the OHO distance in nickel dimethyl- 
gly oxime. 16

Milligan and Weiser, 11 from dehydration isobars 
of scandium trihydroxide and X-ray diffraction 
studies, reported the existence of scandium oxide 
monohydrate, y-ScOOH, which they believed to 
be isomorphous with bohmite. The crystallite 
size obtained, however, was of such dimensions that 
the X-radiograms consisted of broad and diffuse 
bands which could not be employed in a quantita
tive determination of the structure. The existence 
of scandium oxide monohydrate was later confirmed 
by Fricke and Seitz.9

In the present investigation the unit structure, 
space group symmetry and detailed atomic ar
rangement of y-AlOOH and y-ScOOH have been 
determined. Since numerous attempts to grow 
single crystals of both of these monohydrates failed, 
it was necessary to confine the work done here to 
powder techniques.

Experimental
A. Preparation of y-AlOOH.— Several samples of boh

mite were employed in the determination of its structure. 
Two samples of well-crystallized material were obtained 
from the Aluminum Company of America, while two others 
were prepared in this Laboratory.

The two samples of bohmite prepared here were precipi
tated from N / 10 solutions of aluminum chloride and sulfate 
with a slight excess of dilute ammonium hydroxide. Both 
samples were washed in a centrifuge with distilled water 
until the supernatant liquid was free of the anion. The 
samples were then placed in a platinum capsule in a special 
steel bomb capable of operation at temperatures as high as 
600° and pressures as high as 30,000 Ib./sq. inch. The 
sample prepared from aluminum chloride was heated in the 
bomb for 7 days at 350° and 5,000 Ib./sq. inch, while the 
product precipitated from aluminum sulfate was heated at 
400° and 6,000 lb./sq. inch for five days. After removal 
from the bomb, the crystalline powders were washed five 
times with distilled water in a centrifuge, then allowed to 
dry at room temperature.

All of the samples of bohmite prepared here and those ob
tained from the Aluminum Company of America gave iden
tical X-ray diffraction patterns whose spacings agreed with 
published patterns.

B. Preparation of -y-ScOOH.— The method of prepara
tion of y-ScOOH was that employed by Milligan and 
Weiser.11 Three separate samples of y-ScOOH were pre
pared here, differing in the method of the initial precipita
tion and the time of heating in the bomb. These were pre
pared as follows.

1. To a solution of 0.1 M  scandium chloride at room tem
perature, freshly distilled ammonium hydroxide was added 
in slight excess. The precipitate was immediately washed 
in a centrifuge with distilled water until free of chloride ion.

2. Freshly distilled ammonium hydroxide was added to a 
boiling solution of 0.1 M  scandium chloride, the precipitate 
immediately being washed in a centrifuge with boiling dis
tilled water and finally with cold water. Washing was con
tinued until the wash water no longer gave a positive test for 
chloride ion when tested with silver nitrate.

3. To a boiling solution of 0.1 M  scandium chloride, 
freshly distilled ammonium hydroxide was added in slight 
excess, the precipitate was then allowed to digest for 30 
minutes before being washed as described in (2) above.

The washed samples were put separately in a platinum 
bucket which was then placed in the high temperature bomb. 
Samples one and two were heated for six days at 350° and 
6,000 lb./sq. inch, while sample three was heated for seven 
days at 350° and 5,500 lb./sq. inch. After heating, the 
products were washed with distilled water, and then allowed 
to dry in air at room temperature.

The three samples of y-ScOOH, prepared as described 
above, gave identical X-ray diffraction patterns, which, ex-

(16) L. E. Godycki, R. E. Rundle, R. C. Voter and C. V. Banks, 
J. Chem. Phys., 19, 120S (1951).

cept for a slight displacement of the interplanar spacings, 
closely resembled that of y-AlOOH.

C. X-Ray Diffraction Examination.— Two types of X - 
ray apparatus were employed. A high angle Norelco record
ing X-ray spectrometer using filtered Cu K a radiation and a 
General Electric apparatus using Cu Ka and Cr Ka radia
tion monochromated by means of a sodium chloride crystal 
monochromator.

The observed intensities were obtained from the X-ray 
spectrometer tracings by computing the area beneath the 
peaks using Simpson’s rule. The X-ray photographs ob
tained from the General Electric apparatus were run on a 
modified Kipp and Zonen microphotometer.

Structure Determination
A. Unit Cell.— The experimental results from 

the X-ray diffraction examination of y-AlOOH and 
y-ScOOH lead to an orthorhombic unit cell with 
values of the axes as shown in Table I.

T a b l e  I
V a l u e s  o f  t h e  L a tt ic e  C o n st a n t s , A .

7-A100H y-ScOOH
a0 3.69 4.01
bo 12.24 13.01
Co 2.86 3.24

The determination of the lattice constants by 
any of the precision methods such as those of Brad
ley and Jay17 or Cohen18 require the use of lines 
with a Bragg angle greater than approximately 
60°. The lines obtained in this investigation 
which obey this condition were all too broad to 
justify the use of either of the above-mentioned 
methods to determine the unit cell dimensions. For 
this reason, the lattice constants reported here were 
calculated by methods of successive approximation 
to obtain the best agreement between the experi
mental and calculated spacings. The lattice values 
determined here for bohmite were found to agree 
with those reported by Reichertz and Yost. 14 A 
comparison of the computed and experimental in
terplanar spacings for 7 -AlOOH and 7 -ScOOH are 
shown in Tables III and IV, respectively.

The assignment of four formulas of AlOOH and 
ScOOH per unit cell gives calculated densities of
3.09 and 3.07 g./cm.3, respectively, which are to be 
compared to the measured values of 2.99 and 3.02 
g./cm. 3 obtained by use of a pycnometer.

B. Space Group Symmetry and Prediction of 
the Atomic Structure.— The general extinctions ob
served for aluminum and scandium oxide mono
hydrate are the same as those observed by Ewing 
for lepidocrocite13 which leads to D'j/Amam, 
C2v-A2am, or C“ -C2 cm; with as the most 
probable space group. All atoms are in positions 
4(c); Ou V4, Oü V 4, etc.

By application of Pauling’s rules for the coordina
tion theory of ionic crystals, the predicted atomic 
arrangement in y-FeOOH, y-AlOOH and y-ScOOH 
may be obtained. This structure consists of alu
minum or scandium-centered octahedra joined by 
the sharing of edges in such a way that the oxygens 
Oi, near the middle of the layer are common to 
four octahedra and corresponds to O— , while the 
oxygens On on the outer ridges of the layers are 
common to two octahedra and corresponds to

(17) A. J. Bradley and A. H. Jay, Prcc. Phys. See., 44, 563 (1932).
(18) W. M. Cohen, Rev. Sci. Inst., 6, 68 (1935).
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(OH)~. The successive layers are held together 
by hydrogen bonds. The values for the atomic 
parameters are shown in Table II.

T a b l e  I I

A t o m ic  P a r a m e t e r s  
7-AlOOH 7-ScOOH

Exp-,. Calcd. Expt. Calcd.
u -0.315 -0.322 - 0.334 -0.318
III + .287 + .291 + .260 + .282
un + .083 + .080 + .066 + .071

c. Intensity Computations.— Relative intensi-
ties were calculated to determine the structure of 
y-A100H and 7 -ScOOH employing the usual equa
tions. 19

Computations were also made to determine the 
effect of absorption of the X-rays in the powder 
samples. 20 However, since the absorption coef
ficient and the sample radius (0.024 cm.) are small 
for both y-A100H and y-ScOOH, the effect of ab
sorption was found to be negligible in all cases.

Debye-Waller temperature corrections were de
termined by the method of least squares.

The calculated intensities were determined by 
varying the predicted values of the atomic parame
ters over small ranges consistent with the structure 
described above. The parameters which gave the 
best agreement of the observed with the calculated 
intensities, are shown in Table II. Comparisons 
of the calculated and observed relative intensities 
using the above parameters are presented in Table 
III for y-A100H and in Table IV for 7 -ScOOH.

It is difficult to determine the error involved in 
the parameters given in Table II; however, 
changes of ± 0 .002  in the aluminum or scandium 
parameter, and changes of ±0.005 for the oxygen 
parameters cause the calculated intensities to be 
in general disagreement with the observed intensi
ties.

Discussion of the Results
The structures of aluminum and scandium oxide 

monohydrate as obtained here are in good agree
ment with the predicted atomic arrangement. 
The interatomic distances have been computed and 
are presented in Table V.

T a b l e  III
C o m p a r is o n  o f  C a l c u l a t e d  a n d  O b s e r v e d  I n t e n s it ie s  

f o r  7 A IO O H
X -R ay

Interplanar spectrometer Crystal monochromator
spaeings CuKa Cu K a  Cr K a

h k l dcalcd • dobsd• Calcd. Obsd. Calcd. Obsd. Calcd. Obsd.
020 6.119 6.108 10.00 10.00 10.00 10.00 10.00 10.0
120 3.160 3.160 5.89 6.06 6.05 6.10 5.77 5.7
040 3.061 3.366 .09 wk. .09 0.08
011 2.799 .00 .00 0.00
140 2.356 .03 .02 0.02
031 2.342 2.340 4.94 5.29 5.56 5 . 55 5.20 5 .2
111 2.222 .01 .01 0.01
000 2.040 .09 wk. .10 0.10
131 1.982 1.9(16 .37 0.55 . 45 0.58 0.42 0.4
051 1.859 1.851 3.25 3.53 4 .00Ì 5.66 4.00 4 .0
200 1.845 1.841 2.20 3 .08 2 .7 6 / 2.59 2.7
160 1.785 .00 .00 0.00
220 1 .767 1 .761 . 57 0 . 66 .73 0.70 0.71 1 . 1
.151 1 . 6 6 1 1 . 6 6 3 .80 1.28 1.07 1.46 1 .07 1 .9

(19) “ Internationale Tabellen zur Bestimmung von Kristallstruk
turen,”  Gebrüder Borntraeger, Berlin, 1935.

(20) A. J. Bradley, P r o c .  P h y s .  S o c . ,  47, 879 (1935).

240 1.580 .02
211
080

1.538
1.530 1.530 .02

.52 1 0.67

071 1.491 .00
231 1.483 1.455 1.50 1.41
002
180

1.429
1:413 1.425 .72

.091  0.89

022 1.392 1.394 .20 0.29
171 1.383 1.384 79 0 .80
260 1.368 1.364 .07 wk.
251 1.310 1.310 1.27 1.47
122 1.302 1.301 .47 0 .70
042 1.295 .01
091 1.228 .05 )
0100 1.224 1.221 .04 1 0.12
142 1 222 .03 1
320 1 206 1.201 .19 0 .17
280
062

1.177
1.170 1.171 .30

.04 I  0.33

191 1.165 .00'
1100 1.161 1.160 .40 [ 0.33
271 1.160 .00
340 1.141 . 01'
202
311

1.130
1.125 1.127 . 47'

.01 j- 0 .5 9 “

162 1.116 .oo '
222 1.111 1.108 .15 0 .19“
331 1.089 1.080 .02 0 .03“
242 1.060 .01
360 1.053 .00
082
0111

1.044
1.037 1.043 . 19'

.07 j- 0 .21“

351 1.026 1.028 .19 ' 0 .14“
291 1.022 .04"1
2100 1.020 1.021 •04]> 0 .09“
0120 1.020 . 02J
182
1111

1.005
0.995 0.998 . 0 5 <

.031\ 0 .03“

262
1120

.989

.983 .986 ! 04}  ° - 06“
380 . 958 .02
013
371

.949

.948 . 945 .oo\
.18 /• 0 20a

0102
033

.930

.927 .925 .03\
.06 /• 0 .20“

400
322

.922

.922 .920 .12)
.13]• 0 .22“

113 .919 .02 0 .07“
420 .912 .05]
282 .909 .909 . 26]• 0 .29a
2111 .904 . 05J
1102 .901 .905 .36 0 .31“
133 .900 .01
0131 .894 .897 .05 0 .11“
2120 .892 .03]
342 .892 .885 .01 [ 0 .23“
053 .888 .15j
440 .884 .00
411 .875 .00
391
1131

.869

.868 .870 .00Ì
. 23]■ 0 .27“

3100 .867 .866 .18 0 .25“
153 .863 .863 .14 0.19"
431 .858 .01
362 .848 .00
213 .844 .01)
460 .841 .838 .02 ] wk.
073 .836 .ool
2102 .830 .07]
0122 .830 .830 .0 3 ] 0 .31“
233 .829 .08]
451 .826 .826 .35 0.33*
173 .816 .819 .20 0.13“
1122 .810 .807 .08 0 .06a
2131 .805 .804 .14 0.14°
253 .800 .800 .16 0.34“
382 .796 .06]
3111 .793 . 798 .03 ] 0.15*
480 .790 .21)
3120 .786 . 06
471 .784 .00

“ Obs. intensities for Kai only, 
termine the intensities.

275
.04 0.03
.04

1 0 .59 0.03Ì
[• 0 .9•74, 0.82J

.00 0.00
2.14 1.89 2.62 3 .0
1 0 7 \ T 09

.1 4 / 1 2 2
1.49Ì
0.21J\ 2.1

.31 0.41 0 .48 0 .7
1.20 1.03 1.89 1.9

.11 0.15 0 .18 wk.
1.98 2.49 4 .0 8 4 .4

.73 0 .90 1.54 1.9

.02 0.04

.08] 0 .20

.07 ] 0 .28 0.24 b

.04j 0 .14

.31 0.26 1.22 b

.52]] 0 .56 3 .05 b

. 0 7 ; 0 .48

.00] 0 .00

.69 • 0 .50 5 .86

. 00J 0.00

h Lines too broad to de-
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T a b l e  I Y

C o m p a r i s o n  o p  C a l c u l a t e d  a n d  O b s e r v e d  I n t e n s i t i e s  

f o r  7 -ScOOH
R elative  intensities

X -R a y C rystal
Interplanar spectrom eter m onochrom ator

spacings C u  K a Cu K a
hkl dcalcd. dobod. Caled. Obsd. Caled. Obsd.

020 6.506 6.510 10.00 10.00 10.00 10.00
120 3.412 3.414 5.14 5.57 5.69 5.70
010 3.253 0.02 0.02
Oil 3.146 0.06 0.06
031 2.596 2.595 4.34 5.02 5.27 4.99
140 2.525 2.525 0.24 0.26 0.30 wk.
111 2.474 2.473 0.56 0.84 0.70 1.14
131 2.179 2.185 0.20 0.34 0.27 0.39
160 2.168 2.170 0.09 0.12 0.13
051 2.028 2.026 2.02 2.88 2.97 1.73
200 2.004 2.009 1.48 2.44 2.19 3.42
220 1.914 1.916 0.48 0.52 0.75 0.93
160 1.906 1.907 0.12 0.14 0.18
151 1.809 1.805 1.29 1.96 2.10 1.50
240 1.706 0.00 0.00
211 1.690 .03 0.05
071 1.686 .01 0.01
080 1.626 .32 0.611.620 0.90 1 71002 1.620 .54 1.12
231 1.586 .50 1.03
022 1.572 1.5S8 .19 ■ 1.56 0.38 • 2.28

180 1.506 .06 0.121.494 ' 1.10 1.55171 1.495 .57 1.22
260 1.471 1.471 .05 0.10 0.11
122 1.463 1.462 .36 0.04 0.82 1.34
042 1.450 .00 0.00
251 1.425 1.427 .70 0.81 1.64 1.14
142 1.363 1.364 .08 0.06 0,14
091 1.324 .00 .01
320 1.308 .10 .27 '
0100 1.301 1.311 .01 0.17 .04 ■ 0.98
062 1.298 .03 .08
202 1.267 . 29 ' .81
280 1.262 1.262

-17,
■ 0.72 .37 • 1.87

271 1.256 .00 .011.250 • 0.12191 1.254 .05 .14
1100 1.237 .21 .62
222 1.237 .11 .26 • 1.30340 1.235 1.236 .02 ■ 0.68 .07
162 1.234 .03 .08
311 1.225 1.226 .05 0.12
331 1.187 .02
242 1.174 .00
082 1.147 1.145 .10 0.11“
360 1.137 .01
351 1.115 .101.116 0.10“0111 1.110 .03
182 1.103 .02 '
291 1.102 1.102 .01 ■ 0.08“

2100 1.091 .01
262 1.089 1.087 .03 ■ 0.07“

0120 1.084 .00
013 1.076 .00
1111 1.070 .00
033 1.048 .071.045 0.07“1120 1.046 .04
113 1.039 .03 '
380 1.032 1.030 .01 0.11“
371 1.028 .09

322 1.018 1.019 .06 1\ 0 .1 0 '
0 1 0 2 1.014 .0 1
133 1.008 1.004 .0 1  1 O CO

0

400 1 .0 0 2 . 19 1
053 0.997 0.994 .06] 0 .2 “282 0.996 .n  j

“ Obsd. intensities for Kai only.

T a b l e  V

I n t e r a t o m i c  D i s t a n c e s  i n  7 -AIOOH a n d  7 -SeOOH, A.
N eighbors in same

Atom  octahedron N eighbors in next layer
A lO O H ScOOII A lO O H ScO O H

Al.So 2 On 1.87 2.17
2  Oi 1.99 2.08
2 Oi 1 .8 8 2.06

Oi 2  Oi 2 .S6 3.24 2 On 3.82 4.10
4 On 2.82 3.21
4 Oi 2.54 2.71
1 On 2.58 2.74

On 2 On 2 .8 6 3.24 2 Oi 3.82 4.10
4 Oi 2.82 3.21 4 0,i 3.05 3.17
1 Oi 2.58 2.74 2 On 2.70 2.72

N o t e : Al-Al neighbors : 2.8G and 2.92 A; So-Sc neigh-
bors: 3.24 and 3.12 Á.

There is considerable distortion of the octahedral 
units in the layers from the shape of a regular octa
hedron as evidenced by the interatomic distances. 
This distortion has the effect of flattening out the 
portion of the octahedra which are in the interior of 
the double layer, and a corresponding stretching of 
the edges away from the layer. The A l-0  dis
tances of 1.87, 1.99 and 1.88 A. can be compared 
with the similar distances of 1.99 and 1.85 A. 
found in corundum,21 both bohmite and corundum 
exhibiting the effect of A l-A l repulsion. The S c -0  
distances of 2.17, 2.08 and 2.06 A. are found to be 
quite similar to the corresponding distance of 2.10 
A. in scandium oxide.22 The lengths 2.54 and 2.58 
A .  for the shared 0 - 0  edge in bohmiteoare in good 
correspondence with the value 2.50 A. found in 
corundum, while the corresponding lengths in y- 
ScOOH of 2.71 and 2.74 A. are in agreement with 
the interpolated value of 2.61 A. found in scandium 
oxide.

In the discussion of the “ ideal”  structures of y- 
AlOOH and y-ScOOH, it was mentioned that the 
(O il) -  anions are on the outer surfaces of the lay
ers. It is now possible to show that these anions 
give rise to hydrogen bonds holding the layers of oc
tahedra together. As in lepidocrocite and diaspore, 
the hydrogen bonds are postulated to explain cer
tain 0 - 0  distances. The hydrogen bonds, or 
OHO groups, which hold the layers together are 
taken to be the shortest unshared 0 - 0  distances in 
the structure. These distances of 2.70 and 2.72 A. 
for y-AlOOH and y-ScOOII, respectively, must be 
regarded as a hydrogen bond since the repulsive 
forces between the oxygens would otherwise be ef
fective in raising the distance above 2.72 A. The 
values of 2.70 and 2.72 A. are likewise in good agree
ment with the hydrogen bridge distance found in 
other compounds: e.g., 2.70 A. in y-FeOOII, 2.71

(21) L. Pauling, .7. Am . Chem. Soc.. 4 7 , 781 (1825).
(22) L. Pauling and M . D . Skappell, Z. K ris t., 7 5 , 128 (1930).
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A. in a-A100H  and a-FeOOH, and in many organic 
compounds.15 The stoichiometric composition of 
the crystals is explained by the association of one 
hydrogen with each 2.70 or 2.72 A. distance.

The structure determined here for y-AlOOII eas
ily explains its tabular habit. Since the OHO 
bonds are relatively weak, there is excellent cleav
age on (010) corresponding to the breaking of these 
weak OHO bonds, hence its existence as orthorhom
bic plates.2'23 This property would also account 
for the increased breadth and relative intensity of the 
(020) reflection found for some samples of y-AlOOH,

From X-ray and electron diffraction examina
tions, Milligan and Weiser23 recently reported that 
transparent films of y-AlOOH exhibit orientation. 
The formation of these thin films and the orienta
tion effects noted are easily accounted for by the 
layer structure found for y-AlOOH. N o micro
scopic crystals of y-ScOOE have been observed, 
but electron micrograph studies have shown that it 
also exists as orthorhombic plates.

Summary
1. The unit structure, space group symmetry, 

and detailed atomic arrangement of y-AlOOH,
(23) W . O. M illigan  and H. B . W eiser, T his J o u r n a l , 55, 490 (1951).

bohmite, and the isomorphous compound y- 
ScOOH have been determined. Both were found 
to be isomorphous with lepidocrocite, y-FeOOH.

2. The unit of structure of y-AlOOH and y- 
ScOOH is orthorhombic end-centered on (100) and 
has the axes a0 =  3.09, b0 =  12.24 and c0 =  2.86 
for y-AlOOH; and a0 =  4.01, b0 = 13.01, and c0 =  
3.24 for t -ScOOH.

3. The most probable space group is D)(-Amam, 
with all atoms in 4(c). The parameters were de
termined to be: mai =  —0.322, uo =  0.291 and 
won =  0.080 in y-AlOOH, while the values Mgc =  
— 0.318, mo =  0.282 and won =  0.071 are the parame
ters in y-ScOOH.

4. The elements of the structure are aluminum 
or scandium-centered oxygen octahedra. The octa- 
hedra are joined together by sharing edges to form 
a “ double”  layer, and the successive layers held 
together by hydrogen bonds.

5. The hydrogen bonds are postulated to ac
count for short, unshared 0 - 0  distances of 2.70 
and 2.72 A. in y-AlOOH and y-ScOOH, respec
tively. These values are in good agreement with 
those found for many other compounds containing 
hydrogen bonds.

THE EFFECT OF THE SUBSTRATE ON THE CRYSTALLIZATION
OF METALLIC FILMS

By F l o r e n c e  I. M e tz  a n d  R o b e r t  A. L ad

Lewis Flight Propulsion Laboratory, National Advisory Committee for Aeronautics, Cleveland, Ohio
Received August 4, 1955

The effect of surface heterogeneity and sample preparation on the crystallization behavior of metallic films were studied. 
The experiments indicate that the metal film technique may be a useful tool for the study of surface heterogeneities which 
cannot be examined by more direct means. Thin films of gold, silver and zinc deposited by vacuum evaporation on alkali 
halide single crystal surfaces were found to be composed of crystallites of two size ranges. The smaller crystallites formed 
on all the surfaces studied, while crystallites larger by several orders of magnitude were found to form in addition on known 
defects and on water polished and heated surfaces. The formation on heated surfaces of the sites which nucleated the 
large crystallites was found to be a second-order rate process with an activation energy of 122 keal. for NaCl and 85 keal. 
for KBr. The formation of the sites is also accelerated by X-ray bombard inert or the application of tensile stress. The 
possible relation of the nucleation sites to mosaic boundaries and surface cracks is discussed.

Introduction
Interest in the nature of the surface of alkali hal

ide single crystals prompted this study of the struc
ture of evaporated metal films. It has been shown1 
that surface cracks act as nucleation sites for the 
crystallization of silver and gold deposited on 
quartz and hard glass substrates. It was found 
that metal atoms sputtered onto the substrate at 
relatively low temperatures were mobile after 
striking the surface and that crystallites formed in 
rows along surface cracks in the substrate.

The large discrepancy between the actual 
strength of rock salt (750 lb ./in .2) and that com
puted theoretically (390,000 lb ./in .2) has been at
tributed to the presence of “ Griffith cracks.” 2-5

(1) E . N . d aC . A ndrade and J. G . M artindale, P h il. Trans., A235. 
69 (1935).

(2) A . A . Griffith, P h il. Trans. R oy. Soc., A 221, 163 (1920); Proc. 
Intern . Congr. A p p l. M ech . (D elft), 55  (1924).

(3) A . Joffe, M . W . K irpitschew a and M . A . L ew itsky, Z. P h ysik ., 
22, 286 (1924).

(4) A . Joffe and M . A . Lew itsky, ibid., 31, 576 (1925).
(5) A . Joffe, Internat. Conf. Phys. London, 2, 77 (1934).

These cracks are presumed to act as centers of 
stress concentration and thus lead to fracture at 
low nominal stresses. Although the work of 
Joffe3-5 indicated that such cracks might be pres
ent, no direct evidence for their presence has been 
put forth. The applicability of the technique of An
drade and Martindale to this problem was investi
gated by this study of the effect of known hetero
geneities and various surface treatments on the 
structure of films of gold, silver and zinc. Evapo
ration rather than sputtering was used because it 
avoided the complications due to chemical reac
tions between the metal and alkali halide which 
arise during sputtering.1 The surfaces studied 
were subjected to pretreatments such as polishing, 
heating, X-irradiation and the application of stress. 
In addition, surfaces containing cleavage steps, 
scratches and large cracks were used.

Experimental
Metal Film Preparation.—Films of gold, silver and zinc 

were deposited on the substrates by vacuum evaporation
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at a distance of 6 cm. to a computed thickness of 25 atom 
layers. Microscopic examination under oblique illumina
tion at an angle of 15° with the horizontal showed the films 
to be composed of crystallites, which were so small as to be 
barely discernible at a magnification of 140 X ■ This array 
of crystallites occurred in all of the films studied. Some of 
the films also contained crystallites of a size several orders 
of magnitude larger. They were found to be distributed 
over the surface in three general ways—singly, in clusters 
and in rows. These groupings were in addition to the ex
pected deposits along obvious cleavage steps, and the con
ditions of substrate preparation under which they occurred 
will be discussed below.

For a given surface preparation, gold, silver and zinc 
yielded the same results. The metal crystallites increased 
in size in the aforementioned order, but the relative differ
ence in size from the larger crystallites to the background 
remained the same. Silver was used for most of the experi
ments. An increase in film thickness caused the back
ground crystallite size to increase more rapidly than that of 
the larger ones until, for films thicker than 100 atom layers, 
no difference in crystallite size was observable. Heating the 
specimens after the silver deposition had the same effect as 
increasing the total amount of silver: namely, an increase 
in background size and consequent decrease in detectability 
of the originally larger crystallites. An increase in the time 
of evaporation from 15 seconds to 15 minutes resulted in an 
increase in crystallite size which made no significant change 
in resolution. The pressure at which evaporation took place 
had no effect provided it was below 10~3 mm.

Films on Water Polished Surfaces.—Specimens were 
cleaved to approximately 4 X 8 X 20 mm. from random 
pieces of single crystal NaCl and KBr obtained from the 
Harshaw Chemical Company. The specimens were an
nealed at high temperature (200° below the melting point) 
for 24 hours and furnace cooled over a period of 36 hours. 
The surface layers of the specimen were then dissolved away 
with water. Immediate rinsing with ethanol followed by 
acetone left one face with a surface free of all imperfections 
which could be detected microscopically with either trans
mitted or oblique light. The metallic film which was de
posited immediately after the surface was prepared was com
posed of a uniform layer of small crystallites. The larger 
crystallites mentioned above occurred only rarely and never 
in groups.

Films on Scratched and Cracked Surfaces.—The occur
rence of large crystallites along scratches was investigated. 
Fine scratches were made with a counterbalanced sapphire 
needle ground to a chisel edge as well as with the diamond 
indenter from a Tukon hardness tester. Rows of large 
crystallites were found to deposit along both edges of the 
scratch.

A narrow flaw was produced by extending a cleavage part 
way through the crystal normal to the surface under study. 
Silver deposited as large crystallites along edges of the cleav
age crack and also in a row beyond the point where separa
tion was visible. The irregularity of the crack made it im-

Fig. 1.—Length distribution of crystallite rows on water 
polished NaCl heated at 110° before silver deposition.

possible to estimate the minimum width which would attract 
a double row of crystallites.

Nucléation at a cleavage crack for silver migrating on the 
surface was also demonstrated. An aluminum foil shield 
containing a circular hole 3.5 mm. in diameter was placed 
over a cracked surface so that the shortest distance between 
the hole and the crack was 1 mm. After a 15-second 
evaporation, silver crystallites were found along the edges 
of the crack in numbers equal to those found when similar 
surfaces were not shielded. It appeared that all of the silver 
which migrated under the shield came to rest along the 
crack since no background was visible except in the un
shielded portion of the surface.

Films on Heat Treated Surfaces.—Specimens which had 
been heated after water polishing also contained nucléation 
sites for the large crystallites. The crystallites were found 
to occur in three ways—singly, in clusters and in rows. 
Since similar behavior was noted for water polished speci
mens which had been stored at room temperature for sev
eral months, the nucléation sites appeared to result from a 
rate process. A quantitative study of the occurrence of the 
crystallite rows was undertaken because they were amen
able to measurement and it was desirable to obtain some 
knowledge concerning the presumably linear defects be
neath them.

The distribution of lengths for the rows was studied for 
those rows satisfying two criteria: (1) the centers of the 
crystallites formed a straight line (as determined with a 
straight edge on a photographic negative at 140 X ), and (2) 
the spacing between the crystallites was no more than 
their diameter. The distribution of lengths for such rows 
occurring on water polished and heated crystals is shown in 
Fig. 1. Although the cut off at shorter lengths is due to the 
necessary choice of 3 crystallites as a minimum, the absence 
of lengths greater than ca. 2 X 10-4 cm. :s felt to be of 
significance. The length distribution was not dependent, on 
the heating time or temperature. This led to the conclu
sion that the nucléation sites did not grow once formed. 
Initial annealing at lower temperatures and for shorter times 
gave rise to a less uniform distribution of crystallites over the 
surface and to lines of somewhat longer length.

The rate of formation of the linear nucléation sites was 
studied on cleaved, water polished specimens. After the 
surface preparation, the specimens were maintained at the 
desired temperature in an air thermostat held constant to 
within ±0 .1°. The silver film was deposited immediately 
after the heat treatment. Photomicrographs were taken 
of several areas on each specimen. Each photograph repre
sented an area of 0.38 mm.2 and contained up to 400 crys
tallite rows meeting the criteria outlined above. The num
ber of rows for each determination was the average over 2 to 
5 photographs.

The rate of formation of nucléation sites varies rapidly 
with temperature. At room temperature the process re
quires months, while at temperatures above 130° it is prac
tically complete in less than one hour. The data fit a 
second order rate equation of the form

n _  __kt__
nœ 1 +  kt

where n and nm are the number of row's per unit area at 
time t  and infinite time, and k  is the rate constant. At 115°, 
the largest deviation of the data from the rate curve is 6% 
(Fig. 2). The rapid change in rate with temperature re
stricted measurements to the temperature ra.nge 105-135°. 
The activation energy over this range w'as 115 kcal. for Na
Cl (Fig. 3). Data at these temperatures yielded a value of 
85 kcal. for KBr. A summary of the data is contained in 
Table I.

While the maximum number of rows, n, remained sub
stantially constant for the temperature range 110-190° 
(Fig. 4), the occurrence of crystallite rows disappeared 
rather abruptly above 200°. Experiments indicated that 
nucléation sites already present disappear at higher tem
peratures. Two crystals were heated at 135° for a period 
long enough to ensure that the process had gone essentially 
to completion (1 hr.). At this time, one crystal wras with
drawn and coated, while the other was raised to 210° for one 
hour and then coated. The first crystal yielded a typical 
pattern w'hile the second had lost all the tendency to form 
large crystallites. Its surface was like that of a water 
polished, unheated specimen.
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occurrence of crystallite rows on NaCl.
The possible effect of water vapor on the rate phenomenon 

was studied. No difference was found for specimens heated 
in air and in vacuo. In addition, specimens were heated in 
water vapor at 25 mm. pressure. They were found to con
tain numerous solution pits after they were coated. How
ever, the unattacked portions of the surfaces still contained 
crystallite rows in the expected numbers. It was concluded 
that water vapor did not play a role in the formation of nu- 
cleation sites.

T a b l e  I
S u m m a r y  o p  R a t e  D a t a

Tem p., k,
v „ .

c m .- 2 X
°C . h r .' i 10 - ‘

105.6 5.42 X 10-3 16.3
111.8 1.62 X 10“ 2 10.2
115.0 1.41 X 10_1 8.4
120.8 2.65 8.8
124.5 4.89 8.0
126.2 7.68 8.8
119.2 7.29 X 10-3 7.0
127.0 1.22 X IO"1 8.5
135.0 5.95 X 10“ 1 6.3

Films on Irradiated Surfaces.—The rate of formation of 
nucleation sites at room temperature is increased by X-ray 
irradiation. An X-ray tube having a tungsten target and a 
beryllium window was used at 50 kv. and 30 ma. Expo
sures of the specimens at various distances from the tube 
window yielded the same rate for X-ray intensities from 
18,000 to 72,000 R./hr. The rate obtained was comparable 
to that obtained by heating at 115° without irradiation.

Films on Stressed Surfaces.—Application of a tensile 
stress of 0.3 kg./mm.2 parallel to the face under study also 
increased the rate of formation of nucleation sites to the 
115° value. This stress is approximately 0.1% of the 
ultimate strength of dry specimens not water treated.

Angular Distribution of Crystallite Rows.—If the defects 
in the substrate were linear, thsy might be expected to bear 
a relation to the crystal structure of the alkali halide. Pre
liminary results of the measurement of the angular distribu
tion have been reported6 for the angle between the crystallite 
row and the (100) direction. The crystallite rows tend to 
form at preferred angles which are the same for all specimens. 
Attempts to correlate these preferred angles with crystal 
structure were not particularly successful because the crystal 
specimens were composed of zones disoriented by a few de
grees. Thus combination of data from many crystals in 
order to utilize a statistical number tended to obscure the 
features of the distribution curves.

Discussion
The experiments outlined above indicate that 

the metal film technique may be a useful tool for 
the study of surface heterogeneities which cannot be 
examined by more direct means. Surfaces with 
known flaws always contained large crystallites 
while highly uniform surfaces did not. It would

(6) R . A . L a c , J . A p p l. P h ys., 2 3 , 800 (1952).

seem therefore that the presence of large crystallites 
is good evidence for the existence of surface irregu
larities.

Fig. 4.—Variation of nm with temperature.

The nature of the imperfections which served as 
nucleation points for the single crystallites, clusters 
and linear arrays cannot be deduced from these 
experiments. However, the results obtained from 
the quantitative study of the linear arrays are of 
interest in the light of other work. The linear ar
rays occurred in numbers comparable to the con
centrations of both dislocations and vacancies be
lieved7 to be present in this type of crystal. It is 
also of interest to note that the number of arrays 
(105 per cm.2) and their average length (1.5 X 
lO^4 cm.) are consistent with accepted sizes for 
mosaics in melt grown rock salt crystals.8 One 
might postulate that the surface treatments led to 
the formation of dislocation or vacancy arrays 
which could act as nucleation sites.

(7) F . Seitz, P h ys. Rev., 7 9 , 890 (1950); 7 9 , 1002 (1950).
(8) P . P . Etvald and M . Renninger, Intern . Conf. Phys. London, 2, 

57 (1934).
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Another hypothesis that adequately describes 
the results is that of crack formation in the water 
polished surfaces by an activated process. When an 
interior crystal plane is converted into a surface 
plane by dissolution of the planes above it, a non
equilibrium system results. Because the equilib
rium spacing is of the order of 6%  smaller in the 
surface plane than in the interior,9 the surface so 
formed will be under tension. The tendency will 
thus be toward contraction and the dissipation of 
the strain energy by the formation of new surface in 
cracks. The possibility of crack formation of this 
type was first suggested by Lennard-Jones.9

(9) J. E . Lennard-Jones and B. M . D ent, Proc. R oy. Soc. (London ), 
121, 247  (1928).

The tendency for the linear defects to align 
themselves at preferred angles may be interpreted 
as due to the formation of cracks along planes of 
low free energy. An electron diffraction study of 
both heat treated and X-irradiated N aCl10 has also 
given evidence that these treatments result in 
crystallographic changes in the surface layers. Fur
ther work is needed to relate these observations to 
the results of this investigation.
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HOMOGENEOUS CATALYTIC ACTIVATION OF MOLECULAR HYDROGEN 
IN AQUEOUS SOLUTION BY SILVER SALTS
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In aqueous solution, salts of silver were found to activate molecular hydrosen homogeneously as evidenced by their 
catalytic effect on the reduction of CroOv" and Ce + + + + by II2. The kinetics are represented by: — d[H2]/dt = k [Ag +]2 [H}], 
where k =  4.0 X 10s exp [ —15,800/727T] liter2 mole“ 2 sec.“ 1, in perchlorate solution. A mechanism is proposed involving 
a termolecular rate-determining step, in which an H2 molecule reacts simultaneously with two Ag+ ions thereby becoming 
activated. The results are compared with those obtained earlier for the activation of II2 by Cu + + and IIg + + salts. It 
is concluded that the activation process may involve the simultaneous transfer of two electrons from the H2 molecule to the 
catalyst.

Introduction
Recent work in this Laboratory has revealed a 

number of systems in which molecular hydrogen, 
in aqueous solution, is apparently activated homo
geneously by interaction with a dissolved metal ion 
or metal-containing complex. In particular, such 
activity has been demonstrated for certain cupric1 
and mercuric2 salts, as evidenced by the fact that 
these salts are reduced homogeneously by H 2 and, 
in some cases, can act as catalysts for the homogene
ous hydrogenation of other dissolved compounds 
such as dichromate and ceric salts.

The present paper describes an extension of these 
studies to certain salts of the univalent metal ion, 
A g+. Some indications that silver salts may ac
tivate hydrogen have been provided by earlier ob
servations on the formation of metallic silver by 
hydrogen treatment of aqueous solutions of silver 
salts3 and on the absorption of hydrogen by silver 
permanganate solutions.4 However no detailed in
vestigations of such systems appeared to hat'e 
been made, particularly under conditions where 
complications arising from possible heterogeneous 
reactions were absent. Hence the essential nature 
of the homogeneous interaction between H2 and

(]) (a) J. Halpern and R . G . D akers, J . Chem. P h ys., 22, 1272 
(1954); (b) R . G . D akers and J. H alpern, Can. J. Chem., 3 2 , 969
(1954); (e) E . Peters and J. H alpern, ibid., 3 3 , 356 (1955); (d) E. 
Peters and J. H alpern, T his Jo u r n a l , 59, 793 (1955).

(2) (a) J. Plalpern, G . J. Korinek and E. Peters, Research (London), 
7 ,  S61 (1954); (b) G . J. K orinek and J. H alpern, T h is  J o u r n a l , 60 , 
285 (1956).

(3) M . N . BeketoiT, Com pt. rend., 48 , 442 (1859).
(4) (a) F . Hein and W . Daniel, Z. anorg. Chem., 1 8 1 , 78 (1929); 

(b) F . Hein, W . D aniel and II. Seliwedler, ibid., 2 3 3 , 161 (1937).

Ag+ remained to be elucidated. Recently the 
homogeneous activation of hydrogen in pyridine 
solution by silver acetate has been reported.5

In the present study, a procedure similar to that 
used earlier to study the activity of cupric salts,ld 
was adopted, i.e., the ability of Ag+ to activate hy
drogen homogeneously was determined by measur
ing its catalytic effect on the reaction between Hi 
and CriCb“  under conditions where no metallic 
silver was formed. Most of the measurements were 
made in perchlorate solution in which Ag+ is be
lieved to be essentially uncomplexed.

Experimental
C.p. grade chemicals were used throughout. K2Cr20 7, 

NaOH, HCICh, HNOj and AgN03 were obtains d from 
Nichols Chemical Co. AgClO,. NaCIO, and Ce(C104)4 were
G. F. Smith Co. products. H2 and Nt gases were supplied 
by Canadian Liquid Air Co.

The experimental solutions were prepared by mixing 
aliquots of standardized stock solutions of the various re
agents in desired proportions and diluting with distilled 
water. Mixtures containing AgClCh were first, boiled and 
filtered through sintered glass to remove any AgCl which 
might result from the presence of traces of chloride impuri
ties in the perchlorate reagents.

The final solutions were analyzed for Cr20j7 with a Beck
man DU spectrophotometer using the 3500 A, peak. Cor
rections were applied for the slight variation o ' optical den
sity with acid concentration and for the small absorption 
of the reaction product , Cr + ++. The concentration of Ag + 
was determined by titration with KCNS using a ferric 
indicator. Where Ce + + + + was used (in place of CreOj” ) 
its concentration was measured volumetricallv by adding 
an excess of standardized FeSO( solution and back-titrating 
with Ce(HS04)4.

(5) L . W right, S. W eller and G . A . M ills, T his J o u r n a l , 5 9 , 1060 
(1955).
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The glass reaction apparatus was completely immersed 
in a water-bath whose temperature was controlled to 
±0.03°. The hi2 gas was first passed through an aqueous 
NaNOs solution (of approximately the same ionic strength 
as the reacting solution) to saturate it with water vapor, 
and then dispersed, through a sintered glass plate, into a 
flask containing the reacting solution (250 ml.). To follow 
the reaction, samples of the solution were withdrawn peri
odically during the experiment, c uenched by cooling in an 
ice-bath, and the concentration of unreacted Cr20 7-  (or 
Qe + + + +) determined as described earlier. Prior to intro
ducing the H2, the apparatus was placed in the water-bath 
and allowed to remain for about 30 minutes while attain
ing thermal equilibrium. The solution was sampled and 
analyzed during this period to ascertain that it was com
pletely stable in the absence of hydrogen. Zero reaction 
time, recorded at the instant that the flow of H2 was com
menced, may be subject to an uncertainty of up to a few 
minutes because of the time required for the solutions to be
come saturated with H->.

The atmospheric pressure was recorded during the experi
ment and the H* partial pressure was calculated by sub
tracting the solution vapor pressure (estimated from avail
able data for comparable NaClOj solutions). Different H~ 
partial pressures w7ere achieved, in a series of experiments 
designed to determine the effect of this variation, by using 
Hy-Ns gas mixtures of various proportions. These mixtures 
were analyzed for H2 by combustion over CuO.

Results
In the presence of AgC104, Cr20 7= 6 was found to 

react with H2, over a wide range of conditions, ac
cording to the following stoichiometric relation

Cr20 7-  +  3II2 +  8H+ — > 2Cr + + + +  7H,0 (1)

In no case could any change in the A g+ concentra
tion be detected, nor was there any indication of 
formation of metallic silver, until after the reduc
tion of Cr20 7= had gone to completion.

A series of typical rate plots, representing the 
disappearance of Cr207= according to the above re
action, are shown in Fig. 1. The rate is seen to be 
essentially of zero order with respect to the chang
ing concentration of Cr20 7" during the reaction and 
unaffected by variations in the initial concentra
tion. Addition of Cr(C104)3 in amounts compar
able to those formed during the reaction were also 
found to be without effect on the rate. A small in
duction period was noted at the commencement of 
most of the reactions, before the final zero-order 
rate was attained. This may be an apparent ef
fect resulting from the uncertainty in the zero reac
tion time, mentioned earlier, or it may be due to the 
presence in the solution of a trace amount of an 
impurity which reduces preferentially to Cr20 7=. 
For example, it is estimated that less than 10~5 M  
CIO3" could account for the observed effect.

It may be concluded thar Cr207= does not parti
cipate directly in the rate-determining step of the 
reaction although, as shown earlier, lc'ld its reduc
tion serves as a convenient measure of the rate of 
activation of H2 in the solution. Therefore, it was 
considered more appropriate to express the results 
in terms of the equivalent rate of reaction of H2

(6) For convenience, and in accordance with common usage, the 
form ula C^ C b”  is em ployed in this paper to  denote all the C r(V I) 
in the solution. I t  is probable, however, th a t a t  the high acidities 
used, other forms of C r(V I), especially IlC rC b " and KhCrCh, are pres
ent and m ay, in fact, predom inate. Since C r(V I) is used in this sys
tem only as a label to measure the am ount of H 2  reacted, its exact form 
is not of im portance. T h is  shifting equilibrium  does not affect the 
valid ity  of the spectrophotom etric analysis since the optical density 
of C r(V I) was calibrated experim entally for each acidity.

Time, minutes.
Fig. 1.—Typical rate plots for the reduction of Cr20 7” 

by H2; 0.1 M AgClOp 0.5 M HCKV 50°; 0.83 atm. 
Ho.

per liter of solution, — d[H2]/di, based on the 
stoichiometric equivalence of the reaction, i.e.

-d [H ,l _  „ d[Cr20 7~]
di df

Values of — d[H2]/di were calculated from the 
measured zero-order rate of disappearance of 
Cr20 7= and were generally reproducible to within 
± 5% -

Evidence for the absence of any interaction, such 
as complex formation, between Ag+ and Cr207= in 
solution, is provided by the observation that the ab
sorption spectrum of Cr207” is unaffected by addi
tion of A g+.

The suggestion that Cr20 7" does not take part in 
the rate-determining step, receives support from the 
result of an experiment (see Table I) in which 
Ce++++ was substituted for Cr207" as the reaction 
label. Within the experimental error involved in 
the comparison, the rate of reaction of H2, calcu
lated from the zero-order rate of reduction of 
Ce ++++, was the same as that determined using 
Cr207=.

Evidence for the homogeneous character of the 
reaction is provided by the results of another ex
periment (see Table I) in which the reaction ves
sel was packed with 2.2 g. of Pyrex glass wool. 
The rate was the same as in an unpacked vessel.

Figure 2 shows the rate of reaction to be directly 
proportional to the partial pressure of hydrogen. 
Since the solubility of hydrogen in water obeys 
Henry’s law in the region under consideration,7 it 
may also be concluded that the rate is proportional 
to the solution concentration of hydrogen, [H2]. 
Variation of the H2 flow rate in the system, between 
0.09 and 0.35 l./min., did not affect the rate, indi-

(7) H. A . P ra y , C . E, Schw eickert and B . II. M innich, Ind. Eng. 
Chem., 44, 1146 (1952).
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T a b l e  I
R a t e  o f  R e a c t i o n  o f  H2 i n  S o l u t i o n s  o f  D i f f e r e n t  C o m p o s i t i o n s

Tem p., "C . R ea ctan t M I-ICIO«, M N aC lO i, M k X  103, 
t .2 mole ~2 sec.

49.6 1.67 X 10 ~4 K2Cr20 7 0.10 0.90 7.93
49.6 1.67 X 10-4K2Cr2O7 .20 .80 7.82
49.6 1.67 X 10-4 K2Cr20 7 .50 .50 8.07
49.6 1.67 X 10 " 4 K2Cr20 7 .75 .25 8.05
49.6 1.67 X 10 “ 4 K2Cr20 7 1.00 .00 8.68
49.6 1.67 X 10-4 K2Cr20 7 1.00 .00 8.36
49.6 1.67 X 10 " 4 K2Cr20 7 1.29 .00 8.38
49.6 1.67 X 10 “ 4 K2Cr20 7 0.50 .00 8.22
49.6 1.67 X 10~4 K2Cr20 7 .50 .50 7.97
49.6 1.67 X 10_4 K2Cr20 7 .50 1.00 7.77
49.6 1.67 X 10“ 4 K2Cr20 7 .50 1.50 7.35
49.6 1.67 X 10 “ 4 K2Cr20 7 .50 2.00 6.67
49.6 1.67 X 10 ~4 K2Cr20 7 .50 0.00 8.25
49.6 1.67 X 10_4 K2Cr20 7 .50 .00 8.05“
50.0 0.67 X 10 ~4 K2Cr20 7 .50 .00 8.07
50.0 1.00 X 10 “ 4 K2Cr20 7 .50 .00 8.20
50.0 1.33 X 10-4K2Cr2O7 .50 .00 8.07
50.0 1.20 X 10-4 Ce(C104)4 .50 .00 7.82
30.0 1.67 X 10 “ 4 K2Cr20 7 .50 .00 1.69
40.0 1.67 X 10 ~4 K2Cr20 7 .50 .00 3.78
50.0 1.67 X 10“ 4 K2Cr20j .50 .00 8.23
60.0 1.67 X 10 “ 4 K2Cr20 7 .50 .00 17.6
70.0 1.67 X 10 ~4 K2Cr20 7 .50 .00 35.9

“ Reaction vessel packed with 2.2 g. of Pyrex glass wool.

eating that the latter is not limited, under the ex
perimental conditions used, by absorption of the 
gas. Other aspects of the kinetics also bear this 
out.

H2 partial pressure, atm.
Fig. 2.—Dependence of the rate on H2 partial pressure; 

O.IM.AgClOp 0.5 M  HC104; 49.6°.

The catalytic influence of Ag+ on the reaction is 
clearly demonstrated in Fig. 3 which shows rate 
plots for the reduction of Cr207= by H2 in solutions 
containing various amounts of AgC104. No reac
tion could be detected in the absence of Ag+, 
while progressively higher rates were obtained as 
the Ag+ concentration was increased up to 0.108

M . The nature of the dependence is quantita
tively depicted in Fig. 4, where the reaction rates, 
determined at 40, 50 and 70°, are plotted as func-

Time, minutes.
Fig. 3.—Rate plots for the reduction of Cr20 7~ by H2 

at 50° in solutions containing different amounts of AgClOe 
0.5 M  HOOp 0.83 atm. H2.
tions of the concentration and square of the con
centration of Ag+. At each temperature it is ob
served that the results conform closely to a second-
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order dependence, the rate being essentially pro
portional to [Ag+]2. Detailed inspection reveals 
only a slight deviation from this relation in the di
rection of lower order, reflected in the fact that the 
linear plots of rate against [Ag+]2 do not quite ex
trapolate to the origin, although the uncatalyzed 
rate is found experimentally to be negligible; the 
possible significance of this will be discussed later.

Similar results, also shown in Fig. 4, were ob
tained when nitrate was substituted for perchlo
rate. The slope of the plot of rate vs. [AgN03]2 
(for solutions containing 0.5 M  HN03) is about 
10% lower than that for comparable perchlorate 
solutions, possibly the result of some complexing 
between A g+ and N 03“  or the influence of a small 
salt effect on the reaction or on the solubility of H2.

The results listed in Table I show that essentially 
no effect on the rate was observed when the HC104 
concentration was varied between 0.1 and 1.0 M  
(the total ionic strength being held constant at 1.1 
by simultaneous variation of the NaC104 concentra
tion). Also a negligible effect was observed when 
the NaC104 concentration was varied between zero 
and 1.0 M  in the presence of constant concentra
tions of 0.1 M  AgC104 and 0.5 M  HC104. At 
higher NaC104 concentrations (1.5-2 M )  a slight 
decrease in the rate was noted. Unfortunately no 
measurements of salt effect could be made in solu
tions of much lower total ionic strength {i.e. <0.1) 
because of the need to maintain critical minimum 
concentrations of both AgC104 and HC104 in the 
solution in order to obtain measurable reaction 
rates and to prevent the precipitation of the slightly 
soluble silver dichromate.

Rates were measured at five temperatures rang
ing from 30 to 70°, and are listed in Table I. The 
results conform to a good Arrhenius plot from whose 
slope an apparent activation energy of 15.8 ± 0.5 
kcal./mole was calculated.

Discussion
The kinetic results may be summarized in the 

relations
- d  [Ha]/dt = fc[Ag+]*[H,] (3)

=  k [ k g + y a P m  (4 )

where a  is Henry’s constant, denoting the solubility 
of H2 and P m  is the measured H2 partial pressure.

The experimental data yield the following ex
pression for the rate constant

k — 4  X  10 8 e x p . ^ " j  ’ -2 m ° l e ~2 « 'c  - 1  ( 5 )

Values of k were calculated from equation 4, using 
Wiebe and Gaddy’s values8 of solubility of H2 in 
water.

These kinetics suggest that the rate-determining 
step of the reaction, in which the hydrogen appar
ently is activated, is a termolecular process involv
ing the interaction of one H2 molecule with two 
Ag+ ions. The product of this combination then 
reacts rapidly with Cr20 7”  to reduce the latter and 
yield the observed reaction products. This se
quence of steps may be represented as

Ho +  2 A g +  — ( A g í . . .H o )  + + ( 6 )
slow

(8) R . W iebe and V . L . G addy, J .  A m . Chem. Soc., 5 6 , 76 (1934).

□ 40 0*C (Cl o;i O 5 00-C. (Cl 0“) A 7 0 0°C (Cl OH• 5 O-O*C (N 0‘5)

„•HOo
X / d

—g 5 t- , L

. O -"

o --cr
‘¡'J-

0 0.05 0.10 0 0.005 0.010
[Ag ' ] mole 1.-1. [Ag+] mole21. ~2.

Fig. 4.—Dependence of the rate on the concentration of 
Ag+ in perchlorate and nitrate solutions.

followed by
(Ag2. .H2) + + -t- VíCuOí”  +

V :H + ------>- 2ACr + + + +  V 3H2O +  2Ag+ (7)
fast

The stoichiometry and kinetics of the over-all proc
ess correspond to those observed.

The detailed nature of the product of the rate-de
termining step is not resolved. It is possible that 
a stable intermediate complex (such as that depicted 
in equation 6) is formed, which carries the hydro
gen in active form, and which proceeds to react with 
Cr20 7 “ before it can rearrange to form more stable 
products. Alternatively it is possible that A g+ it
self is reduced homogeneously, to free Ag atoms or 
Ag2 molecules, in the rate-determining step, i.e.

H, +  2Ag + — >- 2Ag° +  2H+ (8)
or

H2 +  2Ag+ — >  Ag, +  2H+ (9)
followed by rapid reaction of the dissolved Ag or 
Ag2 with C^Oj- , so that no metallic silver is formed 
until after all the Cr207= is reduced. Neglecting 
stabilization of the uncharged Ag or Ag2 by solva
tion, the endothermicities of reactions (8) and (9) 
are estimated, from thermochemical data9 and the 
recently determined dissociation energy of Ag2,10 to 
be 87.6 and 46.2 kcal./mole, respectively, both con
siderably in excess of the observed activation en
ergy. It is unlikely that the difference could be 
accounted for by simple solvation of the Ag or Ag, 
and consequently the earlier suggestion, involving 
the formation of an intermediate complex (Ag2 . . 
H2)++ (or 2(Ag . . H )+) in which additional stabili
zation energy is derived through some form of elec
tron sharing between the Ag and H atoms, is fa
vored. Providing the intermediate reacts rapidly 
with Cr20 7=, these various alternatives cannot be 
distinguished kinetically.

The observed frequency factor of the reaction, 4 
X 1081.2 mole“ 2 sec. %  corresponds to an entropy of 
activation A<Sf, at 50°, of —22e.u. Unfortunately 
few data a"e available for other termolecular reac
tions on which to base a comparison of these values,

(9) W . M . Latim er, “ T h e Oxidation States of the Elem ents and 
T h eir Potentials in Aqueous Solution,”  Prentice-H all, Inc., N e w  
Y o rk , N . Y ., 1952.

(10) B . K lem an anc. S. L indk vist, A rkiv  F ys ., 9 , 385 (1955).
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hut approximate calculations,11 based on collision 
theory, lead to an expected value of 109“ 1010 l.2 
mole“ 2 sec.“ 1 for the frequency factor of a simple 
gas-phase termolecular reaction. While this is of 
the same order as the observed value and thus pro
vides some indication of the plausibility of the pro
posed mechanism, the agreement should be inter
preted with caution in view of the uncertainties in
volved in the calculation and comparison.

A possible alternative to a termolecular rate-de
termining step, consistent with the observed third- 
order kinetics, would be a bimolecular step in which 
an intermediate binary complex, Ag2+ + or AgH2+ 
(in equilibrium with its components), reacts with 
an Ho molecule or Ag+ ion, respectively, to give, in 
common with the earlier mechanism, a ternary ac
tivated complex containing two Ag+ ions and one 
H -2 molecule. Two such possible schemes are 
Scheme A :

fa
2Ag+ qr̂ *~ (Ago) + + (fast) (10a)

(Ag2) ++ +  II2— > (A g 2..H 2) + + (slow) (10b)
fa

Scheme B :
fa

Ag+ +  II2 (Ag. ,H2)+ (fast) (11a)

(Ag. .H2) + +  Ag+ — >  (Ag2. .H2) + + (slow) (lib ) 
fa

In either of the above cases, unless the steady- 
state concentration of the intermediate binary com
plex is fairly high, these alternatives are not readily 
distinguishable kinetically from a single termolecu
lar step and are not intrinsically more probable.12 
In the absence of any other evidence for the forma
tion of such intermediates, there would appear to be 
no reason to favor these mechanisms over the simple 
termolecular mechanism proposed earlier.

The essential independence of the rate, within 
fairly wide limits, of the H + and CIO4“  concentra
tions provides some support for the conclusion that 
the observed catalytic activity is associated with 
simple Ag+ ions, rather than with OH“  or C104“ 
complexes, whose concentrations in these solutions 
are probably very small. Apart from this, the ap
parent absence of a salt effect on varying the Na- 
CIO4 concentration from zero to 1.0 M (in the pres
ence of 0.1 M AgC104 and 0.5 M HCIO4) is incon
clusive and throws little light on the reaction mech
anism, since these measurements refer to a concen
tration region in which the activity coefficients of 
most electrolytes remain nearly constant with vary
ing ionic strength.13 In more dilute solutions, an 
increase in rate with increasing ionic strength would 
be predicted on the basis of the Debye-Hiickel 
theory, since the proposed mechanism involves the 
combination of two ions of like charge in the rate
determining step. Unfortunately it was not possi
ble, for the experimental reasons mentioned earlier, 
to make any measurements in the region (y <0.05) 
where these considerations might be expected to ap
ply-

(11) A . A . F rost and It. G . Pearson, “ K inetics and M echanism ,’ ' 
John W iley and Sons Inc., N ew  Y o rk , N . Y ., 1953, p. 72.

(12) Ref. 11, p. 181.
(13) B. E. C onw ay, "E lectrochem ical D a ta ,”  Elsevier Publishing 

C o ., N ew  Y o rk , N . Y ., 1952, pp. 75-83.

A commonly noted tendency13 for the activity 
coefficients of many electrolytes, particularly salts 
of polyvalent cations (which the activated complex 
would approximate), to increase at very high ionic 
strength, may account for the observed slight de
crease in rate when the NaC104 concentration was 
increased above 1 M. A salting out of H 2 under 
these conditions might also contribute to a de
creased rate.

In some respects the present results resemble 
those obtained earlier for the activation of H 2 in 
aqueous solution by Cu++ and H g++ salts.1-2 An 
important difference is that with the latter ions, 
the reactions are of first order with respect to the 
catalyst, only one Cu++ or Hg++ ion apparently 
being required to activate each H 2 molecule. It 
has been suggested14 that the catalytic activity of 
these ions is associated with their electron-accepting 
properties and that the activation process involves 
a transfer or partial transfer of electrons from H 2 to 
the catalyst. The present results are not inconsist
ent with this view but suggest the modification that 
the most favored path of activation of H 2 is appar
ently by simultaneous transfer of both its elec
trons. This would explain the fact that two Ag + 
ions are required simultaneously to activate an H 2 
molecule in aqueous solution while only one Cu + + 
or H g++ ion, each with a fairly high affinity for two 
electrons, suffices.

It is of interest that similar kinetics, i.e., of sec
ond order in the catalyst concentration, were ob
tained for the activation of H 2 in quinoline solution 
by another univalent metal salt, CuOAc.16 This 
was originally taken as indicating that H 2 was ac
tivated by interaction with the dimeric molecule 
Cu2(OAc)2 but recently Calvin and Wilmarth,16 
on the basis of a careful re-examination of this sys
tem, have proposed a termolecular rate-determining 
step in which H 2 is activated by simultaneous inter
action with two CuOAc molecules. The striking 
parallel between this system and the present one, is 
readily evident.

Although the kinetic results leave little doubt 
that the most favorable path of activation of H 2 
in aqueous solutions of Ag+ salts is by interaction 
with two Ag+ ions, the small deviation from the ex
act proportionality between the rate and [Ag+]2 
in the direction of a lower order of dependence, 
mentioned earlier, suggests that an alternative 
catalytic path, involving only one A g+ ion, may 
also be possible although less favorable. The rela
tive contribution of the reaction proceeding by 
such a path should become more pronounced at 
lower Ag+ concentrations, but unfortunately the 
technique used in the present study precluded any 
measurements in the region below 0.02 M Ag+ be
cause of the slow rates involved. It is hoped to ex
tend the investigation to this region in the future 
by using a modified technique. This question is of 
particular interest in view of recent work5 on the

(14) J. H alpern and E . Peters, J . Chem. P h ys., 23, 605 (1955).
(15) (a) M . C alvin , Trans. Faraday Soc., 34, 1181 (1938); J . A m . 

Chem. Soc., 61, 2230 (1939); (b) S. W eller and G . A . M ills, ibid ., 75, 
769 (1953); (c) W . K . Wilmarth. and M . K . B arsh , ibid., 75, 2237 
(1953).

(16) M . C a lvin  and W . K . W ilm arth, J . A m . Chem. Soc., 78, in 
press (1956).
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activation of H 2 by AgOAc and CuOAc in pyridine 
solution where (in contrast to the quinoline system) 
first-order rates in the catalyst concentration were 
observed.
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The kinetics of the reduction of Hg + + and H g 2 + + by molecular hydrogen in aqueous perchlorate solution have been ex
amined. The results are shown to be consistent with a mechanism in which H2 is activated initially by homogeneous inter
action with either Hg + + or Hg2 + +, in the rate-determining step. The final products are determined by thermodynamic con
siderations. The total rate of reaction of H2 is given by (/q [Hg + + ] +  fe [IIg2 + + ])[H2], where /q = 4.2 X 1010 expf — 18,100/ 
R T ]  and k i =  1.2 X 10u exp [ — 20,400/7M7] liter mole-1 sec.-1, respectively. Possible mechanisms of the activation process 
are discussed.

Introduction
A preliminary study of the reduction of mercuric 

acetate by molecular hydrogen in aqueous solution, 
was described in an earlier paper.1 The bimolccu- 
lar kinetics suggest that H2 is activated homogene
ously by interaction with Hg(OAc)2, or other mer
curic acetate complexes, in the rate-determining 
step. However, detailed interpretation of the ki
netics was difficult because of uncertainties relating 
to the extent of complexing between IIg++ and 
OAc-  and to the possible influence, on the reaction, 
of the mercurous acetate product. Hence it seemed 
desirable to undertake a similar study using per
chlorate solutions, in which cations such as Hg + + 
and Hg2++ are believed to be essentially uncom- 
plexed. During the course of this investigation it 
proved necessary also to resolve the kinetics of the 
reaction of Hg2++ with H2.

The work which is described in this paper forms 
part of a series of recent investigations, conducted 
in this Laboratory, on the homogeneous catalytic 
activation of molecular hydrogen in aqueous solu
tion by metal ions. Related studies on cupric2 
and silver3 salts have been described earlier but, 
apart from the preliminary investigation on Hg- 
(OAc)2, no previous kinetic work on the present 
system appears to have been reported.

Experimental
All chemicals employed were of Reagent grade. Ilg- 

(C10,i)2 and NaCIO« were obtained from G. F . Smith Chemi
cal Company. Other reagents were Baker and Adamson 
products. The solutions used in the kinetic experiments 
were prepared by diluting standardized stock solutions with 
distilled water. II2 and N 2 gases were obtained from Cana
dian Liquid Air Company.

The solutions were analyzed for Hg2 + + by potentiomet- 
ric titration with K M nO i. The total Jig concentration was 
determined by titration with K C N S using a ferric indicator, 
following oxidation with K M n 0 4. The concentration of 
Hg + +, estimated from the difference between these two

(1) J. H alpern, G. J. K orinek and E. Peters, Research (London ), 7 , 
S 61 (1954).

(2) (a) J. ITaipern and R . G . D akers, J. Cheni. P h ys., 22, 1272 
(1954); (b) It. G . Dakers and J. Halpern, Can. J . Chem., 32, 969 
(1954); (c) E. Peters and J. Halpern, ibid., 33, 356 (1955); (d) E. 
Peters and J. Halpern, T his J o u r n a l , 69, 793 (1955).

(3) A . H. W ebster and J. Halpern, ib id ., 60, 280 (1956).

values, always agreed well with that determined directly by 
the cyanide method.4

The kinetic experiments were made in a cylindrical auto
clave similar to that described earlier.213 It was constructed 
entirely of 31C stainless steel which proved inert to all the 
solutions used and without effect on the reaction. The in
side dimensions of the vessel were about 6 in. diameter by 9 
in. height. A stirrer shaft, thermometer well, thermoregula
tor well and sampling tube, extending below the surface of 
the solution, were connected through the lid. The solution 
was stirred with an impeller of 3 in. diameter which was gen
erally rotated at 970 r.p.m. The partial pressure of H2 was 
controlled by a standard gas regulator. The autoclave was 
heated externally with a gas burner, connected through a 
solenoid valve which was actuated by an electronic relay. 
Using a mercury thermoregulator the temperature of the 
solution could be controlled to within ±0.1°.

Four liters cf solution, of desired composition, was placed 
in the autoclave which was then sealed, flushed with nitro
gen and heated to the reaction temperature. The solution 
was allowed to remain at temperature under nitrogen, usually 
for about 39 minutes, during which it was sampled and ana
lyzed to ascertain its stability in the absence of hydrogen. 
The nitrogen was then discharged and hydrogen was intro
duced and maintained throughout the experiment at a con
stant partial pressure. Zero reaction time, recorded at the 
instant of introduction of the hydrogen, may be subject to 
an uncertainty of up to a few minutes because of the time 
required for che solutions to become saturated. During 
the course of the reaction, the solution was sampled periodi
cally and analyzed as described earlier.

Results and Discussion
The results of a typical rate experiment are de

picted in Fig. 1. No change in solution composi
tion occurred in the absence of hydrogen. The reac
tion in the presence of hydrogen can best be de
scribed in terms of two clearly defined stages. 
Stage A corresponds to the reduction of IIg++ to 
Hg2 + + according to the stoichiometric equation

2Hg + + +  H2 — >  IIg2 + + +  2H+ (1)
It is characterized by a progressive decrease in the 
mercuric ion concentration, [Hg++], and an equiva
lent increase in the mercurous ion concentration, 
[Hg2++], the total concentration of dissolved Ilg  
remaining constant. This stage persists until about 
99% of the H g++ has been reduced to Hg2++.

During the following stage, B, the remaining 
IIg++, and the IIg2++ formed in the first stage, are

(4) I. M. Kohhoff and V. A. Stengor, “ Volumetric Analysis,”  Vol. 2, 
Interscience Publishers, Inc., New York, N. Y., 1947, p. 197.
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both reduced to metallic Hg, the net reactions being
Hg++ +  H» —e» Hg +  2H + (2)

and
Hg2 + + +  H2 —-> 2Hg +  2H + (3)

Thus the concentrations of both Hg++ and Hg2++
decrease progressively.

The transition between the two stages may be 
unambiguously defined by the time, Gi, at which 
[Hg2++], determined analytically, is a maximum. 
Visually, ¿m, whose significance will be discussed 
later, was characterized by the first appearance of 
metallic mercury.

Figure 1 shows that a plot of log [Hg2++] against 
time, during stage B of the reaction, is linear, cor
responding to apparent first-order kinetics. On 
the other hand the plot of log [Hg++] against time, 
during stage A, diverges from its initial linearity, 
the “ first-order rate constant” increasing progres
sively as the reaction proceeds. It will be shown 
subsequently that this is due to the catalytic in
fluence of the Hgo++ which is being formed.

Fig. 1.—Typical rate plots for the reduction of Hg(C104)2 
by H2 in 0.05 M  HC104 solution; 74.8°, 4.0 atm. H2. (Note 
compression of time scale for stage B.)

The significance of the two reaction stages is 
readily understandable in terms of the rela
tive reduction potentials of Hg++ and Hg2 + + 
(I i0Hg+ ■ -*• Hg2 + + =  0.910 v . ;  E °Hg,+ + -*H g =  
0.796 v.), which suggest, in agreement with the ob
servations just described, that the reduction of 
Hg + + to Hg2++ should proceed nearly to comple
tion before the reduction of Hg2++ to Hg com
mences.’ The conditions determining the rela
tive tendencies of these two reactions to proceed, 
at any point, are expressed by the following equilib
rium, which appears to be readily reversible
_____________Hg +  Hg++ v -A  Hgfa + (4)

(5) W . M . Latim er, “ The Oxidation States of the Elem ents and 
Their Potentials in Aqueous Solution," Second Edition, Prentice-H all, 
Inc.. N ew  Y o rk , N . Y ., 1952, pp. 175-179.

whence
[Hg» ++]/lHg< = K (5)

Thus it seems likely that tyi, marking the onset of 
stage B and the first appearance of metallic Hg, 
corresponds to the point at which the ratio 
[Hg2++]/[Hg++], which increases progressively 
during stage A, first attains the value K . The 
ratio must remain constant at this value, through
out stage B, during which the solution is in contact 
with metallic Hg.

It will be shown that these results, as well as 
other features of the kinetics, are entirely consistent 
with a mechanism in which H2 is activated initially 
by homogeneous interaction with either dissolved 
Hg++ or Hgp i.e.

/ni
H2 +  Hg + + — >  X (6)

H2 +  Hg2 + + —^  Y (7)

These two independent bimolecular processes are 
rate-controlling and give rise to active intermedi
ates, X  and Y, wdiich undergo further rapid reac
tions to give the observed products. The total 
rate of reaction of hydrogen, — d[Ii2]/df, at any 
time during either stage A or B, is thus given by

-  ^  = h  [Hg++] [H2 ] +  fa [Hg2 ++] [H2 ] (8 )

The final products are determined by the thermo
dynamic considerations discussed earlier and are 
different for the two stages of the reaction.

Stage A.—The reaction occurring during this 
stage is represented by equation 1. Application of 
equation 8 gives
_  dJHri = _  1 d [Hg + + ] = 

df 2 df
fa [Hg + + ] [Ii2] +  fe[Hg2 ++][H2]

= fa[Hg + + ][H2] +  Â|([H g + + ]„  -  [Hg + + ])[Ha] (9) 

since
[Hg + %  = [Hg++] +  2[Hg, + + ] (10)

where [H2] is the concentration of I i2 in the solu
tion, [Hg + + ]o is the initial H g++ concentration. 
On integration and rearrangement, equation 9 be
comes
, (  [2fa/(2fa -  fa[ [Hg + + ]n \ =

g V[Hg + + ] +  [fa/(2fa -  fa)][IIg++]o/
(2fa — fa)[Il2] , .

2.303 { 1

Since [H2] was held constant throughout each ex
periment, this corresponds to a linear relation be
tween log { [Hg++] +  [/c2/(2 /q  -  /fa)][Hg++]0} and 
time. Typical plots of this function are shown in 
Figs. 1 and 2. In no case could any deviation from 
linearity be detected.

As suggested earlier, (m corresponds to the time 
at which the ratio [tlg2++] /  [Hg++] first attains the 
value K. Tt is given by the following expression, 
obtained by combining equations 5, 10 and 11.

, _ ___ 20103___  / fa(l +  2 / 0 \
“ [H2](2fa -  fa) S V fa +  K h  )

(12)
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Kg. 2.—Log plots showing effect of varying initial IIg(C104): concentration on the rate at 74.8°, 4.0 atm. H2. (Note
compression of time scale for stage B. 1

Stage B.— The reactions occurring during this 
stage are represented by equations 2 and 3. Ap
plication of equation 8 gives 
_  djTLj _  / d[Hg + + ] d[Hg2 + + ]\

di V  di dt )
h  [Hg + + ] [fl2] +  fe[Hg2 + +][H2l (13)

Combining this with equation 5, which defines the 
ratio [Hg2++]/[Hg++] throughout this stage, the 
following expression is obtained

ih» " hh , i

On integration this becomes
, /[H gO O oi = (h  +  LA ) [4L] 

\[Hg2 + + ] /  2.303(1 +  K)

(14)

(15)

This is in agreement with the first-order disap
pearance of Hg2++, which was always observed dur
ing stage B of the reaction, as shown by the linear 
plots of log [Iig2++] against time in Figs. 1 and 2.

The following procedure was employed in evalu
ating the rate constants /q and fc2 from the kinetic 
data.

1. A preliminary value of /q was estimated from 
the initial slope of a plot of log [Hg++] vs. t for 
stage A. Since initially [Hg2+ + ] < <  [Hg++], 
equation 9 reduces to: —-d[Hg++]/di = 2/q[H2] 
[Iig++], which becomes on integration, log 
([Hg++]0/[Hg++]) = (2/q [H2]/2.303)f. The fact 
that /q >  fc2, favors this procedure.

2. This preliminary value of /q was used to cal
culate fc2 from the slope of the stage B plot of log 
[Hg2++] vs. t, which corresponds, according to 
equation 15, to — (/q +  k J K )  [H2]/2.303 (1 +  K ) .

Values of K  used in this calculation are listed in 
Table I. Since k2K  > /q and K  »  1, values of k2 
determined in this way are not very sensitive to 
errors in either /q or K .

3. Using this value of k2, the function log 
{[Hg++] +  [k2/(2/q — A:2)][Hg++]0} was calcu
lated and plotted against time for stage A, giving a 
straight line whose slope corresponds, according to 
equation 11, to — (2/q — k2) [H2]/2.303. The final 
value of /q was calculated from this slope. If it dif
fered significantly from the preliminary value, the 
whole procedure (i.e., steps 2 and 3) was repeated to 
self-consistency.

The values of [H2 ] used in these calculations were 
estimated from the measured H2 partial pressure, 
P h2, assuming Henry’s law, i.e.

[tb] = aPs2 (16)
Values of a used, are listed in Table I. Evidence 
that the solutions remained saturated with H2

T a b l e  I
V a l u e s  o f  K a n d  a  U s e d  i n  C a l c u l a t i o n  o f  fc, a n d  k 2

a, b
Temp., °C- If“ mole 1. 1 atm. :

64.4 GO. 7 7.2 X 10
74.8 67. 1 7.3 X 10~J
84.9 65.0 7.5 X 10“ 4
95.5 62.8 7.8 X 10-4
99.5 62.1 8.0 X IO“ 4

Estimated by a linear extrapolation of log K vs.
based on data for the range 0 to 40°, of Schwarzenbach and 
Anderegg, ref. 9. 6 From data for the solubility of EL in
water, of R. Wiebe and V. L. Gaddy, Am. Chem. Soc., 
56, 76(1934).
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throughout the reaction, and hence that this rela
tion applies, was provided by the observation that 
varying the stirring velocity was without effect on 
the rate. Other aspects of the kinetics also support 
this conclusion.

Values of ki determined by the above procedure 
usually agreed to within ± 5%  in duplicate experi
ments and values of /c2 to within ±3% . Data 
given in Table 11 show that, in agreement with the 
kinetic relations just derived, these rate constants 
were found to be substantially independent of the 
Iig++ concentration and the H2 partial pressure.

T a b l e  I I

R a t e s  o f R e a c t i o n OF Hg  + + AND Hg2 + + WITH H2 UNDER

V a r i o u s  C o n d i t i o n s

[Hg-
(C lo ,) ,] ,,

M

[H Cl-
0 ,] .
M

[Na-
CIO,],

M
Tem p,,

°C .
Pm ,
atm .

*i,
1.

mole 1 
s e c ._1

*2,
1.

mole 1 
se c .-1

0.0055 0.05 0.0 74.8 4.0 0.168 0.0187
.0094 .05 .0 74.8 4.0 .161 .0188
.0148 .05 .0 74.8 4.0 .161 .0187
.0262 .05 .0 74.8 4.0 .161 .0188
.0094 .025 .0 74.8 4.0 .161 .0180
.0094 .05 .0 74.8 4.0 .161 .0188
.0094 .075 .0 74.8 4.0 .162 .0188
.0094 .10 .0 74.8 4.0 .164 .0187
.0094 .05 .0 74.8 4.0 .166 .0185
.0094 .05 .2 74.8 4.0 .163 .0193
.0094 .05 .4 74.8 4.0 .169 .0188
.0094 .05 .6 74.8 4.0 .169 .0192
.0094 .05 .8 74.8 4.0 .179 .0196
.0094 .05 1.0 74.8 4.0 .183 .0183
.0094 .05 .0 64.4 4.0 .077 .0077
.0094 .05 .0 84.9 4.0 .361 .0451
.0094 .05 .0 9 5 . 5 4.0 .697 .101
.0094 .05 .0 99.5 4.0 .952 .129
.0094 .05 .0 74.8 1.0 .166 .0198
.0094 .05 .0 74.8 2.0 .162 .0190
.0094 .05 .0 74.8 3.0 .163 .0188
.0094 .05 .0 74.8 5.0 .170 .0200
.0094“ .05 .0 74.8 4.0 .162 .0192
. 00946 .05 .0 74.8 4.0 .0180
° 40 g. of stainless steel powder added. b 80 g. of metallic 

mercury added.

Values of tu , calculated from the measured ki 
and ki values by means of equation 1.2, agreed con
sistently with the observed values of tu-

Direct evidence for the homogeneous character 
of the reaction is furnished by the results of an ex
periment (see Table II) in which 40 g. of stainless 
steel powder, of the same composition as the auto
clave, was added to the solution; no effect on the re
action rates could be detected.

In another experiment (see Table II) 80 g. of 
metallic Hg was added to the solution initially. It 
reacted immediately with IIg++ according to 
equation 4, forming IIg2++, until the equilibrium 
defined by equation 5 was established. The sub
sequent reaction with II2 was identical with that 
normally observed for stage B.

Results are listed in Table II which show that 
varying the IiC104 concentration between 0.025 
and 0.10 M , and the NaC104 concentration between 
zero and 0.6 M , had substantially no effect on the 
reaction rates. Addition of larger amounts of Na-

C104, up to 1.0 M , appeared to increase ki slightly 
(about 10%) but was without effect on k2. These 
results are consistent with the postulated bimolec- 
ular rate-determining steps, represented by equa
tion 6 and 7, in which one of the reactants, i.e., H2, 
is uncharged. They also provide support for the 
conclusion that the reactions are those of simple 
Hg++ and IIg2 + + ions, rather than of OH” or C104~ 
complexes.

Rates were measured at five temperatures rang
ing from 64.4 to 99.5°. Good Arrhenius plots, 
shown in Fig. 3, were obtained when log kx and log 
k2 were plotted against 1/7'. The apparent activa
tion energies, Ei and E 2, calculated from the slopes 
of these plots, are 18,100 ± 600 and 20,400 ± 600 
cal ./mole, respectively. From these values, the 
following expressions for the rate constants are ob-
tained

h  =  4.2 X IO10 exp ' 18,100"! 
RT J 1. mole 1 sec. 1

and
(17)

h  = 1.2 X IO11 exp 1“ 20,400H 
RT Jj 1. mole-1 sec._1 (18)

These frequency factors, and the corresponding en
tropies of activation, A*S%i = — 12.2 ± 2 e.u., and 
AiS+c, = 10.2 ±2 e.u. (each at 74.8°), are normal6 
for simpler bimolecular reactions such as those rep
resented by equations 6 and 7.

Conclusions
It has been demonstrated that the kinetic results 

are entirely consistent with a proposed mechanism 
in which Ii2 becomes activated initially through 
homogeneous bimolecular interaction with either 
Hg++ or Hg2++ and is thus rendered capable of en
tering into reactions, the detailed course of which is 
determined by the known thermodynamics of the 
system. However, the kinetic data alone do not 
permit the detailed configurations of the interme
diate species which are formed in the rate-deter
mining steps, to be resolved.

In this connection, it is of interest that Topham 
and White7 recently demonstrated that FIg++ and 
Hg2++ are also reduced homogeneously in aque
ous solution by HCOOH and concluded that the 
rate-determining process is the transfer of an elec
tron from the formate ion to Hg++ or Hg2++. In 
view of the kinetic similarity of the two systems, it 
is suggested that an analogous mechanism {i.e., 
involving electron-transfer from II2 to Hg++ or 
Hg2++) may also be applicable in the present case. 
Such a mechanism had been proposed earlier8 to 
explain the activation of H2 by other metal ions.

Recent work3 on the activation of H2 by A g+, 
where the kinetics were found to be of second order 
in the Ag+ concentration, suggests that in this case 
the most favorable path may involve the simulta
neous transfer of 2 electrons from the H2. While 
there is no kinetic evidence on which to base an 
extension of this conclusion to the present system, 
it would appear reasonable in the light of the high
2-electron affinities of both Hg++ and IIg% + in

(6) G . K . Rollefson, T his J o u r n a l , 56, 976 (1952).
(7) A . R . Topham  and A . G . W hite, J . Chem. S o-., 105 (1952).
(8) J. Halpern and E . Peters, J . Chem . P h ys., 23, G05 (1955).
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aqueous solution. Thus available thermodynamic 
data5’9 indicate that the following reactions

Hg + +(aq) +  H2---->- Hg° +  2H+(aq) (19)
and

Hg2 + +(aq) +  H2 ---- >- 2Hg° +  2H+(aq) (20)
involving the formation of free Hg atoms, are exo
thermic by about 27 and 12 kcal./mole, respec
tively (neglecting solvation of the uncharged H2 
molecules and Hg atoms).

It thus appears possible that reactions (19) and 
(20) represent the rate-determining processes in the 
present system and that the reducing intermediates 
which are formed (designated as X  and Y  in equa
tions 6 and 7), are essentially free Hg atoms. Al
ternatively, it is possible that the electron-transfer 
process in the rate-determining step is not complete 
and that hydrogen-carrying intermediates such as 
(Hg . . H2) ++ and (Hg2. . H2)++ are formed, which 
are stabilized by electron sharing and which react 
directly with Hg + +, Hg2++ or with metallic Hg to 
form the observed reaction products. Provided 
that the secondary reactions are all fast, these vari
ous possibilities cannot be distinguished kinetically.

It is of interest that the values of /c, reported here 
for perchlorate solutions are about ten times higher 
than those found earlier for the corresponding reac
tion of mercuric salts with H2 in acetate solutions, 
where the mercuric ion is presumably present 
largely in the form of acetate complexes.10 On the 
other hand it has been shown2c'd that addition of 
acetate increases the rate of reaction of Cu + + with 
H2 up to 120 times. The reason for the opposite

(9) G . Schwarzenbach and G . Anderegg, Iielv. Chim. A cta , 3 7 , 1289 
(1954).

(10) P. M ahapatra, S. A d ity a  and B. Prasad, J. lnd. Chem. Soc., 3 0 , 
509 (1953).

1000/T, °K.
Fig. 3.—Arrhenius plots showing the temperature de

pendence of k i  and k i.

influences of acetate in the two systems is not clear 
at this point.
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VISCOSITIES AND DYNAMIC MECHANICAL PROPERTIES OF THE 
SYSTEM CELLULOSE TRINITRATE-ISOPHORONE1

B y  D. J. P l a z e k  a n d  J oh n  D. F e r r y

Contribution from the Department of Chemistry, University of Wisconsin, Madison, Wis.
Received J u ly  25, 1955

Concentrated solutions of a cellulose trinitrate fraction (M n =  145,000) in isophorone have been studied by the capillary 
and falling sphere methods to determine steady flow viscosities, and by the wave propagation and single transducer methods 
to determine dynamic rigidities ar.d viscosities in the audio frequency region. The ranges of concentration and temperature 
covered were 2.00 to 18.17% and 0 to 60°. The dependence of viscosity on concentration was similar to that observed for 
vinyl polymers. The apparent activation energy for viscous flow increased linearly with concentration after a very rapid 
increase over that of the solvent at low concentrations. The dynamic data, when reduced to unit concentration and vis
cosity by the usual method of reduced variables, all superposed to give single composite curves of djmamic rigidity and vis
cosity as functions of reduced frequency. From each of these curves, the distribution function of relaxation times was cal
culated, the two sources giving results in good agreement. The terminal zone of the distribution is close to the location pre
dicted by the Rouse theory. The plateau zone has a slope of —0.15 on a logarithmic plot, and is intermediate in character 
between those of cellulose tributyrate and of vinyl polymers of comparable molecular weight in concentrated solutions.

Introduction
Recent measurements2 of the dynamic rigidity 

and viscosity of concentrated cellulose tributyrate 
(CTB) solutions have shown that their dependence

(1) P art X X I  of a series on M echanical Properties of Substances of 
H igh M olecular W eight.

(2) R . F. Landel and J. D . Ferry, T his J o u r n a l , 5 9 , 658 (1955).

on temperature and concentration can be described 
over a considerable range by reduced variables, 
just as in solutions of vinyl polymers. These 
measurements have provided relaxation distribu
tion functions for three CTB fractions. The CTB 
distribution function exhibits a longer and flatter 
plateau than those of vinyl polymers of comparable



290 D. J. Plazek and John D . Ferry Voi. 60

molecular weight,3 indicating a stronger tendency 
to intermolecular coupling by entanglement.

We have now obtained similar data for another 
cellulose derivative, the trinitrate (CTN). Meas
urements of steady flow viscosity, dynamic rigid
ity and dynamic viscosity are reported here.

Materials
The CTN was specially prepared for this study at the 

Allegany Ballistics Laboratory by Drs. Seymour Newman 
and Paul Drechsel. Purified cottonseed hull shavings were 
nitrated with nitric acid and phosphorus pentoxide at 20°, 
washed, neutralized with sodium bicarbonate, and repeat
edly washed with water followed by methanol. The nitro
gen content was not determined but on the basis of similarly 
prepared materials was probably 13.8%.

A rough fractionation was made on several successive 
batches by precipitation with «.-heptane from a 1% solution 
in acetone. High and low molecular weight cuts of approxi
mately 25% each were discarded; the central portions were 
combined for subsequent measurements. The resulting 
sample had an intrinsic viscosity in ethyl acetate at 25° of 
5.1 dl./g. From osmotic pressure measurements in ethyl 
acetate at 25°, its number-average molecular weight was 
calculated to be 145,000. The thermodynamic coefficient 
Ai was 1.2 X 10-3 cm.3 mole g .-2, in reasonable agreement 
with values of 0.9-1.0 X 10-3 found for similar cellulose 
nitrates by Newman.4 5 The weight-average molecular 
weight was estimated from light scattering6; the scattered in
tensity at 90° together with a measured 45/135 dissymmetry 
of 1.45 provided a value of 145,000 also. However, this 
figure is probably too low, in view of the expected polydis- 
persity6-7 of a rough fraction prepared as this was.

The solvent chosen for mechanical properties was iso-

phorone8 (3,5,5-trimethyl-2-cyclohexen-l-one, CH2C(CH3)2-

CH2C( CH3) : CHC :0 ), in which fairly concentrated solu
tions can be prepared without gelation, and which is rela
tively high-boiling. It was redistilled at 5-10 mm. and 80°.

Before preparation of solutions, the fractionated CTN 
was dried in vacuo 15 hr. at 45°. The most concentrated 
solution (18.2%) was mixed first. A Teflon-covered piece 
of magnetized iron was imbedded in the mixture, while

Fig. 1.—Photomicrograph between crossed Nicols of a 
sample of solution (w2 = 0.1448) after melting at 60° and 
holding at room temperature 2 days, showing spherulites; 
magnification X168.

(3) L . D . Grandine, Jr., and J. D . F erry, J. A p p l. P h ys., 24, 679
(1953) .

(4) S. Newm an, L . Loeb and C. M . Conrad, J . Polym er Sci., 10, 
463 (1953).

(5) W e are much indebted to Dr. Sidney K a tz  for these measure- 
m ents.

(6) A . M . H oîtzer, H . B enoit and P . D oty, T his J o u r n a l , 58, 624
(1954) .

(7) S. N ew m an, p rivate com m unication.
(8) W e are indebted to  M r. A . K . D oolittle, Carbide and Carbon

Chem icals C om pany, for advice on the properties of solvents, and for
generously supplying the isophorone.

the container was very slowly rotated between the poles of a 
large permanent magnet and warmed to about 45° by an 
infrared lamp. After measurements of viscosity and dy
namic mechanical properties at various temperatures, ad
ditional solvent was added and the mixing process was re
peated. This sequence was followed through nine succes
sive dilutions. Care was taken to avoid contamination with 
metal ions, though in the course of mechanical measurements 
the solutions were at times in contact with stainless steel or, 
very briefly, nickel. Concentrations were determined in 
two ways: from the original weights of the components, 
and by gravimetric analysis, precipitating the CTN from a 
diluted aliquot with petroleum ether. Densities (p) of all 
solutions were measured, using in most cases a small cup
shaped pycnometer with a flat ground glass cover. They 
followed the relation 1/p = 1.088 — 0.498 ic2, where w2 is 
weight fraction of polymer; this was used to check the con
centrations of the more dilute solutions.

At the end of the dilution sequence, which covered a period 
of 18 months, the intrinsic viscosity in isophorone was meas
ured and compared with that of a portion of the original 
18.2% solution which had been stored at —5°. The values 
were 3.76 and 4.27 dl./g., respectively, indicating that a 
small amount of degradation had occurred during the ex
posure of the sample, at various dilutions, to temperatures 
as high as 60°. This change throws some uncertainty on 
the concentration dependence of the steady flow viscosity, 
but none on the dynamic properties reduced to a standard 
reference state, as explained below.

Even in as effective a solvent as isophorone, crystalliza
tion occurred at high concentrations or low temperatures. 
When an 18.2% solution was stored at any temperature be
low 42°, transmitted light eventually revealed a rippled 
structure of discontinuities of the order of 1 mm. in size, 
recognizable between crossed polaroids as spherulites (e.g 
Fig. 1). Measurements of wave propagation and viscosity 
could be made for a brief period below this temperature be
fore the crystallization progressed appreciably; later, ab
normally high viscosity values were obtained, and eventually 
the birefringence of the spherulites completely prevented 
measurements of wave propagation by the strain double re
fraction method. At lower concentrations, the measure
ments could be carried to lower temperatures; below 9%, 
no crystallization occurred even at 0°.

Methods
Steady-flow viscosities were measured by the capillary 

and falling ball methods, as described in earlier papers.9-10 
Stainless steel balls were used. The container for falling 
ball measurements was sometimes the rectangular ceil 
used in wave propagation measurements; in this case, the 
effective container radius used in the Faxfin formula for 
viscosity was taken as the reciprocal mean of the reciprocal 
half-length and half-width of the cell.

The single transducer method of Smith, Ferry and 
Schremp,11 in which the mechanical impedance of a needle 
vibrating along its axis in the solution is determined from 
measurements of the electrical impedance of the driving 
coil producing the motion, was used over the concentration 
range from 3.8 to 8.9% to determine the real part of the 
dynamic viscosity (j?'). Measurements were made from 
160 to 400 cycles/sec. at 20 and 35°. The associated 
measurements of the dynamic rigidity (<?•’) were unsatis
factory, probably because of their greater sensitivity to iner
tial effects and other errors.

The wave propagation method12-13 was used over the con
centration range from 8.9 to 18.2%. Photoelastic measure
ments of wave length and damping of a transverse vibration 
set up in a rectangular cell were made between 250 and 3200 
cycles/sec. at temperatures from 0 to 60°. Values of G' and 
v’ were calculated by equations previously given.12-13

(9) J. D . Ferry, E . L. Foster, G . V. Brow ning and W . M . Saw yer, 
J. Colloid Sci., 6, 377 (1951).

(10) J. D. Ferry, L. D. Grandine, Jr., and D . C . U dy, ibid ., 8, 529 
(1953).

(H ) T . L . Sm ith, J. D . Ferry and F. W . Schrem p, J . A p p l. P h ys., 
20, 144 (1949).

(12) J. N . A shw orth and J. D . Ferry, J. A m . Chem. Soc., 7 1 , 622 
(1949).

(13) F . T . Adier, W . M . Saw yer and J. D . Ferry, J. A p p l. P h ys., 20, 
1036 (1949).
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Results
Viscosity.— The steady flow viscosity results are 

given in Table I and plotted logarithmically
T a b l e  I

S t e a d y  F l o w  V i s c o s i t i e s

Capillary method for w2 = 0, 0.0200, 0.0232 and 0.0384; 
falling ball method for all others.

Temp., Temp., log
W 2 °C . lüg 7] W 2 °C . V

0 25.0 -1.6ÜG 0.0887 0.0 3.075
30.0 - 1.654 20.1 2.543
35.0 -1 .702 40.2 2 .1 0 7

0.0200 25.0 0.116 59.9 1.729
0.0232 25.0 0.301 0.1151 19.5 3 . 2 4 g

35.0 0.114 39.3 2.783
0.0384 15.0 1.145 59.7 2.382

20.0 1.053 0.1448 9.5 4.187
25.0 0.952 19.5 3 .8 5 4

30.0 0.854 39.3 3.340
35.0 0.761 59.7 2.900

0.0471 5.0 00I> 0.1770 29.5 4 .I 67
20.0 1.441 39.2 3.902
35.0 1.137 49.7 3.658

0.0686 5.0 2.392 59.7 3.429
20.0 2.031 0.1817 40.8 3.992
35.0 1.717 48.8 3.809

58.1 3 .60o

against the reciprocal absolute temperature in Fig.
2. The plots deviate somewhat from linearity, as 
expected from results on other polymers.11’

Fig. 2.—Logarithm of steady flow viscosity plotted 
against, reciprocal absolute temperature for nine solutions. 
Figures denote weight fraction of polymer.

The degradation detected at the close of the dilu
tion sequence from intrinsic viscosity measurements 
was also apparent from a comparison of the vis
cosity of the final 2 .0 0 % solution with that of a 
similar solution freshly diluted from the 18.2% 
stock which had been stored at —5°. The former 
was lower by a factor of 0.49. The gradual change 
over the total elapsed time of the experiments would

not affect the temperature dependence, expressed 
logarithmically, at any one concentration, but it will 
exaggerate the apparent concentration dependence. 
The relative viscosities interpolated at 35° are 
plotted against concentration (c, in g. polymer per 
cc. solution) in Fig. 3 both as measured and also 
approximately corrected for the effect of degrada
tion. For the latter purposes, a logarithmic cor
rection has been added, assuming that log 17 changed 
due to degradation by an equal amount with each 
successive dilution. Figure 3 also includes two 
points at low concentrations (at 25°) from intrinsic 
viscosity measurements.

Fig. 3.—Logarithm of relative viscosity at 35° (open 
circles) and apparent activation energy for flow at 35° in 
kcal. (black circles) plotted against concentration (g. poly
mer per cc. solution). Horizontal bars denote viscosities 
before approximate correction for degradation. First two 
open circles are values at 25°.

The concentration dependence of the viscosity 
is very marked, as in all concentrated solutions of 
polymers; 77 is roughly proportional to c5, an em
pirical relation which has also been found for poly
isobutylene. 14

The apparent activation energy for viscous flow, 
( ? , ( = / ?  d in r]/d(l/T'}), calculated from tangents 
to the curves of Fig. 2 drawn at 35°, is given in 
Table II and also plotted in Fig. 3 against volume 
concentration. It increases linearly with c, as 
previously found for other polymers; however, it is 
notable that the linear plot extrapolates to an in
tercept of 7.1 kcal. at c = 0, consideiably higher 
than that of the solvent (4.0 kcal.). For the vinyl 
polymers which we have studied9’ 10' 14 in several 
different solvents, such plots extrapolate rather 
closely into the respective pure solvent values. 
The abnormally high intercept seen here has been 
found also16 for solutions of cellulose tributyrate in 
1,2,3-trichloropropane, and may be characteristic 
of cellulose derivatives.

(14) M . F . Johnson, W . W . E van s, I. Jordan and J. D , Ferrj^, J. 
Colloid Set., 7 , 498 (1952).

(15) R . F. Landel, J. W . Berge and J. D . Ferry, unpublished experi
m ents.
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T a b l e  I I

A p p a r e n t  A c t i v a t i o n  E n e r g y  f o r  V i s c o u s  F l o w  a t  35°
( K c a l . )

wt Qri wt Qv
0 4.03 0.0887 9.20
0.0232 7.85 .1151 9.75

.0384 7.91 .1448 10.30

.0471 8.33 .1770 11.21

.0686 8.60
Dynamic Properties.- Values of G' and j?' are 

not reported directly, 16 but have been reduced to 
standard reference states. 17 Wave propagation 
values of G' at different temperatures were re
duced to 35° for each concentration by the for
mula G"p = G 'T o C o /T c  and are plotted in Fig. 4 
against the reduced frequency o^ToCoAoTc. Here 
T0 = 308°K.; c, c0, v and 770 are the concentrations 
(differing from each other due only to thermal ex
pansion) and the steady flow viscosities at tempera
tures T  and T0, respectively. All the values at 
each concentration superpose within experimental 
error, showing that all the viscoelastic mechanisms 
concerned have the same temperature dependence.

Fig. 4.—Real part of dynamic rigidity reduced to 35° 
and plotted logarithmically against reduced frequency for 
solutions with the following weight fractions of polymer: 
1, 0.0887; 2, 0.1151; 3, 0.1448; 4, 0.1817. Key to tem
peratures: pip right, 0°; successive rotations clockwise, 
20, 35, 40, 50 and 60°.

The same data further reduced to a reference 
state of unit viscosity and concentration are 
plotted in Fig. 5, where G 'r = G'To/Tc and cor = 
ur,T0/Tc. The points fall fairly well on a single 
curve, showing that all the mechanisms have the 
same concentration dependence. This is further 
demonstrated by the plot of reduced dynamic vis
cosity, v'/v, hi Fig. 6 . Here both wave propagation 
and transducer data are included; all the points 
fall quite satisfactorily along a single composite 
curve.

The data reduced in this way should not be per
ceptibly affected by the slight degradation appar
ent from the comparison of intrinsic and steady 
flow viscosities at the end of the dilution sequence. 
The actual measured viscosities were used in the 
reduction process; and dynamic properties, when

(16) The original data will appear in the P h .D . Thesis of D . J. 
Plazek, U niversity of W isconsin, 1956.

(17) J. D. Ferry, J . A m . Chem. Soc., 7 2 , 3746 (1950).

Fig. 5.—Real part of dynamic rigidity, reduced to unit vis
cosity and concentration at 35°, plotted logarithmically 
against reduced frequency: ■ pip left, weight fraction of 
polymer 0.0887; successive 90° rotations counterclockwise, 
0.1151, 0.1448 and 0.1817.
reduced to unit viscosity and concentration, depend 
on molecular weight only to a very minor degree in 
the range of time scale covered here. 2' 18

Fig. 6.—Real part of dynamic viscosity, reduced to unit 
viscosity and concentration at 35°, plotted logarithmically 
against reduced frequency: open circles, wave propagation 
data; black circles, single transducer data.

Relaxation Distribution Function.— The logarith
mic distribution function of relaxation times, 
$r, was calculated from the data of Figs. 5 and 6  by 
the usual second approximation formulas. 19 The 
results are plotted in Fig. 7. The agreement be
tween values from G’ and from 77' is excellent.

The theoretical distribution function calculated 
from the Rouse theory, 20-18 for calculation of which 
(when reduced to the standard reference state) 
only the molecular weight is required, is also plotted 
in Fig. 7. The location of the terminal zone at the 
right appears to be correctly predicted by the the
ory, as it is in cellulose tributyrate solutions. 2 
However, as usual in concentrated solutions, the re
mainder of the function within the time scale cov
ered is a rather flat plateau instead of being propor
tional to r _1/- as provided by theory.

(18) J. D . Ferry, I. Jordan, W . W . E vans and M . F . Johnson, J . 
Polym er Sci., 14 , 261 (1954).

(19) J. D . Ferry and M . L. W illiams, J. Colloid S ci.T 7 , 347 (1952).
(20) P. E . Rouse, Jr., J. Chem. P h ys., 21, 1272 (1953;.
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Fig. 7.—Relaxation distribution function reduced to unit 
viscosity and concentration at 35°: circles top black, calcu
lated from (?'; bottom black, from V. Dashed line is the 
prediction of the Rouse theory.

Gelation Phenomena.— Some of the above data 
were obtained below the gel points of the solutions, 
by taking measurements soon after attainment of 
thermal equilibrium, before the slow crystallization 
processes had progressed appreciably. In one ex
periment, however, a 14.5% solution was kept be
low its gel point for 24 hours and wave propagation 
measurements were made repeatedly after gelation.

The solution was cooled from 60 to 20°, reaching 
thermal equilibrium within 0.5 hr. Wave propa
gation measurements over a frequency range from 
300 to 2000 cycles/sec. at this point showed G' in
creasing with frequency from 1.5 to 1.8 X 105 
dyne/cm.2, in accordance with the dispersion shown 
in curve 3 of Fig. 4. At 4.5 hr. after changing the 
temperature, gelation had occurred; G' was now 
somewhat higher— 3.4 X 106 dyne/cm.2— and in
dependent of frequency. With further storage at 
20°, G' increased linearly with time to 7.8 X 105 
dyne/cm.2 (Fig. 8), remaining independent of fre
quency.

The transverse waves appeared to be damped in 
this gel to an extent (damping index12 X/x0 of the or
der of 1) incompatible with the absence of disper
sion of (?'. It is believed that the observed damp
ing is spurious, due to the effect of the walls of the 
container as expected13 when the inherent damping 
is small. The same effect has been observed in 
other gels.21'22

The absence of dispersion within experimental er
ror means that <f> < 104 dyne/cm.2 over a range of 
(unreduced) time scale from 10~2-6 to 10~3-3 sec., 
in contrast to its value of 4 X 104 in this solution 
before gelation. In this time range, which corre
sponds just to the middle of the reduced curve in 
Fig. 7, the elastic contributions are believed to be 
due to cooperative motions of groups of molecules 
coupled fairly tightly to each other by occasional 
entanglements.18 Gelation evidently sharply de
presses these contributions as neighboring molecules 
become still more tightly coupled by crystallite 
cross-links. The cooperative motions may be mod
ified by the fact that the coupling is tighter or by a 
different spatial distribution of linkage points or 
both.

After gelation, G' as measured is probably not 
much different from the equilibrium modulus rep
resenting the rubber-like elasticity of the cross- 
linked network. Its increase with time no doubt 
reflects the lateral growth of crystallites. A linear

(21) J. D . Ferry and J. E . E ldridge, T h is Jo u r n a l , 5 3 ,1 8 4  (1949).
(22) G . E . H eckler, P h .D . Thesis, U niversity of W isconsin, 1952.

Fig. 8.—Increase in real part of dynamic rigidity with 
time for 14.5% gel at 20°. Vertical bar at left denotes 
range of G' between 300 and 2000 cycles/sec. before gelation.

increase of modulus with time has also been ob
served by Bisschops23 in gels of polyacrylonitrile.

Discussion
In Fig. 9, the relaxation distribution function of 

cellulose trinitrate is compared with those of sev
eral other cellulose derivatives: three fractions
of cellulose tributyrate dissolved in 1,2,3-trichloro- 
propane2 and a cellulose acetate dissolved in diox- 
ane (calculated by Smith24 from data of P h ilip p o ff . 
The other derivatives exhibit quite horizontal 
plateaus, while the plateau for cellulose trinitrate is 
inclined, with a slope of about —0.15. Vinyl poly
mers of comparable molecular weights3 exhibit 
slopes of about —0.3, all thus deviating from the 
prediction of the simple Rouse theory of —0.5.

Such deviations from the Rouse slope are attrib
uted to entanglement coupling,18 and with respect 
to the latter cellulose trinitrate thus appears to be 
intermediate between cellulose tributyrate and 
vinyl polymers in character.26 Without a more pre-

(23) J. Bisschops, J . P o ly m e r  S c i ., 12 , 583 (1954); 1 7 , 89 (1955).
(24) T . L . Sm ith, J . P o ly m e r  S c i ., 14, 37 (1954).
(25) W . Philippoff, P h ysik . Z .t 35, 900 (1934).
(26) A nother phenomenon in  concentrated solutions has been a t

tributed to entanglem ents b y  Hatfield and R athm ann27 and b y De- 
W itt,28— nam ely, an exaggerated concentration dependence of the 
m agnitude of contributions to  the relaxation spectrum , which makes it 
necessary to replace c  b y  c2 in  the usual definitions for reduced vari
ables— above a critical value of c. It should be em phasized th a t the 
H atfie ld -D eW itt entanglem ents are not the sam e as the entanglem ents 
responsible for a plateau in the relaxation spectrum . In  vin yl poly
mers*»18 as well as in cellulose d erivatives,2 plateaus appear in th e  spec
tra of m oderately concentrated solutions where the usual definitions 
for reduced variables give accurately superimposed com posite curves. 
For example, the critical concentration for appearance of a plateau in 
solutions of polyisobutylene of molecular w eight 10® is about 1 % , as 
calculated from the average m olecular weight between coupling en
tanglem ents in the undiluted polym er2U and its anticipated inverse pro
portionality to  concentration.30 B u t the critical concentration for the 
onset of the c2 concentration dependence observe b y  D eW itt is 8 % .

(27) M . R . H atfield and G . B. Rathm ann, J . A p p l . P h y s . ,  25, 1082 
(1954).

(28) T . W . D eW itt, H. M arkovitz, F . J. Padden, Jr., and L. J. 
Zapas, J . C o llo id  S c i ., 8 , 174 (1955).

(29) J. D . Ferry, R . F . Landel and M . L . W illiam s, J . A p p l .  P h y s . ,  
26, 359 (1955).

(30) F . Bueche, ib id ., 2 6 , 738 (1955).



294 R obert F. Landel and John D. Ferry Yol. 60

Fig. 9.—Comparison of relaxation distribution functions 
of cellulose derivatives: CTN, cellulose trinitrate (Fig. 7); 
CTB, cellulose tributyrate (reference 2), molecular weights 
of 55,000 (L), 152,000 (R2), and 300,000 (H); CA, cellulose 
acetate (references 23, 24).
cise concept of the nature of the entanglement cou
pling, however, it is difficult to interpret these dif
ferences. The CTB chain is certainly far more ex
tended than those of vinyl polymers,31 and the 
CTN  chain appears to be even more so.6 But 
there is some evidence that the cellulose units are 
actually more mobile than those of vinyl polymers, 
a feature perhaps associated with the free-draining 
character of the cellulose chain.6 Thus, the internal

(31) L . M andelkern and P. J. F lory, J. A m . Chem. Soc., 74, 2517 
(1952).

viscosity parameter derived by Kuhn32 for the re
sistance of the chain itself to deformation is much 
smaller for cellulose derivatives than for polysty
rene. The differences in monomer structure must 
be responsible not only for the characteristic pla
teau shapes in Fig. 9 but also for other contrasting 
mechanical properties, such as the activation ener
gies for viscous flow (Fig. 5) and the shapes of re
laxation spectra in the transition region between 
rubber-like and glass-like consistency, which will 
be further discussed in later communications.15’33
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The real and imaginary components of the complex compliance, J' and J", have been measured between 30 and 4500 
cycles/sec. for three gelatinous compositions of cellulose tributyrate (M , =  300,000) and dimethyl phthalate containing 
20.4, 42.6 and 57.5% polymer. The temperature range was from 25 to —52°. Data for the 20.4% gel were combined 
by the method of reduced variables to give composite curves of J' and J" reduced to a standard temperature. Data for the 
42.6% gel were similarly combined above —25° and separately below —25°; near —25° there was a change in properties 
attributable to a structural modification, probably increased crystallinity. Data for the 57.5% gel could not be combined 
by reduced variables, since there were progressive changes with decreasing temperature, attributable also to increases 
in crystallinity. Where reduced variables were applicable, the temperature shift factors followed a recently proposed 
equation of Williams, Landel and Ferry. The equilibrium rigidity approached at low frequencies at 25° was proportional 
to the 2.8 power of polymer concentration. The loss tangent passed through a maximum with increasing frequency; with 
increasing concentration (at constant temperature) this maximum became lower and broader and shifted to lower fre
quencies. The retardation distribution functions exhibited maxima whose heights were directly proportional to the equilib
rium compliances. Increased crystallinity evidently depresses the retardation distribution, especially at long times; 
depresses J"; and depresses / '  somewhat less, at the same time flattening the slope of the latter. The relaxation distribu
tion function of the 20.4% gel followed the slope prescribed by the Rouse theory remarkably well. The more concentrated 
gels showed somewhat flatter slopes in a region where vinyl polymer systems show steeper slopes than that predicted by the 
Rouse theory.

Introduction
Recent studies of the dynamic rigidities and vis

cosities, at audiofrequencies, of concentrated solu
tions of cellulose tributyrate in trichloropropane2 
and of cellulose trinitrate in isophorone3 have delin
eated the relaxation distribution functions of these 
systems in the plateau zone of soft viscoelastic con
sistency. These investigations provided no infor
mation, however, about the transition from soft to

(1) P a rt X X I I  of a series on M echanical Properties of Substances 
of H igh M olecular W eight.

(2) R . F. Landel and J. D . F erry, T his J o u r n a l , 5 9 , 658 (1955).
(3) D . J. P lazek and J. D . Ferry, ibid ., 59 , 289 (1956).

glass-like consistency which appears in shorter re
gions of time scale. The transition zone can be 
made accessible to audiofrequency methods by in
creasing the solvent viscosity and lowering the 
temperature.

Measurements of dynamic mechanical properties 
in the transition zone are now reported for solutions 
of cellulose tributyrate in dimethyl phthalate. Such 
solutions are partly crystalline, and hence cross- 
linked (i.e., gelatinous), at the temperatures of 
measurement. When the concentration of polymer 
is not too high (e.g., 20%), the crystallinity does not 
interfere with interpretation of the results, but at
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higher concentrations it introduces some complica
tions. The relaxation and retardation distribution 
functions derived from these measurements exhibit 
some unusual features, which are attributed partly 
to the presence of crystallite cross-linking and partly 
to characteristics of the cellulose chain structure.

Materials
The cellulose tributyrate was generously provided by 

Dr. C. J. Malm of the Eastman Kodak Company. Its 
chemical characterization and fractionation have been de
scribed previously.2 Fraction H, with a viscosity-average 
molecular weight of 300,000, was used in the present study. 
It was dried in vacuo at room temperature before solutions 
were prepared. The dimethyl phthalate, Eastman Kodak 
Co. practical grade, was redistilled under reduced pressure 
(boiling at 142-143°).

Solutions containing 20.4, 42.6 and 57.5% polymer by 
weight were prepared by mixing weighed amounts of poly
mer and solvent at 120°, with further heating to 150-180° for 
brief periods. Nitrogen (bubbled through solvent to mini
mize vaporization losses) was passed over the mixtures to 
prevent oxidation. Any air bubbles introduced during 
mixing were removed by aspiration at 120° before cooling to 
room temperature. The slight solvent losses were deter
mined by reweighing, and the concentrations were calcu
lated on the basis of residual solvent. In color the resulting 
gels ranged from almost colorless (20.4%) to light straw 
(57.5%).

The disc-shaped samples for the transducer were molded 
for the 20.4% gel by remelting the system and pouring di
rectly into the preheated mold at 85°. The more concen
trated gels were removed from the glass mixing tubes (by 
breaking the glass) and sliced inco slightly oversize discs, 
which were then molded to exact size under pressure at 125°.

The melting points of the gels were not measured, but 
were calculated to be 72, 92 and 102° for concentrations of 
20.4, 42.6 and 57.5%, respectively, using the theory of 
Flory4 together with constants determined by Mandelkern 
and Flory5 for the cellulose tributyrate-dimethyl phthalate 
system at higher concentrations (50 to 100% polymer). 
The melting point calculated in this way for another gel of 
concentration 13.4% was 67°, in fair agreement with an ob
served value of 75-78°, considering the magnitude of ex
trapolation.

Since the calculated melting points were so high, it was 
expected that prolonged annealing at room temperature 
would allow the extent of crystallinity to approach a stable 
state which would not be greatly affected by subsequent 
cooling to lower temperatures. Accordingly, the 20.4% 
samples were annealed at room temperature for 4.5 months, 
and the more concentrated samples were annealed for periods 
from 2 to 9 weeks. The expectation of stability was not 
entirely fulfilled, however, as will be seen below.

Method
Measurements of the complex shear compliance (J* = 

J' — iJ") were made at frequencies between 30 and 4500 
cycles/sec. with the double transducer of Fitzgerald and 
Ferry.6-7 The disc-shaped samples were compressed 5 to 
10% between the floating mass and the driving tube of the 
instrument. The sizes and shapes of the samples used are 
summarized as follows.

Concentration 20.4%.—Only one pair of samples was 
employed, u/ie in. (diameter) by V32 in. (thickness), with a 
sample coefficient6'8 of 67.4 cm. after compression.

Concentration 42.6%.—Three pairs of samples were em
ployed. Samples 60, 6/ie in. by Vm in., had a sample co
efficient of 3.77 cm. Samples 59 and 66, both u/i6 in. by 
s/ 32 in., had nominal sample coefficients of 20 6 and 22.4, 
respectively. However, neither of these sample pairs ap
peared to have adhered perfectly to the driving tube sur
faces, as evidenced by values of and J” higher than those

(4) P . J. F lory, J. Chem. P h ys., 17 , 223 (1949).
(5) L . M andelkern and P. J. F lory, ./. A m . Ckem. Soc., 7 3 , 3206 

(1951).
(6) E . R . Fitzgerald  and J. D . Ferry, J . Colloid Sei., 8, 1 (1953).
(7) W e are much indebted to Professor Fitzgerald , Pennsylvania 

State U niversity, for supervising m aintenance of the apparatus and 
m aking certain m odifications.8

(8) M . L . W illiam s and J. D . Ferry, J . Colloid Sei., 9 , 479 (1954).

obtained from samples 60 at several overlapping tempera
tures, whereas the ratio J"/J' was in good agreement for all 
three sample pairs. Imperfect adherence may have been due 
to slight irregularities in the surface which for these cross- 
linked gels are not smoothed out by flow under compression. 
Samples 60 were well sandpapered for smoothness and had 
the smallest cross-section area, and their adherence is as
sumed therefore to have been complete. Empirical correc
tion factors of 0.51 for samples 59, 0.90 for samples 66 
above —25°, and 0.70 for 66 below —25° were applied to 
bring their J' and J" values into agreement.

Concentration 57.5%.—Three pairs of samples were 
employed. Samples 68, Vie" by 3/ i6", had a sample coeffi
cient of 3.77; their surfaces were carefully smoothed by 
sandpaper. Samples 52, 6/ie" by ‘A", had a nominal sample 
coefficient of 2.67, but it was necessary to apply an empirical 
factor of 0.72 to bring J' and ./" values into agreement with 
those of samples 68 at overlapping temperatures. Samples 
53, 11/it," by 3Ai", had a nominal coefficient of 19.7, but re
quired an empirical correction factor of 0.84. Both these 
corrections were attributed to incomplete adherence.

All these gels resembled those of polyvinyl chloride6 in 
that there was no tendency toward the lateral bulging ob
served with sticky polymers such as polyisobutylene.6 Ab
sence of bulging was readily demonstrated by compression 
of samples outside the transducer. It is believed, therefore, 
that there are no errors in the sample coefficients attribut
able to bulging.

Sample coefficients above and below room temperature 
were calculated as usual,6'8 assuming the thermal expansion 
coefficients of the gels to be 0.1% per degree.

Results
Concentration 20.4%.—Measurements at various fre

quencies were made at progressively decreasing temperatures 
from 25 to —52° and then at —40°, —25 and 25°. The 
latter check measurements agreed well with the correspond
ing values on the downward temperature sequence except 
for the final run at 25°. Here J" was slightly lower; the 
differences were scarcely beyond experimental error, but 
they reveal an effect which became much more apparent in 
the gels of higher concentration. Values of / '  and J" are 
plotted logarithmically in Figs. 1 and 2.

Concentration 42.6%.—Measurements at various fre
quencies were made on samples 59 at progressively decreas
ing temperatures from 25 to —50° and then at —25°. The

5 0  1 0 0  2 5 0  5 0 0  1 0 0 0  2 5 0 0  5  0 0 0

Frequency- c p s - (logarithmic/
Fig. 1.—Variation of the real component of complex 

compliance with frequency for 20.4% gel at 10 temperatures 
as shown.
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F r E Q U E N C Y - C P S -  (L O G AR ITHM IC ).
Fig. 2.—Variation of the imaginary component of complex 

compliance with frequency for 20.4% gel at 10 temperatures 
as shown.
latter check run disagreed with the corresponding —25° run 
on the downward temperature sequence; J" had decreased 
considerably during the time spent at lower temperatures, 
and J' somewhat less so. Samples 6 0  were measured at 
25° and then cooled immediately to —25°, with measure
ments there and at intervals down to —52°. A check run 
at —35° agreed with that on the downward sequence, but 
one at —25° showed again a lower compliance, with J" af
fected more than J'. Samples 66 were measured from 25° 
down to — 4 0 ° .

It was evident that a change in internal structure, prob
ably an increase in crystallinity, occurred with decreasing 
temperature, and that the most marked change occurred 
near —25°. As a first approximation, the samples could be 
considered as existing in one state above —25° and in an
other, more highly crystalline or annealed, stable below 
— 25°; the properties at —25° were distinctly different 
depending on whether the samples had been cooled below 
this temperature for an extended period. Values of J ’ and 
J " are plotted logarithmically in Figs. 3 and 4, where the two 
states are separated by dashed curves.

Fig. 3.—Variation of the real component of complex 
compliance with frequenc}^ for 42.6% gel at 12 temperatures 
as shown: above dashed line, before cooling below —25°; 
below dashed line, after cooling below —25°; tag up, 
samples 59; no tag, samples 60; tag down, samples 66.

F r e q u e n c y  -  c p s  -  ( l o g a r i t h m i c ).

Fig. 4.—Variation of the imaginary component of com
plex compliance with frequency for 42.6% gel at 11 tem
peratures as shown. Key to samples and significance of 
dashed line same as in Fig. 3.

Concentration 57.5%.—Measurements at various fre
quencies were made on samples 68 at progressively decreas
ing temperatures from 25 to —46° and then at —30, —25, 
— 15 and 25°. All the latter check runs agreed fairly well 
with those on the downward temperature sequence. Samples 
52 were measured from 15° down to —34°. Samples 53 
were measured from 25° down to —30°, with a check run 
at 25° wrhich agreed fairly well. Although the state of the 
material appeared to be reproducible after a temperature 
cycle, attempts to apply the method of reduced variables 
(see below) indicated that the structure had changed re
versibly with temperature, the crystallinity probably in
creasing upon cooling and then reverting to approximately 
its original state upon warming. Values of J' and J " are 
plotted logarithmically in Figs. 5 and 6.

Application of Reduced Variables
Logarithmic plots of J p = J '[T o/ T 0po +  (/»/ 

J ')  (1 -  Tp/T0po)] and J %  =  J '(T p / T oPo) were

Fig. 5.—Variation of the real component of complex 
compliance with frequency for 57.5% gel at 10 temperatures 
as shown: tag up, samples 52; tag down, samples 53; no 
tag, samples 68.
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F r e q u e n c y - c p s -  (l o g a r i t h m i c )

Fig. 6.—Variation of the imaginary component of complex 
compliance with frequency for 57.5% gel at 10 temperatures 
as shown. Key to samples same as in Fig. 5.

prepared to test the method of reduced variables.9 
Here p and p0 are the densities at the absolute 
temperature of measurement, T, and a standard 
temperature, To. The limiting high frequency 
compliance, J „ , was assumed to be 1.0 X 1(D10 
cm.2/dyne, and T0 was chosen as 298 °K. for the 
20.4% gel and 248°K. for the other two. If all 
relaxation times depend identically on tempera
ture, then such curves should be parallel and super- 
posable by horizontal shifts on the logarithmic fre
quency scale; and the shifts should be identical for 
J 'p and J"p.

For the 20.4% gel, the criteria for superposition 
were fulfilled. It was concluded, just as for the 
polyvinyl chloride gels previously studied,6-9 that 
the proportion of crystalline material was small in 
this system; and that even if some changes in crys
tallinity occurred with changing temperature, the 
structure of the amorphous regions was essentially 
unmodified and the dynamic mechanical proper
ties were dominated by the latter. The shift fac
tors aT are given in Table I, and composite curves of 
J'p and J"p are plotted logarithmically against the 
reduced circular frequency m t  in Figs. 7 and 8.

For the 42.6% gel, the aT factors obtained from 
J'p and J"p agreed fairly well except near —25°. 
In this more concentrated system, the structural 
change already apparent in the dependence on ther-

T a b l s  I
T e m p e r a t u r e  R e d u c t i o n  F a c t o r s

Concn. 20.4%, 
t, °C .

ref. 25° 
log aT

Conen. 42.6% , ref. — 25° 
t, °C . log aT

25.1 0.00 4.1 -1 .8 7
4.7 0.58 -  5.2 -1 .5 0

-  5.5 1.08 -1 0 .1 -1 .2 3
-1 5 .1 1.68 -1 5 .1 -0 .8 8
-2 1 .0 2.05 -2 0 .6 -0 .4 2
-2 5 .4 2.44 -2 5 .4 0.04
-3 0 .4 2.87 -3 0 .2 0.64
-3 5 .3 3.39 -3 5 .0 1.30
-3 9 .8 3.94 -4 0 .9 2.12
-4 6 .1 4.80 -4 6 .1 2.88

-5 2 .0 3.73
(9) J. D . Ferry and E . It. Fitzgerald , J . Colloid Sci., 8, 224 (1953).

Fig. 7.—Real part of complex compliance of 20.4% gel 
reduced to 25°, plotted logarithmically against reduced 
frequency. Temperature key same as in Fig. 1.

log cuaT
Fig. 8.—Imaginary part of complex compliance of 20.4% 

gel reduced to 25°, plotted logarithmically against reduced 
frequency. Temperature key same as in Fig. 2.

mal history near —25° affected J" more than J ', 
and the resulting shifts in J 'p and J "p could not be 
attributed solely to prolongation of relaxation 
times. Nevertheless, reasonable superposition was 
obtained by combining the original —25° measure
ments with those at higher temperatures up to 4° 
and the subsequent ‘‘'annealed” —25° measure
ments with those at lower temperatures. The 
necessary a-r factors are also given in Table I, and 
the composite curves for J 'p and J"p are plotted 
in Figs. 9 and 10.

For the 57.5% gel, the J "p curves were approxi
mately parallel, but the J 'p curves became flatter
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L o g  u ia T

Fig. 9.—Real part of complex compliance reduced to 
—25°, plotted logarithmically against reduced frequency. 
Curve 1, 42.6% gel before cooling below —25°; pip up, 
4.0°; successive 45° rotations clockwise, decreasing tem
peratures as shown in Fig. 3. Curve 2, 42.6% gel after 
cooling below —25°; pip right, —25°; successive 45° 
rotations clockwise, decreasing temperatures as shown in 
Fig. 3. Curve 3, 57.5% gel; pip 45° left, —19.4°; up, 
-24 .3 °; 45° right, -29.3°.

Fig. 10.—Imaginary part of complex compliance reduced 
to —25°, plotted logarithmically against reduced frequency. 
Key to concentrations and temperatures same as in Fig. 9.

with decreasing temperature so that superposition 
was impossible. When the retardation distribu
tion function,9 L, was calculated at each individual 
temperature by the usual second approximation 
formulas,10 the values from J ' and J "  were in good 
agreement. It was evident that the usual shift of 
L  along the logarithmic time scale with decreasing 
temperature was accompanied by a decrease in 
magnitude. The latter change was manifested 
in a corresponding drop in magnitude of J" (which 
in zero approximation equals L) but was manifested 
in J ' primarily by a change in slope. This is con
sistent with the expected effects of increasing 
crystallinity in a concentrated system (see below).

To obtain a limited comparison of the 57.5% gel 
with the others, 248°K. was chosen as a standard 
temperature and data at the three nearest tempera
tures were superposed by choosing ax values of 
-0.67, -0.07 and 0.62at -19 .4 , -24.3 and -29.3° 
respectively. The resulting composite curves of 
J'p  and J "p, shown also in Figs. 9 and 10, are prob

(10) M. L. Williams and J. D. Ferry, J. Polymer Sci11, 169
(1953).

ably not seriously distorted within such a narrow 
temperature range, but it would be useless to at
tempt superposition over wider ranges.

Discussion
Analysis of Temperature Dependence.— For

comparison of the temperature dependence of cn  
with that prescribed by a recently proposed equa
tion11

log (It =  -8 .86 (T  -  T ,)/( 101.6 +  T — T.)
the values in Table I were reduced to separate ref
erence temperatures T a, chosen as 247° for the 
20.4% gel, 251° for the 42.6% gel in its state above 
— 25°, and 256° for the latter in its more annealed 
state below $—25°. These values are plotted in 
Fig. 11; they show quite good agreement with the 
curve given by the above empirical equation, ex
cept at the highest temperatures. For many poly
mer systems, Ts lies approximately 50° above the 
glass transition temperature Tg. The glass transi
tion temperatures implied from this relationship are 
very low, and evidently correspond to the Tg(l) 
measured by Mandelkern and Flory5 rather than 
to their T g(2). It is hoped that measured Te val
ues for these systems will be available in the future 
for direct comparison.

Fig. 11.—Temperature reduction factors reduced to T,, 
plotted logarithmically against T — Ta: open circles,
20.4% gel ( T, =  247°K.); right black, 42.6% gel before 
cooling below —25° (T, =  251°K.); left black, 42.6% gel 
after cooling below —25° ( T, =  256°K.). Curve is from 
equation of Williams, Landel and Ferry.11

Magnitudes of Mechanical Properties.— The
maximum values of J ' approached at room tem
perature and low frequencies are about 3 X 10~7,
4.2 X 10-8 and 1.8 X 10-8 cm.2/dyne. respectively, 
for the 20.4, 42.6 and 57.5% gels. These values are 
probably not far from the equilibrium compliances 
of these cross-linked systems, and the losses are so 
small here that the reciprocals of J ’  represent the 
corresponding real components of the shear modu
lus, G'— practically, the equilibrium modulus G. 
A logarithmic plot against weight fraction of poly
mer (which is nearly the same as volume fraction, 
since the densities of the gels differ little from that 
of the solvent) shows that the modulus is propor-

(11) M. L. Williams, R. F. Landel and J. D. Ferry, J. Am. Chem.
Soc., 77, 3701 (1955).
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tional to the 2.8 power of polymer concentration. 
This figure may be compared with exponents of 
slightly over 3 obtained by Walter12 from static 
measurements on polyvinyl cnloride gels in several 
rather poor solvents, and suggests that the features 
of the crystallite cross-linking are similar in the 
two types of systems. (The two polyvinyl chloride 
gels at concentrations of 10 and 40% by volume 
whose dynamic properties were previously meas
ured in this Laboratory6’9 yield, from comparison 
of limiting low-frequency values of G', a correspond
ing exponent of 3.0.)

The measurements do not extend to high enough 
frequencies to furnish the limiting values of J c» for 
the gels, but the curves appear to be consistent 
with the assumption made earlier that this quan
tity is approximately 10~10 for all three, as expected 
from results on other polymer systems.

The real part of the complex shear modulus, G', 
was calculated from the composite curves of Figs.
7-10 and is plotted logarithmically against fre
quency in Fig. 12 for all three gels. Here the

l og  oJp
Fig. 12.—Logarithm of real part of complex shear modulus 

(above) and loss tangent (below) reduced to —25°: 1,
20.4%; 2, 42.6%; 3, 57.5%; 4, comparative data for a 
40% polyvinyl chloride gel in dimethylthianthrene9 re
duced to 25°.

data for the 20.4% composition have been reduced 
to —25° for comparison with the other two. The 
slope evidently becomes smaller with increasing 
concentration, as the modulus, starting from differ-

(12) A. T . W alter, J . Polym er Sci., 1 3 , 207 (1954).

ent equilibrium (low frequency) values, must reach 
approximately the same value at high frequencies.

The loss tangent G"/G' (= J"/ J ') is also plotted 
in Fig. 12, reduced to —25° for each gel. The 
loss maximum flattens with increasing concentra
tion and shifts to lower frequencies. Actually, 
for the 20.4% gel, the maximum is not encompassed 
in the range of reduced frequencies covered. The 
loss tangent is considerably lower and broader for 
the 42.6% cellulose tributyrate gel than for a 40% 
(by volume) gel of polyvinyl chloride previously 
studied,6'9 designated by a dashed curve for com
parison. In their low maxima and breadth, these 
loss tangents differ from those of vinyl polymers 
previously studied13; the only one of the latter 
which at all resembles the curves in Fig. 11 is poly
isobutylene, which however has an oddly shaped 
hump not present here.

Retardation Distribution Functions.— The dis
tribution function of retardation times, L, was cal
culated from the composite curves of Figs. 7-10 
by the usual second approximation formulas10; 
it is given in Table II and plotted in Fig. 13 for 
the three gels reduced to —25°. The values ob
tained separately from J ' and J "  are mostly in good 
agreement. (The maximum in L  at 57.5%, de
noted by a dashed curve, is estimated from the 
maximum value of J ” at higher temperatures in 
Fig. 6.)

Fig. 13.—Logarithm of retardation distribution function 
reduced to —25°: 1, 20.4%; 2, 42.6% before cooling
below —25°; 3, 42.6% after cooling below —25°; 4,
57.5%; circles top black, calculated from J'\ bottom black, 
from J".

The level of L  decreases with increasing concen
tration, at constant r. This may be partly due to 
a shift in logarithmic time scale occasioned by an 
increase in the local monomeric friction coef
ficient.14'15 However, at long times (where L  is 
flat and a shift in time scale would have no effect) 
it is almost entirely due to a decrease in the magni
tude of the individual contributions to compliance 
in the retardation spectrum, no doubt associated 
with increased cross-linking as revealed by the drop

(13) J. D . Ferry, C hapter V I in Stuart, “ D ie Physik  der H ochpoly- 
m eren,”  Vol. IV , Springer, Berlin, in press.

(14) F . Bueche, J. Chem. P h ys., 2 2 , 603 (1954).
(15) J. D . F erry, R . F . Landel and M . L. W illiam s, J . A p p l. P h ys., 

2 6 , 359 (1955).
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T a b l e  I I

R e t a r d a t i o n  a n d  R e l a x a t i o n  D i s t r i b u t i o n  F u n c t i o n s , 

R e d u c e d  t o  — 2 5 °

Log L  Log <ï>
Log T From J f From J " From G ' From G "

Concn. 20.4%
- 6 .6 -9 .4 6 -9 .3 1
- 6 . ) -9 .1 6 -9 .0 6 8.04 8.13
- 5 .6 -8 .8 6 -8 .8 0 7.75 7.83
-5 .1 -8 .5 6 -8 .5 2 7.49 7.54
- 4 .6 -8 .2 8 -8 .2 6 7.24 7.27
-4 .1 -8 .0 0 -8 .0 3 6.99 6.99
- 3 .6 -7 .7 7 -7 .7 6 6.74 6.71
-3 .1 -7 .5 5 -7 .5 5 6.50 G.46
- 2 .6 -7 .4 2 -7 .4 6 6.29 6.19
-2 .1 -7 .4 1

OOT}HI-1 6.07 5.94
- 1 .6 -7 .3 6 -7 .5 0 5.93 5.71
-1 .1 -7 .3 1 — 7.59 5.76 5.44
- 0 .6 -7 .4 6 -7 .6 5

Concn. 42.6% (above -2 5 ° )
- 4 .0 -8 .9 2 -8 .8 3 7.82 7.88
— 3.5 -8 .7 1 -8 .6 1 7.57 7.66
- 3 .0 -8 .5 0 -8 .4 5 7.36 7.43
- 2 .5 -8 .3 6 -8 .3 3 7.14 7.20
- 2 .0 -8 .2 6 -8 .2 1 6.97 7.06
-1 .5 -8 .1 8 -8 .1 9 6.77 6.80
- 1 .0 -8 .1 4 -8 .3 0 6.58
- 0 .5 -8 .3 2

Concn. 42.6% (below -2 5 ° )
- 8 .0 -10 .55 -10 .67 9.35 9.31
- 7 .5 -10 .37 -10 .43 9.19 9.19
- 7 .0 -10 .17 -10 .20 9.06 9.05
- 6 .5 -0 .9 9 -9 .9 5 8.90 8.93
- 6 .0 -9 .8 1 -9 .7 2 8.69 8.75
— 5.5 -9 .5 8 -9 .5 0 8.47 8.54
- 5 .0 -9 .4 0 -9 .2 8 8.26 8.37
— 4.5 -9 .1 7
- 4 .0 -8 .9 7 -8 .9 7 7.94 7.99
- 3 .5 -8 .7 8 -8 .7 4 7.81 7.80
- 3 .0 -8 .5 9

Concn. 57.5%
- 5 .0 -9 .9 3 -9 .9 3 8.80 8.90
— 4.5 -9 .7 7 -9 .7 5 8.64 8.73
- 4 .0 -9 .6 2 -9 .5 6 8.46 8.55
-3 .5 -9 .4 4 -9 .3 7 8.29 8.33
- 3 .0 -9 .2 5 -9 .2 0 8.12 8.10
- 2 .5 -9 .0 7 -9 .0 4 7.92 7.91

in the equilibrium compliance. In the more famil
iar uncrossed-linked systems,2'3 the steady-state 
compliance is inversely proportional to the first 
power of polymer concentration,16 as provided by 
the theories of Rouse17 and Bueche.14 But in these 
gels cross-linked by crystallites, the equilibrium 
compliance ./ is inversely proportional to about 
the third power of the concentration, as shown 
above. According to the Bueche theory,14 each 
contribution to compliance in the retardation spec
trum should in turn be proportional to J. Al
though the observed form of the spectrum is not 
the same as in the theory (which is based on equal 
spacings between cross-links), the maximum in L  is

(16) J. D . Ferry, M . L. Williams and D . M . Stern, T his Jou rn al , 
58, 987 (1954).

(17) P. E . Rouse, Jr.; J . C h em . P h y s ., 2 t , 1272 (1953).

in fact found to be directly proportional to J  not 
only for these cellulose tributyrate gels but also 
for the polyvinyl chloride gels previously studied 
(Table III).

T a b l e  I I I

R e l a t i o n  b e t w e e n  E q u i l i b r i u m  C o m p l i a n c e  a n d  

M a x i m u m  in  R e t a r d a t i o n  D i s t r i b u t i o n  F u n c t i o n

Poly
m e r log Log log

S y s t e m c o n c n . J ¿/max /  J

Cellulose tributyrate- 2 0 . 4 - 7 . 4 - 6 . 5 - 0 . 9

dimethyl phthalate“ 4 2 . 6 - 8 . 2 - 7 . 3 - 0 . 9

5 7 . 5 - 8 . 6 —  7 . 7 - 0 . 9

Polyvinyl chloride- 1 0 . 0 - 5 . 9 - 5 . 0 - 0 . 9

dimethyl thian- 4 0 . 0 - 7 . 7 - 6 . 8 - 0 . 9

threne6
“ Concentrations weight per cent, (nearly equal to volume 

per cent.). b Concentrations volume per cent, (references 
6 ,  9 ,  1 0 ) .

The form of L  in the neighborhood of its maxi
mum, in a cross-linked system, is determined by the 
disposition of the cross-links and the distribution of 
chain lengths among them. The fact that at its 
maximum L  = 0.13J  for all these systems suggests 
that the distribution of chain lengths is similar in 
all, and that the arrangement of crystallites is simi
lar, as already inferred from the fact that the de
pendence of J  (or G) on concentration is nearly the 
same for both polymers. It may be noted that for 
uncross-linked systems a distinctly greater ratio 
Ama.x/./ has been observed; for example, it is about 
0.2 for unfractionated polyisobutylenes of both 
low18 and high19 molecular weights. Here it is 
determined by the distribution of molecular 
lengths.

Accordingly, the interpretation given for the 
drop in L  for the 42.6% gel upon cooling through 
— 25°, as an increase in cross-linking, seems rea
sonable. Such a drop would be most prominent 
near the maximum in L— at long times— -and hence 
would affect J "  (dominated by the long times, r > 
1/w) more than J ' (dominated by the short times, 
r < 1/co); though the slope of J ' vs. u would be 
strongly influenced. This is exactly what is ob
served (Figs. 3 and 4). Similar changes evidently 
occur in the 57.5% gel with each progressive tem
perature decrease.

Relaxation Distribution Functions.— The dis
tribution function of relaxation times, $, was cal
culated from the composite curves for G' in Fig. 
12 and similar curves for G" by the usual second 
approximation formulas. The values are also 
given in Table II and are plotted in Fig. 14, and 
again the results from the real and imaginary com
ponents of the measured modulus are in good agree
ment.

According to the theory of Rouse,15'17 a logarith
mic plot of $ should have a slope of — 1/2 in a range 
of time scale where the cooperative motions of 
molecular segments are sufficiently long-range to be 
oblivious of local steric effects or other short-range 
interactions but not so long-range that they are in
fluenced by entanglements, cross-links, or free

(18) H . Leader-man, R . G . Sm ith and R . W . Jones, J . P o ly m e r  S c i . ,  
14, 47 (1954).

(19) R . S. M arvin , “ Proc. 2nd Intern. Congress R h eology,”  London, 
p. 156,
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ends. The curve for the 20.4% cellulose tributyr
ate gel follows the theoretical slope quite well over 
several decades of time scale; in fact, it is by far 
the most satisfactory fit to the theory that has 
ever been observed. It may be concluded that the 
cellulose chain, in a diluted system of this sort, be
haves more like the model postulated by Rouse than 
does a simple carbon chain. The agreement may 
be associated with the fact that the Rouse model is 
a free-draining coil; in frictional properties in di
lute solution, cellulose derivatives approach this 
more closely than do vinyl polymers.20

For vinyl polymers, whether undiluted, in con
centrated solution, or as cross-linked gels, plots of $ 
usually follow the Rouse slope at fairly long times 
(where log $ =  6) but at shorter times curve up
ward more steeply, as shown by the plot for a poly
vinyl chloride gel reproduced as a dashed curve in 
Fig. 14. The curves for the more concentrated 
cellulose tributyrate gels, on the other hand, have 
slopes everywhere somewhat flatter than — 1/i, thus 
deviating in the opposite direction from that char
acteristic of vinyl polymers. This is probably due 
to the presence of rather closely spaced cross-links 
rather than any feature of the chain structure itself. 
From the preceding discussion of the L  functions, 
it seems clear that the effects of cross-links on the 
cooperative motions extend to quite short times in 
these more concentrated systems. The effect of 
crystallite cross-links on the shape of 4> can be seen 
to an exaggerated degree in densely cross-linked 
systems like polyethylene, where <E> may have a 
zero slope over many decades of logarithmic time.13

The local friction coefficient per monomer unit, 
fo, can be calculated for the 20.4% gel; log fo = 
—4.6 at 25°, or —2.3 at —25°. It cannot be ob
tained for the other two systems. However, it can 
perhaps be very roughly estimated from the separa
tion of the curves at their upper ends that Co is 
higher by about a power of ten at 42.6% and by 
two powers of ten at 57.5%.

None of the curves extends to sufficiently short 
times to reach the maximum in $ which is usually 
found in systems of vinyl polymers.13’16

Conclusions.— The outstanding characteristic of 
the cellulose chain backbone revealed in these meas
urements is the absence of upward curvature in

(20) A. M . H oltzer, H. B enoit and P. D aty , T his J o u r n a l , 58, 624 
(1954).

Fig. 14.—Logarithm of relaxation distribution function 
reduced to —25°: 1, 20.4%; 2, 42.6% before cooling
below —25°; 3, 42.6% after cooling below —25°; 4,57.5%; 
5, comparative curve for a 40% gel of polyvinyl chloride in 
dimethvlthianthrene9 reduced to 11°; circles top black, 
calculated from O'; bottom black, from G". Dashed lines 
denote slope prescribed by the Rouse theory.

the relaxation spectrum of the 20.4% gel. This 
behavior may be related to the free-draining proper
ties of the anhydroglucose chain. The effects of 
crystallite cross-linking, and its increase with de
creasing temperature and increasing concentration, 
are apparent in the shapes of the retardation and 
relaxation spectra, especially of the more concen
trated gels. They are accompanied by characteris
tic changes in J ' , J G '  and G "/(?', which should be 
recognizable in other cross-linked systems.
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THE BARIUM-STRONTIUM EQUILIBRIUM SYSTEM
B y  R. G. H i r s t , 1 A. J. K i n g  a n d  F. A. K a n d a

Contribution from the Department of Chemistry, Syracuse University, Syracuse, N. Y.
Received, August 11, 1955

The barium-strontium phase diagram has been investigated in the liquid and solid state over the entire range of composi
tions. The liquidus and solidus curves were determined by thermal analysis whereas the solid state equilibria were in
vestigated by X-ray diffraction methods. The system displays complete miscibility in both the liquid and solid states at 
all temperatures above 602 ±  8°. Alloys containing less than 69.3 atomic % strontium appear only in the B.C.C. form from 
room temperature to the melting point. Alloys containing more than 69.3 at. % strontium undergo solid state transforma
tions and may assume B.C.C., H.C.P. or F.C.C. crystalline forms or equilibrium mixtures of these depending upon the 
temperature ana composition. Between the compositions 72.3 and 76.9 at. % strontium the alloys on cooling undergo the 
eutectoid reaction /3 (H.C.P.) y  (B.C.C.) and a (F.C.C.) at 171 ±  3°. The eutectoid composition corresponds to 73.2 
at. % strontium.

R. G. H irst, A. J. K ing and F. A. K anda

Introduction
Equilibrium systems of the alkaline earth metals 

have been an object of research in this Laboratory 
for several years. Suitable techniques have been 
developed for handling and obtaining reliable data 
for these highly reactive metals.

Preliminary evidence obtained by Sheldon and 
King2 using high temperature X-ray techniques, 
showed that strontium is polymorphic and exists 
in three crystalline modifications: B.C.C. above 
605°, H.C.P. from 215-605 and F.C.C. below 215 
all ±10°. Klemm and Mika3 found the strontium 
and barium system at room temperature to consist 
of two series of terminal solid solutions. A phase 
which was F.C.C. appeared between 0 and 24 at. %  
barium. Another phase, B.C.C. extended from 30 
to 100 at. %  barium and the intermediate region 
consisted of a mixture of these two phases.

Rinck4 concluded from electrical resistance, dila- 
tometric and thermoelectric measurements that 
allotropic transformations of strontium occur at 
235 and 540°. Although the temperature of the 
lower transition is in fair agreement, the higher 
transition is considerably at variance with that ob
served in the present investigation.

Sheldon5 investigated the calcium-barium phase 
diagram by thermal and X-ray methods and found 
complete miscibility in the liquid and the solid 
state. He found that calcium can exist in three 
polymorphic forms with the transitions, F. C. C.
H.C.P. occurring at 335° and H.C.P. B.C.C. at 
610°. The calcium-rich alloys displayed the eutec
toid decomposition: H.C.P. —►  B.C.C. +  F.C.C. 
He also observed thermal evidence for solid state 
transitions in the calcium-rich alloys which could 
not be verified by X-ray data.

Since calcium and strontium exhibit similar poly
morphic transformations it was expected that the 
strontium-barium system would be very similar to 
the calcium-barium system investigated by Sheldon. 
The investigation proved thisassumption to be correct.

Experimental
Purity of the Metals and Alloys.—The barium and stron

tium were of the highest purity available and were oil-
(1) A bstracted from  the thesis of R . G . H irst subm itted to the 

C hem istry D epartm ent of Syracuse U n iversity  in  partial fulfillment, 
of the requirements for the P h .D . degree, January, 195.3.

(2) E. A. Sheldon and A. J. K in g, A cta  Cryst., 6, 100 (1953).
(3) W . K lem m  and G . M ika, Z. anorg. allgem. Chem., 2 4 8 , 155 

(1941).
(4) E . R inck, Compt. rend ., 2 3 4 , 1845 (1952).
(5) E . A . Sheldon, Thesis, Syracuse U n iversity, 1952.

tained from King Laboratories, Inc., of Syracuse, N. Y. 
A gravimetric analysis of their content of barium and 
strontium showed a purity of 99.3 and 99.5%, respectively. 
The metals were selected from the middle fractions of 2-3 
lb. vacuum sublimed charges. The melting point of the 
strontium was found to be 768° whereas the melting point 
of barium was 714°. Spectrographic analysis showed the 
strontium to contain 0.3% barium and traces of Ca, Al, 
Mn, Sn and Fe. The impurities found in the barium con
sisted of 0.4% strontium and traces of Ca, Mg and Na. 
There were minor traces of several other metallic elements 
in each metal.

Alloy samples of approximately 60 g. each were made by 
weighing, to within 0.01 g., appropriate amounts of the 
metals in an argon atmosphere. After fusion, a chemical 
analysis of the samples agreed within ±  1 % of the make-up 
composition. The liquidus and solidus curves sloped so 
slightly that a shift of composition by as much as 2% did not 
shift the temperature by an amount exceeding the observed 
accuracy of the temperature measurements. The composi
tions given in the equilibrium plot correspond to make-up 
compositions and are reliable to within ± 1 % .

Since the metals and alloys used in this investigation re
act rapidly with ordinary atmospheric gases, special pre
cautions were observed in handling them. Whenever 
feasible the metals and alloys were handled in a dry box in 
an atmosphere of purified argon. X-Ray powder speci
mens were prepared in a unit which allowed for maintenance 
of an argon atmosphere during the preparation of the alloy 
powder and the loading and sealing of the powder into 
capillary tubes.

Studies of the Liquidus-Solidus Equilibrium.—The
crucible assembly utilized for this phase of the investigation 
consisted of a seamless iron tube, containing the sample, 
fitted into a water-cooled brass head. The brass head was 
suitably constructed to allow for introduction of the thermo
couple and connections for vacuum and argon flushing lines. 
The thermocouple protection shield consisted of a thin 
walled iron tube which also served as a stirring device for the 
alloys. The crucible assembly was alternately evacuated 
and flushed several times before each run with barium- 
purified argon. An argon atmosphere slightly greater than 
room pressure was maintained in the system during a run 
by means of a rubber balloon reservoir.

Heating and cooling of the wire wound electric furnace 
was maintained at a rate of 4°/min. by means of a specially 
constructed program controller which was actuated by a 
control thermocouple.

Thermal data were recorded on a Brown variable range 
recorder6 from the output of the recording ehromel-alumel 
thermocouple. The recording thermocouple was calibrated 
and checked frequently against a stancard Pt-90% Pt, 
10% Rh thermocouple certified by the National Bu
reau of Standards. The usual temperature-time curves 
were adequate for points on the liquidus curve but were 
unreliable for obtaining reproducible values of points on the 
solidus curve. Samples were re-investigated using two re
corders plotting temperature differential vs. time on one 
while simultaneously plotting temperature vs. time on the 
other. The temperature differential was obtained by sub
merging the charge zone of the crucible in copper powder 
and recording the difference in temperature between the

(6) F. A. Kanda and R. C. Shaver, J. Am. Ceramic Soc., 36, 101 
(1953).
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«Sr (F.C.C.) 
/3Sr (H.C.P.)

7Sr (B.C.C.) 
Ba (B.C.C.)

T a b l e  I
This W ork

ao =  6.076 ±  0.005 À. (25°) 
a« = 4.28 ±  0.02 Â. (225°) 
co = 7.05 ±  0.02 Â. 
ao = 4.87 ±  0.02 Â. (628°) 
o0 =  5.013 ±  0.005 Â. (25°)

Sheldon and K in g

6.0849 ±  0.0005 Â. (25°) 
4.32 ±  0.01 Â. (248°)
7.06 ±  0.01 Â.
4.87 ±  0.01 Â. (614°) 
5.01267 ±  0.0001 Â . (25°)

charge in the crucible and the copper powder. Later in the 
investigation a two function variable-range recorder was 
constructed which directly plotted the temperature differen
tial against the temperature. From the temperature dif
ferential plots liquidus points could be duplicated to within 
± 1 ° and solidus points to within ± 2 ° in both heating and 
cooling cycles. None of these techniques were used for 
obtaining the data for the solid state transformations.

Solid State Investigations.—Room temperature and high 
temperature X-ray diffraction methods were applied in tins 
portion of the study. The Debye-Scherrer type high tem
perature camera, used in the investigation, was constructed 
in our laboratory. The entire unit, including the tempera
ture controller and recorder, was calibrated by observing 
melting points of standardized salt mixtures in capillaries 
mounted in the camera and by X-ray measurement of the 
coefficient of expansion of silver. On the basis of these 
calibrations the reliability of the temperature data is esti
mated to be within ± 3 °  up to 500°, decreasing to ± 8 ° at 
650°.

A total of nearly 300 X-ray photographs were taken to 
establish the points and boundaries in the solid state region 
as shown in Fig. 1. Lattice spacings were determined by 
the Straumanis technique. At high temperatures accurate 
measurement of the lattice spacings was difficult, and even 
impossible for some specimens due to reaction of the alloys 
with the Yycor capillaries, grain growth which produced 
diffraction spots instead of lines and the diffuse character of 
lines due to thermal vibration. In general none of these 
interfered with the application of the disappearing phase 
technique which was used as a method of identification of the 
phases present at the various temperatures.

Lattice Dimensions.—The unit cell dimensions of the 
various lattices observed for the component metals are given 
in Table I. Also listed for comparison are the data of Shel
don and King.2

Nature of the Transitions.—Although the transitions were 
reversible it was found that they were usually sluggish. On 
heating for example, the transition of (a) F.C.C. —► (/3)
H.C.P. required 4 hours whereas (/S) H.C.P. —► (7 ) B.C.C. 
required 2 hours at 300° and 30 minutes at 500-600°. On 
cooling, the transition (p) H.C.P. —* (a) F.C.C. required 
eight days for completion at 130°.

Discussion of Experimental Results
The two metals form a continuous series of solid 

solutions (Fig. 1) as would be expected of metals 
with identical crystal lattices, similar lattice con
stants and melting points. The solid state region 
of the strontium-rich alloys is complicated due to 
the polymorphic character of strontium.

The existence of the polymorphic forms of stron
tium was confirmed and the transition tempera
tures: B.C.C. H.C.P. (602 ± 8°) and H.C.P.
F.C.C. (213 ± 3 ° )  found to be in good agreement 
with the values found by Sheldon.2

The transitions most difficult to follow in the 
alloys were those which on heating involved the 
disappearance of the F.C.C. phase from a mixture 
of the F.C.C. and H.C.P. phases. This was due 
to the fact that most of the lines of the F.C.C. pat
tern were almost superimposed by those of the 
H.C.P. pattern. The (200) reflection of the F.C.C. 
pattern was an exception, and was the only one 
with sufficient intensity to be of use in identifying 
this phase in the presence of the H.C.P. phase.

(7) A . J. K ing, unpublished result of a precision determ ination of ao 
for specially purified barium .

However, its d-value is so close to that of the (111)- 
reflection of SrO that in some instances the pres
ence of the latter rendered the results uncertain. 
However, with the establishment of the transition 
temperature of pure strontium and the eutectoid 
triple point, in addition to two reliable temperature 
determinations for the disappearance of the F.C.C. 
lattice, it was felt that enough points were fixed to 
construct the upper boundary of this two phase re
gion. The course of the lower boundary line of this 
region was not so difficult to bracket because the 
H.C.P. diffraction pattern contains almost twice 
as many lines as the F.C.C. and its appearance in a 
two phase mixture was easily recognized.

775
750
725
700

500*-<
5
g 400œ
6g 300 
H

200

100

0 20 40 60 80 100
Atomic %  strontium.

Fig. 1.—Temperature vs. composition plot of the phase 
regions of the system.

Three compositions fixed the eutectoid tempera
ture as 171 ± 3 ° .  The eutectoid reaction: H.C.P. 
fcy F.C.C. -f B.C.C. occurs over the composition 
range 72.3-76.9 atomic %  strontium with the eutec
toid composition corresponding to 73.2 atomic %  
strontium. Since the investigation of the eutec
toid boundary regions was made at 1%  (by weight) 
increments in composition, it is felt that the limits 
are reliable to within 0.5-1.0%.

The limits of the B.C.C.-F.C.C. two phase region 
at room temperature were found by application of 
the parametric method for solid solutions to extend 
from 69.3-78.0 atomic %  strontium. The variation 
of the unit cell parameters with composition is 
shown graphically in Figs. 2 and 3. The point of 
inflection, where the unit cell parameter no longer 
changes with composition, designates the boundary 
of a two-phase region. These limits are in good 
agreement with those reported by Klemm and 
Mika.3 It will be noted in Fig. 2 that by extrapo
lation a B.C.C. cell parameter of 4.812 A. is indi
cated for pure strontium at room temperature al
though only the F.C.C. form actually exists 
at this temperature under atmospheric pressure. 
The atomic radius of B.C.C. strontium calculated
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Atomic % strontium.
Fig. 2.—do values of the B.C.C. ( 7 ) phase as a function of 

composition at room temperature.O
from this cell size is 2.083 A. as compared with 
2.148 A. for that of the F.C.C. form. This repre
sents a difference of 3% between the radii of the 
atoms in the two structures, a magnitude in good 
agreement with that predicted for these.8

(8) L . Pauling, “ N ature of the Chem ical B ond,”  Cornell U niv. 
Press, Ithaca, N . Y ., 1945, p. 406.

Fig. 3.—do values of the F.C.C. (a) phase as a function of 
composition at room temperature.

PHYSICAL PROPERTIES OF EIGHT HIGH-PURITY 
NITROPARAFFINS
B y  E mory E . T oops, Jr .

Commercial Solvents Corporation, Terre Haute, Indiana 
Received August 11, 1955

The boiling point, vapor pressure, freezing point, density and refractive index have been determined for the eight mono- 
nitroparaffins from nitromethane through the four isomeric nitrobutanes. The measurements were made on highly purified 
samples, characterized by both ebullioscopic and cryoscopic methods. The vapor pressure data have been fitted to the An
toine equation by the method of least squares.

Introduction
Physical properties of the mononitroparaffins 

have been appearing in the literature during the 
past 80 years. Few reliable data are available, 
with the exception of nitromethane, whose proper
ties were carefully measured by Timmermans and 
Hennaut-Roland.1 Measurements made during 
the past 20 years are particularly liable to error 
because commercial products have been used with
out adequate purification.

Nitromethane, nitroethane and 1- and 2-nitro- 
.propane are made commercially by the vapor phase 
nitration of propane.2 These materials are avail
able containing 90-95% w. of the specified product 
with a total nitroparaffin content of at least 99%. 
A careful fractional distillation is essential to obtain 
a high purity nitroparaffin. A summary of physi
cal data on these compounds recently has been 
published.3

Whenever possible the nitroparaffins were pre
pared by synthesis as well as by purifying the com
mercial product. The primary nitroparaffins can 
be prepared in good yields from the corresponding

(1) J. Tim m erm ans and M . H ennaut-R oland, J . chim. phys., 29, 
529 (1932).

(2) C . L. Gabriel, Ind. Eng. Chem., 32, 887 (1940); S. D . K irk
patrick, Chem. cfc M et. Eng., 49 [9], 129 (1942).

(3) A . W eissberger, “ Technique of Organic C h em istry,”  Vol. V II, 
Interscience Publishers, Inc., N ew  Y o rk , N . Y ., 1955.

alkyl bromide or iodide by the Victor Meyer reac
tion.4 5 They may also be prepared in satisfactory 
yields from the corresponding a-halogenated acid 
by the Kolbe synthesis.6 This method is an excel
lent laboratory preparation of nitromethane from 
chloroacetic acid.6

All purifications of both the synthetic and com
mercial nitroparaffins were made by careful frac
tional distillation, except for nitromethane where 
both fractional distillation and fractional crystalli
zation were used. The products were collected in 
100-ml. fractions during the distillation and pre
liminary purity measurements made by mass spec
tra analysis.

Preparation and Purification of the Nitroparaffins
Nitromethane was prepared from the commercial product 

hv fractional distillation in a Podbielniak Hyer-Cal column 
at 100  mm. pressure, followed bv a fractional crystalliza
tion in which one-half of the sample was discarded as mother 
liquor. A material of equivalent purity was prepared from 
chloroacetic acid and sodium nitrite.

(4) V . M eyer, Ber., 6, 203, 399, 514, 1029, 1034 (1872); N . Korn- 
blum, N . Lichtin, et al., J. Am . Chem. Soc., 69, 307 (1947); N . Korn- 
blum, J. T . P atton  and J. B . Nordmann, ibid., 70, 746 (1948); C . W . 
Plum m er and N . L . D rake, ibid., 76, 2720 (1954).

(5) II. Kolbe, J . prakt. Chem., 5, 427 (1872); W . Steinkopf and G . 
Kirchhoff, Ber., 42, 3438 (1909); A . W ahl, B u ll. soc. chim., 5, 180 
(1909).

(6) H. Gilm an and A . H. B latt, “ Organic Syntheses,”  C oll. V ol. I. 
John W iley and Sons, Inc., New Y o rk , N , Y ., 1941, p. 401.
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Nitroethane was prepared by the Victor Meyer reaction 
from purified bromoethane. Purification was done in a 30 
plate Penn State-type column at 100 mm. pressure. It 
was not possible to prepare nitroethane of a purity greater 
than 99.8% mole by fractional distillation of the commer
cial product.

1- Nitropropane was prepared by both the Victor Meyer 
reaction and fractional distillation of the commercial prod
uct in a 60 plate Penn State-type column at 100 mm. pres
sure. A reflux ratio of 75:1 was used. Both methods 
gave material of equal purity.

2- Nitropropane was prepared by fractional distillation of 
commercial material in the same manner as 1-nitropropane.

1- Nitrobutane, .prepared by nitrating butane, was frac
tionally distilled in a Podbielniak Hyer-Cal column at 100 
mm. pressure using a 100:1 reflux ratio. Its purity was 
equivalent to material prepared by the Victor Meyer reac
tion .

2- Nitrobutane was prepared and purified by the same pro
cedure as 1-nitrobutane.

1- Nitro-2-methylpropane was prepared from l-bromo-2- 
methylpropane by the Victor Meyer reaction. The yield 
was low and purification was difficult. Two fractional dis
tillations in 30 plate Penn State-type columns at 50 mm. 
pressure and a redistillation in a Podbielniak Hyer-Cal 
column were required to obtain a product of acceptable 
purity.

2- Nitro-2-methylpropane was prepared from ¿-butylamine 
by the method of Kornblum and Clutter.7 The crude 
product was dried with Drierite overnight and fractionally 
distilled in a 30 plate Penn State column at atmospheric 
pressure.

Experimental
All temperature measurements were made with platinum 

resistance thermometers connected to a Leeds and Northrup 
type G-2 Mueller bridge through a mercury switch of neg
ligible resistance. The thermometers were compared 
against one calibrated by the National Bureau of Standards. 
Measurements were made to ±0.001° but in this paper 
have been rounded off to the nearest 0.01°.

Purity measurements were made by both cryoscopic8 and 
ebullioscopic methods.9 The cryoscopic and ebullioscopic 
purities are tabulated in Table I. The Roman numerals 
are the Swietoslawski purity class9 and Af is the difference 
between the boiling point of the liquid and the condensing 
temperature of the vapor.

T a b l e  I

P u r i t y  o f  t h e  N i t r o p a r a f f i n s

Compound

From 
freezing 
curve, 

mole %

P u rity

From  boiling point 
Class At, °C .

Nitromethane 99.99 IV 0.007
Nitroethane 99.9 + IV .013
1-Nitropropane 99.9 + IV .007
2-Nitropropane 93.99 III .046
1-Nitrobutane 93.96 III .022
2-Nitrobutane Indeter III .023

l-Nitro-2-methylpropane
minable

99.82 III .021
2-Nitro-2-methylpropane Indeter IV .008

The freezing points are
minable 

tabulated in Table II. Calcu-
lated values for zero impurity arc given for nitromethane, 
2-nitropropane, 1-nitrobutane and l-nitro-2-methylpro- 
pane. The freezing points of the other nitroparaffins are 
experimental values since exact calculations could not be 
made.

The boiling points, degree of purity and vapor pressure 
were measured in Swietoslawski differential ebulliometers. 
The ebulliometers were constructed from the improved

(7) N . Kornblum  and R . J. C lu tter, J . A m . Chem. Sec., 7 6 , 4194 
(1954).

(8) B . J. M air, A . R . G lasgow  and F . I). Rossini, J. Research N all. 
Bur. Standards, 2 6 , 591 (1941).

(9) W . Swietoslawski, “ Ebulliom etric M easurem ents,”  Reinhold 
Publ. Corp., N ew  Y ork, N . Y ., 1945, p. 80.

T a b l e  II

F r e e z i n g  P o i n t s  o f  t h e  N i t r o p a r a f f i n s

Freezing
point,

Compound °C .

Nitromethane — 28.55
Nitroethane — 89.52
1- Nitropropane —103.99
2- Nitropropane — 91.32
1- Nitrobutane — 81.33
2- Nitrobutane Glass
1- Nitro-2-methylpropane — 76.85
2- Nitro-2-methylpropane 26.23

Swietoslawski design, adapted to electrical heating.10 The 
original design was followed except for decreasing the di
ameter of the thermometer well to better accommodate the 
Leeds and Northrup Type 8160 resistance thermometers.

The vapor pressures were measured in two Swietoslawski 
ebulliometers connected to a five-gallon reservoir following 
the arrangement of Smith and Matheson.11 A vacuum 
pump and open end manometer were connected to the reser
voir. The nitroparaffin was placed in one ebulliometer and 
water, distilled from an alkaline permanganate solution, 
placed in the other. The two ebulliometers were separated 
by a cold trap. The ebulliometers were evacuated to ap
proximately the lowest pressure desired and simultaneous 
measurements made of the boiling points of the nitroparaffin 
and water. Dry air was then bled into the system to raise 
the pressure and the boiling points again measured. This 
procedure was repeated until the desired number of points 
had been obtained. Fifteen to twenty observations were 
made on each compound starting at about 80 mm.

The experimental vapor pressure data consisted of the 
boiling points of the nitroparaffin and water for each in
dividual pressure in terms of ohms. After correcting for 
lead resistance, bridge zero and individual resistance errors 
they were converted to temperature by use of the Callendar 
formula. The pressure for each point was then calculated 
from the boiling point of water, using the data of Osborne 
and Meyers.12 The data were fitted to the Antoine equation 
by the method of least squares.

The boiling points at 760 mm. were calculated from the 
vapor pressure equation and are tabulated in Table III, to
gether with the pressure coefficients of temperature. The 
Antoine constants are given in Table IV. The average 
deviation between the calculated and experimental pressure 
ranged from ±0.03 mm. for nitromethane to ±0.06 mm. 
for 2-nitrobutane. The maximum deviation was 0.10 
mm. for nitromethane and 0.15 mm. for 2-nitrobutane.

T a b l e  III
B o i l i n g  P o i n t s  a n d  P r e s s u r e  C o e f f i c i e n t s  o f  

T e m p e r a t u r e  o f  t h e  N i t r o p a r a f f i n s

Compound
B .p ., °c. 

(760 mm.)
di/dp,

N itromethane 101.20 0.0427
Nitroethane 114.07 .0445
1-Nitropropane 131.18 .0467
2-Nitropropane 120.25 .0460
1-Nitrobutane 152.77 .0490
2-Nitrobutane 139.50 .0485
l-Nitro-2-methylpropane 141.72 .0482
2-N itro-2-methy lpropane 127.16 .0473

Density measurements were made in a 
pycnometer having a capacity of about 17 ml. 
were made with freshly boiled redistilled

Sprengel-type 
Calibrations 
water. The

weighing procedure used was adapted to 5th decimal place 
accuracy. Measurements were made at 20, 25 and 30° for 
all compounds except 2-nitro-2-methylpropane. The pre
cision of the measurements was checked by comparing

(10) W . E . Barr and V. ,T. Anliorn, Instrum ents, 20 , 822 0 9 47 ); 
A , W eissberger, “ Technique of Organic C hem istry,”  Vol. I, pt. X, In
terscience Publishers, Inc., N ew  Y ork, N . Y ., 1949, p. 107.

(11) E . R. Sm ith and II. M atheson, J . Research N atl. B ur. Stand
ards, 2 0 , 641 (1938).

(12) N. S. Osborne and C . H. M eyers, ibid ., 1 3 , 1 (1934).
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T a b l e  IV
C o n s t a n t s  o p  t h e  A n t o i n e  E q u a t i o n

log p -  A B
+  c

Compound A B c
Nitromethane 7.274170 1441.610 226.939
Nitroethane 7.175154 1435.402 220.184
1-Nitropropane 7.127539 1474.299 215.986
2-Nitropropane 7.083240 1422.898 218.341
1-Nitrobutane 7.095500 1523.797 208.778
2-Nitrobutane 7.077892 1494.318 216.542
1 -N itro-2-methy 1- 7.074141 1483.643 212.095

propane
2-Nitro-2-methyl- 6.987722 1396.948 212.989

propane

values of dd/dt calculated between 20 and 25°, 25 and 30° 
and 2 0  and 30°. The precision was ± 0 .0 0 0 0 2  g./ml. and 
the estimated accuracy ±0.00004 g./ml. These data are 
tabulated in Table V.

T a b l e  V
D e n s i t i e s  o f  t h e  N i t r o p a r a f f i n s

D ensity
Compound 20“ 25° 30° dd/dt

Nitromethane 1.13816 1.13128 1.12439 0.001377
Nitroethane 1.05057 1.04464 1.03870 .001187
1-Nitropropane 1.00144 0.99609 0.99073 .001071
2-Nitropropane 0.98839 .98290 .97740 .001099
1-Nitrobutane .97344 .96848 .96352 .000992
2-Nitrobutane .96535 .96036 .95536 .000999
l-Nitro-2-methyl- .96349 .95848 .95347 .0 0 1 0 0 2

propane
2-Nitro-2-methyl- Solid Solid .95028“ .001128

propane 
a d354 0.94464.
A dipping refractometer was used to measure refractive 

index. The prisms were calibrated with either distilled 
water, sodium chloride solutions of known refractive index 
or fluorite test plates. The precision of measurement, esti
mated from values of dn/dt, is about ±0.000025 unit with 
an estimated accuracy of ±0.00005.

Discussion
It was not possible to calculate the cryoscopic 

purity for 2-nitro-2-methylpropane or 2-nitrobu- 
tane. The latter compound did not freeze but be
came glassy at about — 111° while the freezing curve 
of the former exhibited a plateau in the cooling 
curve close to the freezing point. This plateau re-

T a b l e  VI
R e f r a c t i v e  I n d i c e s  o f  t h e  N i t r o p a r a f f i n s

R efra ctive  index
Compound 20° 25° 30“ dn/dt

Nitromethane 1.38188 1.37964 1.37738 0.000450
Nitroethane 1.39193 1.38973 1.38754 .000439
1-Nitropropane 1.40160 1.39956 1.39755 .000405
2-Nitropropane 1.39439 1.39235 1.39028 .000411
1-Nitrobutane 1.41019 1.40801 1.40593 .000426
2-Nitrobutane 1.40407 1.40189 1.39979 .000428
l-Nitro-2-methyl- 1.40642 1.40436 1.40232 .000410

propane
2-N itro-2-methyl- Solid Solid 1.39715° .000400

propane 
a n 35D 1 . 3 9 5 1 5 .

sembled an eutectic mixture, though it could also 
be caused by a transformation to a polymorphic 
form. The high degree of purity indicated by the 
ebullioscopic measurements would indicate that 
polymorphism was occurring. However, repli
cates of the cooling curve all exhibited the plateau 
regardless of the cooling rate.

Exact purity calculations could not be made on 
nitroethane or 1-nitropropane. These compounds 
gave a sharp freezing curve but one in tvhich equilib
rium was never reached. After 45 minutes of 
freezing the freezing curves were showing a small, 
steady rise in temperature. However, the sharp
ness of the freezing curves, together with the ebul
lioscopic degrees of purity, indicate that these com
pounds are at least 99.9% mole.

The ebullioscopic purity measurement is sensi
tive to traces of water. This is apparent from Ta
ble I when the ebullioscopic At is compared to the 
mole %  purity calculated from the freezing curve. 
Freshly distilled nitroparaffins all showed a At of 
between 0.04 to 0.06°, even when elaborate precau
tions were taken to exclude moisture during the 
distillation. The At for nitromethane, nitroeth
ane, 1-nitropropane and 2-nitro-2-ir_ethylpropane 
all dropped to a low value after these compounds 
were dried with Drierite. Treatment with Drierite 
was less effective for 2-nitrobutane, l-nitro-2- 
methylpropane and 1 -nitrobutane. The At’s for 
these compounds were only reduced to about 0.02°.
2-Nitropropane decomposed when in contact with 
Drierite. The At rose from about 0.04 to 0.12°.
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Charcoal and palladium black have been found to sorb diborane and other gaseous boron compounds. In studying the 
sorption of diborane, deuterodiborane and trimethylborane evidence is obtained for the nature of the sorption process. 
Palladium shows typical van der Waals adsorption. Charcoal is at the upper limit of physical adsorption in the range 
studied.

Until recently no work had been done concern
ing the sorption of boron compounds on solid sur
faces. Veloric2 began a program of investigations 
that includes the sorption of diborane gas on char
coal. This work has been repeated, along with 
some investigations as to pretreatment of the sor
bents. In addition deuterodiborane and tri
methylborane have been investigated in order to 
determine the magnitude of the isotope effect and 
to gain some insight into the nature of the sorption 
process.

Materials.—All adsorbates were prepared in this Labora
tory, their purity being checked by vapor pressure meas
urements and infrared analysis.

Palladium black and coconut charcoal are available com
mercially .

Experimental
A conventional high-vacuum adsorption apparatus was 

used. Incorporated with it was an automatic Topler pump 
used to desorb the gases for infrared analysis and to deter
mine the reversibility of the various processes.

The manometer could be read to ±0.5  mm., the jacketed 
buret to ±0.05 cc. The values reported are the average of 
those obtained with increasing and decreasing pressure. 
Dead spaces were determined with He gas.

Pretreatment.—Untreated palladium black decomposes 
a small quantity of diborane rapidly with no further evolu
tion of gas after 3 hours. Pretreatment by heating at 350° 
in vacuo or in a hydrogen atmosphere reduces the amount 
of diborane decomposed. However, since the amount of 
diborane affected is smail compared to the total surface area 
it was found that treating the surface with diborane as a 
“ scavenger”  gave a reproducible sample that did not give a 
further evolution of gas in the temperature ranges reported 
below and completely reversible sorption.

The surface area of the sample was 5 m.2/g. by the method 
of Brunauer, Emmett and Teller.

Coconut charcoal, evacuated at room temperature, does 
not cause decomposition of diborane. However, the sorp
tion of diborane is not completely reversible. This indicates 
that chemisorbed gases such as oxygen or water interact 
with the diborane in some way. Since no hydrogen is given 
off as shown by condensation of the diborane with liquid 
nitrogen after contact, times varying from one to five hours. 
Since all the diborane was not recovered, this interaction is 
probably a coordination of oxygen and boron analogous to 
etherate formation. No further work has been done as yet 
to study this effect.

It was found, finally, that heating the charcoal at 350° in 
a hydrogen atmosphere for four hours and at 1CU6 mm. pres
sure for an additional four hours eliminated this effect and 
gave reproducible, reversible sorption. The surface area 
of the sample, by the method of Brunauer, Emmett and Tel
ler was 1130 m.2/g.

Data.— All x/m (cc./g.) values given are reduced 
to one atmosphere and 20°. It was found that the 
adsorption by palladium follows the Freundlich iso
therm: x/m =  kpl/n more closely than the Lang
muir Isotherm: x/m  = kp/( 1 +  k'p). However 
adsorption by charcoal gives good agreement when

(1) P a rt of a thesis presented in p artial fulfillm ent for the degree of 
D octor of Philosophy.

(2) LI. S. Veloric, P h .D . Thesis, U n iv . of Delaw are.

the latter is applied. Plots of diborane are accord
ingly represented in Figs. 1 and 2.

t cc.)
P  (cm.) - 6 1 - 2 0 0 29 46

b 2h 6 on Pd Black
20 2.30 1.03 0.50 0.50 0.00
30 4.10 2.05 1.80 1.02 0.00
40 4.86 3.32 2.56 1.80 0.28
50 6.15 4.10 3.34 2.30 0.56
60 7.20 5.13 4.10 2.82 1.11

P  (cm.) - 6 0 - 2 0 0 30

B2D6 on Pd Black
20 3.48 1.88 0.81 0.00
30 4.95 2.41 1.34 0.00
40 5.78 2.68 1.88 0.00
50 6.16 2.95 2.14 0.00
60 7.24 3.22 2.42 0.00

P  (cm.) 0 25 35

B(CH3)3on Pd Black
20 2.72 2.18 1.09
30 3.28 2.72 1.36
40 4.35 3.27 1.64
50 4.62 3.28 1.65
60 5.45 3.28 1.65

(cm.) - 5 9  - 2 2 0 20 40 60°

B2H6 on Charcoal
10 112 83.1
15 118 85.0 65.3 51.9
20 122 90.4 71.5 55.4 43.0 32.2
25 125 93.5 74.6 60.8 45.6 34.9
30 96.1 78.7 61.7 47.5 36.6
35 98.8 81.4 66.1 51.0 39.8
40 103.0 83.2 68.0 54.1 41.6
45 86.0 71.0 55.5 43.4
50 72.0 58.1 44.7
55 59.0 46.5

(cm.) - 5 9  - 2 2 0 20 40 60“

B2D6 on Charcoal
10 105
15 113 78.7 59.0
20 117 84.5 64.5 48.4 37.6 26.8
25 121 87.2 68.0 51.9 42.0 30.4
30 90.8 71.5 55.0 43.9 32.2
35 93.9 75.1 58.6 48.4 35.8
40 96.6 77.8 60.9 49.1 37.6
45 80.0 63.5 52,8 39.4
50 82.3 64.9 53.6 40.6
55 67.1 56.4 44.7
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T a b l e  (Continued)
■t ( ° C .)

P  ( c m .) 0 29 51 70

B ( C H 3) s on Charcoal
30 103
35 76.0 64.6
40 104 89.0 78.5 64.6
50 109 92.1 81.4 68.8
60 112 96.4 84.8 70.4
70 114 99.0 88.6 72.7
75 115 99.4 91.3 75.1

Measurable decomposition of diborane occurs above
60°.

Nature of the Sorption Process.— Calculation of 
the isosteric heats of adsorption according to the 
formula

d In p AHia0 
d (l/T) ~ R

shows values for diborane on palladium black to 
be from 1-2 kcal. over all ranges of coverage meas
ured. On coconut charcoal, however, the values 
are between 5-10 kcal. The heat of liquefaction 
of diborane is 3.45 kcal. at its boiling point.3

Fig. 1.—Freundlich isotherms, diborane on palladium black 
(x/m in cc. gas at 20° per g. adsorbent).

Conclusions
Palladium black presents a case of purely physical 

adsorption within the range studied. This is indi
cated by the extent of adsorption and the low heat 
involved.

In the case of charcoal it will be noted that the 
difference in adsorption between diborane and 
deuterodiborane is of a much lower magnitude then 
with palladium when compared with the total

(3 )  D .  T .  H u r d , “ C h e m is t r y  o f  t h e  H y d r id e s ,”  J o h n  W i le y  a n d  S o n s , 
I n c . ,  N e w  Y o r k ,  N . Y . ,  195 2 .

Fig. 2 .—Langmuir isotherms, diborane on coconut charcoal 
(P/(x/m) in cm. per cc. at 20° per g. adsorbent).

amount adsorbed. Apparently the sorption is also 
physical in spite of the high heats involved. Calcu
lation of the theoretical maximum heat of adsorp
tion of diborane on charcoal was made according 
to the equation4'5

5.5RT >  g i  -  ?l >  - 2 . 3 RT
By extrapolation of the diborane isobars it appears 
that physical adsorption should end at 115°. 
Using this value qx — qi, =  4.25 kcal. Therefore 
the maximum heat of physical adsorption ought to 
be 7.70 kcal. Unfortunately reliable data cannot 
be obtained at 115° due to the error introduced by 
decomposition of diborane. Although the isosteric 
heats of adsorption are inherently inaccurate, their 
mean value is in the vicinity of the calculated, indi
cating that the molecules are still adsorbed physi
cally but are on the borderline between physical 
adsorption and chemisorption. The term “ acti
vated physical adsorption”  might well apply in 
this case.
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THERMODYNAMICS OF THE TITANIUM CHLORIDES. I. HEAT OF 
FORMATION OF TITANIUM TRICHLORIDE1

By D a v id  G. C l if t o n 2 a n d  G e o r g e  E. M a c W o o d

Contribution from the McPherson Chemical Laboratory, The Ohio State University, Columbus 10, Ohio
Received August 15, 1955

The heat of formation of titanium trichloride has been determined by measuring the heats of solution of TiCh(l) and TiCI3- 
(s) in a solvent of IICRFeCfi in an ice calorimeter. The heat of formation of the trichloride is based upon the heat of forma
tion for TiCLi(l) of —192.1 ±  0.6 kcal./mole. The value obtained for the heat of formation of TiCl3(s) at 298°K. is 
— 172.2 ±  0.7 kcal./mole.

Introduction
There are few references in the literature for 

the heats of formation of the lower titanium chlo
rides. Brewer3 gives estimated values for the tri
chloride and the dichloride. Also, Kubaschewski4 5 
reported estimated values for the tri- and dichlo
rides. In the light of recent work by Schaffer, 
Breil and Pfeffer,6 and by Skinner and Ruehrwein,6 
these previously reported estimates are low.

This research provides an independent determi
nation of the difference between the heats of for
mation of TiCl4(l) and TiCl3(s). With these results 
and the results on the heat of formation of TiCl2(s),7 
an attempt is made to give consistency to the heats 
of formation of the titanium chlorides.

Apparatus
The heats of solution measurements were made using an 

ice calorimeter. The calorimeter, shown in Fig. 1, was a 
modification of the calorimeters developed by the National 
Bureau of Standards.8’9 The main alteration was in the 
method of determining the volume change in the calorime
ter. A dilatometer was used instead of the weight method 
employed by the Bureau.

The calorimeter was calibrated electrically for the pur
pose of comparison with the Bureau’s calibration factor. 
The factor obtained was 878.08 ±  0.09% cal./cm.3 This 
agrees within its precision with the value found by the Na
tional Bureau of Standards.

Materials
Titanium Tetrachloride.—The titanium tetrachloride 

used in the heat of solution determinations was provided 
by the Inorganic Chemical Section of the National Bureau of 
Standards. Their analysis gave the material a purity of 
99.9991%. Samples were handled in sealed Pyrex bulbs 
and exposed only to dry nitrogen. The actual purity of the 
experimental samples was therefore not as high as the origi
nal, but any contamination was not appreciable.

Titanium Trichloride.—The titanium trichloride was 
prepared in this Laboratory by the method of Sherfey10 as

(1 )  W o r k  p e r fo r m e d  u n d e r  th e  O ffice  o f  N a v a l R e s e a r ch , C o n t r a c t  
N o .  N o n r -4 9 5 (0 6 ) .

(2 )  T a k e n  in  p a r t  fr o m  th e  d is s e r ta t io n  s u b m it t e d  b y  D a v id  G . 
C l i f t o n  in  p a r t ia l  fu l f i llm e n t  o f  th e  r e q u ire m e n ts  fo r  th e  P h .D .  d e g re e  
a t  T h e  O h io  S ta te  U n iv e r s ity ,  M a r c h , 195 5 .

(3 )  L .  B r e w e r , P a p e r  6 , “ N a t io n a l N u c le a r  E n e r g y  S e r ie s ,”  Y o l .  
I V -1 9 B , e d ite d  b y  L . L .  Q u il l ,  M c G r a w - H i l l  B o o k  C o . ,  N e w  Y o r k ,  
N . Y . ,  195 0 .

(4 ) O . K u b a s c h e w s k i, “ M e t a llu r g ic a l  T h e r m o c h e m is t r y ,”  A c a d e m ic  
P re ss  I n c . ,  N e w  Y o r k ,  N . Y . ,  1951 .

(5 ) H .  S ch a ffe r , G . B r e il a n d  G . P fe ffe r , Z. a n o r g .  C h e m ., 2 7 6 , 325
(1 9 5 4 )  .

(6 ) G . B . S k in n e r  a n d  R . A . R u e h r w e in , T h is J o u r n a l , 59, 113
(1 9 5 5 )  .

(7 ) D .  G . C l i f t o n  a n d  G . E .  M a c W o o d ,  T h is  J o u r n a l , 60 , 311
(1 9 5 6 )  .

(8 ) D .  C . G in n in g s  a n d  R .  J . C o r r u c c in i ,  J. R e s e a r c h  N a t l .  B u r .  
S ta n d a r d s , 38, 5 83  (1 9 4 7 ).

(9 ) D .  C . G in n in g s , T .  B . D o u g la s  a n d  A .  F .  B a ll ,  i b i d . ,  45, 23 
(1 9 5 0 ).

(1 0 ) J . M .  S h e r fe y , ib id ., 4 6 ,  2 99  (1 9 5 1 ).

modified by Reed. The trichloride was formed by hydrogen 
reduction of titanium tetrachloride on a hot tungsten fila
ment. After removal of any tetrachloride from the tri
chloride by pumping, the triciiloride was further purified by 
sublimation.

The trichloride was analyzed for total titanium using 
the method of Rahm.11 Analysis gave an empirical for
mula Of TiCl3.006-

Analysis of the reducing power was also made. The 
trichloride was dissolved in a solution of FeCI3 and H2SO< 
and the ferrous ion produced was determined by titration 
with ceric sulfate solution. The ceric sulfate was stand
ardized against As20 3. An inert gas atmosphere was found 
necessary for precision.

The reducing power analysis gave an empirical formula 
of TÌCI3.004-

The formula obtained by the total titanium analysis was 
used for the calculations on the heats of solution of the 
trichloride. The contaminant was assumed to be TiCL.

Solvent.—The solvent used was a solution of HC1 and 
FeCls. In preparing this solvent an HC1 solution, HCh 
8.859H20 , and 370 g. of FeCl3-6H20  were mixed to form 2 
liters of solution. This concentration was chosen to dupli
cate a solvent used by Biltz and Fendius12 as they have re-

(1 1 )  J. A . R a h m , Anal. Chem., 24, 1832  (1 9 5 2 ).
(1 2 )  W . B i lt z  a n d  C .  F e n d iu s , Z. anorg. Chem., 176, 49 (1 9 2 8 ).
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ported, for a solvent of this concentration, results which 
are used in subsequent calculations.

The density of the solvent at 27° was determined to be
1.1588 g./ml. This was used for calculations of' the Ti-to- 
solvent weight ratios.

Initially, an arbitrary weight ratio of Ti ion to solvent was 
established in the heat of solution measurements of the Ti- 
Cl4. This same ratio was maintained throughout the heat 
of solution measurements, at 123.19 g. of solvent per g. Ti.

Heat of Formation of Titanium Trichloride
The heat of formation of TiCl3 can be obtained 

if one has the heats of the reactions
TiCh(l) +  solvent = end soln. 1 (1)
TiCl(s) +  solvent = end soln. 2 (2)

Ti(s) +  2Cb(g) = TiCh(l) (3)
FeCl2(soln. 2) +  V2Cla(g) = FeCl3(soln. 1) (4)

Adding together the heats for reactions (1) and
(3) and subtracting those for reactions (2) and (4), 
one obtains the heat of the reaction

Ti(s) +  y aCla(g) = TiCl3(s) (5)
The heats of reactions (1) and (2) were measured 

experimentally. The heat of reaction (3) is the 
heat of formation of TiCU(l). The heat of reaction
(4) was taken from the literature. Biltz and Fen- 
dius12 made a direct determination of the heat for 
reaction (4) and found it to be —21.4 ±  0.1 kcal./ 
mole. This same heat of reaction was also deter
mined by M acW ood13 in an HCl-FeCl3 solution of 
stronger concentrations as —21.0 ±  0.2 kcal./ 
mole. Since the solvent used here is the same as 
that of Biltz, his value will be used.

The results of the heat of solution measurements 
are listed in Tables I and II. Corrections were 
made on the TiCl3 heats of solution for the TiCLt 
contamination as shown in Table II.

T a b l e  I
H e a t  o f  S o l u t i o n  o f  TiCl4 i n  S o l v e n t

R u n  N o .
S a m p le  w t . ,  

g .
H e a t  m e a su re d , 

ca l.
-  A f f i ,  

k c a l . /m o le

1 0 . 5 7 7 5 1 2 3 . 3 4 0 / 5

2 . 5 0 2 8 1 0 7 . 5 4 0 . 6

3 . 5 7 7 4 1 2 3 . 3 4 0 . 5

4 . 5 2 3 2 1 1 1 . 1 4 0 . 3

5 .5 4 1 1 1 1 4 . 9 4 0 . 3

6 . 6 1 0 0 1 3 0 . 6 4 0 . 6
7 . 5 5 9 2 1 1 8 . 7 4 0 . 3

8 . 5 7 2 2 1 2 1 . 9 4 0 . 4

9 . 5 7 9 2 1 2 3 . 9 4 0 . 6
1 0 . 5 6 8 5 1 1 9 . 8 4 0 . 0

11 . 6 0 6 4 1 2 7 . 9 4 0 . 0

Av. AHi = —40.4 ±  0.2 kcal./mole

T a b l e  II
H e a t  o f  S o l u t i o n  o f  TiCl3 i n  S o l v e n t

S a m p le  w t .,  T iC ls  w t . ,  
R u n  N o . g . g .

H e a t
m e a su re d ,

ca l.

C o r .  fo r  
T iC U , 

ca l.

- a  m,
k c a l . /
m o le

l 0 . 4 5 6 8  0 . 4 5 1 3 1 1 5 . 7 1 . 2 3 9 . 1
2 . 4 0 5 3  . 4 0 0 4 1 0 3 . 3 1.0 3 9 . 4
3 . 3 7 8 8  . 3 7 4 2 9 5 . 9 1.0 3 9 . 1
4 . 3 7 8 7  . 3 7 4 1 9 6 . 0 1.0 3 9 . 2
5 . 3 8 1 4  . 3 7 6 8 9 6 . 7 1.0 3 9 . 2

Av. A  H i  =  — 3 9 .2  ±  0 .1 2  k c a l . / m o l e  

The combination of the measured heats of solu-
tion, AHi and AH2, with the literature value for

Cl3) U n p u b lish e d .

M h, —21.4 ±  0.1 kcal./mole, gives the heat of for
mation of TiCl3, Aff6, in terms of the heat for
mation of TiCh(l)

A Ilf, = 2 0 .2  +  A H 3 ±  0 .3  k c a l . / m c l e

Therefore the heat for the reaction
TiCb(s) +  >/aCIa(g) = TiCU(l) (0)

at 0° is AHG = A -  AH6 =  - 2 0 .2  ±  0.3 kcal./ 
mole.

With the aid of heat capacity data, this heat of 
reaction can be corrected to 298°K. The heat 
capacities used are
kpTicuo) = 37'° °al./deg. mole,
CPCi2(g) = 8.82 +  0.06 X 10~3 T  -  0.68 X 105 T~2 cal./deg.

m o l e

CpT,CU(S) = 23.0 +  4.0 X IO- 3 T -  1.7 X 10s T~2 eal./deg.
mole

The heat capacity of liquid TiCb is taken as the 
average of the values reported by Gmelin14 and the 
National Bureau of Standards.15

The heat capacity of gaseous chlorine is that 
given by Kelley.16

The heat capacity of the trichloride is not re
ported. The expression used above is the rounded- 
off value reported for vanadium trichloride by 
Kelley,16 and should be a fair estimate because of 
the similarity of the compounds.

The change in heat capacity for reaction (6) is
ACP = 9.59 -  4.03 X 10“ 3 T +  2.04 X 105 T ~ -  eal./deg.

mole
and, therefore

A H « ( 2 9 8 ° )  =  - 1 9 . 9  ±  0 .3  k c a l . / m o l e

Thus the heat of formation of titanium trichlo
ride at 298°K. is 19.9 ±  0.3 kcal./mole more posi
tive than the heat of formation of titanium tetra
chloride.

Recently, Johnson, Nelson and Prosen17 have 
reported the heat of formation of TiCh(l) as —192.1 
±  0.6 kcal./mole. Using this value and the heat of 
reaction (6) at 298 °K. the heat of formation of 
TiClj(s) is obtained

AHfTic]j(s) = —172.2 ±  0.7 kcal./mole

Discussion
Schaffer, Breil and Pfeifer6 reported two inde

pendently determined values for the heat of for
mation of TiCl3. Effectively, they measured the 
difference between the heats of formation of TiCLt(l) 
and TiC!3(s), and in reporting the heat of formation 
of TiCl3 based their calculations on the Bichowsky 
and Rossini18 value of —181.4 kcal./mole for the 
TiCh(l). By combining their difference values 
with the lately reported heat of formation of 
TiCU(l), the heats of formation of TiCl3(s) reported 
by Pfeifer can be recalculated. They are — 172.3 
±  0.8 and —172.8 ±  0.8 kcal./mole.

(1 4 ) G m e lin , “ IT a n d b u ch  d e r  A n o r g a n is c h e n  C h e m ie , T i t a n , ”  W e in -  
h e im , 1051 .

(1 5 ) “ S e le c te d  V a lu e s  o f  C h e m ica l T h e r m o d y n a m ic  P r o p e r t ie s ,”  
C ir c u la r  N o .  5 0 0 , N a t io n a l B u r e a u  o f  S ta n d a rd s , 1952 .

(1 6 ) K .  K .  K e lle y , U n ite d  S ta te s  B u re a u  o f  M in e s , B u lle t in  4 7 6 .
(1 7 )  W .  H .  J o h n s o n , R .  A . N e ls o n  a n d  E . J . P re se n , u n p u b l is h e d  

re su lts , R e p o r t e d  t o  t h e  O ffice  o f  N a v a l R e s e a r c h  in  N a t io n a l B u r e a u  o f  
S ta n d a rd s  R e p o r t  N o . 366 3  rev ised  (1 9 5 5 ).

(1 8 ) F . R .  B ic h o w s k y  a n d  F . D . R o s s in i , “ T h e r m o c h e m is t r y  o f  
C h e m ic a l S u b s ta n c e s ,”  R e in h o ld  P u b l .  C o r p . .  N e w  Y o r k ,  N . Y . ,  1 9 3 6 .
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Skinner and Ruehrwein6 determined the heat of 
formation of TiCl8(s) by a direct method, report
ing the value of —170.0 ±  0.8 kcal./mole.

In view of the agreement between the present 
results and those of Pfeffer and co-workers by two 
independent methods, the difference between the 
heat of formation of TiCh and TiCl3 appears to be 
fixed within ±0.3 kcal./mole. Therefore, unless

there were an error in the heat of formation of 
TiCh, which is rather improbable, the heat of for
mation of TiCl3 at 298.16 is —172.2 ±  0.7 kcal./ 
mole.

Acknowledgment.— D.G.C. would like to express 
his appreciation to the Eastman Kodak Company 
for a fellowship which he held during part of this 
investigation.

THERMODYNAMICS OF THE TITANIUM CHLORIDES. II. HEAT OF 
FORMATION OF TITANIUM DICHLORIDE1

By D a v i d  G. C l i f t o n 2 a n d  G e o r g e  E. M a c W o o d

Contribution from the McPherson Chemical Laboratory, The Ohio State University, Columbus 10, Ohio
Received August 16, 1956

The heat of formation of titanium dichloride has been determined b\r two independent methods. In the first method the 
heats of solution of TiCl4(l) and TiCl2(s) in a solvent of HCl-FeCl3 were measured. In the second method the heats of solu
tion of TiCh(s) and TiCl2(s) in an HC1 solution were used. The two values obtained are —123.3 ±  0.7 and —123.7 ±  1.0 
kcal./mole, based on —192.1 ±  0.6 kcal./mole for the heat of formation of TiCl4(l).

I. Introduction
Brewer3 and Kubaschewski4 report estimated 

values for the heat of formation of titanium dichlo
ride. Skinner and Ruehrwein6 recently have re
ported a value for the heat of formation of the di
chloride, calculated from disproportionation data.

This research gives the differences between the 
heats of formation of TiCh and TiCh and between 
TiCh and TiCh- This information and that re
ported for TiCh6 can then be used to give consist
ency to the heats of formation of the titanium chlo
rides.

II. Apparatus and Materials
The apparatus and some of the materials used for the 

measurements are described in the previous paper on TiCfi.6
The titanium dichloride was prepared by dispropor

tionation of sublimed titanium trichloride.7 The tri
chloride was placed in a nickel boat which was put in a 
Yycor tube in a furnace. The heating chamber was evacu
ated using a mercury diffusion pump backed by a mechani
cal pump. The trichloride was held at 485° for 8 hours and 
then at 470° for 10.5 hours. The titanium tetrachloride 
formed during the reaction was condensed out in a liquid air 
trap.

Chloride analysis of the product gave an empirical for
mula of TiCl2.oo4- Total titanium analysis of the sample 
gave an empirical formula of TiCli.999-

The sample dissolved completely in distilled water with 
slow evolution of hydrogen. This indicates that there was 
no appreciable metallic titanium impurity.

Since the chloride analysis afforded the greater precision, 
the empirical formula used in all calculations was TiCb.ow.

(1 )  W o r k  p e r fo r m e d  u n d e r  t h e  O ffic e  o f  N a v a l  R e s e a r ch , C o n t r a c t  
N o .  N o n r -4 9 5 (0 6 ) .

(2 ) T a k e n  in  p a r t  fr o m  t h e  d is s e r ta t io n  s u b m it t e d  b y  D a v id  G . 
C l if t o n  in  p a r t ia l  fu l f i llm e n t  o f  th e  r e q u ire m e n ts  fo r  th e  P b .D .  d e g re e  
a t  T h e  O h io  S ta te  U n iv e r s it y ,  M a r c h ,  195 5 .

(3 ) L . B r e w e r , P a p e r  6 , " N a t i o n a l  N u c le a r  E n e r g y  S e r ie s ,"  V o L  
I V -1 9 B , e d it e d  b y  L . L .  Q u ill, M c G r a w - H i l l  B o o k  C o . ,  N e w  Y o r k ,  
N . Y . ,  195 0 .

(4 )  O . K u b a s c h e w s k i, " M e t a l lu r g ic a l  T h e r m o c h e m is t r y ,"  A c a d e m ic  
P re ss  I n c . ,  N e w  Y o r k ,  N . Y . ,  1951 .

(5) G . B .  S k in n e r  a n d  R .  A .  R u e h r w e in , T h is  J o u r n a l , 5 9 , 113
(1 9 5 5 )  .

(6 ) D . G . C li f t o n  a n d  G . E . M a c W o o d ,  T h is  J o u r n a l , 6 0 , 309
(1 9 5 6 )  .

(7 ) W .  C . S c h u m b  a n d  R .  F .  S u n d s tr o m , J. Am, Chem. Soc., 55 , 
5 9 6  (1 9 3 3 ).

The contaminant was assumed to be TiCl3, and the necessary 
corrections on the measured heats were made.

The same HCl-FeCb solvent as previously reported6 was 
used. The same weight-ratio of solvent to Ti-ion was main
tained as in the previous experiments (123.19 g. of solvent 
per g. Ti). The water-to-HCl ratio in this solvent was 9.69.

The HC1 solution used in the heat of dilution measure
ments of the solvent analyzed as HCl-9.60H2O. The water- 
to-HCl ratio in the solution is not exactly the same as that 
in the solvent. However, this slight difference between the 
two ratios does not result in an appreciable difference in the 
heats calculated. This same HC1 solution was used to 
determine the heats of solution of TiCl3 and TiCl2 in hydro
chloric acid.

The density of this solution was measured to be 1.0843 
g./ml. at 27°. The weight-ratio of solution to Ti-ion used 
for the trichloride and dichloride heats of solution in hydro
chloric acid was 104.32 g. of solution per g. Ti.

III. Theory
The heat of formation of titanium dichloride 

can be obtained by using the following set of re
actions

TiCL(l) +  solvent = end soln. 1 (1)
TiCl2(s) +  solvent = end soln. 2 (2)

Ti(s) +  2Cl2(g) =  TiCL,(l) (3)
FeCl2(end soln. 2) +  V2CI2(g) =  FeCl3(end soln. 1) (4)

Adding together the heat for (1) and (3) and sub
tracting those for (2) and (4), the heat of reaction
(5) is obtained

Ti(s) +  Cl2(g) =  TiCl2(s) (5)
i .e., the heat of formation of TiCl2.

Practically, complications arise in the above 
scheme. Reaction (2) involves the evolution of 
hydrogen. In order to use the above series of re
actions, a correction must be made for the hydro
gen evolution so that the end-solution after correc
tion corresponds to the end solution 2. This re
quired knowing quantitatively the amount of 
hydrogen evolved.

If no hydrogen were evolved, one equivalent of 
ferrous ion would be formed for every equivalent of 
divalent Ti-ion introduced into the solvent. 
Hence, the difference between the number of equiv
alents of ferrous-ion in the end solution actually 
found by titration, and that calculated from the
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amount of divalent Ti added, gives a measure of 
the amount of hydrogen evolved. A small cor
rection to the ferrous-ion concentration must be 
made to compensate for that which resulted from 
the trichloride contamination.

The heat of the following reaction is necessary for 
the hydrogen correction
FeCls(soln.) +  V2II2(g) = HCl(soln.) +  FeCl2(soln.) (6)

Table III
H e a t  o p  S o l u t i o n  o f  T ìC13 i n  H C 1  S o l u t i o n

T iC h  w t . ,
R u n  n o . g .

1 0.4764
2 .3466
3 .5415

M e a s u r e d  h e a t , — AHn,
ca l. k  c a l . /m o l e

105.5 34.2
78.3 34.9

121.9 34.7
Av. Affi2 = —34.6 ±  0.4 kcal./mole

which can be obtained from the heats of the follow
ing reactions

FeCl3(soln.) = y 2Cl2(g) +  FeCl2(soln.) (7) 
‘AH2(g) +  V2Ch(g) =  HCl(soln.) (8)

The heat of reaction (7) is the negative of the 
heat of reaction (A). The heat of reaction (8) is 
equal to the partial molal enthalpy of HC1 at the 
applicable concentration. Rather than assume 
that the partial molal enthalpy of HC1 in an aque
ous solution is the same as in an HCl-solution con
taining FeCU, it was established experimentally.

The following series of reactions was used to deter
mine the heat of reaction (8)
>/2H2(g) +  'AChigl +  9.69H20  = H0(9.69 II20 ) (9)

HO(9.69H20 ) +  solvent = end soln. 3 (10)
solvent +  9.69H20  = end soln. 3-HC1 (11)

Reaction (8) is obtained by adding (9) and (10) 
and subtracting (11).

A second method of establishing the heat of 
formation of titanium dichloride involves measur
ing the heats of the following reactions:

TiCIs(s) +  HCl(xH20 ) = end soln. 4 (12)
TiCl2(s) +  HC1(zH20 ) =  end soln. 5 +  >/«H.(g) (13)

V2H2(g) +  y 2Cl2(g) =  HCl(soln.) (14)

Adding reactions (13) and (14) and subtracting 
reaction (12) gives

TiCl2(s) +  V2Cl2(g) =  TiCl3(s) (15)

Hence, knowing the heat of formation of TiCb 
permits the calculation of the heat of formation of 
titanium dichloride.

IV. Results
The heat of solution measurements are listed in 

Tables I, II, III and IV.
T a b l e  I

H e a t  o f  S o l u t i o n  o f  TiCl2 i n  S o l v e n t

R u n
T iC la  w t . ,  H e a t  e v o lv e d , 

n o .  g .  ca l.
-AHr,

k c a l . /m o le

1 0.2463 138.1 66.6
2 .1816 102.6 67.1
3 .2166 120.7 66.2
4 .2157 120.8 66.5
5 .2207 124.7 67.1

Av. A  Hi — —66.7 ±  0.4 kcal./mole

T a b l e  II
C o r r e c t i o n s  f o r  t h e  H e a t  o f  S o l u t i o n  o f  T i C l 2

R u n
TÌCI2.004 w t . ,  M e a s u r e d  

g . h e a t , ca l.
T iC l  c o r .,  

ca l.
H y d r o g e n  
c o r .,  c a l .

1 0.2484 124.2 - 0 . 5 14.4
2 .1831 194.4 -  . 4 8.6
3 .2185 110.1 -  . 5 1 1 . 1

4 .2177 113.2 -  . 5 8.1
5 .2227 111.8 -  . 5 13.4

T a b l e  IV
H e a t  o f  S o l u t i o n  o f  TiCl2 i n  H C 1  S o l u t i o n

TÌCI2.004
M e a s u r e d

T iC h ,  w t . ,  h e a t . T iC la  c o r .,
— AH\ ,
k c a l . /

R u n g- g. ca l. ca l. m o le

1 0.2534 0.2512 98.8 - 0 . 5 46.4
2 .1736 .1722 68.5 -  . 4 47.0
3 .2189 

Av. AH ¡s
.2170

= -46 .4  ±
84.0 -  .5 
0.65 kcal. /mole

4 5 . 7

In Table I, the weight of TiCl2 is that in the par
ticular sample of TiCl2.oo4 used for the measure
ment. This is calculated from the analysis. The 
third column lists the heat assigned to the dichlo
ride sample after the corrections have been made 
to the measured heat.

Table II lists the measured heats, the corrections 
for the TiCh contamination, and the corrections for 
hydrogen evolution, which were used to get the 
quantity “ Heat evolved”  in Table I.

The various other heats of reaction required for 
reduction of the present data are given in Table V.

R e a c t io n
T able V

H e a t , k ca l. Source
A Hi - 4 0 . 4  ±  0 . 2 6
AH, - 1 9 2 . 1  ± 0 . 6 10
AH,, — AH, - 2 1 . 4  ±  0 . 1 8

A H* - 3 7 . 8  ±  0 . 0 1 9

Afflo 0.0 Measured
Affli - 1 . 0  ±  0 . 0 4 Measured
Affi. - 3 6 . 7  ±  0 . 0 4 9

A ffie - 3 9 . 2  ±  0 . 1 2 6

In order to evaluate the hydrogen-correction, 
the heat of reaction (6) was determined using the 
scheme outlined in Section III.

A He — A H ,  -f- A H ,  -f- Affio — Aff„
= —15.4 ±0 .11  kcal./mole

The correction to the TiCl2 heats of solution for 
the TiCls-impurity was made using the heat of the 
reaction

TiCl3(s) +  solvent = end solvent 1 (16)

given in Table V.
V. Discussion

The difference between the heats of formation of 
TiCLi(s) and TiCl2(s) at 0° is obtained by using the 
heats of reactions (1), (2), (3) and (4)

ARfTicnd) ~ AHfTiC1)(s) = A ff2 +  2  A H ,  — A H i 
= —69.1 ±  0.5 kcal./mole

(8 ) W . B i lt z  a n d  C . F e n d iu s , Z. a n o r g .  C h e m ., 1 7 6 , 49  (1 9 2 8 ).
(9 )  F .  D .  R o s s in i , J .  R e s e a r c h  N a t l .  B u r .  S t a n d a r d s ,  9 , 679  (1 9 3 2 ) ;  

3 , 3 13  (1 9 3 0 ).
(1 0 )  W . IT. J o h n s o n , R .  A . N e ls o n  a n d  E . J . P r o s e n , u n p u b l is h e d  

re su lts , R e p o r t e d  t o  th e  O ffice  o f  N a v a l R e s e a r c h  in  N a t io n a l  B u re a u  
o f  S ta n d a r d s  R e p o r t  N o .  3 6 6 3  re v ise d  (1 9 5 5 ).
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The difference between the heat of formation of 
TiCl3(l) and TiCl2(s) at 0° is obtained by using the 
heats of reactions (12), (13) and (14).

A -^ fTiCli(s) Â h'iCh(a) A‘ f'3 +  A / / , .
= —48.5 ±  0.85 kcal./mole

To obtain the above differences in the heats of 
formation at 298°K., the following heat capacities 
were used

CpTjC])(I) = 37.0 cal./cleg, mole 
Cp0,t(S) =  8.82 +  0.06 X 10” 3 T  -  0.68 X 106 T ~ 2 cal./deg.

mole
CpTlcl!(s. = 23.0 +  4.0 X 10-3 T  -  1.7 X 105 T ~ 3 cal./deg.

mole
CpTi0l!(8) = 17.0 +  2.7 X  10-3 T  -  0.7 X 1 0 6 T ~ 2 cal./deg.

mole
The heat capacity of liquid titanium tetrachlo

ride is the average of the values reported by 
Gmelin11 and by the National Bureau of Stand
ards.12

The heat capacity of gaseous chlorine is that 
given by Ivelley.13

There are no reported heat capacities for tita
nium tri- and dichloride. The estimates used above 
are the rounded-off values of those reported for 
vanadium trichloride and vanadium dichloride, as 
given by Kelley.13

The differences corrected to 298 °K. are 
Ajf7[Ticu(I) — A_ff,T.cl2(s) = —68.8 ±  0.5 kcal./mole 
AfffT;clj(s) — Af f f T lC h (s) = —48.5 ±  0.85 kcal./mole

Combining the first difference with the heat of 
formation of TiClffl), —192.1 ±  0.6 kcal./mole, 
and the second difference with the heat of formation 
of TiCl3(s), —172.2 ±  0.7 kcal./mole, one gets 

A//f„.„, , , = —123.3 ±  0.8 kcal./mole 
AfffTiCl!(a) = —123.7 ±  1.0 kcal./mole

Even though the present determinations of the 
heat of formation of titanium dichloride and that 
previously reported for titanium trichloride6 both

(1 1 ) G m e lin , “ H a n d b u c h  d e r  A n o r g a n is c h e n  C h e m ie , T i t a n , ”  
W e in h e im , 1951 .

(1 2 )  N B S , “ S e le c te d  V a lu e s  o f  C n e m ic a l  T h e r m o d y n a m ic  P r o p e r 
t ie s ,”  C ir c u la r  N o .  5 0 0 , N a t io n a l B u re a u  o f  S ta n d a rd s , 1952.

(1 3 ) K . K . K e lle y , U n ite d  S ta te s  B u r e a u  o f  M in e s , B u lle t in  4 76 .

involve the heat of formation of TiCl4(l) one can 
obtain the heat of the disproportionation reaction 

2TiCl3(s) = TiCl;(s) +  TiCkO) (17)
from the heat of solution measurements, independ
ently of the heat of formation of TiCL/l), giving 

A Hf?s° =  2 0 .0  ±  0 .8  k c a l . / m o l e

This agrees well with the heat of this reaction deter
mined from disproportionation-pressure studies 
made by Sanderson and MacWood (29.2),14 Skinner 
and Ruehrwein (29),5 and Farber and Darnell 
(28.3).16 In making the comparison 9.7 kcal./ 
mole was used for the heat of vaporization of 
TiCLt(l).

In view of the agreement, between the various 
investigators, with respect to the heat of dispropor
tionation, it must be concluded that the reported 
values of the heats of formation of Skinner and 
Ruehrwein are in error due to a discrepancy of ap
proximately 2 kcal./mole in the heat of formation 
of TiCl3. If the heat of formation of TiCl3 is taken 
as —172.2 kcal./mole,6 then, using their heat of 
disproportionation, the heat of formation of TiCl2 
becomes —123.3 in excellent agreement with the 
value reported here.

In conclusion the following features are empha
sized: (1) the difference between the heats of for
mation of titanium tetrachloride and titanium tri
chloride measured by three independent methods 
is about 20.0 kcal./mole at 298°K.; (2) the heat 
of the disproportionation reaction has been found 
to be about 29.0 kcal./mole at 298°K. in four differ
ent investigations; and (3) the difference between 
the heats of formation of titanium trichloride and 
titanium dichloride measured in two independent 
ways was found to be about 48.9 kcal./mole.

Taking —192.1 ±  0.6 kcal./mole as the best 
value of the heat of formation for TiCl4(l),10 the 
recommended heats of formation for the lower ti
tanium chlorides are

AiffTiCi!(B) = —172.2 ±  0.7 kcal./mole 
A#fTici,<») = —123.3 ±  0.8 kcal./mole

( 1 4 )  B . S . S a n d e rs o n  a n d  G . E .  M a c W o o d ,  T u t s  J o u r n a l , 60, 3 1 6  

( 1 9 5 6 ) .

( 1 5 )  M .  F a r b e r  a n d  A . J .  D a r n e ll ,  ibid., 59, 1 56  (1 9 5 5 ).
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THERMODYNAMICS OF THE TITANIUM CHLORIDES. III. THE 
SUBLIMATION PRESSURE OF TITANIUM TRICHLORIDE’ 2

By Benjamin S. Sanderson and George E. M acWood

Contribution from the McPherson Chemical Laboratory, The Ohio State University, Columbus, Ohio
Received August 15, 1955

Experimental measurements have been made of the sublimation pressure of TiCls over the temperature range 028-823 °K. 
by the transpiration method. From these results, the heat and free-energy of sublimation of 298°K. are found to be 42.0 ±  
0.5 kcal./mole and 29.6 ±  1.0 kcal./mole. The heat of formation at 298°K. of gaseous TiCl3 based on this work and the 
previously reported heat of formation of the solid is —130.2 ±  1.4 kcal./mole.

I. Introduction
As part of a program on the thermodynamic prop

erties of the chlorides of titanium, the sublima
tion pressure of TiCh has been studied by the trans
piration method.3-5

Originally, it had been planned to use this ex
perimental method to measure both the sublimation 
equilibrium

TiClü(s) = TiCh(g) (l)

and the disproportionation equilibrium
2TiCl3(s) = TiCh(g) +  TiCb(s) (2)

It was found that the transpiration method, though 
inadequate for the study of the disproportionation

(1 ) T h is  p a p e r  p r e se n ts  th e  re s u lts  o f  o n e  p h a s e  o f  a  p r o g r a m  s p o n 
so r e d  b y  th e  D e p a r t m e n t  o f  N a v y ,  O ffice  o f  N a v a l  R e s e a r ch , u n d e r  
C o n t r a c t  N o . N o n r -4 9 5 (0 6 ) .

(2 ) T a k e n  in  p a r t  fr o m  t h e  d is s e r ta t io n  s u b m it t e d  b y  B e n ja m in  S. 
S a n d e rs o n  in  p a r t ia l  fu lf i llm e n t  o f  th e  r e q u ire m e n ts  fo r  th e  P h .D .  d e 
g re e  a t  th e  O h io  S ta te  U n iv e r s it y ,  M a r c h ,  1955 .

(3 ) H . v o n  W a r t e n b u r g ,  Z. Elektrochem., 1 9 , 4 85  (1 9 1 3 ).
(4 ) E . T h ie le ,  Ann. Physik, 1 4 , 93V (1 9 3 2 ).
(5 ) K . J e ll in e k  a n d  G . A .  R o s n e r , Z. physik . Chem., A 1 4 3 , 51 (1 9 2 9 ).

equilibrium,6 gave very good results for the sub
limation pressure of TiCl3.

II. Experimental Method
The apparatus used was a modification of that of Tread

well and Werner.7 The transpiration cell is shown in Fig. 1 
and the condenser for TiCl3 and trap for TiCh are shown in 
Fig. 2.

------ Liquid
nitrogen level

Imm. dlam 
orifice

wool

-—9 mm OD 
pyrex tubing

Fig. 2.—Trap and condenser.
Helium was used as the carrier gas. It was purified by 

flow through a train containing Drierite, hot copper turn
ings and then activated charcoal held at liquid nitrogen tem
peratures .

The purified helium entered the cell as indicated in Fig. 1, 
passed through the charge, and then the saturated gas 
passed out through the TiCh-condenser into the TiCl4-trap. 
From the trap, the helium passed through a drying tube (to 
prevent back-diffusion of water vapor) into a 5-gallon flask 
where the helium was collected over water. The volume of 
displaced water was measured by collecting it in a two-liter 
volumetric flask from which the volume of helium was 
determined.

The furnace was of the nichrome resistance-type arranged 
so that it could be raised and lowered over bhe cell. This 
allowed the furnace to be brought to temperature before

(6 ) B . S . S a n d e rs o n  a n d  G . E . M a c W o o d ,  T h is  J o u r n a l , 6 0 , 3 1 6  
(1 9 5 6 ).

(7 ) W . D .  T r e a d w e ll a n d  W . W e rn e r , Helv. Chim. Acta. 3 6 , 1436  
(1 9 5 3 ).
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lowering it into position over the cell. A Foxboro con
troller maintained the temperature of the charge within 
±0 .5°. The cell temperature was measured with an iron- 
constantan thermocouple, calibrated in situ.

The amount of TiCl3 condensed out was determined either 
by weighing or by spectrophotometric analysis using the 
titanium-thymol complex described by Griel and Robinson.8 
The amount of TiCL collected in the trap was determined by 
weighing.

III. Material
The TiCL was made by an adaptation of the method of 

Sherfey9 developed in this Laboratory by Mr. John Reed. 
In this method, titanium tetrachloride was refluxed over a 
red-hot tungsten filament while hydrogen was passed 
through the apparatus. The tetrachloride was reduced to 
trichloride and condensed on the walls of the apparatus. 
The refluxing tetrachloride washed the solid trichloride 
into a vessel with a fntted-glass bottom. After most of the 
tetrachloride had been filtered off the solid, the trichloride 
was transferred to Pyrex tubes about two inches in diame
ter and ten inches long. These tubes, after filling with 
crude charge, were pumped down and sealed off. They were 
then heated in a resistance furnace to 500°. The TiCL 
sublimed to the cooler portion of the tube. Samples of both 
the crude and resublimed TiCL were analyzed at the Na
tional Bureau of Standards for heavy metals. Neither 
sample contained metal impurities in excess of 15 p.p.m. 
Titanium and chlorine analyses of the trichloride gave an 
average empirical formula of TiCl3.<x>6, indicating the pres
ence of a small amount of TiCL.

IV. Procedure
The TiCL was loaded into the transpiration cell with the 

aid of a polyethylene "dry bag.”  A current of dry argon 
was circulated through the bag which was tied over the 
standard taper of the cell. All o: the equipment required 
for loading the cell, as well as the TiCl3, was put inside the 
bag before closing it.

After loading the cell, it was inverted and the TiCL manip
ulated into its proper position as shown in Fig. 1. The 
cell was weighed and the weigh:, of sample determined. 
Then the cell was mounted in place and connected to the 
helium gas train. The weighed condenser and trap were 
put into place while a current of helium passed through the 
system.

The furnace was brought to temperature in a position 
above the cell after which it was lowered around the cell. 
Thirty minutes was allowed for the sample to reach tem
perature equilibrium before the helium flow was started. 
By proper adjustments, the total pressure and the flow rate 
were rapidly established at the desired values.

At the end of a run, the furnace was lifted away from the 
cell. While the cell was cooling, the current through the 
heating tape around its lower end was continued in order to 
prevent TiCL from condensing in the TiCL-condenser. 
When the cell had cooled, the condenser was removed and 
the amount of TiCL collected determined either by weigh
ing or spectrophotometric analysis. The amount of TiCL 
collected in the trap was determined by weighing.

V. Results
The results of the sublimation measurements are 

summarized in Table I. The values for the weight 
of TiCL collected reported to 0.1 mg. were deter
mined by weighing, while those reported to 0.1 n 
g. were determined by spectrophotometric analysis. 
The average C l/Ti ratios given in the table were 
calculated from the amounts of titanium and chlo
rine which were lost in each run.

The logarithms of the sublimation pressures are 
plotted against the reciprocal of the absolute tem
perature in Fig. 3. The straight line drawn 
through the points was determined by least squares 
and is given by the empirical equation

QOQft
log p(mm.) = ----- y ----b 10.401 (3)

(8 )  J . V . G r ie l a n d  R .  J . R o b in s o n , Anal. Chem., 2 3 , 1871 (1 9 5 1 ).
(9 ) J. M . S h e r fe y , J. Research Natl. Bur. Stands., 46, 2 99  (1 9 5 1 ).

The standard error of the slope is ±380, that of the 
intercept is ±0.51.

The average heat of sublimation for the tempera
ture range 628 to 823°K., calculated from (3), is
38.0 ±  1.7 kcal./mole.

Heat and free energy of sublimation calculations 
were made, after the manner of Kelley,10 based on 
the present measurements and the following esti
mated heat capacity equations for solid and gaseous 
TiCls

Cp(s) =  23 +  4 X IO“ 3 T — 1.7 X 10s T~2 (4) 
Cp(g) =  19.1 +  0.18 X IO3 T — 1.7 X 105 T~2 (5)

The results of these calculations for the sublima
tion equilibrium are

ACP = -3 .9  -  3.8 X 10~3T (6)
Aff° =  43300 -  3.9T -  1.9 X 10~3T2 (7)

AF° = 43300 +  3.9T In T +  1.9 X 1 0 -3T2 -  68.71T
(8)

A/i°298 =  42.0 kcal./mole AFLss = 29.6 kcal./mole 
AS°29s = 41.6 cal./deg. mole

T a b l e  I
S u b l i m a t i o n  P r e s s u r e  o f  TiCL

F lo w
ra te , W t . V o i. M o le s

T, c c . / T iC ls , H e , T iC b P, T iC l  , C l /
° K . m in . m g . CC. X  104 m m . T i

6 28 1 1 .0 0 .0 1 2 8 6 0 0 7 .0 4 .7 2 .5 8 X 10 -* 2 .9 9 6
686 1 3 .0 0 .0 9 1 7 6 0 0 7 .1 4 .3 1 .8 5 X I O "« 2 .2 6 7
699 1 9 .6 1 6 .7 8 0 0 8 .3 1 7 .9 2 .6 7 X 1 0 -2 2 .7 3 5

7 38 1 5 .0 6 .2 6 0 0 6 .8 3 3 .9 1 .2 3 X 1 0 " 1 2 .6 4 4
7 80 1 3 .0 3 1 .4 6 0 1 0 .7 3 2 .1 6 .1 8 X 10 -» 2 .5 4 6
788 2 7 .0 3 7 .4 5 9 2 9 .0 4 4 .7 7 .1 4 X 1 0 -1 2 .9 3 9

789 1 3 .6 4 0 .9 6 0 0 6 .9 3 3 .3 8 .1 3 X 1 0 -1 2 .4 1 3
8 00 1 4 .0 4 8 .2 5 8 6 5 .0 4 5 .5 9 .7 5 X 10 -» 2 .7 7 9
823 1 4 .0 9 5 .2 4 0 3 0 .6 2 8 .4 2 .7 8 2 .2 8 3

(1 0 )  K .  K .  K e lle y , U n it e d  S ta te s  B u r e a u  o f  M in e s , B u lle t in , 4 7 6  
(1 9 4 9 ).
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The following thermodynamic constants for 
TiCl3 obtained from the present results, heat of 
formation11 and disproportionation data6 are con
sidered as the most reliable values at present avail
able

A//f°298(g) = —130.2 ±  1.4 kcal./mole 
A//f°29s(s) = —172.2 ±  0.8 kcal./mole 

Stasis?) =  73.8 ±  2 cal./deg. mole 
<8° ; 9s( s )  — 33.3 ±  2 cal./deg. mole

VI. Discussion
Recently Farber and Darnell12 have reported 

values for the sublimation pressure of TiCL deter
mined by the Knudsen method. Their values are 
considerably lower than those reported here. On 
the basis of work done in this Laboratory on the 
disproportionation equilibrium of TiCL6, it appears

(1 1 ) D .  G . C l i f t o n  a n d  G . E . M a c W o o d ,  T h is  J o u r n a l , 60, 3 0 9  
(1 9 5 0 ) .

(1 2 )  M .  F a r b e r  a n d  A . G . D a r n e ll ,  ibid., 59, 156 (1 9 5 5 ).

probable that these low values are due to a low ac
commodation coefficient for gaseous TiCR The 
agreement between the values of the heat of sub
limation obtained by the two methods may imply 
that the temperature coefficient of the accommo
dation coefficient is very small as has been observed 
for gaseous TiCl4 in study of the disproportion
ation of TiCL by the Knudsen method.12

Skinner and Ruehrwein,13 have reported meas
urements using the transpiration method. Their 
experimental values, although admittedly low, are 
of the same order of magnitude as those reported 
here. Their pressures, obtained by estimating the 
degree of saturation of the carrier gas, appear to 
be high. This results in a slightly higher entropy 
of sublimation at 298°K., 43.3 compared with 41.6, 
since the heats of sublimation at 298 °K. agree 
within the precision of measurements.

(1 3 )  G . B . S k in n e r  a n d  R .  A . R u e h r w e in , ibid., 59, 113 (1 9 5 5 ).

THERMODYNAMICS OF THE TITANIUM CHLORIDES. IV. THE 
DISPROPORTIONATION OF TITANIUM TRICHLORIDES12

By Benjamin S. Sanderson and George E. M acW ood

Contribution from the McPherson Chemical Laboratory, The Ohio State University, Columbus, Ohio
Received August 15, 1955

The disproportionation equilibrium of TiCl3 was studied in the temperature range 593-821 °K. by an effusion and static 
method. The two sets of measurements do not agree and indicate that the vaporization coefficient of TiCh(g) is of the order 
of 10-4. On the basis of the static measurements and previous work, a consistent set of thermodynamic properties of TiCh 
and TiCl3 are given.

I. Introduction
This is the fourth paper on the thermodynamic 

properties of titanium chlorides being investigated 
in this Laboratory3-5 and gives the results of the 
investigation of the disproportionation equilibrium 
of TiCL

2TiCl3(s) = TiCh(s) +  TiCh(g) (1)

The course of the equilibrium as a function of 
temperature was studied by following the pressure 
of the titanium tetrachloride. The usual methods 
for measuring vapor pressures may be employed 
and, in this investigation, an effusion and static 
method were used.

II. Experimental
1. Materials.—The TiCl3 and TiCl2 were prepared as 

previously described.3-6
2. Apparatus, (a) Knudsen Method.—The apparatus 

is shown in Fig. 1. The body of the cell, shown in Fig. 
2, was machined from stainless steel. The diaphragm, 
which contained the orifice, was made of 3-mil nickel sheet. 
It was held firmly in place by a screw-collar, a stainless steel 
washer being used to prevent tearing of the thin diaphragm. 
The weight loss of the cell was determined by following the

(1 )  T h is  p a p e r  p r e se n ts  t h e  re s u lts  o f  o n e  p h a se  o f  a  p r o g r a m  s p o n 
so re d  b y  th e  D e p a r t m e n t  o f  N a v y ,  O ffice  o f  N a v a l R e s e a r ch , u n d e r  
C o n t r a c t  N o .  N o n r -4 9 5 (0 6 ) .

(2 )  T a k e n  in  p a r t  f r o m  th e  d is s e r ta t io n  s u b m it t e d  b y  B . S . S . in  p a r 
t ia l fu l f i llm e n t  o f  t h e  re q u ire m e n ts  fo r  t h e  P h .D .  d e g r e e  a t  T h e  O h io  
S ta te  U n iv e rs ity , M a r c h , 195 5 .

(3 )  I ,  D . G . C l i f t o n  a n d  G .  E . M a c W o o d ,  T h is  J o u r n a l , 60, 3 09  
(1 9 5 6 ).

(4 )  I I ,  D . G .  C l i f t o n  a n d  G . E . M a c W o o d ,  ibid., 60, 311 (1 9 5 6 ).
(5 )  I I I ,  B .  S . S a n d e rs o n  a n d  G . E . M a c W o o d ,  ibid., 60, 3 1 4  (1 9 5 6 ).

change in length of a quartz helical spring, by comparison 
with a standard meter bar and cathetometar. The catheto- 
meter has a Filar-micrometer eyepiece which could be read 
to 0.008 mm. The spring, obtained from the Houston 
Technical Laboratories, had a sensitivity of 5.092 cm./g. 
It had a maximum load capacity of ten grams. The cell 
was suspended from the spring by a 1-mil molybdenum wire. 
The portion of the apparatus housing the helix was pro
tected on three sides to minimize random temperature fluc
tuations.

The cell was heated in a vertical resistance furnace, con
trolled by means of a Thyratron regulator. The sensing 
element for the regulator was B and S No. 30 platinum wire 
wound around the central portion of a nichrome tube which 
fitted between the glass tube containing the cell and the 
inside wall of the furnace. The wire was wound non-in- 
ductively and had a resistance of 35 ohms at room tempera
ture. The resulting temperature regulation was within 
±0 .5°. The cell temperature was determined by means 
of a chromel-alumel thermocouple, placed about 1 cm. 
below the cell. From this measurement and preliminary 
calibration of the furnace temperature gradient as a func
tion of position and temperature, a corrected value of the 
cell temperature was obtained.

The system was connected to a conventional high-vacuum 
system for maintaining low pressures during measurement.

(b) Static Method.—The Pyrex apparatus used for the 
static pressure determinations is shown in Fig. 3. The 
stopcocks were lubricated with a special fluorinated hydro
carbon grease. The tube for measuring the liquid TiCl4 
was calibrated against water with the aid of a weight-buret.

The gage used to measure pressures inside the system 
was a “ Spoon-gage.”  In order to increase its sensitivity, 
while still maintaining mechanical strength, three “ spoons”  
in series were used. A number of these gages were used 
during the course of the investigations. Their average 
sensitivity was about 0.03 mm. The outside jacket of the 
gage was connected through a two-way stopcock to vacuum 
pump or a supply of dry argon. The balancing argon pres
sure was measured with a tipping McLeod gage in the range
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Fig. 1.—Knudsen apparatus.

Stainless steel 
collar

Stainless steel 
washer

3 mil nickel-----
diaphram

Sta inless steel 
cell body ■

~ÿT

Orifice

Seal e
Fig. 2.—Knudsen cell.

0.001 to 5 mm. and with a Zimmerli gage for the range above 
5 mm.

III. Procedure
(a) Knudsen Method.—A Luciti dry box was used in 

loading the cell with TiCl3. A dry nitrogen atmosphere was 
used in the box. While the filled cell was being put into the 
effusion system dry argon was passed through the system.

When the system had been assembled, it was evacuated, 
then the furnace temperature raised to about 200°, and main
tained at this temperature for 12 hours. After the furnace 
had been at the desired temperature for some time, the 
length of the helix was measured. A temperature correc
tion, which varied with the load, was applied to each exten
sion-measurement. The corrected extension was plotted 
against the time and the run continued until enough points 
had been determined to calculate an accurate slope.

(b) Static Method.—Before loading the cell for the static 
runs, it was outgassed at 590°. Then the cell was filled with 
dry argon, weighed and loaded with either titanium trichlo
ride or dichloride. As shown in Fig. 3, a plug of Pvrex wool 
was inserted into the entrance to the cell to cut down the 
rate of diffusion of TiCl3 vapor out of the constant tem
perature zone. After connecting the cell to the apparatus, 
the system was evacuated and the cell temperature raised to 
200°. The cell and its charge were outgassed at this tem
perature for 12 hours.

The TiCl4 was distilled into the reservoir at low pressure. 
After introduction into the system, it alternately was melted 
and frozen, followed by removal of gas by pumping until 
completely outgassed.

In the course of making a run, the temperature was al
lowed to reach a constant value and pressure readings were 
taken until a constant value obtained. In a few cases, it 
was necessary to plot the pressure against the time and 
extrapolate to large times to obtain the equilibrium pres
sure. When the pressure was approached either from above 
or below, the time to reach equilibrium varied, but the final 
pressures were the ^ame within the precision of measure
ments .

The procedure for determining the pressure-composition 
isotherms was similar to that given above, except that the 
temperature was kept constant ant the composition was 
varied by exchanging TiCL between the system and reser
voir. The amount of TiCL which had been added to, or 
taken away from, the reservoir was followed with a catheto-

meter which measured the height of the meniscus to 0.1 
mm., corresponding to 1.18 X 10“6mole of TiCfi.

IV. Results
1 . Knudsen Method.—The results of the meas

urement of the disproportionation pressure of 
TiCl4 by this method are summarized in Table I. 
A plot of the logarithm of the TiCU pressure in
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mm. against the reciprocal of the absolute tem
perature is given in Fig. 4. These data were 
fitted by least squares to the equation

leg ¡t>(mm.) = ----- y --- b 8.401

T a b l e  I
S u m m a r y  o f  TiCfi P r e s s u r e s  b y  K n u d s e n  M e t h o d

R u n  n o . T,  °K . p  (m m .) — lo g  p  (m m .)

2 8 5 9 3 0 . 0 0 0 5 2 2 3 . 2 8 2

5 5 9 6 . 0 0 0 8 9 2 3 . 0 5 0

3 3 6 0 0 . 0 0 1 0 4 2 . 9 8 4

2 3 6 1 3 . 0 0 1 6 2 2 . 7 9 1

2 9 6 1 7 . 0 0 1 4 6 2 . 8 3 7

2 5 6 2 7 . 0 0 1 9 5 2 . 7 1 0

3 4 6 2 8 . 0 0 2 2 6 2 . 6 4 6

3 0 6 3 9 . 0 0 4 3 8 2 . 3 5 9

4 3 6 4 3 . 0 0 4 9 7 2 . 3 0 4

7 6 5 1 . 0 0 5 5 9 2 . 2 5 3

2 6 6 5 8 . 0 0 6 9 8 2 . 1 5 6

8 6 6 1 . 0 0 7 1 8 2 . 1 4 4

4 4 6 6 4 . 0 1 2 3 1 . 9 1 0

3 5 6 6 5 . 0 1 1 1 1 . 9 5 5

3 1 6 6 5 . 0 1 2 0 1 . 9 2 1

6 6 7 3 . 0 1 6 3 1 . 7 8 8

3 2 6 8 3 . 0 2 2 0 1 . 6 5 8

4 5 6 8 7 . 0 2 5 7 1 . 5 9 0

2 4 6 9 0 . 0 2 2 9 1 . 6 4 0

2 7 7 0 6 . 0 3 0 4 1 . 5 1 7

4 6 7 1 4 . 0 5 4 8 1 . 2 6 1

21 7 2 0 . 0 8 1 5 1 . 0 8 9

with a standard deviation of the slope of ±244 
and of the intercept of ±0.374. This equation 
gives an average heat of reaction of 32 ±  1 keal./ 
mole for the temperature range 593 to 730°K.

—I__________ I_________ I ___ I .
140 150 1.60 1 70

-j- * I03 "Kdi
Fig. 4.—Disproportionation pressures of TiCh by Knudsen 

method.

The values listed in the table were calculated 
from the observed total weight-loss by correcting 
for the amount of TiCh effused using the reported 
T 1CI3 pressures of Darnell and Farber.6 All of the 
pressures were corrected for the orifice thickness. 
The orifice used in nans 5 through 8 had a diameter 
of 0.1001 cm. The orifice used in runs 21 through 
27 had a diameter of 0.0815 cm. Runs 28 through 
46 were made with an orifice diameter of 0.1073 cm.

No values of the pressure are reported for which 
the C l/T i mole ratio is below 2.50.

2. Static Method.—The results of the static 
measurements of the equilibrium TiCh pressure 
are summarized in Table II, Figs. 5 and 6.

T a b l e  II
S u m m a r y  o f  TiCh P r e s s u r e s  b y  S t a t i c  M e t h o d

T,  »1C. V (m m .) C l / T i

6 7 9 . 0 0 . 2 0 6 2 . 9 9 0

6 8 2 . 2 0 . 2 5 0 3 . 0 0 0

6 9 1 . 3 0 . 3 9 5 2 . 9 7 4

7 0 9 . 3 0 . 8 0 2 . 9 7 4

7 1 4 . 9 0 . 9 3 5 3 . 0 0 0

7 3 0 . 2 1 . 5 6 3 . 0 0 0
7 4 9 . 2 3 . 2 0 2 . 9 7 4

7 5 0 . 0 3 . 0 7 3 . 0 0 0

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

7 6 8 . 9 5 . 6 5 2 . 9 7 4

7 7 9 . 4 8 . 5 3 . 0 0 0

7 9 7 . 5 1 2 . 9 2 . 9 7 4

7 9 8 . 5 1 2 . 9 5 2 . 9 7 5

8 0 3 . 1 1 6 . 8 3 . 0 0 0

8 0 7 . 5 1 6 . 9 2 . 9 7 4

8 2 1 . 0 2 4 . 9 2 . 9 7 4

Using the static data, and the following heat 
capacities3' 4-7

FpTicncg) =  25.45 +  0.24 X 10-3r  -  2.36 X 105T -2 
CpTicw.) =  23 +  4 X 10- 3T -  1.7 X lO3?1- 2 
CpTici.w = 17 +  2.76 X 10-3T -  0.7 X lO5? " 2

thermodynamic calculations were made. The re
sults of the calculations for the disproportionation 
equilibrium of T 1CI3 are
ACP = -3.55 -  5 X 10-3T +  0.34 X 105T -2 
A = 40000 -  3.55T -  2.5 X 10^3T2 -  0.34 X 1052'-2 
AF ° -  40000 +  3.55T  In T  +  2.5 X 10~3r 2 -  0.17 X

lO5?7- 1 -  67.75 T
AH°298 = 38.6 ±  0.4 kcal./mole, AF°2»8 = 25.9 ±  0.8 kcal./

mole
A<S°298 = 42.5 ±  1.5 cal./mole deg.

Discussion
Clifton and MacWood have determined the heat 

of formation of TiCl2(s) 4 and TiCl3(s) 3 relative to 
TiCU(l). Using these measured differences and the 
heat of vaporization of TiCL/l), they obtained for 
the heat of disproportionation at 298°K., 38.7 ±  
0.8 kcal./mole. This agrees quite well with the
38.6 kcal./mole determined in this investigation.

Skinner and Ruehrwein8 havexmade measure
ments on the TiCh disproportionation equilibrium.

(6 )  M .  F a r b e r  a n d  A .  J. D a r n e ll ,  T h is  J o u r n a l , 59, 156  (1 9 5 5 ) .
(7 )  K .  K .  K e lle y ,  U n ite d  S ta te s  B u r e a u  o f  M in e s ,  B u l le t in  3 8 3  

(1 9 3 5 ) .
(8 )  G .  B . S k in n e r  a n d  R . A . R u e h r w e in , T h is  J o u r n a l , 59, 1 10  

(1 9 5 5 ) .
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Fig. 5.—Disproportionation pressures of TiCfi by static 
method.

Using estimated free-energy functions they find, at 
298 °K.

Ait°298 =  38.7 kcal./mole, AFan$ =  26.0 kcal./mole 
A S » 298 =  4 2 . 6

in good agreement with the values reported here.
An examination of the TiCfi pressures determined 

by the effusion and static methods shows a large 
discrepancy. On the other hand, the measure
ments by either method are consistent and repro
ducible. This observation is supported, not only 
by the measurements reported here, but also by 
those of Farber and Darnell6 and Skinner and 
Ruehrwein.8

It is suggested that the explanation of the above 
discrepancy is a low accommodation (vaporiza
tion) coefficient for TiCl4 as recently suggested by 
Brewer and Kane.9 If this is true, the accommo
dation coefficient can be calculated from TiCk pres
sures determined by the two methods at the same 
temperature and the known orifice to surface ratio, 
using the relation given by Speiser and Johnston10 
for the observed pressure in the Knudsen method

Pobs =  Ptrue ^ r -hJs
where a is the accommodation coefficient, h/s the 
orifice to surface area ratio and ptrue is taken as the 
pressure determined by the static method. On this 
basis, an accommodation coefficient of 2.4 X 10~4 
is found for the temperature range 680 to 720 °K.

It is evident from Fig. 6 ~hat the isotherms ob
served do not correspond to those expected for a 
two-component, three-phase system, rather they

(9 ) L e o  B r e w e r  a n d  J . S . K a n e , ibid., 5 9 , 1 05  (1 9 5 5 ).
(1 0 ) R .  S p e iser  a n d  H . L . J o h n s t o n , Trans. Am. Soc. Metals, 4 2 , 283  

(1 9 5 6 ).

Fig. 6.—Isotherms of TiCfi disproportionation pressures.

indicate that in the TiCl2-rich portion of the dia
gram there is solid solution of TiCl3 in TiCl2. 
Blitz and Juza11 in their investigation of the plat
inum-sulfur system obtained similar isotherms, 
which they attributed to the existence of solid 
solution.

Clifton12 in this Laboratory has determined the 
heat of solution of a mechanical mixture of pure 
TiCl3 and TiCL, as well as the heat of solution of a 
partially disproportionated solid phase of the same 
average composition. He found a significant differ
ence which can be interpreted as a heat of solid 
solution of 2.5 kcal./mole for an equimolal solu
tion at 0°.

The observations suggest the existence of a misci
bility gap. In the TiCl3-rich region, the solubility 
of TiCl2 in TiCl3 is very small, i.e., the solubility 
curve is very close to the TiCl3-axis. While in the 
TiCh-rich region, the solubility of TiCl3 in TiCl2 
is appreciable. In the previous calculations, it has 
been assumed that the mole fraction of TiCl2 in 
the region of measurement, in the TiCl3-rich range, 
is so small that the vapor pressure lowering due to 
it was insignificant and, furthermore, that the tem
perature coefficient of the solubility of TiCl2 is 
small.13

In conclusion a consistent set of thermodynamic 
constants is given in Table III.

T a b l e  III
C o n s i s t e n t S e t  o f  T h e r m o d y n a m i c  

T i t a n i u m  C h l o r i d e s

P r o p e r t i e s

S u b sta n ce A f f R n ,  k c a l . /m o le »S'"298, e.u.

TiCh(g) - 1 8 2 . 4  ± 0 . 7 8 4 . 4  ±  1 . 0

TiClt(l) - 1 9 2 . 1  ±  0 . 6 6 0 . 3  ±  1 . 5
TiCl.(g) - 1 3 0 . 2  ± 0 . 7 7 3 . 8  ±  3 . 0
TiClj(s) - 1 7 2 . 2  ± 0 . 4 3 2 . 2  ±  1 . 0
TiCfi(s) - 1 2 3 . 7  ±  0 . 4 2 2 . 6  ±  1 . 0

(1 1 ) W . B l it z  a n d  R .  J u za , Z. anorg. C h em ., 1 9 0 , 161 (1 9 3 0 ).
(1 2 ) D . G . C l if t o n ,  u n p u b l is h e d  w o r k .
(1 3 )  N o t e  a d d e d  i n  p r o o f .— I t  a p p e a rs  th a t  th is  s y s te m  m a y  be 

e x p la in e d  o n  th e  b a s is  o f  a  d e f e c t  la t t ic e  as p r o p o s e d  b y  J . S. A n d e r 
so n , Proc. Roy. Soc. (Lçndon), A 1 8 5 , 69 (1 9 4 6 ).
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INFRARED SPECTROGRAPHIC STUDIES OF PREFLAME REACTIONS
OF n-BUTANE

B y  J ohn T. N eu

Contribution from the California Research Corporation, Richmond, Cal.
R e c e i v e d  A u g u s t  1 6 ,  1 9 5 5

This work reports the use of infrared spectroscopy to determine directly the behavior of the products and reactants as a 
reaction is occurring without the necessity of sampling. The method was applied to the oxidation of re-butane under condi
tions which caused a cool flame to occur as well as under slightly milder conditions which did not result in the formation 
of a cool flame. The products observed initially in both cases were formic acid, acetic acid, carbon monoxide, carbon dioxide 
and methyl alcohol. With the occurrence of a cool flame, ethylene, propene, butenes and acetylene formed, and formic 
and acetic acid were partially consumed. In the case in which no cool flame occurred, all products found initially increased 
throughout the reaction and in the latter stages of the reaction, methane formed. This work shows that infrared spectra 
can be used advantageously to study moderate temperature hydrocarbon oxidations and will be of considerable value as a 
complement to other methods of study.

Thomas and Crandall1 employed a recording 
ultraviolet spectrophotometer to carry out kinetic 
studies of the reactions occurring during the pre
flame combustion of hydrocarbons. In this work, 
the reaction was conducted directly in the light 
path of the spectrophotometer. Barusch, et al.,2 3-z 
utilized similar techniques to identify products and 
intermediates of the preflame combustion reactions. 
This paper describes an analogous investigation of 
the formation of reaction products and intermedi
ates, as determined by the infrared spectra of mix
tures of n-butane and oxygen during preflame reac
tions.

The application of infrared spectroscopy to the 
analysis of certain fractions of butane oxidation 
products has been reported previously.4 5 However, 
the procedures involved condensing and fractionat
ing the products prior to subjecting them to analy
sis and suffer the disadvantage of allowing possible 
reactive and unstable combustion products to un
dergo further reaction prior to examination. In
frared spectroscopy has been used for the direct 
deteimination of intermediates in other types of re
actions.6 In general, the infrared spectral region 
is more useful than the ultraviolet because all per
tinent molecular species, except the homonuclear 
diatomic molecules (0 2, H2, Na), absorb in the infra
red region.

Experimental
A Perkin-Elmer Model 21 infrared spectrometer was 

used for these studies. A detailed description of the ap
paratus was published elsewhere.6 The fuel in all experi
ments consisted of re-butane and oxygen in a 1:1 mole ratio. 
Phillips Research Grade re-butane (99% +  pure) and Linde 
commercial oxygen were used without purification. Can
cellation techniques, applicable to dual beam spect rometers,6 
were used to identify weak absorptions overlapped by spectra 
of known components and to measure quantitatively the 
gases known to be present in the sample cell. The quanti
tative analyses of products, with the exception of acetic acid 
and acetone, were made by this cancellation technique. 
Acetic acid and acetone were measured by conventional 
spectroscopic methods.

(1 ) J . R .  T h o m a s  a n d  H . W . C ra n d a ll,  I n d .  E n g .  Chem.. 43, 27G1 
(1 9 5 1 ).

(2 ) M .  R .  B a ru s ch . I I .  W . C r a n d a ll,  J . Q . P a y n e  a n d  J. R .  T h o m a s , 
ibid.. 4 3 , 2 7 6 4  (19511.

(3 ) M .  R .  B a ru s ch , J . T .  N e u , J . Q . P a y n e  a n d  J . R .  T h o m a s , ib id . ,  
4 3 , 270 6  (1 9 5 1 ).

(4 ) W . G . A p p le b y ,  W . H . A v e r y ,  W . K .  M e e r b o t t  a n d  A . F . S a rter, 
.1. Am. Chem. Soc., 7 5 , 1809  (1 9 5 3 ).

(5 ) G . L . S im a rd . J . S te g e r , T .  M a r iu e r , D . J . S a lle y  a n d  V . Z . 
W ill ia m s , J. Chem. Phys., 1 6 , 8 3 6  (1 9 4 8 ).

(6 ) J . T .  N e u , J .  O p t. Soc. A m .,  4 3 . 5 2 0  (1 9 5 3 ).

The first set of experiments was conducted at a tempera
ture of 270° and an initial pressure of 500 mm. These con
ditions were too mild to produce a cool flame. The reaction 
proceeded over an interval of about 20 minutes, and this 
relatively slow rate permitted four scans of the entire rock 
salt region of the spectrum while the reaction was progress
ing. A scan from 5000 to 650 cm,-1 and return to 5000 
cm.-1 required about five minutes.

In the second set of experiments, the same pressure and a 
slightly higher temperature (280°) were employed. Under 
these conditions the reaction resulted in the formation of a 
cool flame after an induction period of about two minutes. 
The scanning rate of the spectrometer was not high enough 
to allow scanning of the entire rock salt region during the 
two-minute induction period. To provide a representative 
picture of the kinetics of the reaction, it was necessary to 
survey this region several times during the reaction. Con
sequently, a number of combustion reactions were carried 
out under identical conditions, and the rock salt region was 
scanned by segments so that, during a given combustion re
action, several scans of a particular segment could be made. 
Each segment of the rock salt region was covered, and the 
scans were then pieced together to give a complete represen
tation of the spectra during oxidation.

Table I show's the estimated detection limits of pertinent 
compounds in the presence of re-butane and also the esti
mated limits in the presence of re-butane combustion prod
ucts. The increased difficulty of detection exhibited by the 
latter is caused by the overlapping of absorptions from the 
various products. The detection of water vapor is especially 
difficult because the water vapor spectrum is weak and be
cause the sensitivity of the spectrograph in the water vapor 
region is limited due to the absorption caused by w'ater in 
the atmosphere.

T a b l e  I

E s t i m a t e d  L i m i t s  o p  D e t e c t i o n  o f  C o m p o u n d s  a t  2 7 0 °  
( E x c l u d i n g  t h e  U s e  o f  C = 0  a n d  C-H F r e q u e n c i e s  f o r  

I d e n t i f i c a t i o n )
P re ssu re , m m .

C o m p o u n d

I n  p r e s e n c e  o f  
2 5 0  m m . o f  

n -b u ta n e

I n  p re s e n ce  o f 
c o m b u s t io n  

p r o d u c t s

Methane 5 10
Ethane 60 100
Formic acid 5 8
Acetic acid 1 5
Formaldehyde 25 50
Acetaldehyde 25 75
Acetone 5 5“
Methyl ethyl ketone 5 8’
Methyl alcohol 4 8
Ethylene 2 2
Ethyl alcohol 5 30
CO 8 8
c o 2 2 2
h 2o 100 150
“ Using room temperature spectrum for identification.
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Fig. 1.— Acetic acid vapor: 1, T =  25°, P  = 8 mm., cell length = 11.7 cm.; 2, T = 300°, P = 15 mm., cell length =
5.8 cm.; 3, background.

Fig. 2.—Oxidation in absence of a cool flame, successive spectra ( T =  270°, initial P = 500 mm., final P = 525 mm.; 
fuel: 1:1 mixture n-butane-02, cell length = 5.8 cm.): 1, time 0 to 3.6 min.; 2, time 5 to 9.6 min.; 3, time 10.9 to 15.7 
min.; 4, time 17 to 21.8 min.; 5, background.

Room temperature spectra of certain compounds may 
vary sharply from their elevated temperature spectra; and, 
consequently, elevated temperature reference spectra were 
required in some cases for identification of products. As 
an example, the contrast in the spectrum of acetic acid at 25° 
and at 300°, due to dimerizaticn phenomena, is shown in 
Fig. 1.

Results
The general features characteristic of hydrocar

bon oxidations carried out at moderate (250-350°) 
temperatures as discussed by Jost7 were observed 
in these experiments. In all cases, there was an 
induction period during which little or no change 
was evident, followed by an autocatalytic reaction. 
In cases in which a cool flame did not occur, the 
rates of pressure rise reached maxima and then 
decreased to zero, giving the usual “ S”  shaped 
time-pressure curves. When cool flames occurred, 
the induction periods of the over-all oxidation reac
tions were shorter and were followed by accelerat
ing pressure rises which apparently became discon
tinuous at the instant of cool flame occurrence. 
The heterogeneous nature of these reactions was 
indicated by the fact that a “ conditioning”  of the 
cell walls by several reactions was necessary before 
reproducible induction periods could be obtained.

The successive spectra of oxidation without a 
cool flame are shown in Fig. 2. For a period of

(7 ) W . J o s t , “ E x p lo s io n  a n d  C o m b u s t io n  P ro ce sse s  in  G a s e s ,”  
M c G r a w - H i l l  B o o k  C o . ,  N e w  Y o r k ,  N . Y . ,  1946, p . 3 0 7 .

several minutes after introduction of the gases into 
the heated cell, the only spectrum apparent was 
that of n-butane, as shown in Trace 1 of Fig. 2. It 
was noted that this spectrum differed from the 
room temperature spectrum of n-butane in that the 
absorption bands were somewhat broader, and 
there was a continuous absorption above the back
ground. Trace 2 shows that formic acid (1100, 
1780 cm.“ 1), acetic acid (1186, 1780 cm.-1), and 
carbon dioxide (2300 cm.-1) were forming. The 
carbonyl absorption (1780 cm.-1) due to the acids 
was so intense that it prevented the identification 
of carbonyl absorption caused by compounds ex
pected in small concentrations, e.g., formaldehyde 
and acetaldehyde. Trace 3 shows a general in
crease in absorption, and bands due to methyl alco
hol (1034 cm.-1) and carbon monoxide (about 2123 
cm.-1) appear. Trace 4 shows an increase of the 
products present, except formic acid which remains 
about the same. Methyl alcohol and carbon mon
oxide increased sharply, and a small amount of 
methane (1306 cm.-1) appeared. Trace 3 shows a 
weak band centered at about 850 cm.-1 which is not 
evident on trace 4. While this absorption is weak, 
it does indicate the transitory existence of an inter
mediate. The hydroperoxide group (-OOH) gen
erally absorbs in this region, and an alkylhydroper- 
oxide or peracid may account for this absorption; 
however, positive identification was not made. A



322 John T. N eu Vol. 60

Fig. 3.—Oxidation in absence of a cool flame, high resolution scans (T =  270°, P = 525 mm., cell length = 5.8 cm.): 
1, high resolution scan, vacuum in ref. cell; 2, high resolution scan, following gases in ref. cell
Formic acid 11 Methane 13 Carbon dioxide 65
Methyl alcohol 38 ra-Butane 180 Nitrogen 138

Carbon monoxide 68

Fig. 4.—Oxidation in absence of cool flame, product spectrum at room temperature (T = 25°, cell length = 5.8 cm.).

subsequent scan, not represented on Fig. 2, estab
lished the fact that the reaction was essentially 
complete at the time scan 4 was taken. A slow, 
high resolution scan of the final products and also 
the spectrum recorded with certain products pres
ent in the reference cell are shown in Fig. 3. The 
high resolution scan shows definite but weak lines 
due to the presence of water vapor. In a separate 
but similar experiment after the reaction was com
plete, the cell was allowed to cool to room tempera
ture. The spectrum of the product gases, as shown 
in Fig. 4, indicates the presence of acetone (1260 
cm.-1).

To check for any possible effects of the rock salt 
windows on the oxidation reactions, a combustion 
experiment was conducted in a Pyrex cell with Py- 
rex window under conditions otherwise comparable 
to the oxidation in the spectrometer cell. The 
spectrum at 25° of the gases removed from this 
cell was essentially the same as the room tempera
ture spectrum noted above.

A summary of the combustion products from 71- 
butane is shown in Table II. Formaldehyde was 
not detected by infrared absorption, and the value 
listed was taken from the data of similar experi
ments conducted in the ultraviolet spectrophotom
eter.3 The water vapor spectrum was not strong 
enough to allow the determination of the amount of

water vapor, and the value of 140 mm. was assumed 
so as to give an approximate material oalance. The 
quantitative values in Table II are suoject to some 
uncertainties but are useful to indicate the general 
distribution of products. Almost certainly, small 
amounts of other products, such as the ,8-dicarbonyl 
compounds, ethyl alcohol, acetaldehyde, etc., were 
present but not detected.

T a b l e  II
P r o d u c t s  o f  O x i d a t i o n  i n  A b s e n c e  o f  a  C o o l  F l a m e

P, m m .
%  o f  r e a c t a n t  

e le m e n ts  f o u n d  in  p r o d u c t s
C o m p o u n d a t  2 7 0 ° C a r b o n O x y g e n H y d r o g e n

n-Butane 180 72.0 72.0
Formic acid 11 1.1 4 . 4 0.9
Acetic acid 20 4.0 8 . 0 3.2
Methyl alcohol 38 3.8 7 . 6 6.1
Methane 13 1.3 0 . 0 2.1
Carbon monoxide 68 7.1 13.6 0.0
Carbon dioxide 65 6.5 26.0 0.0
Acetone 8 2.4 1.6 2.4
Water 140 28.0 11.2
Formaldehyde (20) (2.0) (4.0) (1.6)

Total 563 100.2 93.2 99.5

The products obtained prior to the occurrence
of a cool flame are, so far as can be determined from 
the infrared absorption spectrum (Fig. 5), identical
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Pig. 5.—Spectra before and after a cool flame ( T =  280°, initial P  = 500 mm., final P = 580 mm.): 1, gases immediately 
after induction; 2, gases with induction period one-half expired; 3, gases directly before cool flame; 4, gases after cool 
flame occurred; 5, background.

to the products obtained when no cool flame occurs. 
The course of the changing spectrum, just prior to 
the cool flame, showed a general acceleration in 
infrared absorption, but there was no indication of 
a rapid build-up of a critical material, such as a 
peroxide. A comparison of the spectra recorded 
just before and just after the cool flame (Fig. 5) 
shows sharp differences. Some compounds ap
peared which were not observed prior to the occur
rence of the cool flame. A relatively large amount 
of ethylene formed, together with propene, butenes, 
acetylene and methane. Coincident with the cool 
flame, there was a sharp drop in the concentrations 
of n-butane, formic and acetic acids, a large amount 
of carbon monoxide was formed, and the carbon 
dioxide concentration increased sharply. Following 
the occurrence of a cool flame, the spectrum showed 
essentially no change, as shown by subsequent 
scans.

Discussion
The large number of compounds formed and the 

order of appearance of the products suggest that 
no single mechanism is operative; rather, it is 
likely that several paths of degradation occur and 
that, as the population of the various molecular 
species changes, the predominant reactions change. 
The study of the reactions of certain simple oxy 
radicals8-9 formed in peroxide decomposition and 
the researches on the mechanism of the oxidation 
of aldehydes10 establish modes by which these radi
cals react. Applying this knowledge to the data 
obtained in these experiments permits the formu
lation of a reasonable explanation of the reaction 
mechanism for the oxidation of n-butane in the ab
sence of a cool flame.

The occurrence of a number of the products 
formed in the absence of a cool flame is explained 
by assuming that methyl radicals are formed and 
react in the presence of a diminishing supply of 
oxygen. Raley and his co-workers8 showed that 
the products formed from methyl radicals in the 
presence of oxygen are methyl alcohol, carbon nron-

(8 ) J . H .  R a le y ,  L . M .  P o r te r , F . F . R u s t  a n d  W . E . V a u g h a n , J. 
Am. Chem. Soc., 7 3 ,  15 (1 9 5 1 ).

(9 ) F . F .  R u s t ,  F . H . S e u b o ld  an*J W . E . V a u g h a n , ibid.., 7 2 ,  3 3 8  
(1 9 5 0 ).

(1 0 ) J . G ru m e r , “ A b s t r a c t  o f  P a p e rs  F ifth  S y m p o s iu m  (I n te r n a 
t io n a l o n  C o m b u s t i o n ) ”  U n iv e rs ity  c f  P it t s b u r g h , 1954, p . 41.

oxide, formaldehyde, formic acid, carbon dioxide, 
water and hydrogen, while the products formed in 
the absence of oxygen are methane and ethane. 
Although Raley’s conditions differed somewhat 
from the conditions in the present work, there is a 
striking parallel between the products found. Ap
parently, in the presence of a high concentration of 
oxygen, the production of formic acid and carbon 
dioxide from methyl radicals predominates; but, as 
the oxygen concentration diminishes, oxygenated 
products containing less oxygen per molecule begin 
to form. Finally, when the oxygen concentration 
is low, methane forms. The mechanisms for the 
formation of these compounds are discussed by 
Raley.8

A possible mechanism for the formation of methyl 
radicals, as well as acetic acid and acetone, is of 
interest. It is considered that all of the products 
stem predominantly from the secondary butoxy 

O-
radical, CH3CHC2H5. This radical is assumed to 
form through the intermediate of an alkyl peroxy 
radical, as
CH3CH2CH2CH3 +  0 2 — >

CH3CHCH2CH3 +  H 02- (1) 
O-O-

CH3CHCH2CH3 +  0 2 — >- CH3CHCH2CH3 (2) 
O—O-

CH3CHCH2CH3 +  RH — >
O—OH

CH^HCH2CH3 +  R- (3)
0 —OH O-

CH3CHCH2CH3 — CH3CHCH2CH3 +  -OH (4)
The formation of the alkyl peroxy radical (equa
tions 1 and 2) is generally accepted as an initial step 
of the hydrocarbon oxidation chain reaction. The 
conversion of the peroxy radical to the butoxy radi
cal was demonstrated in the case of the i-butyl 
group by Seubold and his collaborators,11 though 
the mechanism for the conversion was not definitely 
established. The formation of the butoxy radical 
through an alkyl hydroperoxide (equations 3 and 4)

(1 1 ) F . H . S e u b o ld , F . F . R u s t  a n d  W .  E .  V a u g h a n , ibid., 73, 18 
(1 9 5 1 ).
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is probable in oxidation reactions. On the basis of 
the products determined, the butoxy radical is 
thought to decompose according to the equations 

o-
I /O

CH3CIIC2H5 — ^ CH3C<f +  C2II5- (5)
Y ll

O-
CH3CIICa:

xO
2II6 — > CII3- +  c 2ti6c /  

Yh
(6)

The other possible products of butoxy radical re
actions, i.e., methyl ethyl ketone, and secondary 
butyl alcohol, were not observed in this work. 
Aldehydes, in general, oxidize faster than hydrocar
bons; and, under the conditions prevailing in this 
oxidation, the aldehydes would be expected to react 
further, as

X)
R G f +  X ------> RCO- +  XH (7)

\H
(The X- group could be any one of a number of 
hydrogen acceptors.) In the case of propionaldé
hyde, decomposition to ethyl radicals and carbon 
monoxide would be expected as

C2H5CO------C2H6- +  CO (8)

The conversion of the propionyl radical to propionic 
acid through perpropionic acid intermediate may 
occur to a small extent; however sufficient pro
pionic acid was not present to allow detection by 
infrared spectroscopy. In the case of acetalde
hyde, both decomposition to methyl radicals and 
CO and the formation of acetic acid through a per- 
acid intermediate could occur.10

CH3CO------ >  CHr +  CO (9)
/O

CH3CO- +  0 2 — ^ CII3C<f (10)
YOO-

/ °  /O
CH3C<f +  R II— >  CH3C<f +  R- (11)

YOO- YOOII
x° ,0 /O

CH3C<f +  CH3C<f — > 2 CH,C<f (12)
Yqoh \ h Yoh

The ethyl radicals formed in the above steps 
(equations 5 and 8) would be expected to form 
ethoxy radicals (in a fashion analogous to the forma
tion of butoxy radicals, equations 1, 2, 3, 4) and, 
ultimately, reaction products of ethoxy radicals. 
Ethanol, methanol, acetic acid, formic acid and 
CO were found experimentally to be the products 
of ethoxy radical decomposition carried out at 
180° in the presence of oxygen by Bell and his co
workers.12 At the higher temperature of the pres
ent combustion reactions, the decomposition prod-

(1 2 ) E .  R .  B e ll, J . H . R a le y ,  F .  F . R u s t ,  F . H .  S e u b o ld  a n d  W . E . 
V a u g h a n , Disc. Faraday Soc., N o .  10, 2 4 2  (1 9 5 4 ).

ucts might be expected to increase at the expense 
of ethyl alcohol formation.

The formation of acetone can be postulated as 
occurring by the reaction of methyl and acetyl radi
cals

CHjCO +  CH, ■

0
CH3CCH3 (13)

As in the case of the formation of methane, the 
supply of oxygen must be very low before this re
action occurs, because methyl radicals preferen
tially react with oxygen.8

Other paths of degradation probably exist. The ¡3- 
dicarbonyl compound, found in oxidation experi
ments on n-butane in the ultraviolet work,1’2 un
doubtedly is produced in the infrared cell but not 
in sufficient amounts for detection. Using the 
proposed mechanism3 for the formation of the 13- 
diketone, an alternative method of formation of 
acetone can be advanced as follows, starting with 
the alkyl peroxy radical

o 4 o -h ; 0 —OH

c h ,c c h 2c h 2 — >- CH3CCH2CH2
i

(14)
1

H
I

H
0 —OH 0 —OH

,CCH2CH2 +  0 2 — c h 3c c h 2c ii2
I 1

(15)
I

II
1 1 

H-0— 0

O-i-OH 0

CCH2CH2 — >- CH CCH2CH2 +  -OH (16)

U R o V o  II—0 —0\----- s
o

i cc h 3c c ii2;

HO-j-

CII2
I0

O
CH3CCII2- +  CH20  +  -OH (17)

o  o
CH3( W 2- +  RH — CII3CCH3 +  R- (18)

The last step in this mechanism, as is the case in 
equation 13, would only be expected to occur at low 
oxygen concentrations.

It is evident from the products formed that the 
reactions occurring in the cool flame are not just 
accelerated continuations of the processes occurring 
prior to the cool flame; completely different types 
of processes occur coincident with the cool flame. 
Hydrocarbon products, typical of thermal cracking 
reactions, are produced in the cool flame; whereas 
none of these hydrocarbons, except possibly meth
ane, occurs before the cool flame. The reason for 
the change in the type of products is probably asso
ciated with the increased temperature and limited 
oxygen supply.
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T H E  C H E M IS O R P T IO N  O F  C A L C IU M  H Y D R O X I D E  B Y  S IL IC A

By Sidney A. Greenberg1
Johns-ManviUe Research Center, Manville, New Jersey 
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The chemisorption of calcium hydroxide from solution by silica was studied by measuring the immediate decrease in elec
trical conductance of calcium hydroxide solutions on the addition of silica. In this study the chemisorption properties of 
six varieties of silica were examined. The surface areas of the silicas ranged from less than one to 750 sq. m./g. Si02 and 
the water contents varied from almost zero (quartz) to 19.2%. The results indicate that the initial reaction of calcium 
hydroxide is with the surface SiOH groups on the silicas. This conclusion is substantiated by the data which show that 
the amount of calcium hydroxide removed from solution is proportional to the surface area and to the chemically-combined 
water in the silica.

The sorption of calcium hydroxide in solution by 
silica has been studied many times.2 However, the 
nature of the process was described first as chemi
sorption by Maffei and liis co-workers.3 In many 
of the earlier studies the times allowed for equilib
rium to be established were quite long and no al
lowance was made for the chemical reaction which 
can take place at room temperature between the 
matrix of the silica particle and the calcium hydrox
ide.4 In the present study only the sorption occur
ring immediately on the mixing of the calcium hy
droxide and silica was measured.

It is now generally agreed5 ~9 that the surfaces of 
silica gels and quartz are covered with acidic SiOH 
groups which dissociate in this way

I
—Si—OH

I
I

-Si—O- +  H-*
I

0 )

In addition, a small amount of monomeric silicic 
acid and its ions and colloidal silica are found in 
solution.10-12 The interactions of the polysilicic acid 
surfaces with bases and neutral salts have been ex
amined extensively.13 According to recent theory 
the reaction of calcium hydroxide and the SiOH sur
face would be expected to be that of a weak acid 
(.Ki =  10-9-8) 14 and a strong base

2 —SiOH +  Ca(OH)2 ’
I

. (—SiO)2Ca +  2H20  (2)
I

Although calcium silicates are relatively insolu
ble,13'15 a certain amount of hydrolysis (reverse re
action of eq. 2) will take place in two steps

(1 ) L a b o r a t o r y  fo r  P h y s ic a l  a n d  I n o r g a n ic  C h e m is try , L e id e n  U n i
v e rs ity , H o lla n d .

(2 ) F o r  re v ie w  see  H . H . S te in o u r , Chem. Revs., 4 0 , 391 (1 9 4 7 ).
(3 ) (a )  A . M a ffe i  a n d  A . B a t t a g lia ,  Ann. Chem. Applicata, 2 5 ,

3 09  (1 9 3 5 ) ;  (b )  A . M a ffe i ,  Gazz. chim. ital., 6 6 , 197  (1 9 3 6 ).
(4 ) H . F . W . T a y J o r , J. Chem. Soc., 3 6 8 2  (1 9 5 0 ) ;  L . H e lle r  a n d  

H . F .  W . T a y lo r ,  ibid., 2 39 7  (1 9 5 1 ).
(5 ) M .  W . T a m e le  in  “ C h e m ic a l A r c h ite c t u r e ,  F ro n t ie rs  o f  C h e m is 

t r y , ”  V o l . V ,  In te r s c ie n c e  P u b l .  I n c . ,  N e w  Y o r k ,  N . Y . ,  194 8 .
(6 ) I . S h a p iro  a n d  H . G . W e is s ,  T h is  J o u r n a l , 5 7 , 219  (1 9 5 3 ).
(7 ) W . A . W e y l,  Research, 3 , 2 3 0  (1 9 5 0 ) ;  J. Am. Cer. Soc., 3 2 , 3 67  

(1 9 4 9 ).
(8 ) P . L . d e B r u y n , Mining Eng., 7 , 291 (1 9 5 5 ).
(9 ) F o r  a n  e x ce lle n t  d is c u s s io n  se e  R .  K . H er, “ T h e  C o l lo id  C h e m is 

t r y  o f  S ilica  a n d  S il ic a te s ,”  C o r n e ll U n iv .  P re ss , I t h a c a ,  N . Y . ,  1955 .
(1 0 ) G . B . A le x a n d e r , W . M .  H e s t o n  a n d  R .  K . l ie r ,  T h is  J o u r n a l , 

5 8 , 4 53  (1 9 5 4 ).
(1 1 ) F . G . S tra u b , U n iv .  111. B u l l . ,  4 3 , N o . 5 9 , E n g . E x p . S ta t io n , 

B u l le t in  S eries N o .  3 6 4 , 1946 .
(1 2 ) G . C . K e n n e d y , Econ. Geol., 4 5 , 6 29  (1 9 5 0 ).
(1 3 ) F o r  re v ie w  se e  J . N . M u k h e r je e  a n d  B . C h a t t e r je e ,  Nature, 155 , 

85 (1 9 4 5 ).
(1 4 ) P . S. R o l le r  a n d  G . E r w in , J. Am. Chem. Soc., 62 , 461  (1 9 4 0 ).
(1 5 ) I .  M .  K o l t h o f f  a n d  V . A . S te n g e r , T h is  J o u r n a l , 3 8 , 4 75  

(1 9 3 4 ).

(—SiO)2Ca : : 2—SiO- +  Ca++ (3)

I
2—SiO- +  2II20  :

I
. 2—SiOII +  2 0H - (4)

The hydrolysis of surface SiO-  would proceed be
cause of the low ionization constant of silicic acid. 
Also when silica is allowed to react with neutral 
salts a decrease in pH results, which is explained13 
by this reaction

—SiOH +  MX — SiOM +  H+ +  X -  (5)
I _ I

salt insoluble
In the present study the interaction of silica sur

faces with calcium hydroxide and nitrate solutions 
was studied by measuring the decrease in conduct
ance or pH of solutions of calcium hydroxide or ni
trate on the addition of silica. Five varieties of 
amorphous silica and a-quartz were examined. Ad
sorption isotherms at 30 and 82° were obtained on 
silicas with surface areas varying from less than one 
to 750 sq.m./g. Si02 and water contents ranging 
from almost zero (quartz) to 19.2%. In addition, 
a comparison was made between the interactions of 
silica with sodium and with calcium hydroxide in 
solution.

Experimental
Equipment.—The pH determinations were made with a 

Beckman model H-2 meter. A constant temperature bath 
(±0 .03°) regulated by a Thermocap relay (Niagara Electron 
Laboratories, Andover, N. Y .) was used for all experiments 
carried out at 30° and above. Electrical conductivity meas
urements were taken with an Industrial Instruments RC1B 
bridge and dip conductivity cells with constants of approxi
mately one cm.-1. Calcium hydroxide solutions were 
passed through Millipore HA filters (Millipore Filter Co., 
Watertown, Mass.) to clarify them. The dehydration 
curves of the silicas were obtained with a Chevenard thermo
balance16'17 at a constant heating rate of 8°/min. In a pre
vious paper17 the nitrogen adsorption measurements by the 
B.E.T. method wrere described.

Materials.—Mallinckrodt standard luminescent (S.L.), 
special bulky (Sp.B.), and aerogel (Santocel A) silicas were 
examined. (An excellent review of the properties of silica 
is given by Her in a recent book.9) The du Pont Ludox 
(30% Si02) was diluted to 15% and small portions of this 
concentration wrere used in the sorption studies. A calcu
lation of the amount of sulfate and hydroxyl ions present in 
the 60 ml. of calcium hydroxide solutions used, on the addi
tion of small amounts of 15% Ludox sols, indicated a neg
ligible concentration of these ions. Eimer and Amend Ca- 
(N 03)2-4H20  of tested purity was used. Well character
ized mineral samples of a-quartz and opaline silica were

(16) C . D u v a l ,  “ I n o r g a n ic  T h e r m o g r a v im e t r ic  A n a ly s is ,”  E ls e v ie r  
P u b l .  C o . ,  N e w  Y o r k ,  N . Y . ,  1953.

(17) S . A .  G re e n b e rg , T his J o u r n a l , 58, 362 (1954),
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available for this study. The ignited opaline silica contained 
95% Si02 and 5% impurities. Baker A.R. calcium hy
droxide was found to be superior for the preparation of the 
solutions. Saturated solutions were made by shaking cal
cium hydroxide with distilled water at 26° and passing the 
solutions through a Millipore filter. Non-turbid solutions 
were prepared by this procedure. The concentration of the 
solutions was found to be 1.12 g. CaO/1. at 26° which com
pares very well with previously reported values.18-20 The 
concentrations at 30 and 82° are 1.11 g. and 0.65 g. CaO/1., 
respectively, according to these authors, and solutions of 
such concentrations were made from the 1.12 g. CaO/1. 
solution.

Experimental Procedures and Theory.—The procedure 
used to determine the amount of calcium hydroxide in solu
tion was employed previously by Cummins and Miller,21 
Beitlich,22 and Budnikov23 for similar purposes. In this 
procedure the changes in concentration of electrolytes in 
solution are determined by conductivity measurements.

It was first established in this study that the conductivi
ties L of the calcium hydroxide solutions were directly pro- 18 19 20 21 22 23

Fig. 1.—Sorption isotherms (30°) of calcium hydroxide 
by S.L., Sp.B. and Ludox silicas. The curves fit the 
Langmuir adsorption isotherm equation.

Fig. 2.—Sorption isotherms (82°) of calcium hydroxide 
by S.L., Sp.B. and Ludox silicas. The curves fit the 
Langmuir adsorption isotherm equation.

(1 8 ) F . M .  L e a  a n d  G . E .  B e s s e y , J. Chem. Soc., 1612  (1 9 3 7 ).
(1 9 ) H . B a s s e t t ,  ibid., P t .  I I ,  127 0  (1 9 3 4 ).
(2 0 ) R .  B .  P e p p ie r  a n d  L . S . W e l ls ,  J. Research Natl. Bur. Standards, 

5 2 , 75 (1 9 5 4 ).
(2 1 ) A . B . C u m m in s  a n d  L . B . M ille r , Ind. Eng. Chem., 2 6 , 688  

(1 9 3 4 ).
(2 2 ) A .  E .  B e it l ic h ,  J. Am. Chem. Soc., 6 0 , 183 2  (1 9 3 8 ).
(2 3 ) P .  P .  B u d n ik o v  a n d  M .  I . K h ig e r o v ic h ,  Doklady Akad. Nauk, 

S.S.S.R., 9 6 , 141 (1 9 5 4 ).

portional to the concentrations C at 30 and 82°. In addi
tion, a plot was made of equivalent conductance versus the 
square root of concentration according to the Onsager 
equation24

A = A0 -  l:VC (6)
where C is the concentration in equivalents/1. The equiva
lent conductance at infinite dilution A0 was obtained from 
this plot. The value found was 259 ohms- '- (25°) as com
pared to the 246 ohms-1 (25°) reported by Lea and Bessey.18 
These authors point out that the value for a0 derived from 
ionic mobility data at 25° is 256 ohms-1.

Because of the linear relationship of specific conductance 
and concentration, it is possible to measure changes in con
centration by resistance measurements. In this study, 
silica was added to calcium hydroxide solutions of known 
initial concentration Cm. By measuring the initial and 
final conductances Lm and Lt, respectively, Ct was found 
from the relationship

Lin _ (on
Lt ~  Ct K ’

With a knowledge of Cm and Ct, the amount of CaO sorbed 
in grams x  by m grams of Si02 was calculated.

Two types of isotherms were obtained. In one case 
silica samples containing 0.075 g. of Si02 were added to 60 
ml. of solutions of calcium hydroxide ranging from satu
rated at 30° (1.11 g. CaO/1.) and at 82° (0.35 g. CaO/1.) to 
very dilute solutions. The quantities x  and m were calcu
lated and x/m values were plotted as a function of the con
centration of calcium hydroxide remaining in solution at 
equilibrium as is shown in Figs. 1 and 2. In the second kind 
of isotherm, samples of silica containing Si02 in the quanti
ties shown in Fig. 3 were added to 60 ml. of saturated cal
cium hydroxide solutions at 30 and 82°. It was found that 
equilibrium was reached in the reaction between surface 
SiOH groups and calcium hydroxide in 15 seconds, except 
in the case of S.L. silica at 30° where one minute was al
lowed for equilibrium to be established. The x/m values 
of silica aerogel, opaline silica and «-quartz were measured 
in a similar manner.

Fig. 3.—Dependence of x/m values on amount of S.L., 
Sp.B. and Ludox silicas added to equal concentrations of 
calcium hydroxide solutions.

To compare the removal by silica of calcium ions from 
hydroxyl and nitrate solutions, pH measurements were 
made before and after the addition of silica. The reagents 
used at 30° were 60 ml. of calcium hydroxide and of nitrate 
solutions to which were added 0.08 g. of Sp.B. silica. In 
the 32° experiments 60-ml. solutions and 0.10-g. samples of 
silica were used. The concentrations of die solutions are 
given in Figs. 7 and 8.

Results
Sorption Isotherms.— Figures 1 and 2 show the 

ratios of the grams of calcium oxide sorbed x per m 
grams of Si02 plotted as a function of the equilib-

(2 4 ) F o r  d is c u s s io n  se e  S. G la ss to n e , “ T e x t b o o k  o f  P h y s ic a l  C h e m is 
t r y , ’ ’ D . V a n  N o s tr a n d  C o .,  I n c . ,  N e w  Y o r k ,  N . Y . ,  1946 .
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T a b l e  I
x/m Values and Subface Areas of Silicas

S ilica
SjOs, (x/i7l)m »x (x/m)m

S u r fa ce  area , 
s q .  m . / g .  SiOa

S u r fa c e  area , 
s q .  m . / g .  SÌO 2

% 30“ 30° (n it r o g e n  a d s .) (x/m  v a lu e s )
S.L. 8 0 . 8 0 . 2 0 0 . 2 0 7 5 0 6 6 0
Sp. B. 8 4 . 8 . 1 3 .11 3 8 3 4 1 0
Aerogel 9 3 . 5 . 0 9 5 2 4 7 2 1 5
Ludox 9 4 . 0 . 0 8 0 . 0 6 0 147 (dried) 2 2 5
Opaline 8 7 . 8 . 0 1 5 2 3 4 6
Quartz 9 9 . 7 . 0 0 4 < 1 0

rium concentrations of calcium hydroxide for 
S.L., Sp.B. and Ludox silicas at 30 and 82°. The 
curves fit the Langmuir isotherm equation.24 It 
may be noted that the x/m values increase with con
centration toward a maximum at both tempera
tures. The higher x/m values obtained at 82° 
may be attributed to the small amount of chemical 
reaction with the matrix silica which begins almost 
immediately at the higher temperature.

The reduction in x/m values with decreased con
centration of calcium hydroxide as shown in Figs. 
1 and 2 may be attributed to the increased dissocia

tion of the (~SiO)2Ca groups and the increase in 
!
I

hydrolysis of -SiO -  ions at the lower concentrations

of calcium and hydroxyl ions (eq. 3 and 4).
It may be seen in Fig. 3 that the x/m values at 30 

and 82° of S.L., Sp.B. and Ludox silicas do not 
change markedly with an increase in Si02 additions. 
A small decrease may, however, be noted for the 
larger additions of silica. Higher values were ob
tained at 82° than those observed at 30° for the rea
son given previously.

In Table I are listed the maximum x/m values at 
30° shown in Fig. 3. These values were considered 
maximum because the highest equilibrium concen
trations of calcium hydroxide were obtained in these 
experiments by reducing the amount of silica added 
to the saturated calcium hydroxide solutions. In 
the experiments performed with equal Si02 addi
tions (Figs. 1 and 2), a fairly large amount of Si02 
(0.075 g.) was added in order to obtain a reason
able change in conductance on the addition of sil
ica. Therefore, by using the saturated solutions 
and decreasing the amounts of silica added as shown 
in Fig. 3, it was possible to extrapolate back to al
most saturation concentrations.

The maximum x/m values for aerogel, opaline 
and quartz silicas are listed in Table I . The (x/m) max 
value for quartz is approximate because of the 
small changes in the resistances of the calcium hy
droxide solutions on the addition of quartz.

At the suggestion of Dr. Stephen Brunauer the 
maximum x/m values ((x/m) m) were also calculated 
from the equation26

_______! _  , C .
x/m (x/m)mb (x/m)m

where (a;/m)m is the maximum x/m value, C is the 
equilibrium concentration of calcium hydroxide, b 
is a constant, and x is the grams of CaO adsorbed

(2 5 ) S . B ru n a u e r , “ T h e  A d s o r p t io n  o f  G a ses  a n d  V a p o r s , "  P r in c e 
t o n  U n iv e r s ity  P re ss , P r in c e to n , N . J .,  194 5 , p . 7 1 .

by m grams of Si02. It may be noted that the ab
solute magnitudes of the values of (x/m)m&x and 
(x/rn)m (Table I) are not very different.

Surface Areas.—The correlation between the 
nitrogen adsorption surface areas28 and maxi
mum x/m values of the six varieties of silica may 
be seen in Fig. 4 and Table I. Ludox with an 
(z/m )max value of 0.08 should show according to 
the curve a surface area of 260 sq. m./g. Si02, 
which is somewhat higher than the values found by 
Alexander and Iler26 on silica in suspension with un
reported Si02 contents. However, a nitrogen ad
sorption area of 147 sq.m./g. Si02 was found for the 
precipitated and vacuum dried Ludox sample. 
The same value was obtained on samples of Ludox 
dried under different conditions. Either during 
the drying process unavailable pores are formed or 
the small amount of hydroxyl and sulfate ion im
purities in the Ludox may account for the discrep
ancy.

200 400 600 800
Surface area, sq. m./g. SiOi.

Fig. 4.—The relationship of (x/m)mai values and the 
nitrogen adsorption surface areas of: 1, S.L.; 2 ,  Sp.B.; 3 ,  
aerogel; 4, Ludox; 5, opaline silica; 6, quartz.

Since calcium hydroxide is dihydroxic, each 
molecule will react with two hydroxyl groups. The 
two hydroxyls may be on the same or different 
silicon atoms

>̂Si
H

OH

I

+  Ca(OH)2

—SiOH

+  Ca(OH)2

—¿OH
!

/>Si<\0/>Ca +  2H2°

~Six
I

>Ca +  2H20

-Si-

(9)

(10)

(2 6 ) G . B . A le x a n d e r  a n d  R .  K .  l i e r ,  T h is  J o u r n a l , 57, 9 3 2  (1 9 5 3 ) .
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T a b l e  I I

W a t e r  C o n t e n t s  o p  S i l i c a s

T o t a l ,
“ F r e e ”
(1 1 5 ” ) ,

“ B o u n d ”
0 1 1 5 » ) ,

T y p e % % %
S .L . 19.2 11.9 7.3
S p .B . 15.2 9 . 2 6.0
Aerogel 5.0 2.0 3.0
Ludox 6.8 4.5 2.3
Opaline 6.5 3 . 2 3.3
Quartz 0.1 0.03 0.07

Her9 predicts the first arrangement of hydroxyls if 
the surface of amorphous silica is like that of /f-cris- 
tobalite and the second if it resembles that of ¡3- 
tridymite. It seems reasonable to assume that all 
the hydroxyl groups can be made to react with cal
cium hydroxide if the concentration of the latter is 
sufficiently high and the silica surface is available 
to the ions. Therefore, assuming that each mole
cule of calcium hydroxide reacts with two hydroxyl 
groups, eight of which occupy one sq. m,u (calculated 
by Iler from the arrangement on the surface of /3- 
cristobalite) then the surface area in sq.m./g. Si02 
can be calculated and the values are listed in the 
last column of Table I. These values, it may be 
seen, are reasonably close to those obtained by 
nitrogen adsorption except in the case of Ludox.

Water Contents.—The nature of the water in the 
silica samples was examined by direct ignition, 
thermobalance and sorption techniques. In this 
study it is assumed that the total water in hydrated 
silica consists of “ free,”  physically sorbed water 
and of “ bound,”  chemically-combined water. The 
results are summarized in Table II.

1. The total water in the samples was deter
mined by direct ignition at temperatures higher 
than 1000° and the results are given in column 1 of 
Table II. Similarly the “ free” 27 water content was 
determined by measuring the weight loss on sam
ples at 115°. Columns 2 and 3 list the “ free” 
water and “ bound”  (total minus free) water for the 
samples. In Fig. 5 the relationship of the “  bound” 
water contents and the (x/m)ma,x values is shown 
graphically.

Bound water/100 g. SiCh.
Fig. 5.—The relationship of (x/m)ma* values and “ bound 

water” (>115°) contents of: 1, S.L.; 2, Sp.B.; 3, aerogel; 
4, Ludox; 5, opaline silica; 6, quartz silica.

2. Dehydration curves were made with a Chev- 
enard thermobalance and three may be seen in Fig.
6. From these curves it was possible to calculate

(27) I. ShaDiro and I. M. Kolthoff, J . A m . C h em . S o c . ,  72, 776
(1950).

“ B o u n d ”
“ B o u n d ”
0 1 1 5 ° ) /

“ B o u n d ”
( T . B . ) /  H20 (x/m)/

( T .B . ) , ion g . 100 g. 100 g.
% S102 Si02 SiOî

6.6 9.0 8.3 7.9
5.5 7.1 6.6 4.9

3.2 2.6
2.1 2.5 2.2 2.7
3.1 3.8 3.6 0.55

0.07 0.71

the total water content of the samples. In addi-
tion the assumption was made that a sample heated 
under these conditions (8°/min.) begins to show 
the loss of “ bound”  water at the sharp change in 
the slope at approximately 225°. The weight loss 
above 225° of each silica was calculated and 
the results are listed in the column labeled “ bound”  
(T.B.).

Fig. 6.—Dehydration curves of S.L., Sp.B. and Ludox 
silicas.

In the following two columns the “ bound”  water 
contents are converted to the amounts per 100 
g. Si02. It may be noted that the values for 
“ bound”  water found by the ignition and thermo
balance techniques are approximately the same.

3. In the last method for estimating the water 
contents, the (x/iri)m&x values were used. Equa
tions 8 and 9 show that the reaction of one molecule 
of calcium hydroxide with two hydroxyl groups 
corresponds to the liberation of one molecule of 
water. Hence, if the (x/m)max values correspond 
to a completely reacted SiOH surface then the 
amount of “ bound”  water in SiOH groups can be 
calculated. In the last column of Table I the 
results are listed.

It may be noted that the water contents (last 
three columns of Table II) found by the three 
methods show differences, but are of the same order 
of magnitude. An exception may be observed in 
the difference between the water content of opaline 
silica obtained from the (x/m)max value and the war 
ter content determined by weight loss measure
ments. In general, the “ bound”  water contents 
measured by ignition methods are higher than those 
calculated from sorption experiments. These higher 
values may be attributable to the difficulty in re
moving strongly-sorbed water at 115°. Therefore, 
the “ bound”  water determined by ignition meth-
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ods may include a certain amount of sorbed water 
in addition to the water in SiOH groups.

Interaction of Silica with Calcium Nitrate.— The
reaction would be expected to proceed according 
to this equation

I  ̂ I
2—SiOH +  Ca(NO,)j (—SiO)2Ca +  2HNO, (11)

Because both the reactants and products contrib
ute to the conductance of solutions, the amount of 
reaction was determined by pH measurements. It 
may readily be seen in Figs. 7 and 8 that the de
creases in pH on addition of Sp.B. silica to calcium 
hydroxide solutions were small and may be attrib
uted to the decrease in hydroxyl ion concentration. 
Equation 11 serves to explain the larger drop in pH 
found in the calcium nitrate solutions. It should 
be pointed out that the change in concentration of 
the saturated solution of calcium hydroxide at 30° 
on the addition of silica is from 0.020 to 0.016 mole/
1. according to the conductivity measurements and 
corresponds to a hydrogen ion change of 7.2 X 10“ 3 
equivalent/1. However, the pH change on addi
tion of silica to the calcium nitrate solution corre
sponds to a change of hydrogen ion concentration of 
only 3.7 X 10-6 equivalent/1. This could be ex
pected because of the larger degree of hydrolysis of 

I
(_SiO)2Ca at the lower pH in the calcium nitrate

I
solution than at the pH of 12.5 found in the satu
rated calcium hydroxide solutions.

Fig. 7.—The pH of solutions (30°) of calcium hydroxide 
and nitrate before (1) and after (2) the addition of 
0.08-g. samples of Sp.B. silica.

Sorption of Sodium Hydroxide.—A comparison 
was made of the milliequivalents of sodium hy
droxide and calcium hydroxide sorbed by S.L., 
Sp.B. and Ludox silicas at room temperature. To 
60 ml. of 0.04 N  solutions, 0.075 g. of Ludox silica, 
and 0.10-g. samples of S.L. and Sp.B. silicas were 
added. In Table III the amount of each species

sorbed is listed. It may be seen that the magni
tude of the sorption of both ions is quite different.

T a b l e  III
C h e m i s o r p t i o n  o f  S o d i u m  a n d  C a l c i u m  H y d r o x i d e s

S ilica N a (O I I )  m e q . C a fO H ) ,  m e q .
ty p e s o r b e d /g .  SiO? s o r b e d /g .  S i 0 2

S.L. 0.0048 0.0074
Sp.B. .0033 .0053
Ludox .00053 .0018

More calcium ions than sodium ions are removed 
from solution. This is consistent with the results 
of Mukherjee and Chatterjee13 who found that the 
hydroxyl ion concentrations of solutions of calcium 
hydroxide containing silica sol were lower than those 
with equivalent concentrations of sodium hydroxide. 
This may, perhaps, be attributed to the greater
, I I
degree of dissociation of (-SiO)Na than (-SiO)2Ca

I !
groups. The order in which the silicas remove so
dium ions is the same as for the removal of calcium 
ions.

INITIAL CONCENTRATION, MOLES/L.
Fig. 8.—The pH of solutions (82°) of calcium hydroxide 

and of nitrate before (1) and after (2) the addition of 0.10-g. 
samples of Sp.B. silica.

Discussion
On the basis of the results, several conclusions can 

be drawn concerning the initial interaction between 
calcium ions and silica, and the nature of silica.

1. The results confirm the hypothesis that chem
isorption of calcium ions by acidic SiOH groups is 
the initial step in the reaction of these two sub
stances. The correlation between the amount of 
sorption and the surface areas and the “ bound” 
water contents is strong evidence. In addition, 
the presence of limiting x/m values shows that 
only a monolayer forms.

2. The presence of SiOH groups on the surface 
and in the pores of the amorphous silicas provides 
evidence that silica is a condensation polymer of 
silicic acid.

3. The effect of pH on the hydrolysis of the SiO- 
Ca bond is clearly indicated by the results of this 
study. Additional evidence also is offered that
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the hydrogen ion in SiOH groups can be replaced by 
calcium ions in solutions of pH greater than five and 
less than thirteen (Fig. 7).

4. The similarity between the surface areas de
termined by nitrogen adsorption and those found 
by sorption measurements assuming a /3-cristobal- 
ite structure indicates that the local order of amor
phous silicas is that of /3-cristobalite. The lack of 
correlation between the surface areas of dried Ludox 
(measured by nitrogen adsorption) and the sol (de
termined by the sorption method) may be due to 
the change in orientation of the silica structure on 
dehydration.

Additional study is necessary to establish the 
cause of the difference between the “ bound” water 
content of opaline silica found in the sorption experi
ment and the content measured by the ignition 
methods (Table II).

It might be suggested as an alternate mechanism 
that the calcium hydroxide in solution reacts with 
soluble monomeric Si(OH)4 (silicic acid), which 
goes into solution at a rate proportional to the sur

face areas and water contents. Two pieces of evi
dence refute this mechanism. First, the similarity 
of (x/m)max values at 30 and 82° is inconsistent with 
the difference in the solubility of silica at the two 
temperatures. Second, it frequently has been re
ported that silicic acid goes into solution slowly.10’12 
Alexander, et al. , 10 found that it was necessary to 
wait 20 days to reach the equilibrium concentration 
at room temperature.
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CONDUCTANCES OF SOME ELECTROLYTES IN 1-PROPANOL AT 2501
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Conductances of sodium and potassium iodides and thiocyanates and of tetraethylammonium and tetra-n-propylam- 
monium bromides and iodides in 1-propanol have been determined at 25° for concentrations in the range 8-300 X 10-6 N. 
Limiting equivalent conductances and dissociation constants have been determined by the Shedlovsky extrapolation method. 
The results indicate that limiting ionic conductances are additive in 1-propanol.

Introduction
Although many studies2 have been made con

cerning the properties of solutions of electrolytes in 
methanol and in ethanol, very few data have been 
reported regarding the behavior of electrolytes in
1-propanol. Hovorka and Simms3 have reported 
the most systematic previous study regarding 1- 
propanol solutions; however, their results indicate 
that the Kohlrausch law of independent ion migra
tion does not apply to electrolytic solutions in this 
solvent. Inasmuch as this law has been found to 
be applicable to solutions of electrolytes in metha
nol, ethanol and most other solvents, their results 
appear questionable. The purpose of this study, 
therefore, has been to re-examine the additivity of 
ionic mobilities in 1-propanol.

Experimental
1. Purification of Solvent.— 1-Propanol (Eastman Kodak 

Co. White Label) was fractionated at atmospheric pressure 
through a 120-cm. vacuum-jacketed column packed with 
glass helices. Traces of water were removed as a mini
mum-boiling ternary azeotrope using benzene as the third 
component. The retained middle fractions had conductiv
ities of 2 X 10_s ohm-1 cm.-1 or less.

(1 ) B a se d  in  p a r t  u p o n  a  r e p o r t  s u b m it t e d  b y  T h o m a s  A . G o v e r  
in  a n  u n d e rg ra d u a te  in d e p e n d e n t  w o rk  co u r se  in  c h e m is t r y .

(2 ) D .  A .  M a c ln n e s ,  “ T h e  P r in c ip le s  o f  E le c t r o c h e m is t r y ,”  R e in 
h o ld  P u b l .  C o r p . ,  N e w  Y o r k ,  N . Y . ,  p .  3 5 6 .

(3 ) F .  H o v o r k a  a n d  J . C . S im m s , J. Am . Chem. Soc.. 59, 92  (1 9 3 7 ).

2. Salts.—The salts were purified as described pre
viously4 5-6 and were dried to constant weight in a vacuum 
oven at 70° prior to using.

3. Apparatus and Procedure.—Resistances of the solu
tions were measured at 500, 1000 and 2000 cycles with an 
assembly consisting of the following parLs having the 
designated numbers according to the Leeds and Northrup 
Catalog EN-95: Jones conductivity bridge (4666), tuned 
audio frequency amplifier (9847), audio frequency oscil
lator (9842) and telephone receiver (9874).

The conductance cells, the constant temperature bath 
and the experimental procedure have been described ade
quately in previous papers.6-6

In converting concentrations from a weight to a volume 
basis, it was assumed that the densities of the solutions 
were equal to that of the solvent. All weights were cor
rected to vacuum. The conductivity of a salt was ob
tained by subtracting the conductivity of the solvent from 
that of the solution.

The following data for 1-propanol at 25° were deter
mined by using several samples of the solvent: density,
0.8008 g./ml.; viscosity, 0.0193 poise; dielectric constant, 
20.4. The values for the density compare favorably with 
those which have been reported by Dunstan and Thole.6 
The value for the dielectric constant agrees with the data 
reported by Maryott and Smith ,7 The values of the funda
mental constants which were used in the calculation of the 
Onsager constants were taken from the latest report of the 
Subcommittee on Fundamental Constants.8

(4 ) D .  P . A m e s  a n d  P . G . S ears, T h is  J o u r n a l , 59, 16 (1 9 5 5 ).
(5 ) P . G . S ea rs , E .  D . W ilh o it  a n d  L . R . D a w s o n , ibid., 5 9 , 3 73  (1 9 5 5 ).
(6 ) A . E . D u s t a n  a n d  F . B . T h o le ,  J. Chem. Soc., 9 5 , 155 6  (1 9 0 9 ).
(7 ) A .  A . M a r y o t t  a n d  E .  R .  S m ith , N B S  C ir cu la r  5 14 , A u g u s t  10, 

1951.
(8 ) F .  D .  R o s s in i , F . T .  G u ck e r , J r .,  H .  L .  J o h n s t o n , L .  P a u lin g  

a n d  G . W . V in a l, J. Am. Chem. Soc., 74, 2 6 9 9  (1 9 5 2 ).
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Results
Corresponding values of the equivalent conduct

ance, A, and of the molar concentration, C, are 
given in Table I. Confirmatory data for another 
series of solutions for each salt have been omitted 
for conciseness. However, the data for the two 
series of solutions in each case agreed within the 
estimated error of 0.2%.

T a b l e  I
E q u iv a l e n t  C ond uc t a n c e s  o f  Some  Salt s  i n  1-Pr o p a n o l  

a t  25°
c X  104 A c X  104 A

(a) Sodium thiocyanate
(e) Tetraethylammonium 

bromide
1.333 22.83 0.6134 25.69
3.200 21.81 1.243 24.88
6.254 20.68 2.482 23.69

11.04 19.37 4.036 22.59
18.13 18.12 6.313 21.33
26.48 17.01 8.907 20.22

13.86 18.70

b) Potassium thiocyanate
(f) Tetraethylammonium 

iodide
1.109 24.47 0.7544 26.71
2.534 23.34 1.405 25.82
5.726 21.68 2 522 24.61
8.524 20.64 3.923 23.44

11.64 19.75 6.789 21.70
15.95 18.74 10.91 19.99

(c) Sodium iodide
(g) Tetra-n-propyl- 
ammonium bromide

0.8605 22.78 0.6610 23.23
1.666 22.20 1.509 22.27
3.716 21.28 3.189 21.14
7.550 20.01 5.737 19.86

12.55 18.96 9.763 18.41
19.33 17.84 14.95 17.11

(d) Potassium iodide
(h) Tetra-n-propyl- 
ammonium iodide

0.5946 24.60 0.6031 24.45
1.334 23.82 1.513 23.36
2.403 23.04 3.216 21.86
4.199 21.97 5.653 20.44
7.292 20.61 9.541 18.79

11.60 19.31 15.13 17.19

Discussion
Figure 1 shows Kohlrausch plots for the potas

sium and sodium thiocyanates and iodides in 1-pro
panol. The plots for the potassium salts are ap
proximately parallel and have limiting slopes which 
are slightly more than 100% greater than the cal
culated Onsager slopes. In like manner, the plots 
for the sodium salt exhibit parallelism and have 
slopes which are about 60% numerically greater 
than the corresponding Onsager slopes. Owing to 
their nature, one would expect the plots for the po
tassium and sodium salts with a common anion to 
intersect at about 0.0025 N. Since the slopes of the 
Kohlrausch plots for the quaternary ammonium 
bromides and iodides were found also to be consid
erably greater than those calculated by the Onsager 
equation, values of the limiting equivalent con
ductance, A0, and the dissociation constant, K, for

Fig. 1.—Kohlrausch plots for potassium and sodium iodides 
and thiocyanates in 1-propanol at 25°.

each salt were calculated by the Fuoss-Shedlovsky 
method.9 Figure 2 shows linear plots of SA versus 
c /2S2A2 for the quaternary ammonium salts in 1- 
propanol. Plots for the potassium sodium salts are 
very similar. Table II contains the values of A0 
and K  which were obtained for each salt by this 
method.

The results indicate that dissociation occurs to a 
greater extent for sodium than for corresponding 
potassium salts and for bromides than for corre
sponding iodides. This may be explained on the 
basis that the greater charge densities of the sodium 
and the bromide ions probably enhance solvation 
effects. If the sodium and the bromide ions are 
more solvated than the potassium and the iodide 
ions, respectively, in 1-propanol, the Bjerrum “ a”  
parameter (or distance of closest approach) should 
be greater for the salts containing the sodium and 
the bromide ions. Inasmuch as the energy re
quired for dissociation varies inversely with the “ a” 
parameter, the salts characterized by the larger “ a”  
values should be more dissociated. Supporting 
experimental verification of this appears in the data 
showing that the tetra-n-propylammonium salts 
are more dissociated than the corresponding tetra- 
ethylammonium salts.

T a b l e  II
L i m i t i n g  E q u i v a l e n t  C o n d u c t a n c e s  a n d  D i s s o c i a t i o n  

C o n s t a n t s  f o r  S o m e  S a l t s  i n  1 - P r o p a n o l  a t  2 5 °
S a lt Ao K  X  10 ! S a lt Ao K  X  103

KI 2 5 .75 3 .0 Et4NI 2 8 .55 1 .7
Nal 2 3 .92 5 .3 EtsNBr 2 7 .10 2 .0
KSCN 26 .12 3 .1 Pr4NI 2 5 .88 2 .0
NaSCN 2 4 .40 4 .1 Pr„NBr 2 4 .50 2 .6

The difference between the conductances of 
corresponding potassium and sodium salts was 
found to be 1.83 ±  0.10 and 1.72 ±  0.10 ohm-1 
cm.2 equiv.-1, respectively, for the iodides and the 
thiocyanates. The difference between the con
ductances of corresponding iodides and bromides 
was found to be 1.45 ±  0.11 and 1.38 ±  0.10 ohm-1 
cm.2 equiv."1, respectively, for the tetraethylam- 
monium and tetra-n-propylammonium salts. The

(9 ) R .  M .  F u o s s a n d T .  S h e d lo v s k y , J. Am. Chem.Soc.,71,1 49 6 (19 4 9 )*
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Fig. 2.—Shedlovsky plots for some quaternary ammonium 
salts in 1-propanol at 25°.

uncertainties designated for the differences are 
based upon the estimation that the combined ex
perimental and extrapolation errors do not exceed 
0.2%. The above corresponding differences show 
good agreement within the limits of the estimated 
error and provide convincing evidence that the 
Kohlrausch law of independent ion migration ap
plies to solutions of salts in 1-propanol.

For a comparison with previous studies, Hovorka 
and Simms4 have reported values of 25.42 and 24.12 
ohm-1 cm.2 equiv.-1 for limiting equivalent con
ductances of potassium and sodium iodides respec
tively in 1-propanol at 25 °. These values are 1.2% 
less for potassium iodide and 0.8% greater for so
dium iodide than the corresponding values listed

in Table II. The difference between the limiting 
equivalent conductances of corresponding potas
sium and sodium salts which can be determined 
from their data is 1.30 and 5.36 ohm-1 cm.2 
equiv.-1, respectively, for the iodides and bromides. 
Their data also indicate that the difference between 
the limiting equivalent conductances of the corre
sponding iodides and bromides is 2.23 and 5.63 
ohm-1 cm.2 equiv.-1, respectively, for the potas
sium and the sodium salts. Their findings and 
those presented in this paper obviously differ ap
preciably. Owing to the very limited solubilities 
of the alkali metal bromides in 1-propanol, an ex
tremely difficult problem exists in obtaining accu
rate conductance data for a concentration range suf
ficiently broad to permit a good extrapolation to the 
the limiting equivalent conductance value.

The Ao??o product varies from 0.46 to 0.55 ohm-1 
cm.2 equiv.-1 poise for the salts in 1-propanol and 
is of smaller magnitude than that which is found for 
most other non-aqueous systems. For the potas
sium and sodium salts it is interesting to note that 
the A0rio product has approximate relative values of
1.00, 0.89 and 0.80 for methanol, ethanol and 1- 
propanol, respectively. For this homologous series 
it appears that the product for many salts decreases 
as the size of the molecules and the molecular weight 
of the solvent increases. A similar effect has been 
observed for a homologous series of monomethyl 
acid amides.10
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A continuous circulation cell is described for the spectrophotometric determination of reactions in solution at constant 
temperature. The saturation solubility of cumene in water between 25 and 80° and the reaction velocity constants for the 
transfer of cumene to and from the aqueous phase have been determined by a kinetic method. The solubility and thermo
dynamic functions of aqueous cumene are discussed in terms of a model, generally applicable to all non-ionized aqueous 
solutions.

Introduction
A continuous circulation cell is described for the 

spectrophotometric study of reactions in solution. 
The solubility of cumene in water between 25 and 
80° has been determined by a direct method which 
eliminates the inconvenience of extraction2 and dilu
tion3 techniques. Theory for the kinetic approach 
to equilibrium is given and a method is developed 
for the determination of equilibrium constants from

(1 ) (a ) N a t io n a l R e s e a r c h  C o u n c il  o f  C a n a d a  P o s t d o c t o r a t e  F e llo w ,
1 9 5 2 -1 9 5 4 . (b )  N .R .C .  C o n tr ib u t io n  N o . 3857 .

(2 ) L . J . A n d re w s  a n d  R .  M .  K e e fe r , J. Am. Chem. Soc., 7 2 , 5 03 4  
(1 9 5 0 ).

(3 ) R , L . B o h o n  a n d  W . P .  C la u sse n , ibid., 7 3 , 1571 (1 9 5 1 ) .

kinetic measurements. Thermodynamic functions 
for the equilibria have been calculated and are dis-

Liquid ( * saturated aqueous solution > vapor
cussed in terms of a model applicable to all non- 
ionized aqueous solutions.

Apparatus.—A general description of the apparatus used 
in the determination has been given elsewnere.4 The cu
mene was floated on the surface of the main body of the water 
and the aqueous solution was pumped steadily by a small 
induction motor5 in a closed circuit through the quartz 
adsorption cell where its optical density was measured and 
on return swept over the hydrocarbon-water interface.

(4 ) D . N . G le w  a n d  R .  E .  R o b e r t s o n , J. Sci. Instr., in  press .
(5 ) D . M ie h e ll .  J. Applied Chem., 1 , S u p p lem en t. N o . 1, S 8  (1 9 5 1 ).
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The apparatus is kept at constant temperature by pumping 
water from a large thermostat through the outer jacket of 
the circulation cell and through the inner surface of a metal 
box surrounding the quartz absorption cell. To reduce 
radiation losses from the upper part of the circulation cell 
including the magnetic motor, the apparatuses provided 
with a split Dural block incorporating heater windings and 
control thermometer. Below the Dural block and above 
the water jacket, the neck of the circulation cell, containing 
filling ports, is wound with heating wire and provided with a 
thermojunction. The lower part of the circulation cell, 
insulated by a wrapping of glass wool, is enclosed in an as
bestos paper shell. The glass apparatus is mounted on the 
thermostated box which replaces the cell carrier of the 
standard Beckman DU spectrophotometer. This thermo
stated box is moved laterally by a screw, enabling either the 
quartz absorption cell or a blank to be moved into the 
spectrophotometer beam.

Materials.—Eastman Kodak Co. White Label cumene 
was distilled through a 15-plate Fenske-packed glass column 
in an atmosphere of nitrogen and the middle third, boiling 
over a 0.2° range, was retained in darkened bottles. Be
fore each experiment, sufficient cumene was passed repeat
edly through a fresh column of Fisher activated alumina to 
remove traces of oxidation products. The purity of this 
cumene was evident from the constancy of the saturation 
optical density of aqueous solutions in replicate experiments.

The water used in the experiments was obtained by pass
ing distilled water through a three-foot mixed-bed demin
eralizing column.

Experimental
Concentration Dependence of D .—Aqueous solutions of 

cumene show ultraviolet absorption between 2560 and 
2630 A. with a flat maximum at 2595 A. The position of 
this maximum was found to be independent of tempera
ture in the range 25 to 80° and the spectral measurements 
reported were all made at this wave length with a slit width 
of 1.00 mm. and cell length of approximately 1 cm.

Oxidation of the cumene was avoided by weighing the 
0.2-0.6 g. sample of outgassed cumene in a thin walled 
capsule. This capsule, together with a 2 cm. glass ball, 
was placed in a tube containing 50 ml. of ethyl alcohol. 
After the latter was outgassed, the tube was sealed and 
weighed. The cumene was then released to form an alco
holic solution by shattering the capsule with the glass ball. 
The sealed tube containing the cumene solution and a 500-g. 
stainless steel cylinder were placed in a 10-liter serum bottle 
filled with water. After the water was out-gassed, the tube 
was broken, releasing a fine cloud of cumene which rapidly 
dissolved. Since the vapor phase volume was less than 20 
ml. the possible loss of cumene from the solution was re
duced to less than 0.15%. The solution was made homo
geneous on a motor driven roller, after which the aqueous 
solution was siphoned into the circulation cell, sufficient 
solution being allowed to flow to sweep out air-contaminated 
solution. The presence of 0.002 mole fraction of ethanol 
should not change the optical density of cumene in aqueous 
solution.

Table I shows the dependence of the optical density of 
aqueous cumene on concentration at 25°, where c is the 
concentration of cumene in water in g./l., da is the absorp
tion of the water-alcohol solvent and the quartz cell faces 
measured against an air blank and D2i is the optical density 
of the cumene dissolved in water, the number of determina
tions of (Da +  da) being given in parentheses.

T a b l e  I
D e p e n d e n c e  o f  O p t i c a l  D e n s i t y  o n  C o n c e n t r a t i o n  a t  

25°
(g./l.) D  26 4- dzb

0 0.0643(15)
02172 .1053(12)
04940 .1517(13)
05058 .1550(13)
06450 .1769(6)

The results in Table I are expressed by the equation 

c = (0.5643 ±  0.0056)D2i (1)

or transforming to mole fractions

z2 = 8.485 X 10-6  Da (2)

where x2 is the mole fraction of cumene in water.
Temperature Dependence of D .—A standard solution of 

cumene in out-gassed water was passed into the continuous 
circulation cell via a filling port until all the air was dis
placed; further solution was then passed to remove traces 
of air-contaminated solution. The circulation cell was 
isolated by a mercury trap to allow for thermal expansion. 
A series of optical density measurements was made at 
temperatures between 25 and 75°.

Table II gives corresponding pairs of average values of D 
at approximately 25 and 75°, which are obtained by suc
cessive dilution: these values are corrected for d, the optical 
absorption of the water and the quartz cell faces at the re
spective experimental temperatures. Experiments over the 
range 25 to 75° have shown that within experimental error 
the molar extinction coefficient is linearly dependent on 
temperature. The final column of Table II shows the values 
of the temperature coefficient K, defined by the equation

r- _  1 (D/P ~  LWP25) , , ,
¿ W p*. (T  -  25)  ̂ ;

and calculated from the corresponding optical density and 
temperature values, p and P25 are the bulk densities of 
water at the temperatures T° and 25°, respectively, which 
allow for the expansion of the water and the corresponding 
reduction of cumene molecule concentration in the spectro
photometer beam. The average value of K  is (1.628 ±  
0.148) X 10- 3  deg.-1, the error corresponding to a devia
tion of ±0.00042 on D. Equations 2 and 3 are combined 
to give the equation

Dpa 8.485 X 10-5  m
2:2 p (1 + ( T -  25) 0.001628)

by which *2, the mole fraction of cumene in the solution, is 
calculated from D,  the optical density of cumene at T°.

T a b l e  II
T e m p e r a t u r e  D e p e n d e n c e  o f  O p t i c a l  D e n s i t y

T, T,
K

(d cR . ')
° C . D ” C . D X  10»

2 6 . 5 0 . 1 2 3 3 3 ( 6 ) 7 5 . 0 0 . 1 2 9 4 3 ( 3 ) 1 . 5 0 6

2 8 . 0 . 1 2 2 7 2 ( 3 ) 7 4 . 0 . 1 2 8 3 8 ( 1 1 ) 1 . 4 9 4

2 8 . 0 . 1 1 9 3 6 ( 9 ) 7 6 . 0 . 1 2 7 1 4 ( 6 ) 1 . 8 6 9

2 7 . 0 . 1 1 7 3 7 ( 9 ) 7 5 . 0 . 1 2 3 1 2 ( 1 0 ) 1 . 5 1 0

2 6 . 0 . 1 1 5 9 6 ( 6 ) 7 5 . 0 . 1 2 2 3 1 ( 1 0 ) 1 . 6 0 4

2 6 . 0 . 1 1 2 8 0 ( 8 ) 7 1 . 0 . 1 1 9 5 3 ( 1 1 ) 1 . 7 8 9

2 6 . 0 . 1 1 2 2 4 ( 5 ) 7 4 . 0 . 1 1 8 3 8 ( 8 ) 1 . 6 2 4

The combined errors of the constants in equation 4 lead 
to the standard deviations of 1.00% in Xi for D determined 
near 25° and of 1.25% in xi for D determined near 80°.

Determination of D0.—Prior to each determination of D0, 
the optical density of cumene in a saturated solution at any 
temperature, the cell was cleaned with hot chromic acid and 
repeatedly washed with water to give a constant value of dlb. 
The cell filled with water and sw'ept with nitrogen was heated 
to the experimental temperature and maintained to within 
±0.002° throughout the run. When thermal equilibrium 
had been established the circulating motor was stopped and 
2 ml. of freshly prepared cumene injected onto the surface 
of the water inside the circulation cell. As soon as thermal 
equilibrium was re-established, circulation was commenced 
and readings of (D  +  d) taken at 5-minute intervals for 
three hours. The circulation of water and flow of nitrogen 
continued overnight and equilibrium values of (D0 +  d) 
were determined directly. A detailed discussion of a kinetic 
method for determining D0 is given, since it constitutes a 
new approach to the measurement of such equilibria.

Kinetic Analysis of Cumene Transfer and Equi
librium.—The kinetics of the transfer of cumene 
from the pure liquid cumene phase through a con
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stant area interface to an aqueous solution is 
represented by the equation

kit
cumene (  > cumene aq. (5)

kyD
(liq.) (soln.)

D

The rate of increase of D, the optical density of the 
cumene in the aqueous solution is expressed by the 
equation

d D /d t  =  Ac -  h D  (6 )

where kQ is a zero-order velocity constant and ky the 
opposing first-order velocity constant, the units of 
these constants involving the geometrical factors of 
the circulation cell and the effective stirring. At 
equilibrium, equation 6 reduces to

kit ~  kyDo ( i )

where D0 is the saturation value of the optical den
sity of cumene in the solution.

Calculation of ky. — The method of determination 
of ky is an adaptation of the treatment given by 
Guggenheim6 for first-order kinetics. The in
stantaneous rate of transfer of cumene into the 
aqueous solution is given by (6). Integration of
(6) between the limits D =  0 at t =  0 and the opti
cal density D  at time t gives the equation

ka — kyD — k0e~ klt ( 8 )

Similarly, if the optical density is D* at time t +  
t*, the integration of (6) leads to the equation

k„ -  kyD* =  (9 )

Subtracting (9) from (8) and dividing the differ
ence by ky gives the equation

D *  -  D  =  C e~k (1 0 )

where
C =  (1 -  e~k“ *)h/ky (ll)

Rearrangement of (10) yields the equation
lo g  (D *  -  D )  =  l o g  C  -  kyt/2 .3 0 2 0  (1 2 )

which is used in the experimental determination of
h.

A series of differences (D* +  d) — (D +  d) are 
determined for t* =  3600 sec. and a set of 24 differ
ences are obtained for l =  0 to l =  7200 sec. The

(0 ;  E .  A .  G u g g e n h e im , l Jhil. May., 2 , [ 7 j 5 3 8  (IU 2 0 ).

slope of the plot of log (D* — D) against the time, 
t, yields ky according to (12). Figure 1 shows the 
results of two different experiments at 49.892 ±  
0.002°, the values of ky being 4.055 and 4.469 X 
10-4 sec.-1. The experimental points extend from 
D =  7.06% of the total change when t =  0, to D* =  
99 =  1% change from t +  t* =  10,800 sec. The 
linearity of these and all similar plots at other tem
peratures confirms the proposed kinetic analysis 
and the validity of Beer’s law at all temperatures.

Calculation of D0.— Substitution for fc0 in (8), 
using equation 7, gives the equation

Dyy — D  =  D oe - * '1 (1 3 )

which expresses the time dependence of D in terms 
of Z)0 and ky the dependence of D* at time t +  t* is 
given similarly by

Do -  D *  =  D „ e - * '(1+1*> (1 4 )

Division of (14) by (13) and rearrangement yields
the equation

Do =  0D *  -  f D ) / { l  -  / )  (1 5 )

where
f  = e~ ki‘* (1 6 )

The 24 pairs of D* and D values corresponding ' 
to the time interval t* =  3600 sec. are used with 
the proper value of /  to calculate 24 values of D 0 

from equation 15. In practice, it is more conven
ient to use the experimental values for (D * +  d) and 
(Z) +  d) in place of D* and D in (15), giving (D0 +  
d) in place of D0. In Table III are shown the values 
of (D0 +  d) calculated for the two experiments al
ready described. The columns (D0 +  d) observed 
show the values of the saturation optical density 
measured directly after 24 hours.

The agreement between the kinetic calculated 
and directly observed values of (D0 +  d) confirms 
the validity of the kinetic analysis, agreement be
tween the two experiments giving a measure of the 
reproducibility, notwithstanding the differing val
ues for ky. Calculation of D0 gives a final weighted 
mean value of 0.1827 ±  0.0003 for the saturation 
optical density of the cumene at 49.892°.

Temperature Variation of Solubility.— The 
change of z20, the saturation mole fraction of cu
mene in water, between 25 and 80°, is given by the 
equation

lo g  x 2° =  4 2 9 8 .8 8 / T  +  3 4 .6 3 6 9  lo g  T  -  10 5 .0 4 4 0 8  (1 7 )

where T is the absolute temperature (0°C. =  
273.16°K.).

In Table IV are shown the absolute temperatures, 
the average values of the D0 determinations, and in 
parentheses, the number of determinations made at 
each temperature. The fourth column gives the 
values of x̂ obsd, which are calculated from D0 and t° 
in equation 4; these values have been used to calcu
late equation 17. The values of Scaled in the final 
column are computed by substituting the experi
mental temperatures into equation 17.

Analysis of the differences of x?0bsd and repealed 
gives a standard error of ±0.13%  on the experi
mental values of D0. The standard errors on the 
values for x% at 25 and 80° are ±1.00 and ±1.25% , 
respectively, the first of which arises from the error 
in the constant of equation 1 and the second from 
the errors in the constants of equations 1 and 3.



Mar., 1956 So lu bility  of C um ene  in  W ater 335

Table III
Compabison op Kinetic and Direct Determination op O0 at 49.892° ±  0.002° 

Experiment 1 Experiment 2
h  =  4.055 X 10-4 (sec."1) /c, =  4.469 X 10“ 4 (sec.“ 1)
d  = 0.0635 ±  0..0002 d = 0.0638 ±  0..0002

t, Da +  d, t, Do 4- d t, Do -f* d, t, Do d-  dmin. caled. min. Caled. O b sd . min. caled. min. Caled. O b s d .

0 0.2461 60 0.2464 0.2465 0 0.2464 60 0.2468 0.2463
5 .2449 65 .2467 .2465 5 .2465 65 .2463 .2460

10 .2456 70 .2467 .2466 10 .2462 70 .2464 .2464
15 .2462 75 .2464 .2468 15 .2469 75 .2461 .2463
20 .2463 80 .2460 .2465 20 .2466 80 .2463 .2464
25 .2464 85 .2458 .2465 25 .2464 85 .2464 .2462
30 .2461 90 .2461 .2466 30 .2468 90 .2464
35 .2466 95 .2465 35 .2469 95 .2464
40 .2467 100 .2463 40 .2463 100 .2469
45 .2468 105 .2464 45 .2460 105 .2469
50 .2466 110 .2468 50 .2463 110 .2467
5 5 .2459 115 .2473 5 5 .2469 115 .2465

mean 0.2463 0.2466 mean 0.2465 0.2463
±.0002 ±.0002 ±.0001 ±.0002

Table IV
Variation of Solubility op Cumene with Temperature

T,
° K . Da

X2
O b sd .

X  KP
C a le d .

2 9 8 . 0 8 6 0 . 1 4 2 0 1 ( 4 6 ) 1 . 2 0 5 0 1 . 2 0 5 2

3 0 3 . 1 3 4 . 1 4 7 3 1 ( 7 7 ) 1 . 2 4 1 6 1 . 2 4 0 2

3 0 8 . 0 6 8 . 1 5 3 1 4 ( 7 2 ) 1 . 2 8 2 5 1 . 2 8 6 0

3 1 3 . 1 0 8 . 1 6 1 5 4 ( 6 0 ) 1 . 3 4 4 6 1 . 3 4 5 0

3 1 8 . 0 5 5 . 1 7 1 1 4 ( 6 5 ) 1 . 4 1 6 2 1 . 4 1 5 8

3 2 3 . 0 5 2 . 1 8 2 7 4 ( 6 0 ) 1 . 5 0 3 7 1 . 5 0 1 1

3 2 8 . 0 6 6 . 1 9 5 6 5 ( 4 9 ) 1 . 6 0 1 1 1 . 6 0 2 2

3 3 3 . 1 3 3 . 2 1 1 5 5 ( 5 2 ) 1 . 7 2 2 1 1 . 7 2 1 7

3 3 8 . 3 1 5 . 2 2 9 9 6 ( 2 6 ) 1 . 8 6 2 4 1 . 8 6 4 2

3 4 3 . 4 7 0 . 2 5 1 9 2 ( 3 2 ) 2 . 0 3 0 2 2 . 0 2 8 9

3 4 8 . 2 4 7 . 2 7 4 9 9 ( 4 9 ) 2 . 2 0 6 4 2 . 2 0 4 7

3 5 3 . 3 5 9 . 3 0 3 1 0 ( 3 5 ) 2 . 4 2 1 2 2 . 4 2 0 9

The only other value for the solubility of cumene 
in water at any temperature is that of Andrews and 
Keefer,2 who have obtained 0.073 g. cumene/1000 
g. solution at 25° which compares with the value of 
0.0804 g. cumene/1000 g. solution calculated from 
Table IV through equation 1.

Thermodynamic Functions for Cumene-Water 
Equilibrium.— The thermodynamic functions at 
298.16°K. for the change represented by the 
equation

cumene (  > cumene aq (18)
(liq.) (soln.)

X2°

liquid cumene to an aqueous solution at unit cu
mene mole fraction, AHi and ACP1 being the cor
responding changes of heat content and heat ca
pacity.

The changes of A*S° and AIR with temperature 
are given by the equations

ASi° = -411.66 +  68.8027 In T (19)
and

A Hi = -19,663 +  68.8027T (20)
respectively, which relations are derived from (17) 
with the gas constant R =  1.9864 cal./deg. mole. 
Table VI gives the values of AS/obad and AZZTobsd 
calculated from adjacent values of X2 obsd through 
the relations AG/ =  - RTinag , AS° =  - 5 A G?/bT 
and A Hi =  -b(AG?/T)/d(l/T); the values of 
A/STcaicd and Ai7icaicd are computed from equations 
19 and 20.

The standard errors in AS° and AHi are ±0.254 
cal./deg. mole and ±83.6 cal./mole, respectively, 
of which ±0.236 cal./deg. mole and 78.6 cal./ 
mole arise from random errors in D0 and the re
mainder from the error in the constant of equa
tion 3. The value of AGPl =  +68.8027 cal./ 
deg. mole is calculated by the method of least 
squares from the values of AHi 0bSd and the tempera
tures given in Table VI. The standard error on 
AGP, is ±3.037 cal./deg. mole, which arises only

Table VI
are calculated from (17) and are shown with their 
standard errors in Table V.

Table V
Thermodynamic Functions por Cumene-Water 

Equilibrium 
T =  298.16°K.
X2 =  1.206 ±  0.012 X I0 -6
AG° =  +6708 ±  6 cal./mole
A-Hi = +852 ±  84 cal./mole
AS/ = —19.64 +  0.25 cal./deg. mole
ACp, = +68.80 ±  cal./deg. mole

AGi and AS? are the standard changes of free 
energy and entropy for the transfer of one mole of

Temperature Variation of Entropy and Heat Content 
-  AS/, Affi,

T,
° K .

c a l . /d e g .  m o le  
O b s d . C a le d .

c a l . /m o le  
O b s d . C a le d .

3 0 0 . 6 1 0 1 8 . 9 3 1 9 . 0 8 1 0 6 4 1020
3 0 5 . 6 0 1 1 8 . 4 2 1 7 . 9 5 1 2 1 9 1 3 6 4

3 1 0 . 5 8 8 1 6 . 5 4 1 6 . 8 3 1 7 9 8 1 7 0 7

3 1 5 . 5 8 2 1 5 . 6 6 1 5 . 7 3 2 0 7 5 2 0 5 0

3 2 0 . 5 5 4 1 4 . 4 8 1 4 . 6 6 2 4 4 9 2 3 9 2

3 2 5 . 5 5 9 1 3 . 9 0 1 3 . 5 9 2 6 3 5 2 7 3 7

3 3 0 . 6 0 0 1 2 . 4 2 1 2 . 5 4 3 1 2 1 3 0 8 4

3 3 5 . 7 2 4 1 1 . 6 3 1 1 . 4 8 3 3 8 4 3 4 3 6

3 4 0 . 8 9 3 10.22 1 0 . 4 3 3 8 6 3 3 7 9 2

3 4 5 . 8 5 9 9 . 4 1 9 . 4 3 4 1 4 0 4 1 3 3

3 5 0 . 8 0 3 8 . 5 4 8 . 4 5 4 4 4 2 4 4 7 4
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from errors in D0, since errors in equation 3 add 
constant values to AHi 0bsd at 25 and 80°.

Deviations from Raoult’s Law.—Aqueous solu
tions of cumene between 25 and 80° show large 
positive deviations from Raoult’s law. At 298.16°
K. the positive deviation, or positive value of 
AG° in Table V is seen to derive mainly from the 
large negative value of —19.64 cal./deg. mole for 
AS°, rather than from the positive value of +852 
cal. /mole for A Hi. A minimum value for 
x% occurs at 285.78°K. when AH, =  0 and AS° =  
— 22.56 cal./deg. mole; at this temperature the 
Raoult law activity coefficient, / 2, passes through 
its maximum value of 8.554 +  104. At 396.67°K. 
AS° =  0 and the positive value of AGi is due only 
to the +7629 cal./mole of AH\.

The large negative values for AS° at the lower 
temperatures are ascribed to the restricting influ
ence that the cumene molecule exerts on the rota
tional degrees of freedom of the water molecules 
within its coordination shell; the large positive 
value of ACPl is evidence of the thermal breakdown 
of these restrictions by molecular agitation. At 
higher temperatures the positive values of AHi are 
due to the energy required to form a cavity in the 
hydrogen bonded liquid against internal pressure of 
the usual type.

Temperature Variation of Saturation Vapor 
Pressure.— Calculation of the Henry law constants 
from the saturation solubility data already requires 
the values of the thermodynamic functions for the 
evaporation of liquid cumene. The temperature 
variation of p2, the saturation vapor pressure of 
liquid cumene in mm., between 25 and 80°, is 
given by the equation
log p2° =  —3464.84/T -  8.2846 log T +  32.78027 (21)

which has been calculated from recent data.7 Table 
VII shows the values of the thermodynamic func
tions at 298.16°K. for the change

Cumene < > Cumene (22)
(liq.) (vapor)

p2° mm.

which have been calculated from equation 21. A(r2° 
and A St are the standard changes of free energy 
and entropy accompanying the transfer of one mole 
of cumene from the liquid to the vapor phase at 
one mm. pressure and AH2 and ACp, are the corre
sponding changes of heat content and heat capacity, 
respectively.

Table VII
Vaporization and Henry Law Thermodynamic 

Functions
T = 298.. 16 °K.

V° = 4.568 mm. P?/x 2 = 3.789 X 105 mm.
A G,° = -900 A G,° =  —7608 cal./mole
A Hz = +10,941 A H, = +10,089 cal./mole
A Si = +39.71 A S3° = +59.35 cal./deg. mole
ACpj = -16 .46 ACpj = —85.26 cal./deg. mole

Temperature Variation of Henry Law Constant.
—The temperature variation of p2/x 2, the Henry

(7) Selected Values of Properties of Hydrocarbons, A.P.I. project
44, Natl. Bur. Standards (1947).

law constant for cumene in water, is given by the 
equation
log ¡»27 ^ °  = -7763.72/T -

42.9215 log T +  137.82435 (23)
which is the difference of equations 21 and 17 and 
which neglects the effect of the water dissolved in 
the liquid cumene phase.

Table VII shows the thermodynamic functions 
at 298.16°K. for the change represented by the 
equation

cumene aq t > cumene (24)
(soln.) (vapor)
Xi° ¡02° mm.

which equation is the difference of equations 22 and 
18.

AG  ̂ and AS£ are the standard changes of free 
energy and entropy for the transfer of one mole of 
cumene from the aqueous solution phase at unit 
cumene mole fraction to the vapor phase at one mm. 
pressure at 298.16°K.; AH 2 and ACV, are the respec
tive changes of heat content and heat capacity.

Discussion of Henry Law Constants.— The value 
of A Hi for the evolution of cumene from aqueous 
solution at lower temperatures is nearly equal to 
that for the evaporation of the pure liquid. Cal
culations based on the normal dimensions of the 
water and cumene molecules show that a coordina
tion number of approximately thirty water mole
cules is required and this value accounts for the 
observed change of heat content. Smaller co
ordination numbers lead to unrealistically small 
values for both the intermolecular distances and 
the heat change.

ACpi for cumene has the value of —85.26 cal./ 
deg. mole, which is near to the values —87.39, 
— 78.06 and —83.10 cal./deg. mole found for the 
corresponding Henry law constants of aqueous 
methyl iodide,8 benzene and toluene,3 respectively, 
in spite of the considerable differences of the molar 
volumes of the four compounds.

A comparison of the solubility of cumene at 
298.16°K. with that of the other alkyl benzenes3 
shows that as the number and size of the alkyl 
groups increase, the Henry law constants increase, 
that is, the solute mole fractions at unit partial 
pressure decrease, an effect noted by Butler9 for 
aqueous solutions of aliphatic alcohols. Similarly, 
the linear relationship that Butler observed between 
AS/ and A773 for the alcohols is again shown by cu
mene and the other aqueous alkyl benzenes. Fig
ure 2 shows plots of A¿ 3  and AH for benzene, tolu
ene, ethylbenzene, m- and p-xylenes3 and cumene in 
comparison with the values for the alcohols taken 
from Butler’s paper.®

An interesting fact arises in that the two lines are 
parallel within the experimental error, and that the 
slopes, dASi /dAH3 are almost equal to 1/273.16; 
alkyl benzenes, dASZ/dAHa =  1/275.9 ±  15.8; 
aliphatic alcohols, dAS3°/dAH 3 =  1/269.6 ±  9.7. 
The linear relationship for the alkyl benzenes not 
only holds at 298.16°K. but also at 273.16° and at 
323.16°K. where the slopes, dAS3°/dAH 3are 1/280.0

(8 )  D .  N . G le w  a n d  E .  A .  M o e lw y n -H u g h e s ,  Faraday Soc. Disc., 15 , 
150  (1 9 5 3 ).

(9 )  J . A .  V .  B u t le r , Faraday Soc. Disc., 3 3 , 2 29  (1 9 3 7 ).
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±  15.7 and 1/270.1 ±  13.9 deg.-1, respectively. It 
is likely that when sufficient data become available, 
other aqueous solutions of aliphatic homologs will 
show similar linear A Si — A H3 relations, with the 
same slope.

The reason for the relationship would appear to 
depend on some type of “ freezing” process of the 
water solvent itself, where the presence of the solute 
molecule causes the coordination water to lose cer
tain degrees of freedom in such a manner that dAS/ /  
dAU 3 =  1/273.16° deg.“ 1. This “ freezing” can be 
visualized such that the water coordination shell 
around the solute molecule is similar to the shells 
found in the solid gas hydrates,8'10'11 except that 
no long range order exists in the solutions. The 
presence of the solute molecule in the water restricts 
the rotation of the coordination water molecules so 
that these, due to hydrogen bonding, are able to 
orient in fewer directions than formerly without 
large increases in energy. This reduction of the 
possible number of configurations of the coordi
nated water molecules, consistent with a given en
ergy level, qualitatively explains the large entropy

(1 0 )  D .  N . G le w , P h .D .  T h e s is , C a m b r id g e  U n iv e r s ity , 195 2 .
(1 1 )  W .  F . C la u s se n  a n d  M .  F . P o lg la s e , J. Am. Chem. Soc., 7 4 , 

4 8 1 7  (1 9 5 2 ).

losses accompanying the formation of aqueous solu
tions. The rotational restriction on the coordina
tion water molecules is primarily a function of the 
strength and directional nature of the hydrogen 
bonds of the water molecule,12 the number of water 
molecules affected being a function of the size of 
the solute molecule.

The model proposed provides an explanation of 
the formation of low energy cavities within the 
water structure at lower temperatures which have 
been proposed by Eley.13

The surface tensional model proposed by Butler9 
can be rationalized in terms of the present model 
except that no water-water hydrogen bonds are 
broken on the formation of cavities for the solute 
molecule; alcohol, amine and acid groups are ex
ceptions since these break down and are incorpo
rated in the water structure itself.

In terms of a free volume theory,14'16 a model of 
the type proposed leads to the “ crystallization” of 
the coordination water molecules and the corre
sponding loss of free volume associated with these. 
From the work of Powell and Latimer15 it would ap
pear that the loss of free volume of the coordination 
water molecules more than compensates for the gain 
in free volume due to the extra solute molecule, so 
that the larger the solute molecule the larger the 
standard entropy change associated with dissolu
tion.

The large values of the partial molar heat capaci
ties for non-ionized aqueous solutes, are due to 
thermal agitation causing rotation and to a smaller 
extent, vibration and translation of the coordination 
water molecules of the solutes. At lower tempera
tures the nature of the external bulk water phase 
helps to maintain the “ crystallinity”  of the coordi
nation molecules of the solute; compare the forma
tion of the gas hydrates. As the temperature rises, 
thermal agitation breaks down the order within 
the coordination shell and increases both the en
tropy and heat content of the system, the heat ca
pacity characteristics of the water coordination shell 
being reflected in the values of the thermodynamic 
functions of the enclosed solute molecule.

(1 2 )  J . A .  P o p le , Proc. Roy. Soc. {London), A 2 0 5 , 163 (1 9 5 1 ).
(1 3 ) D .  D . E le y , Trans. Faraday Soc., 3 5 , 1281  (1 9 3 9 ).
(1 4 ) H . S . F r a n k  a n d  M .  W .  E v a n s , J. Chem. Phys., 1 3 , 5 0 7  (1 9 4 5 ).
(1 5 )  R .  E .  P o w e l l  a n d  W .  M .  L a t im e r , ibid., 1 9 , 1 13 9  (1 9 5 1 ).
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The anti-CdCl2 type layer structure2 (D|d-R3m) of dicesium monoxide <Cs20 ) has been confirmed by X-ray single-crystal 
work. The variable parameter for the positions of the cesium atoms is found to be n =  0.256, instead of u =  V« (powder 
work2), which fails to account for some of the weak powder lines.3 The abnormally large cesium-cesium distance (Cs+ — 
Cs+ = 4.19 A.) between layers and the slightly shortened cesium-oxygen distance (Cs+ — 0" =  2.86 A.) indicate that the 
cesium ions are highly polarized in this layer crystal.

K h i-R u ey  T s a i, P. M. H arris  and E. N. L assettre

Introduction
The monoxide of cesium, Cs20, is believed to play 

an important role in Cs-O-Ag photocathodes.4 
This oxide, orange yellow at room temperature, is 
also known to exhibit color changes upon heating 
and cooling.3'5 It is the only compound which has 
been assigned an anti-GdGl2 type layer structure.2 
However, there has been some doubt3 about this 
assigned structure which is based upon X-ray pow
der data. A further study of the structure of this 
oxide by means of single crystal work thus ap
peared to be desirable.

Preparation of Dicesium Monoxide and Analysis of the 
Samples.—This monoxide was prepared by distilling a lower 
suboxide of cesium (Cs70 2) in a Pyrex vessel at 180-190° 
until no more cesium appeared to condense on the air
cooled trap. The suboxide (CsjOO, in turn, was prepared 
by direct combination of pure cesium with the calculated 
amount of pure oxygen admixed with a small amount of 
argon, the procedure being the same as described for the 
preparation of tricesium monoxide, Cs30 .6

The monoxide thus obtained was in the form of poly
crystalline, laminated plates, orange yellow at room tem
perature, cherry red above 180°, and lemon yellow at Dry 
Ice temperature. It was readily pulverized by shaking with 
glass beads in a thoroughly degassed Pyrex tube.

On account of the small weight percentage (5.7%) of 
oxygen in dicesium monoxide, the composition of the sample 
cannot be accurately determined by alkalimetric determina
tion of the cesium content alone. In the present investiga
tion, the alkalimetric determination was supplemented by de
termination of excess cesium, or excess oxygen. The amount 
of gas evolved upon decomposition of the sample in thoroughly 
degassed Pyrex vessels was measured by means of a Topler 
pump and a McLeod gage, and the resulting alkaline solu
tion titrated. Any excess cesium in the sample would pro
duce an equivalent amount of hydrogen, whereas the pres
ence of peroxides would be indicated by the liberation of 
oxygen. A sample of dicesium monoxide (orange yellow, 
crystalline powder) thus analyzed gave 0.001 mole of gas for 
each mole of the monoxide, showing an almost stoichiometric 
compound. A separate preparation yielded a sample (also 
orange yellow, crystalline powder) which gave 0.014 mole 
of gas for each mole of the monoxide; the gas was not iden
tified, but was assumed to be oxygen due to a small leakage 
of atmospheric oxygen into the sample tube. This latter 
sample showed five extra powder-lines (weak), which were 
also present in X-ray powder photographs of other Cs20  
samples known to be partially oxidized due to inadequate 
protection against atmospheric oxygen. However, both 
the pure and the partially oxidized sample were found to be 
diamagnetic, xg =  —0.20 X 10_6 c.g.s. unit per gram.

(1 ) T h is  w o r k  w a s  s u p p o r t e d  b y  th e  U . S . A r m y  E n g in e e r  C o r p s  
u n d e r  c o n t r a c t  D A -4 4 -0 0 9 -e n g -4 0 5  a n d  b y  t h e  U n iv e r s it y  C o m m it t e e  
f o r  A l lo c a t io n  o f  R e s e a r ch  F o u n d a t io n  G ra n ts .

(2 ) A .  H e lm s  a n d  W . K le m m , Z . anorg. Chem., 2 4 2 , 33 (1 9 3 9 ).
(3 ) V .  G . B ra u e r , ibid., 2 5 5 , 101 (1 9 4 7 ).
(4 ) V .  K . Z w o r y k in  a n d  E . G . R a m b e r g ,  “ P h o t o -e le c t r i c i ty  a n d  I t s  

A p p l ic a t io n s ,”  J o h n  W i le y  a n d  S on s, I n c . ,  N e w  Y o r k ,  N . Y . ,  1949 , 
p .  4 6 .

(5 ) E .  R e n g a d e , Ann. Chem. Phys., 1 1 , 3 4 8  (1 9 0 7 ) ;  Bull. soc. chim. 
phys., 6 9 , 6 6 7  (1 9 0 7 ).

(6 ) R e c e n t  in v e s t ig a t io n  in  th is  L a b o r a t o r y ,  t o  b e  r e p o r t e d  in  a  
s e p a r a te  a rt ic le .

Re-examination of the Powder Pattern.—The X-ray 
powder pattern of dicesium monoxide was first re-examined, 
using Cu Ka radiation and an 11.4-cm. camera, the finely 
pulverized sample being sealed in a thin-walled Pyrex 
capillary tube of about 0.2 mm. diameter. The higher reso
lution of the camera made it possible to observe many weak 
powder lines besides those observed by Brauer.3 How
ever, the powder pattern could still be indexed by the rhom- 
bohedral system with a hexagonal c/a ratio of 4.46 instead 
of 2.30 as employed by Helms and Klemm.2 (Helms and 
Klemm’s reported c/a ratio is for a hexagonal pseudo cell 
containing 3Cs; those weak powder lines which cannot be 
indexed by employing this c/a ratio have odd 1-indices 
(hexagonal).) This shows that the 2Cs cannot be in a body- 
centered rhombohedral setting; in other words, the parame
ter, u = l/i, given by Helms and Klemm is not quite correct.

When a freshly pulverized sample was used, the powder 
lines derived from lattice planes parallel, or nearly parallel 
to the c-axis (i.e., those lattice planes with small 1-indices) 
became considerably weakened, indicating a shearing dis
order in the directions parallel to the basal plane. If the 
sample was annealed by heating for about an hour at 150°, 
or simply was allowed to stand at room tempierature for a 
few days, and then photographed, the intensity distribution 
of the powder lines became normal, indicating that the shear
ing disorder resulting from mechanical disturbance could be 
removed by annealing. This together with the fact that 
the monoxide tends to crystallize in laminated plates with 
more or less perfect basal cleavage leaves little doubt that 
a layer structure is correct.

The present powder data give a =  4.256 ±  0.004 A., 
c =  18.99 ±  0.02 A., for a hexagonal unit cell containing 
three Cs20  “ molecules.” The calculated density is 4.71 g ./ 
cc. as compared with 4.60 g./cc. observed by Helms and 
Klemm.2 Based upon an anti-CdCh type structure (D 53a; 
2Cs+ at uuu and uuu, 0~ at 000.), the relative intensities 
of the powder lines were calculated from the expression

“  sin2 0 cos d p(/o +  2/ca C0S M u )
no corrections for the absorption and temperature factors 
being made. As shown in Table I, with u = 0.256, the 
agreement between the observed and the calculated inten
sities is quite satisfactory. However, the (hk .0)-refiections (or 
(/i/c.l)-reflections with small l) appear to have a slightly higher 
temperature factor ( A t ) than the (00.0-reflection (or (A0. 
0-reflections with small h and large l), indicating that there 
might still be an appreciable shearing disorder in the powder 
sample. Helms and Klemm2 and Brauer3 reported the 
(10.2)-, (00.6)-, and (10.4)-powder line intensities as about 
equal; _ this indicates that they must have used freshly 
pulverized powder samples. In interpreting the intensity 
data from the powder sample of a layer crystal, special atten
tion should be paid to the mechanical treatment of the 
sample.

Single Crystal Work.— Single crystals of di
cesium monoxide were obtained by distillation- 
decomposition of a suboxide (Cs70 2) in Pyrex 
capillaries at 170-180°. The orange-yellow crystal 
used in the present investigation was a thin, almost 
rectangular plate with the dimensions and crystal
lographic geometry shown in Fig. 1.

The following rotation photographs were taken:
(a) Cu Ka radiation with the hexagonal base di
agonal [11.0] as the rotation axis; (b) Cu Ka ra-
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Hexagonal

Table I
X-Ray Powder Data for Cesium Monoxide

Rhombohedal Relative intensities
h indices k i H indicesK L Planar spacings, d Obsd. Caled.® Obsd. Caled.u = 0.255 u = 0.256
0 0 0 3 1 1 1 6.33 6.330 5 5.0 6.2
1 0 Ï 1 1 0 0 3.620 0.3 0.2
1 0 1 2 1 1 0 3.433 3.435 100 100 100
0 0 0 6 2 2 2 3.159 3.165 25 27 26
1 0 I 4 2 1 1 2.911 2.911 100 88 88
1 0 I 5 2 2 1 2.638 2.643 1 0.5 0.9
1 0 Ï 7 3 2 2 2.177 2.185 3 2.6 3.5
I 1 2 0 1 0 1 2.124 2.128 25 35 35
0 0 0 9 3 3 3 2.110 0.5 0.8
1 1 2 3 2 1 0 2.017 1.1 1.4
1 0 T 8 3 3 2 1.995 1.995 20 25 24
2 0 2 Ï 1 1 Ï 1.835 0.1 0
2 0 2 2 2 0 0 1.806 1 .810 10 16 16
1 1 2 6 3 2 1 1.766 1.766 20 29 29
2 0 2 4 2 2 0 1.717 1.718 10 17 17
1
2

0
0

1
2

10 1 4
5 /  3

3
1

Q i
x j  1.688 1.688 ' 

1.684 ,\
11
0.2 1\ 11 I0.3

0 0 0 12 4 4 4 1 .580 1.583 5 3.8 3.5
1 0 I II 4 4 3 1.559 1.563 2 1.8 2.4
2 0 2 7 3 3 1 1,525 0.7 1.0
1 1 2 9 4 3 2 1.497 1.498 1 1.1 1.7
2 0 2 8 4 2 2 1 .457 1 .456 5 9.2 8.8
2 1 3 1 2 0 1 1.390 0 0
2 1 3 2 2 1 Ï 1.378 1.379 JO 14 14
1 0 1 13 5 4 4 1 .359 1.359 1 0.9 1.3
2 1 3 4 3 1 0 1.336 1.337 10 14 14
2 0 2 10 4 4 2 1.324 1.323 3 5.1 4.9
2 1 3 5 3 2 0 1.308 0.2 0.3
1 0 1 14 ] 5 5 4 1> 1.269 1.273 Ì> 20 4.3 Ì 3.9 1
1 1 2 12 J 5 4 3 J 1.270 J H J 10 J
0 0 0 15 5 5 5 1.266 0.4 0.6
2 0 2 11 5 3 3 1.260 0.8 1.1
2 1 3 7 4 2 1 1.239 0.7 1.0
3 0 3 0 2 Ï 1 1.229 1.229 3 5.6 5.6
3
0

0
3

3
3

3 Ì
3J

> 3 2
0
2

0 j> 1.206 0.1 0.2
2 ] 3 8 4 3 1 1.201 1.202 10 9.4 9.1
3 0 3 6) 4 1 1 ) 1.146 Ì 7.1 1 7.0 i
0 3 3 6 ► 3 3 0 \ 1.144 I> 5
2 0 2 13 j 5 5 3 J 1. .145 j 0.6 J 0.8 J
1
2

0
1

I
3

16 Ì 
10 J1 ?

5
3 s !

1 1.125 1.129 \ 9 
1.123/

3.2 1 2.8 1 
6.4/  6 .1 /

2
1

0
1

2
2

14 1
15 ji ;

4
5

4 ' [■ 1.093 1.093 Ì , 
1.088 /

2.6 Ì 
1.8J

2.4 1
2.5 /

2 1 3 11 5 4 2 1.085 1.1 1.5
1
2

0
2

I
4

17 Ì 6
0 /  2

6
0

5 Ìj> 1.069 1.069 1 
1.064 J\ 1 0.8] 1.2 \ 

3.8 J 3.8 /
3 0 3 9 5 2 2

1.062 0.4 0.6
0 3 3 9 4 4 1
0 0 0 18 6 6 6 1.055 0.7 0.6
2 2 4 3 3 1 1 1.049 0.2 0.2
3 1 I Ï 2 1 2 1.021 0 0
3 1 4 2 3 0 Ï 1.015 1.017 1 6.0 6.0
2 2 4 6 'l 4 2 0 'L 1.009 'L 5.7 ÌL 5.6 Ì
2 1 3 L3 /I 6 4 3 ,Í 1.009 ,I 0.9 ,Í 1 .3/
3 I 4 l 3 2 I ' 1 0.999 '1 2 6.9 '1 6.9 Ì
2 0 2 16 _Í 6 6 , ( u.yyo

4 J 0.998 ,Í 2 2.7 ,1 2.4 /
a Based upon a — 4.256 Â., c — 18.99 A.



340 K hi-R uey T sai, P. M. Harris and E. N. Lassettre Voi. 60
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I a'. [I i.O]

Fig. 1.—Diagram of single crystal employed.

diation with the hexagonal a-axis [10.0] as the ro
tation axis; and (c) Mo Ka radiation with the 
hexagonal a-axis [10.0] as the rotation axis. The 
rotation spots were readily indexed, the hexagonal 
base diagonal being equivalent to the a-axis of a 
larger hexagonal unit cell (h' =  2 h +  k, k' =  k — 
h, V =  l; a' =  s/Za). The relative intensities 
were estimated visually by comparison with a 
blackening scale and measurement of the areas of 
the rotation spots.

The rotation photographs exhibit layer disorder 
similar to that recently described by Brindley and 
Ogilvie7 for brucite, a Cdl2-type layer crystal. 
On both the [10.0] rotation photograph and the 
[11.0] rotation photograph, the (M.O)-reflections 
appear as sharp spots, while the (OO.Z)-reflections 
appear as extended arcs. According to Brindley’s 
interpretation the resulting angular displacement 
of the c-axis is approximately 2°.

Laue photographs taken along the c-axis, con
sisting essentially of streaks because of the slight 
disorder, indicate a D 3i diffraction symmetry. 
This confirms the Dfd-R3m rhombohedral space 
group, there being only one Cs20  “ molecule”  in the 
rhombohedral unit cell.

Treatment of the Single Crystal Data. (A) The 
Absorption Factor.— For a crystal containing a 
high percentage of heavy atoms, the absorption 
correction becomes very important even though 
the crystal is very thin. Hendershot8 has de
scribed an analytical method for computing the 
absorption factor for a rotating crystal bounded by 
polygonal faces. The formulas apply to the zero- 
layer reflections only. The graphical method recently 
described by Howells9 is rather time-consuming.

For a thin crystal plate with rectangular cross- 
section and high absorbing power, the estimation 
of the absorption factor can be done analytically

(7) G . W . B rindley and G . J. O gilvie, Acta Cryst., 5, 412 (1952).
(8) O. P . Hendershot., Rev. Sci. I n s t r 8, 324 (1937).
(9) R . G . Howells, A cta  Cryst., 3 , 366 (1950).

with much less labor than that required for a 
graphical computation. The crystal employed 
in the present experiment can be treated as a thin 
rectangular plate with wedge-like top and bottom 
sections. For the case of rotation about the 
[11.0] axis, the major portion of the crystal is one 
of constant cross-section perpendicular to the ro
tation axis. This cross-section may be divided by 
the projections of the incident and reflected X-ray 
beams into appropriate regions for integrations of 
the absorption integral. For fixed hk, the absorp
tion factor A mi can be plotted as a function of the 
Z-indices. This is illustrated in Fig. 2. An abrupt 
change in the slope of the curve indicates a change 
in the type of reflection.

Fig. 2.—Calculated absorption factors versus Z-indices for 
the [11.0] rotation photograph taken with CuKa radiation.

In the case of Mo Ka radiation (¡i =  192 cm.-1) 
and rotation about the [10.0]-axis, the crystal can 
be treated as a thin rectangular plate, contribution 
from the wedge-like edges being negligible. The 
crystal is divided into one parallelopiped (central) 
section and two triangular prismatic sections since 
the rotation axis is now inclined 30° to the [11.0] 
edges. However, in the case of internal reflection 
through both major faces of the crystal plate, good 
approximation can usually be obtained by merely 
integrating through the thickness of the crystal 
plate.

(B) The Temperature Factor and the Scale 
Factor.— The anti-CdCl2 structure (D3;j) has only 
one variable parameter, u, which has been shown 
by the powder data to be about 0.256. From the 
single-crystal intensity data, the observed struc
ture amplitudes (including the inherent tempera-
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Fig. 3.—Electron density line-sections along c-axis from 
the observed and calculated structure factors: 1, P0 (00Z); 
2, P3 (00Z) +  10.

ture factor) were calculated, taking ' / 3 <£u.o = 85 
(Pino is independent of u) as an arbitrary basis in or
der to give a scale factor, K, close to unity. Based 
upon these values of 4>, an electron density line-sec
tion along the c-axis was constructed; from the 
position of the Cs peak, u was again found to be 
close to 0.25G. The structure factors, Fc, for u = 
0.255 and u =  0.256 were then calculated using 
Thomas-Fermi scattering factor for the cesium 
atom (for sin 6 /\ >0.2) and Hartree scattering fac
tor for the oxide ion as given in the International 
Tabellen. Fc based upon u =  0.256 gave a slightly 
better agreement with the observed structure fac
tors. A least-squares treatment of the values of 
log10 (<t>/Fc) versus corresponding values of sin20/A2 
gave K  =  0.829 and B t =  3.24 X 10~16 cm.2.

Using these values of K  and B t, the observed struc
ture factors, F0, were calculated from <t> by means 
of the expression: 4> =  7vF0exp( — Bt (sin20/A2)). 
The reliability factor, 2([ F01 — | 7'c |) -=- 2| Fc |, 
was found to be 0.13.

(C) Electron Density Maps.— Figure 3 shows 
the calculated and the observed electron density 
line section along the c-axis. po(00z) was con
structed from the calculated structure amplitudes, 
Fc' =  Fc exp( — (sin20/A2)), based upon u = 0.256, 
B t: = 3.24 X 10~16 cm.2, and Thomas-Fermi 
atomic scattering factors; while po(OOz) was 
constructed from the observed structure ampli
tudes Fo' =  <j>/K =  Fo exp(—HT(sin20/X2)), given 
in Table II, together with interpolated values 
of Fo' (assumed equal to Fc') for the weak, un
observed reflections. The weak, unobserved re
flections, however, can be neglected without pro
ducing significant changes in the essential feature 
of the po(00z) curve. Both sets of structure am
plitudes, Fe' and TV, cover the same region in the 
reciprocal lattice corresponding to sin2d/A2 =  0 to 
0.642, so that the series termination errors in pc- 
(OOz) and p0(00z) may be assumed to be approxi
mately the same.

A plane-section of electron-density, a(x0z), based 
upon the observed structure amplitude, F0', alone 
(Fig. 4), shows that: (1) the outer-shell of the ce
sium ion appears to be elongated along the c-axis; 
and that (2) the lower electron density region, be
tween zero and 3e/A .3, also appears to be more ex
tended on the side toward the neighboring Cs+- 
layer, than on the side toward the neighboring 0 =- 
layer. These two points also can be seen readily 
from Fig. 3, by comparing the values of the elec
tron density difference function, p0(00z) — p„(00z), 
on both sides of the cesium nucleus. Their signifi
cance will be discussed presently.

(D) Interionic Distances.— With u =  0.256 ±  
0.001, a =  4.256 ±  0.004 A., and c = 18.99 ±  
0.002 A., the observed interionic odistances were 
found to be Cs+- 0 = = 2.86 ±  0.01 A. and Cs+-C s+ 
= 4.19 ±  0.02 A., as compared with 3.09 and 3.38 A.,

Fig. 4.—Electron density (XOY) section. The zero contours are dotted; maximum depths of the negative valleys are 
— 2.7 to —3.0 e-A.“ 3 Unlabeled contours around the cesium nucleus are 100, 80, 60, 40 and 20 e-A--3 The z-coordinate 
of the adjacent Cs+ layer is indicated by z +  ; that of the adjacent O" layer by 2  — . The cell constants are a = 4.256 A. 
and c = 18.99 A.
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Table II
Observed and Calculated Structure Factors

Hexagona Layer, Ahsorption Structure factors
indices Intensity, rotation facto r, Obsd. C a l c a .

h k i /ob9. photograph A VjEo ¡/¡Fc (» = 0.256)
0 0 0 3 1.8 0, (a) 0.0136 8.6 20
1 0 I 1 3.3
1 0 1 2 200 1, (a) .0154 114 -8 7

122 0, (b) .54
0 0 0 6 100 0, (a) .026 70 -8 4

100 0, (o)
1 0 I 4 92 1, (a) .014 109 96

92 0, (b) .48
1 0 Î 5 -1 1
1 0 Ï 7 2.2 2, (a) .028 24 27

2.9 0, (b) .38
1 1 2 0 141 0, (a) .019 123 88

134 3, (a) .0086
93 1, (b) .57

0 0 0 9 9.0 0, (a) .040 22 -2 3
1 1 2 3 3.1 0, (a) .0136 18 14

3.4 3, (a) .0086
1 0 I 8 7.5 1, (a) .0061 69 82

32 2, (a) .033
18 0, (b) .35

2 0 2 Ï 1.1
2 0 2 2 45 2, (a) .0146 96 -7 4

34 0, (b) .56
1 1 2 6 37 0, (a) .0114 77 -7 1

18 3, (a) .0068
50 l,(b ) .46

2 0 2 4 22 2, (a) .0089 92 79
28 0, (b) .54

1 0 I 10 11 1, (a) .0143 55 -6 7
15 2, (a) .040
4.6 1, (b) .23

2 0 2 5 -1 0
0 0 0 12 39 0, (a) .053 62 70

ca. 4.4 0, (b) .24
1 0 I l l 3.9 1, (a) .024 30 33

4.1 2, (a) .045
ca. 1.0 0, (b) .27

2 0 2 7 2 0, (c) 26 22
1 I 2 9 0.6 0, (a) .0089 19 -2 1

3.4 3, (a) .0058 (?)
1.9 1, (b) .39

2 0 2 8 5.0 2, (a) .0089 65 70
9.6 0, (b) .46

2 1 3 1 0.4
2 1 3 2 17 1, (a) .018 85 -6 5

15 l, (b) .55
1 0 I 13 4.9 1, (a) .033 32 -2 9

3.8 2, (a) .053
0.6 0, (b) .25

2 1 3 4 11.4 1, (a) .015 78 70
11 1, (b) .54

2 0 2 10 4.1 0, (b) .43 54 -6 0
ca. 1.5 2, (a) .0079 (?)

2 1 3 5 -1 0
1 0 Ï 14 16 1, (a) .050 58 -5 4

10 2, (a) .057
1 1 2 12 ca. 3.6 (?) 0, (a) .0064 (?) 60 62

27 3, (a) .030
0 0 0 15 3.6 0, (c) ca. .066 30 38

ca. 3 .6 (?) 0, (a) .066
ca. 0.4 0, (b) .29

2 0 2 11 ca. 0.5 0, (b) .41 22 29
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T able II (Continued)
H e x a g o n a l L a y e r , A d s o r p t i o n S t r u c t u r e  f a c t o r s

in d i ce s I n t e n s i t y , r o t a t i o n fa c t o r , O b s d . C a le d .h K i Jobs. p h o t o g r a p h A ’ A F o i / jF c (u = 0 . 2 5 6 )

2 i 3 7 0.3 1 ,  ( a ) .50 22 19
0.4 1, (b) .50

3 0 3 0 7.7 3, (a) .0136 74 67
8.4 0, (b) .55

3 0 3 3 0.7 0, (c) 11 10
2 1 3 8 3.5 1 , ( a ) .0107 63 63

5.2 1 ,  (b) .49
3 0 3 6 6.1 3 ,  ( a ) .0093 58 -5 8

6.2 0, (b) .51
2 0 2 Î3 1.5 2, (a) .019 31 -2 7
1 0 1 16 1.2 1 , ( a ) .063 55 53

7.2 2, (a) .064
2 1 3 10 1.3 1 , (a) .0064 55 -5 5
2 0 2 14 6.4 2, (a) .035 52 -5 0

1.3 0, (b) .35
2 1 3 I I ca. 0.4 1, (b) .44 24 27
1 1 2 15 ca. 0.6 1, (b) (  .25)

4.2 0, (a) .044 36 35
16 3, (a) .054

1 0 T 17 6.3 1 , (a) .068 44 -3 4
4.5 2, (a) .070

2 2 4 0 3.8 0, (a) .017 64 62
3 0 3 9 -1 8
0 0 0 18 6.5 0, (a) .079 40 -4 4
2 2 4 3 9

3 1 4 1 -  0.2
3 1 4 2 3.4 2, (a) .016 63 -5 6

2.3 1, (b) .54
2 2 4 6 3.5 0, (a) .014 48 -5 4
2 1 3 13 -2 5
3 1 4 4 2.1 1, (b) .54 60 59
2 0 2 Ï6 ca. 6 2, (a) .051 46 49
3 1 4 5 -  9

2 1 3 14 3.3 1 , (a) .031 48 -4 7
3 0 3 12 9.0 3, (a) .017 57 53

2.0 0, (b) .45
1 0 Ï 19 6.6 1 , (a) .076 46 39

4.4 2, (a) .076
3 1 4 7 17
2 0 2 17 3.4 2, (a) .059 32 -3 2
2 2 4 9 -1 7
1 1 2 18 11 0, (a) .068 45 -41

16 3, (a) .066
3 1 4 8 1.1 1, (b) .50 51 55
4 0 4 1 -  0.5
1 0 1 20 7.5 1, (a) .083 44 42

4.0 2, (a) .082
4 0 4 2 1.5 0, (b) .54 60 -5 3
2 1 3 16 6.5 1, (a) .055 49 46
4 0 4 4 1.4 0, (b) .53 58 55
0 0 0 21 5.1 0 ,  ( a ) .091 36 -3 7
3 1 4 TO 0.8 1, (b) .48 46 -4 9
4 0 4 5 -  8

2 2 4 12 3.1 0 ,  ( a ) .028 37 50
3 0 3 15 7.9 3, (a) .048 34 30
3 1 4 11 23
2 0 2 19 4.5 2, (a) .071 34 37
4 0 4 7 16
2 1 3 17 2.9 1, (a) .065 32 -3 0
4 0 4 8 1.0 0, (b) .050 65 52
3 2 5 1 -  0.3
2 0 2 20 4.3 2, (a) .078 31 40
3 2 5 2 ca. 1.6 1 , (a) .016 57 -5 0
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T a b l e  II ( Continued)
Hexagonal Layer,

indices Intensity, rotation
h k i l lobs. photograph

1 0 I 22 ca. 5.4 2, (a)
1.7 2, (a)

3 1 4 13 1.1 2, (a)
3 2 5 4 ca. 0.7 2, (b)
1 1 2 21 11 0, (a)

16 3, (a)
4 0 4 10 0.7 .0, (b)

1 .0 0, (c)
3 2 5 5
3 1 4 14 6.5 2, (a)
2 2 4 15 3.9 0, (a )

4 0 4 IT
2 1 3 19 5.6 1, (a)
3 2 5 7
1 0 I 23 8.5 b  (a)

5.1 2, (a)
4 1 5 0 0.7 1, (b)
3 0 3 18 11 0, (c)
4 1 5 3
3 2 5 8 ca. 2.5 1, (a)
4 0 4 13
0 0 0 24 6.5 0, (a)
2 1 3 20 8.2 1, (a)
2 0 2 22 8.0 0, (c)
4 1 5 6 0.5 1, (b)

respectively, calculated from Pauling crystal radii.10
(1) Apparent Elongation of the Charge Dis

tribution of the Cesium Ion along the c-Axis.—
This elongation of the charge distribution would 
seem to indicate that the thermal vibration in the 
direction of the c-axis is considerably greater than 
that in the directions of the a-axis, as would be 
expected for this type of layer crystal. However, 
the agreement between F0 and Fc in the higher 
sin20/A2 region appears to be generally good; in 
fact, better than that between F0 and Fc in the 
lower sin20/A2 region. Hence the “ effective” tem
perature factor, which includes the effect due to any 
slight disorder of the crystal, cannot be very far 
from isotropic.

Since the observed values of Foo.i are signifi
cantly too small at small values of sin0/\ and higher 
values of / 0bsd relative to the observed values of 
F 2hk.o, it is natural to suppose that this is a result of 
extinction due to higher degree of perfection of the 
crystal in the direction of the c-axis. This is con
sistent with a model of the crystal having a slight 
layer-shearing disorder perpendicular to the c-axis, 
or a dislocation disorder, which affects the align
ment of the (M,0)-planes more than it does that of 
the (OO.l)-planes.

B. Polarization of the Cesium Ions in the Layer 
Lattice.—The abnormally large Cs+-Cs"1“ dis
tance (4.19 A. as compared with 2rCs+ = 3.38 A.), 
the slight shortening of the Cs+- 0 = distance (2.86 
A. aso compared with rc3+ +  tq- =  1.69 A. +
1.40 A. =  3.09 A.), and the appreciably higher elec
tron density in the outer-shell of the cesium ion on 
the side toward the neighboring Cs+-layer than on 
the side toward the neighboring 0 =-layer, all indi-

(10) L. Pauling, “ The Nature of the Chemical B ond," 2nd ed., 
Cornell Univ. Press, Ithaca, N . Y ., 1940, p. 346.

Adsorption
factor,

A
Obscl.
>/«Fo

Structure factors
Calcd.

'/iFe (u = 0.256)

.092 30 -3 3

.091

.042 22 -2 3

.50 58 53

.076 35 -3 5

.079

.48 50 -4 6

-  8
.054 41 -4 2
.064 24 29

22
.080 35 35

15
.101 35 40
.101
.54 63 52

31 -3 8
7

.0143 (?) 52 49
-2 2

.104 29 32

.089 37 38
32 -3 2

.500 41 -4 6

cate that the cesium ions must be highly polarized 
in the layer crystal of cesium monoxide. The ob
served parameter (w = 0.256) and interionic dis
tances (Cs+-CD =  2.86 A.,_ Cs+-Cs+ =  4.19 A.) 
should correspond to a maximum lattice energy of 
the crystal consisting of the Madelung, the polari
zation, the van der Waals, and the repulsive en
ergy terms. The result (to be published later) of a 
calculation of the lattice energy of the crystal as a 
function of the parameter, u, shows that this is ac
tually the case.

It is to be noted that, in the case of the following 
CdCl2-type layer crystals: CdCl2, CoCl2, FeCl2, 
MgCl2, NiCl*, ZnCU, NiBr2, CdBrg, MnCl*, the ob
served inter-layer halide-halide distances all appear 
to be about normal (C1_-C1~ = 3.6 A., Br_-Br~ =
3.9 A., based upon the cell constants and parame
ters given in Wyckoff’s “ Crystal Structures” ) 11; 
and in the case of N il2, another CdCl2-type layer 
crystal with a highly polarizable anion, the ob
served interlayer I _-I~  distance (3.97 A.) is even 
considerably smaller than that calculated from the 
crystal radius of the iodide ions (2ri~ =  4.32 A.), 
in spite of the anionic contact . This is not surpris
ing, however, in view of the fact that the polarizing 
fields (contributed mainly from three neighboring 
cations, M++) acting on the halide ions in the Cd- 
Cl2-type layer crystals are in reversed directions to 
the polarizing field (contributed mainly from the 
three neighboring anions, 0 “ ) acting on the cesium 
ions at corresponding positions in the <rori'-CdCl2 
type layer crystal, Cs20.

Acknowledgment.—The valuable help rendered 
by Dr. Donald Tuomi in connection with this 
work is acknowledged with great pleasure.

(11) R . W . G . Wyekoff, “ Crystal Structures,” Vol. I , Table IV , 
Interscience Publishers, New York. N , Y ., 1948, p. 7.
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THE CRYSTAL STRUCTURE OF TRICESIUM MONOXIDE1
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Tricesium monox ide, Cs30, _ias been prepared and found to possess many metallic properties, a De3h-C- cm structure with 
two molecules per unit cell. The observ ed interatomic distances indicate that the bond between cesium and oxygen is 
ionic as in the crystal of cesium monoxide, while the bond between cesium and cesium is metallic.

Introduction
The existence of four suboxides of cesium, Cs70, 

Cs40, CS7O2 and Cs30, was first discovered by Ren- 
gade, 2 through thermal analysis of the cesium-oxy
gen system. Part of the phase diagram (from Cs to 
CsOo.25) has been substantiated recently by Brauer3 
by means of X-ray powder diagrams and measure
ment of the resistivity-temperature coefficients of 
the samples. Brauer observed, however, that 
Cs40  gave an abnormal X-ray powder pattern con
sisting of only two lines.

No structure work on any of these suboxides has 
been recorded in the literature, despite the fact 
that they are of great interest from the point of 
view of valency and structural chemistry.

Experimental
(a) Preparation of Tricesium Monoxide, Cs30 .—The 

suboxide was prepared by direct combination of pure 
cesium with the calculated amount of pure oxygen admixed 
with a small amount of argon, which served as an inert gas 
to prevent excessive volatilization of the alkali metal. 
Toward the later stage of the oxidation, the reaction tem
perature was raised to 170° to decompose any higher oxides 
of cesium. The molten reaction product was allowed to 
solidify and cool to room temperature. It was pulverized in 
dried argon purified by passing through copper turnings at 
350°.3

Crystalline samples of tricesium monoxide were also pre
pared by distilling small amounts of a lower suboxide, CS7O2, 
in thin-walled Pyrex capillaries (sealed in vacuo) at 120- 
130= . In the distillation process, however, yellowish films 
of cesium monoxide were also formed above the dark green
ish crystals of trieesium monoxide. The lower suboxide, 
CS7O2, was prepared by direct combination of pure cesium 
and oxygen in the presence of a small amount of argon.

(b) Study of the Crystal Properties.—The tricesium mon
oxide prepared by direct combination of the elements was 
obtained as a dark greenish, translucent solid, with a metallic 
luster, soft and malleable, difficult to pulverize. Analyzed 
by decomposition with water, the sample gave 0.337 equiva
lent of hydrogen for each equivalent of total alkali; hence 
the composition was CsOo.332- The method of analysis is 
similar to that recently described by Libowitz4 for deter
mining the excess of metallic barium in barium oxide crystals.

The following physical properties were observed:
(1) Dark greenish, translucent solid; m.p. ca. 165°, as 

observed in Pyrex capillary tube.
(2) Density: 2.73 ±  0.03 g./cc. at 30.2°, determined by 

displacement of dried, oxygen-free toluene in a pyknometer.
(3) Magnetic susceptibility at 30° *m = 61 X 10~6 

c.g.s./unit per mole, as compared with xm = (29 — 2 X 
35 — 10) X 10“6 = —51 X 10-6 c.g.s. unit calculated from 
Wiedeman’s law for Cs20  +  Cs, and with xm = 29 X 10-6 
c.g.s. unit for metallic cesium. The magnetic measurement 
was done by the standard Gouy method.5

(4) Electrical resistivity at 30°: 7.21 X 1(K5 ohm-cm. 
(as compared with 2.08 X 10~5 ohm-cm. for metallic ce
sium at 18°); resistivity-temperature coefficient: a =

(1) This work was supported both by the University Committee 
for Allocation of Research Foundation Grants and by the U . S. Army 
Engineer Corps under Contract D A  44-009-eng-405.

(2) E . Rengade, B u ll .  soc. ch im ., 5, 994 (1909).
(3) V . G. Brauer, Z . a n org . C h em ., 255, 101 (1947).
(4) C. G . Libowitz, J .  A m . C h em . S o c ., 75, 1501 (1953).
(5) L. G. Gouy, C o m p t. rend ., 1 0 9 , 935 (1889).

0.0025 per degree. The measurement was done potentio- 
metrically by determining the voltage-drop across a column 
of solidified suboxide in a conductivity pipet standardized 
with mercury. These observations definitely show that 
Cs30  possesses the physical properties characteristic of an 
alkali metal.

(c) X-Ray Diffraction Experiments.—Debye-Scherrer dia
grams of tricesium monoxide were obtained with Cu Ka 
radiation and with Mo Ka radiation in an 11.4-em. camera 
at room temperature. The pattern was readily indexed 
graphically by the simple hexagonal system with a c/a ratio 
of 0.86.

A highly imperfect crystal of tricesium monoxide was ob
tained by melting a small sample in a thin-walled Pyrex 
capillary tube and allowing it to cool very slowly to 150°. 
Tfie crystal was of irregular shape with one (hexagonal) a- 
axis approximately parallel to the length of the capillary. 
A rotation photograph taken with Cu Ka radiations and 
with an a-axis as the rotation axis confirmed the hexagonal 
symmetry with a glide extinction of the (h0-l)- and (0k-l)- 
type with odd ¿-indices. The cell constants are a = 8.78 
±  0.01 A. c = 7.52 ±  0.01 A. The calculated density for 
two molecules (Cs30 , formula wt. = 414.73) per unit cell is 
dcoic. = 2.74 g./cc., as compared wfith dobs. = 2.73 ±  0.03 g ./ 
cc. at 30.2°.

Determination of the Structure.— The presence 
of strong Mi-reflections with off /-indices and the 
systematic absence of (MM)- and (0/c-()-reflections 
with odd indices show the presence of a (11.0)- 
glide, rather than a (ll.O)-glide (equivalent to a
(10.0)-glide). Hence the possible space group 
symmetries6 are Djd — D^, C3V — C 6cm, Djih — 
C6/mcm. The shortness of the c-axis and the 
strong (lO.O)-reflection eliminate the possibility of 
putting the six cesium atoms at the combined two 
and four equivalent positions possible with these 
space-groups. Thus the cesium atoms must lie 
on six equivalent positions. This means that the 
six cesium atoms in the hexagonal unit cell of the 
suboxide are crystallographically alike.

The two space groups, Djd and Djjh, give the 
same set of six equivalent positions: uuO; OwO;
u0 0 ; « « (A ; 0wV2; itO1 / 2. The six equivalent 
positions possible with the space group Cgh differ 
from this set only in the choice of the origin along 
the c-axis. The relative intensities of the (10.0)- 
and (ll.O)-powder lines are approximately in the 
ratio of 5:1. This fixes u at about 0.24. With 
this approximate parameter for the positions of the 
cesium atoms, and assuming that the observed ex
tinctions are true, the only reasonable positions for 
the two oxygen atoms are OO1/^ and 003/ 4, corre
sponding to a Dgh structure. Comparison of the 
observed and calculated intensities of the powder 
lines (Table I) gives u =  0.250 ±  0.001. Based 
upon this structure and with u =  V4 for the param
eter of the cesium atoms, the calculated relative 
intensities of the rotation spots were also found to

(6) “ International Tabellen zur Bestim m ung von K ristallstruk- 
turen,”  B d . 1, G ebruder Borntraeger, Berlin, 1935.
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T a b l e  I

O b s e r v e d  a n d  C a l c u l a t e d  I n t e n s i t i e s  o f  X -R ay P o w d e r  L i n e s  o f  T r i c e s i u m  M o n o x i d e

H exagonal
indices,

hk'l
Planar spacings, d 

Caled. Obsd.

R elative
intensities

Io  bad.

10.0 7.60 7.62 60
00.1 7.52
10.1 5.35
11.0 4.39 4.39 10
20.0 3.801 '

11.1 3.793 3.80 100
00.2 3.760 , (broad)
20.1
10.2

3.393
3.371 3.37 10

21.0
11.2

2.875
2.857 2.87 15

21.1
20.2

2.684 ' 
2.673 2.68 50

30.0 2.535 2.54 2
00.3 2.507
30.1 2.402
10.3 2.380
21.2 2.283 2.28 5
22.0 2.195
11.3 2.176 2.175 5
31.0 2.109
22.1 2.108 2.103 5
30.2 2.101
20.3 2.092
31.1 2.031
40.0 1.901
22.2
21.3
00.4

1.896
1.889
1.880

1.891 
(broad)

15

40.1 1.844
31.2
10.4

1.840
1.826 > 1.833 2

32.0
11.4

1.744
1.728 ► 1.74 (?) 1 (?)

32.1 1.699
40.2 1.697 1.696 10
20.4 1.685

be in good qualitative agreement with the ob
served values obtained by visual estimation with 
the triple-film technique. However, in some 
cases, such as the (11.0)-, (11.1)-, and (11.3)-reflec- 
tions on the Cu Ka rotation photograph, the ab
sorption (n =  894 cm.-1) appeared to be quite ap
preciable. Unfortunately, it was not possible to 
correct for absorption because of the irregular 
shape of the crystal.

Since the diffracting power of the oxygen atoms 
is very small compared with that of the cesium 
atoms, the possibilities of placing the two oxygen 
atoms at positions other than those required by the 
observed extinctions must be examined. Thus with 
u =  V4 for the parameter of the cesium atoms, we 
still have to consider the possibilities of putting the 
two oxygen atoms at one of the following two sets of 
two equivalent positions: (1) 1/3, 2/ 3, V*; 2/ s, V», 
V«, for a Djj — C632 structure, in which the Cs-0 
distance would be 3.84 A.; or (2) l/3, 2/ 3, 0; 2/ 3, 
Vs, 1/i) for a C|h-C6s/m  structure, with C s-0  =
3.35 A. However, comparison of the calculated

R elative intensities caled., Jcaicd.

u ~ (‘A — 'A»«) u = 'A u — (Vi + V afin)
62.6 57.6 52.9
0 0 0
0 0 0
8.5 
6.4 1

9.1 9.6

69.3
24.3 _

100 100 100

0 0 0
10.2 9.2 8.2
6.9

10.5 17.4 17.2 17.0

59.3 ’ 
9.2 68.5 65.0 61.6

3.0 3.8 4.4
0 0 0
0 0 0
0 0 0

12.0 11.2 10.2
1.5 1.5 1.4

15.3
4.1

15.5 15.7

0
1.9 ;

6.0 7.0 7.8

0 0 0
0

12.2
0 0

3.2
21.0

3.7

40.1 38.8 37.0

0
3.4

0 0

3.0 ► 6.4 6.4 6.3

1.4
1.4 

13.3

> 2.8 2.9 3.0

14.4
1.4

29.1 29.0 28.8

(10.0)-, (10.1)-, (11.0)-, and (10.2)- powder-line 
intensities for these two structures with the ob
served intensities ((lO.l)-reflection absent) shows 
that these two structures must be ruled out in favor 
of the D3h — C6/mcm structure.

The X-ray powder and single-crystal data are 
given in Tables I and II. The powder data_indi- 
cate an abnormally high temperature factor, Bt, of 
the order of 10 X  10“ 16 cm.2, probably due to lat
tice defects. The absorption correction for the 
powder sample appeared to be small (from com
parison of the Cu Ka and Mo Ka photographs), 
since the sample was spread out in a thin film of 
small crystal lites on the wall by rapid melting and 
cooling in the capillary tube.

The observed interatomic distances are shown in 
Fig. 1. The C s-0  distance in tricesium monoxide, 
Cs30, is very close to the observed Cs+- 0 “  distance 
in the cesium monoxide (Cs20) layer crystal, indi
cating that the C s-0  bond in tricesium monoxide is 
ionic; while the Cs-Cs distance is about 8%  higher 
than the interatomic distances in metallic cesium
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T a b l e  I I

O b s e r v e d  a n d  C a l c u l a t e d  I n t e n s i t i e s  o f  B r a g g  

S p o t s  o n  R o t a t i o n  P h o t o g r a p h s  o f  T r i c e s i u m  M o n o x i d e  

C r y s t a l

(Cu Ka radiation, a-axis rotation.)
H e x a g o n a l  R e c i p r o c a l  l a t t i c e  

I n d i c e s ,  c o o r d in a t e s  
hk'l i" (I| t o  a) £ ( X  t o  a)

In t e n s i t i e s ,  I
C a lc d .

O b s d .  (u  = V

01.0 0 2.0 50 37
02.0 1 
00.2 J> /3 0 3

02.0 'l o 4.1 100 100
00.2 jr
01.2 0 4.6 10 14
02.2 0 5.7 14 16
03.0 0 6.1 2 7
03.2 0 7.3 1 6
04.0 0 8.2 5 31
00.4 0 8.3 4 31
01.4 0 8.4 1 7
04.2 1 
02.4 J\ 0 9.1 6 46

10.0 1.76 1.0 75 76
11.0 1.76 3.0 4 14
11.1 1.76 3.6 63 100
10.2 1.76 4.2 17 15
12.0 ) 
11.2 J> 1.76 5.1 21 26
12.1 1.76 5.5 28 53
12.2 1.76 6.5 6 12
11.3 1.76 6.8 8 35
13.0 1.76 7.3 3 5
12.3 1.76 7.9 9 26
13.2 ) 
10.4 J> 1.76 8.2 3 12

21.0 (3.52) i (out of » 6 . .

20.0 1 
21.1 J

range)

\ 3.52 2.0 80 116

21.0 1 
21.2 J> 3.52 4.1 8 20

21.1 ] 
20.2 Jf 3.52 4.6 54 86

21.2 3.52 5.7 5 14
22.0 1 
21.3 J[ 3.52 6.2 9 24

22.2 1 
21.3 J[ 3.52 7.4 6 38

23.1 ' 
20.4 j> 3.52 8.4 7 26

3l.O (5.27) i (out of
range)

3 l . l 5.27 2.3 77 171
30.0 5.27 3.1 5 16

31.2 5.27 4.2 9 21
31.0 1 
30.2 J 5.27 5.1 3 17
31.3 5.27 6.3 7 36
31.2 5.27 6.6 2 6
32.1 5.27 7.4 6 26

(Cs-Cs =  5.36 A., at room temperature), probably 
due to the polarizing effect of the oxide ions. In 
view of the observed metallic properties of the sub
oxide, the observed Cs-Cs distance suggests that 
the Cs-Cs bonds in Cs30  crystals have metallic 
character. The structure can be regarded as con
sisting of hexagonal columns of CsJO (formed by 
piling up the hypothetical pyramidal tricesiumoxo- 
nium ions, Cs^O, according to the symmetry of a 63 
screw axis), the columns being bonded together by 
“ metallic”  electrons.

Fig. 1.—Diagram showing the positions of the cesium and 
the oxygen atoms (denoted, respectively, by the closed and 
the open circles) in the hexagonal unit cell of Cs30  crystal 
at room temperature. The observed cell constants and 
internuclear distances are: a =  8.78 ±  0.01 A., c =  7.52 ±  
0.01 A., u =  0.250 ±  0.001.; ao = 2.89 ±_0.02 A. (c/ . 

Cs+- 0 “  =  2.86 ±  0.01 A. in Cs20  crystal)7; ab =  4.34 ±  
0.03 A. (cf. Cs+-C s^ =  4.19 ±  0.02 A. in Cs20  crystal)7; ad 
= 5.80 ±  0.04 A., bd = 5.78 ±  0.05 A. (cf. Cs-Cs = 5.36 A. 

in metallic cesium).

Brauer3 has observed that the lower suboxides of 
cesium (Cs40, and other suboxides lower in oxygen 
content) are metallic (electrical) conductors. Prob
ably these also possess partial metallic structures. 
Silver subfluoride, Ag2F, has also been found by 
Terry and Diamond7 to possess metallic properties 
and partial metallic structure (anti-Cdl2 structure) 
in which the Ag-F distance is about the same as 
that in silver fluoride (AgF) crystals and the Ag-Ag 
distance the same as that in metallic silver. Thus 
the metal suboxides and subhalides probably be
long to the same class as far as structure chemistry 
is concerned. Further study of this class com
pounds appears to be desirable.

Our thanks are due Dr. D. Tuomi for his valuable 
help in connection with this work.

(7) H. T erry  and H. Diamond, J . Chem. Soc., 2820 (1928).
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In  a p re v io u s c o m m u n ic a tio n , th e  ra te  o f  e v a p o ra tio n  w a s in v e stig a te d  b y  e m p lo y in g  m o n o la y e rs  o f th e  Cn, Cis, C 19 an d  
C 20 m e m b e r s  o f th e  sa tu ra te d  f a t t y  acid  series. T h e  rate  w as in d e p en d en t o f th e  surface pressure of these  m o n o la y e rs  in 
th e  ran ge 1 0 - 2 4  d y n e /c m .,  p ro v id e d  th e  film  w as spread  in itia lly  un der pressure to  p re v e n t th e  entrance o f im p u rities . 
T h is  fin d in g  has bee n  con firm ed  u sin g  a  sim ilar tech n iq u e . T h e  p re sen t in v e stig a tio n  e x ten d s th e  s tu d y  to  nine pu re su b 
sta n c es, esters, acid s, a lco h o ls  an d  on e flu orin ated  a lco h o l. T h e  su rface a rea , th e  resistance to  ev a p o ra tio n  a n d  th e  surface  
v is c o s ity  w ere m ea su red  fo r  each su b sta n c e  as a  fu n ctio n  o f  th e  su rfa c e  pressure. C erta in  of th ese  film s are h ig h ly  co m p res
sib le  in  th e  liq u id  ph ase, as co m p a red  to  th e  inco m p ressib le  sa tu ra te d  f a t t y  acid s. T h e  com p ressib le  film s are p o o r reta rd 
a n ts o f e v a p o ra tio n , w hereas th e  in com p ressib le  film s reta rd  b y  a large fa c to r . T h e  specific co n d u c ta n ces (recip ro ca l 
resistances to  e v a p o ra tio n ) are a d d itiv e  fo r  a  m ix e d  film  co m p o sed  of su b sta n ces of sim ilar co m p ressib ility , fo r ex a m p le , 
a 5 0 -5 0  m o l m ix tu re  o f stearic a n d  arachidic acid s. A  film  co m p o se d  o f 8 0  m o l arachidic acid (in co m p re ssib le ) a n d  2 0  m o l  
e th y l p a lm ita te  (co m p re ssib le ) reduces th e  rate  of e v a p o ra tio n . A d d it iv it y  o f th e  con d u c ta n ces is a p p ro a c h ed  a t  v e r y  low  
pressures, w hereas un der h igh  pressures th e  resistan ce a p p roach es th a t  o f th e  in com p ressib le  c o m p o n e n t. N o  d irect re la tio n 
ship  w a s fo u n d  b etw een  surface pressure, surface v is c o s ity  a n d  specific  resistance to  e v a p o ra tio n . T h e  correla tion  d e p e n d s  
u p on th e  co m p re ssib ility  o f  th e  film  e x c e p t fo r th e  flu orin ated  alcoh ol w h ich  is exc eed in g ly  v isco u s.

I. Introduction
The permeability of surface layers involves a 

physicochemical model and a process, whose study 
should aid in understanding many problems of bi
ology, physics (liquid-gas interfaces) and technol
ogy (lowering of the rate of evaporation of water in 
reservoirs). The problem of permeability has been 
investigated since 1921 by Devaux,1 with interest
ing results followed by many investigators.

Restricting our interest to the rate of evapora
tion of water through films, we find that three sets 
of conditions have been employed in the measure
ments: (a) a current of air is passed over the sur
face.1“ 10 (b) The air above the surface is free of
convection currents.8-14 (c) A partial vacuum is 
created above the surface.15-20 At first glance, 
the conditions under (2) would seem the most profit
able under which to study evaporation since they 
most closely approximate the actual conditions 
under which water evaporates from a reservoir. 
However, from the viewpoint of a physical chemist,

(1) H. E . D evaux, “ L a  perm éabilité des lam es minces. E tu d e de 
l ’influence des vapeurs a t des huiles sur les lam es minces solides et 
liquides. Soc. Fr. de physique, 20 mai, 1921, et les lam es très minces 
at leurs propriétés physiques conference 5 juin  1930, Soc. Fr. de 
physique 23-24, Delm as E diteur, Bordeaux.

(2) G . Hedestrand, T his J o u r n a l , 28, 1244 (1924).
(3) I. Langm uir and D . B . Langm uir, ibid., 31, 1719 (1927).
(4) H. N . G lazov, J . P h ys. Chem. U SSR, 1 1 , 484 (1938).
(5) A , C . Heinman, ibid., 14, 118 (1940).
(6) C . I . Sklaiarenko and M . K . Baranaiev, ibid., 12, 271 (1938).
(7) C . I . Sklaiarenko, M . K . B aranaiev and E . I. I. M iejouia, ibid., 

18, 447 (1944).
(8) A . R . D ocking, E . Heym ann, L. F . K erley  and K . N . M ortensen, 

N ature, 146, 265 (1940).
(9) E . H eym ann and A . Yoffei Trans. Faraday Soc., 38, 408 (1942).
(10) A . R . G ib b y and E . H ym an, A ustralian J . Sci. Res., Ser. A., 

197-2 12  (1948).
(11) R . J. A rcher and V . K . L a  M er, A n n . N . Y . Acad . Sci., 58, 

807 (1954).
(12) R . J. A rcher and V . K . L a  M er, T his Journal, 59, 200 

(1955).
(13) I. Langm uir and V. J. Schaefer, J . Franklin In st., 235, 119 

(1943).
(14) W . W . M ansfield, Nature, 172, 1101 (1953).
(15) E . K. R ideal, T h is  J o u r n a l , 29, 1585 (1927).
(16) M . K . B aranaiev, J . P h ys. Chem. U SSR , 9, 69 (1937).
(17) F . Sebba and E . K . Rideal, Trans. Faraday Soc., 37, 273 

1941).
(18) F . Sebba and N . Sutin, J . Chem. Soc., 2513 (1952).
(19) J. F . Hollim an, J. F . Largier and F . Sebba, ibid., 738 (1954).
(20) F . Sebba and H. V . A . Briscoe. J. Chem. Soc., 106 (1940).

conditions (a) and (c) introduce an additional dy
namic factor not present in (b) which complicates 
the interpretation of the data.

Archer and La Mer11’12 employed the method of 
Langmuir and Schaefer13 but obtained entirely dif
ferent results in respect to the behavior of the fatty 
acid films as a function of the surface pressure. 
Whereas Langmuir and Schaefer found a marked 
dependence upon surface pressure and often a hys
teresis type of curve on compression and expansion, 
Archer and La Mer controlled the technique of 
spreading the fatty acid film so that the resistance 
became a reproducible constant independent of the 
surface pressure in the range 10-24 dynes/cm. 
The upper limit exceeds 30 dynes/cm. as with 
arachidic acid, but collapse of the him with other 
monolayers may occur below 30 and above 24 
dynes/cm.

The essential point was to spread the film from a 
highly volatile solvent (petroleum ether) and under 
an initially high pressure to prevent the entrance 
of impurities (solvent or foreign molecules) into 
the him during the spreading and measurement. 
They were thus able to obtain consistent results 
yielding simple relations in respect to chain length 
and the energy barrier to permeability. The en
ergy barrier for the Cjg acid was determined from 
the resistances at several temperatures.12

It is possible that a surface pressure-area iso
therm as ordinarily measured may not be sensitive 
enough to show that the states of a him of low com
pressibility obtained under decompression may not 
lead to the same equilibrium states on compression 
in the liquid state. On the other hand, the resist
ance to evaporation is exceedingly sensitive to many 
factors of technique and molecular architecture.

Since the spreading technique of Archer and La 
Mer was quite different from that of any previously 
employed, and their conclusions are of far-reaching 
importance, our Erst task was to satisfy ourselves 
that the resistances of their fatty acid monolayers 
were actually independent of surface pressure. 
Their results have been conhrmed for the Ci8 and 
C20 acids (Fig. 4, curves 6 and 5).

We investigated nine pure substances and two 
mixtures. In each case we measured the surface
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area of the film (compression-area isotherm), the 
specific resistance to evaporation and the surface 
viscosity all as functions of surface pressure.

II. Experimental Methods
A technique analogous to that of Langmuir and Schaefer 

was used with modifications for measuring the specific re
sistance of the monolayers to the evaporation of water, 
taking advantage of the experience of Archer and La Mer. 
Figure 1 shows the trough and torsion balance of the present 
apparatus but equipped with oscillating mica rings V for the 
measurement of surface viscosity, to be described later. 
For the measure of rate of evaporation through the film the 
mica rings are replaced by the Lucite desiccant box used 
previously for collecting and weighing the evaporated water. 
This part of the apparatus has been described in detail in 
the previous papers, 11-12 and need not be repeated here. 
The torsion balance M firmly connected with an elevator 
(not shown in sketch) bears a wettable plate K of depolished 
mica or sand-blasted platinum which allows facile measure
ment of the surface pressure of a monolayer spread on water 
contained in the trough E. The steel torsion wire bears a 
mirror galvanometer, a damping plate immersed in oil, and 
a 2 0  mm. horizontal rod, at the edge of which is attached 
the wettable plate by a thin silk thread.

A narrow beam of light is reflected from the galvanometer 
mirror through a 4-meter optical path to a vertical mirror 
and then to a translucent scale, which acts as an image index. 
The sensitivity of the torsion balance is 0.1 dyne/cm.; for 
0.289 g., we have 32.9 cm. of light displacement. Since 
the plate has a perimeter of 4 cm., we estimate visually the 
sensitivity (within 1/i mm.) as

980 X 0.289 X 0.5 
329 X 4 = 0 .1  dyne/cm.

The water rests in a glass trough having the dimensions 6 6  
X 16 X 2.5 cm. For the measurement of surface pressure 
the surface is delimited by a floating mica frame thinly 
coated with pure paraffin, and by two movable barriers, 
which are made either of glass or of mica and also coated 
with paraffin. The mica frame is kept in place by two glass 
rods F; it is free to move vertically but not horizontally. 
A given temperature is maintained by passing water from a 
thermostat through a glass coil immersed in the trough. 
At the edge of a Lucite platform, supported by the edges 
of the trough, is a steel pointed rod with which one can ad
just the distance between the surface of the liquid and the 
bottom face of the desiccant box. This box, containing 
LiCl separated by a water permeable membrane fits into 
the platform through a circular hole 10  cm. in diameter. 
The trough is kept level by four adjusting screws.

The entire system is kept under a Vaseline-coated hood 
which serves to catch dust particles from the air and pre
vent them falling on the surface of the water. Guastalla’s21 
technique of blowing air and creating suction for cleaning 
the water surface was used. This method consists of 
amassing in one corner of the water surface all the impuri
ties which can be detected by dusting calcinated talcum 
powder onto the surface.

To avoid the rapid reappearance of impurities the water 
was distilled in a glass apparatus, cleaned with a mixture of 
H2S04—KiCriCb. The laboratory-distilled water was suc
cessively redistilled from acid permanganate (to oxidize or
ganic products) and hydrated barium hydroxide added for 
neutralization. The edges of the trough and the barriers 
were coated with a minute amount of paraffin before each 
experiment. This paraffin was replaced as soon as there 
was any sign of surface activity. All parts of the apparatus 
that came into contact with the surface of the water were 
handled with tweezers. No other chemical research wras 
permitted in the room.

Despite all these precautions, it was not possible to main
tain a clean water surface for more than approximately one 
minute. The reappearance of impurities increased with 
time. It was not possible to evaluate the amount of such 
impurities, but everything possible was done to keep them 
at a minimum.

Measurement of Surface Area Isotherm.—The Wil- 
helmy (wettable plate) method was used. 22 If 70 is the

(21) Thesis, M ontpellier, France, 1948.
(22) H. L. Rosano, M em orial Serv. Chem. Etat., 36, 309-341 (1951).

surface tension of pure water and 7  that of water covered 
by a film, the surface pressure p is defined as 70 — 7 .

70 — 7  represents for an insoluble film the work necessary 
to isothermally and reversibly increase by one cm .2 the free 
surface of a liquid covered. It can be broken into: (1) 
work against instantaneous surface tension of the pure 
liquid; (2 ) work gained by the spreading of surface active 
molecules to an equilibrium state.26

For a very dilute surface film, the instantaneous surface 
tension is very close to the surface tension of the pure liquid, 
so that

7aoln — 70 IFadaorptn —  70 P

To measure this isotherm, the surface of the water is 
cleaned, then the wettable plate is put into the surface, 
noting where it registers on the scale. The surface active 
material, dissolved in petroleum ether, is introduced onto 
the water surface from a calibrated pipet. The petroleum 
ether was distilled in a glass apparatus (b.p. 40-55°) and 
was tested for purity by evaporating 2 0  drops on a clean 
water surface and noting the lack of any residue. Starting 
with a non-discernible surface pressure, the barrier J is 
gradually moved, thus decreasing or increasing the area of 
the film. The surface pressure is measured at each area by 
the displacement of the light on the scale.

Measurement of the Specific Resistance.—Starting with- 
non-discernible surface pressure we obtained reproducible- 
area isotherms on compression. It is impossible to measure 
an area isotherm by decompressing a monolayer containing 
micro-crystals; nevertheless, we have determined the 
specific resistance vs. surface pressure by spreading the 
film under high pressure and decompressing, because it 
seems to be the practical way to prevent impurities entering 
the monolayer.

Reproducible results can be obtained by the following 
technique: ( 1 ) the surface is cleaned many times with 
blowing air and suction technique. (2) We place the plat
form in position. (3) The surface water level is adjusted 
with the movable rod. (4) We remove the platform and 
the wettable plate K. (5) Barrier J is at Fi and is pushed 
toward F2. (6 ) The substance is spread as a film under
high surface pressure. (7) We replace the platform and 
plate K. (8 ) We decompress the film to a certain surface 
pressure. (9) The desiccant box is opened and placed on 
the platform. Temperature of the box is noted. A stop 
watch is started. After a certain time (2 minutes, for 
example), the box is removed, closed and weighed. The 
temperature given is again noted. With this technique we 
have checked the results of Archer and La Mer using satu
rated fatty acids.

When we create a new water surface (operation No. 5) 
and immediately deposit the solution, it seems reasonable to 
suppose that the surface is cleaned by the spreading of the 
solvent. Since we have a film under high surface pressure- 
the impurities cannot adsorb in surface. This explanation 
given by Archer and La Mer seems plausible.

Before adopting the technique just cited, we also meas
ured the specific resistance vs. surface pressure starting with 
a non-discernible surface pressure and compressing. The 
resistance to evaporation under this procedure increased 
with surface pressure as was reported by Langmuir and 
Schaefer13 and by Archer and La Mer (Fig. 3 of reference 
12).

The explanation of Archer and La Mer was based pri
marily on the trapping of solvent molecules in the mono- 
layer on compression. While we do not question the im
portance of trapping impurities, nevertheless, it is also pos
sible that in the compression and decompression of a mono- 
layer we may not have the same ratio of the several possible 
configurations in the liquid states of the film. We shall 
show later that the dependence of resistance upon surface 
pressure is governed by the compressibility (dp/dcr) of the 
substance forming the monolayer, i.e., by the tangents to 
the area isotherm. To determine the compressibilities as a. 
function of the time and surface pressure or area will require 
a more sensitive surface manometer than we have used. 
This means that the surface pressure-area isotherm is rela
tively insensitive as compared to the resistance-pressure - 
isotherm, so that it may not be possible to detect significant 
differences in compressibility on compression and decom
pression.

Measure of the Surface Viscosity of Monolayers.—Figure 
1 shows the apparatus as used to measure surface viscosity. 
It consists of a mica frame V coated with paraffin. A mica



350 H e n r i  L. I I o s a n o  a n d  V i c t o r  K. La M e r Vol. 60

Fig. 1.—Sketch of apparatus for measuring surface 
viscosity of surface films by the damping of oscillations 
including the torsion type of Wilhelmy surface balance for 
measurement of surface pressure. Description of lettered 
parts in text.
ring floats on the surface of the water and is attached to a 
vertical torsion wire. Using a light beam reflected from a 
mirror on the wire, it is possible to measure the decrement 
of oscillations of the ring for the clean surface water and for 
the surface monolayer. The damping of the oscillations 
depends upon the concentration and nature of the surface 
film, whereby one calculates the surface viscosity of a mono- 
layer. We have used a narrow mica ring coated with 
paraffin.23 Surface viscosity can be calculated as

"\/t I  w  R% R i  r  A Ao ”1 f i l
M “  2 x  X  R lR l  |_7.4 =F A 2 7 .4  =F A§J  

in which
r  is the torsion module of the wire
I  is the initial moment of the floating system
R i  is the radius of the moving ring
R i  is the radius of the fixed ring
Ao is the decrement without film
A is the decrement with film

The method of damped oscillations is best adapted for vis
cous films.
III. Theoretical Basis for Calculating the Specific 

Resistance of the Monolayer to Evaporation
From diffusion theory, the rate of flow of water 

vapor through a column of air in a steady state can 
be expressed by

M/t = O  -  w0)/(b/D)(A) (2)
where M  is the mass of water (in g.) taken up by the 
solid absorbant in the time t (seconds), A is the 
cross-sectional area of the diffusion tube, b is the 
length of the diffusion path (in cm.), and D is the 
diffusion coefficient of the water vapor in air (in 
cm.2/sec.), w is the concentration of the water vapor 
(in g./cm .3) at the surface of the water just above 
the monolayer, and w0 is the concentration in simi
lar units at the lower surface of the silk gauze.

Equation 2 suggests an analogy to Ohm’s law in 
the form

Rate = driving force/specific resistance
thus

M/t = (tv — wa)/r (3)
where r is the sum of the resistance (by unit of 
cross-sectional area of the diffusion tube) of the 
water surface—the air column, the membrane and 
the desiccant surface acting in series. In these 
conditions two determinations are made of the 
rate of absorption, one with a monolayer on the wa

ys) M. July, ¡Colloid Z„ 126, 35 (1952).

Fig. 2.—Surface pressure-surface area isotherms showing 
compressible (no. 1, 2, 3, 9) and non-compressible films 
(4, 8) for substances of Table I.

ter and one without. The specific resistance of the 
monolayer r is equal to

r =  ( w  — tVo)t(A / M Him )  — (w — Wo)t(A/Mno f i lm )  ( 4 )  

The rigorous application of equation 2 is possible if 
we note the temperature of the water and the desic
cant absorbant at the beginning and the end of 
each experiment.11 The validity of the method has 
been established.11-12 The value for w0 of lithium 
chloride is taken from graphical data published by 
Bichowsky.24 Following Archer and La Mer,11-12 
we have adopted a correction with regard to the 
additional contribution from water vapor in the 
surrounding air. For experimental convenience, it 
was necessary to establish the following relation
ships

w = /  (temperature) 
w0 = /  (temperature)
wt. of water absorbed by the surrounding air = /  (time)

T a b l e  1 “

1 Ethyl palmitate C16H31COOC2H6 M.p. 24°
2 Ethyl linoleate c 17h 31c o o c 2h 6 w 27d  1.4573
3 Ethyl elaidate c17h 33c o o c 2h 5 w 28-9d  1.4519
4 Ethyl stearate c 17h 35c o o c 2h 5 M.p. 34.4°
5 Araehidic acid CH,(CH2)i8COOH M.p. 76°
6 Stearic acid CH3(CH2)16COOH M.p. 68.7°
7 1-Octadecanol CH3(CH2)16CH2OH M.p. 58.2°
8 Cetyl alcohol CH3(CH2)14CH2OH M.p. 49°
9 1,1,13-Trihydro- H(CF2)i2CH20H M.p. 110°

perfluorotridecyl alcohol
° The products 1, 2, 3, 4, 5, 6, 7 and 8 were dissolved in 

redistilled Merck petroleum ether (b.p. 45-55°) and the 
product 9 in methyl alcohol (boiling range 64.2-64.7°).

I. Experimental Results
A. Pure Substances. (1) Compression Area 

Isotherm.— Figure 2 shows the surface pressure- 
area isotherm for the above substances. The data 
fall into two categories, the compressible mono- 
layers (substances number 1, 2, 3 and 9), and the 
relatively incompressible substances (4, 5, 6, 7, 8).

It is not surprising to find that substances with 
double bonds (nos. 2 and 3) give compressible 
monolayers. Neither is it surprising in the case of 
the fluorinated substance as shown by Klevens 
and Raison.26 However, it is not always possible 
to predict a priori if a substance will give a com
pressible or an incompressible film, as in the con-

(24) F. K . Bichow sky, ('hem . M et. Eng., 302 (1940).
(25) H. B. K levens and M . Raison, J . chim, p h y s 51, 1-S  (1954).
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Fig. 3.—Reduction in rate of evaporation of water 
through a monolayer by substances listed in Table I in 
terms of the specific resistance to evaporation as a function 
of the surface pressure. Note the very low resistance of the 
esters 1, 2, 3 and the high resistance of saturated fatty 
acids—stearic and arachidic.
trasting behavior of the two esters: ethyl palmitate 
and ethyl stearate.

(2) Specific Resistance vs. Surface Pressure.—
Figure 3 gives the results of specific resistance 
measurements. The products 1, 2 and 3 are in
effective for reducing the rate of evaporation of 
water. These products also give compressible 
films (Fig. 2). The effective substances have rela
tively incompressible films. Except for the fluorin- 
ated alcohol, which we shall discuss later, we are 
led to the general conclusion that for substances with 
hydrocarbon tails, the resistance to evaporation of a 
monolayer is determined by the compressibility.

We have also checked the results of Archer and 
La Mer for the Ci8 and C2o acids in the range of 12 
to 24 dynes/cm. where the specific resistance is in
dependent of the surface pressure. When the sur
face pressure is below 12 dynes/cm. the data indi
cate that (a) in the case of the acid C2o the specific 
resistance of the monolayer remains practically in
dependent of the surface pressure down to 3 dynes/ 
cm., and (b) in the case of CjS acid below 13 dynes/ 
cm. the specific resistance decreases with decreasing 
surface pressure.

From the other curves it can be seen that there 
are regions where the resistance is independent of 
surface pressure (no. 9 between 18 dynes/cm. and 
saturation) and also regions where the specific re
sistance is an increasing function of surface pres
sure (curves 4, 7, 8).

Generally the specific resistance is independent 
of the surface pressure only for certain substances 
and certain ranges of that pressure. Those sub
stances exhibiting compressible films show little or 
no resistance to evaporation.

(3) Surface Viscosity vs. Surface Pressure.—  
Only three curves are given in Fig. 4 since the 
method used was not sensitive enough to determine 
the viscosity of the more fluid monolayers. The 
fluorinated alcohol (no. 9) has a high viscosity.

Even though there appears to be no relationship 
between specific resistance and surface viscosity, 
an examination of the two curves for any one prod
uct shows that both curves have approximately the 
same slope at any given pressure. The discontin
uities in-the slope of the surface viscosity vs. sur

Fig. 4.—Surface viscosity (in 102 poises) as a function of 
surface pressure for substances of Table I.

face pressure curves have been ascribed by Joly23'26 
to changes of phases in the monolayers. Since 
these discontinuities in the slopes of the specific 
resistance vs. surface pressure curves occur at the 
same surface pressure, it seems highly plausible that 
a change in the specific resistance of a monolayer 
reflects a change in the structure of the film.

On comparing curves for products 6 (stearic 
acid) and 9 (fluorinated alcohol) we find that 6 is 
non-compressible and non-viscous, and 9 is com
pressible and very viscous. Yet we see that both 6 
and 9 have approximately the same specific resist
ance in their most effective regions. This suggests 
that resistance to evaporation through a monolayer 
depends on twro effects: (a) cohesive forces resid
ing in the monolayers (compressible films are not 
effective); (b) adhesive forces between the mono- 
layer and the sub-phase due to hydrogen bonding.

In product 9 even though this film is fairly com
pressible, the increase in cohesive forces, in the tails 
of the fluorinated compound, which are evident 
from the extremely high value of surface viscosity, 
lead to an appreciable specific resistance.

B. Mixtures.—Mixtures have been studied for 
two reasons: (a) to see the effect of impurities on 
the measurement of the specific resistance; (b) to 
see if it is possible to get mixtures that are still 
effective in reducing evaporation but which have 
properties that are more desirable than the pure 
substances alone (lower melting point of mixtures 
for practical purposes).

Under (a) we chose two substances of similar 
compressibility and under (b) a mixture of a com
pressible and a non-compressible substance.

(1) Mixture of Arachidic and Stearic Acids: 
50/50 Molecules.—Figure 6 shows that this mix
ture obeys approximately the formula

1/r mixture =  1/r arachidic acid +  1/r stearic acid
The conductances are additive as was suggested 

by Langmuir and Schaefer.
(2) Mixture of Arachidic Acid and Ethyl 

Palmitate: 80/20 Molecules.—The specific resist
ance vs. surface pressure for pure ethyl palmitate 
monolayers shows no appreciable decrease in the 
rate of evaporation (curve 1 of Fig. 3) of water. 
If the law of the additivity of reciprocal resistances 
is generally applicable, then any substance mixed

(20) M . Joly, J . chiin. phys., 44, 212 (1047).
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with ethyl palmitate should exhibit no appreci
able effect on the rate of evaporation of water. 
However, an experiment with mixtures of (20 mole 
% ) ethyl palmitate and (80 mole % ) arachidic acid 
shows an appreciable effect on the rate of evapora
tion contrary to expectation (Fig. 7). This 
result can be understood in the following way.
^  Since the Cm and C2o fatty acids exhibit almost 
identical compression-area isotherms, a mixture of 
these two acids should exhibit a similar behavior 
(Fig. 5). Actually, the mixtures show slightly

Fig. 5.—Surface pressure-surface area isotherm of the 
mixed film formed from a 50/50 mixture of pure stearic4 
and pure arachidic15 acids.

smaller areas at given pressures, and likewise the 
measured resistance (Fig. 6) of the mixture is some
what below the theoretical curve for the additivity 
of the reciprocal resistances. These minor effects 
may be within the experimental error.

SURFACE PRESSURE - dynes/cm
Fig. 6.—Specific surface resistance to evaporation through 

:a mixed film composed of 50 mols stearic (Cia) acid and 50 
mols arachidic (C20) acid. The theoretical curve is com
puted on the basis of the additivity of the individual recip
rocal resistances or conductances of the pure substances.

On the other hand, in the case of two substances 
of different chemical type (acid and ester), the re
ciprocal resistances are not additive for the mixed 
film (Fig. 7). The resistance of ethyl palmitate is 
so low that on the basis of this rule its conductance 
should dominate the conductance of any mixed 
film containing any appreciable amount of the ester.

Figure 8 shows the compression-area isotherms 
of the pure substances and their 80 acid/20 ester 
mixture. This mixture exhibits a compressibility 
very similar to that of the pure acid.

However, when we examine the evaporation re
sistance of this mixture (Fig. 7), we find that in the

SURFACE PRESSURE - dynes/cm.
Fig. 7.—Specific surface resistance to evaporation as 

function of surface pressure of mixed film prepared from a 
mixture containing 80 mols of arachidic (C2o) acid and 20 
mols of ethyl palmitate.

limit of low pressures, the resistance of the mixture 
approaches that predicted by the additivity of re
ciprocal resistances. In any case, the limiting tan
gent at low pressures approaches that of the ester 
and not that of the C2o acid.

Fig. 8.—Surface pressure-area isotherm of the mixed 
film of 80 mols arachidic acid-20 mols ethyl palmitate cor
responding to the resistance measurements of Fig. 7.

As the pressure is increased, the resistance of the 
film spread from the mixture rises rapidly and in the 
limit seems to approach the high resistance of the 
arachidic acid component.

This behavior is explicable. At low pressures the 
interaction forces between the molecules in the 
monolayer are weak with the result that every 
molecule more or less exhibits its own specific re
sistance which adds in parallel. On the other 
hand, with increasing pressure, the interaction 
forces increase rapidly with decrease in area, so that 
the additivity rule fails completely.

Near the pressure for the collapse of the mixed 
film, the ethyl palmitate molecules are squeezed 
out and the resistance approaches the high value 
for the arachidic acid component.

In practice this result has importance. A solid 
substance which has a pronounced effect on the 
rate of evaporation can be mixed with another prod
uct thereby making a liquid easier to spread with
out reducing the rate of evaporation, provided it is 
maintained under pressure.

C. Miscellaneous Observations.— Before adopt
ing the decompression technique of measuring 
resistance to evaporation, a number of substances,
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not listed in Table I, were tested by compressing 
the film spread at low pressures. Cyclohexyl 
myristate and also ethyl oleate gave easily com
pressible films producing very little reduction in 
the rate of evaporation. Methyl stearate on com
pression from 0.3 to 11 dynes/em. reduced the rate 
of evaporation by a practically constant value of 
12%. Lauryl alcohol gave a low resistance to evap
oration which was practically constant (0.21 to 
0.37) over a wide range of pressures (1.4 to 41 
dynes/cm.).

With arachidic acid even at non-discernible pres
sures, there is a noticeable effect (reduction of 15%) 
on the rate of evaporation. On compressing this 
film the rate decreased rapidly as soon as discernible 
pressures were noted until at about 22 dynes/cm. 
the rate of evaporation becomes 60% of that of pure 
water.
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ADSORPTION OF GASES ON A SILICON SURFACE
By J. T. L a w  a n d  E. E. F r a n c o i s

Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey 
R e c e i v e d  A u g u s t  2 3 ,  1 9 5 5

An investigation of the adsorption of argon, nitrogen, carbon dioxide, carbon monoxide, hydrogen, oxygen and water vapor 
on a silicon surface has been carried out using a mass spectrometer and a flash filament technique. All measurements were 
made at 300 °K. and gas pressures between 10 ~7 and 10 “ 4 mm. The decomposition of carbon dioxide and water vapor at 
various temperatures has also been studied.

Introduction
The adsorption of gases on germanium has re

cently been studied1’2 using the flash filament tech
nique3 but up to the present, no work has been 
done on silicon. It has been shown by various 
workers4 that the state of the surface (i.e., extent 
and nature of adsorbed material) can have a marked 
effect on the electrical properties of the semicon
ductor, so that a study of the adsorption of gases is a 
prerequisite to understanding the physics of the 
surface region.

The purpose of this paper is to present a survey 
of the adsorption properties of gases on silicon 
which have been investigated using a flash filament 
technique and a mass spectrometer as a pressure 
measuring device. Any initial study of this type 
must use a mass spectrometer to identify decompo
sition products of the adsorbed gas. The adsorp
tion of argon, nitrogen, hydrogen, carbon monoxide, 
carbon dioxide, oxygen and water have been stud
ied in this manner.

Experimental
Apparatus.—A filament having the dimensions 2 X 2 X 

100 mm. was cut from a single crystal of 5 ohm cm. n-type 
silicon. It was lapped with 600 mesh carborundum and 
etched,5 after which molybdenum leads were welded to the 
ends. The filament was then mounted in a glass jacket and 
connected to the inlet line of a Consolidated mass spectrome
ter as described previously. The tube containing the sili
con filament was pumped through the ionization chamber 
of the mass spectrometer, from which the inlet leak had 
been removed. The heating current for the filament was 
supplied by means of a manually operated variac. Be
cause of the large change in resistance of the filament in 
going from room temperature to 500°, very little control 
of temperature over this range was possible.

(1) J. T . L aw  and E . E . Francois, A n n .  N . Y. A c a d .  Set., 58, 925 
(1954).

(2) J. T , Law , T his J o u r n a l , 59 , 543 (1955).
(3) L. A pker, I n d .  E n g .  Chem., 40, 846 (1948); J. A . Becker and 

C . D . H artm an, T h is  J o u r n a l , 5 7 ,  157 (1953).
(4) W . H. Brattain  and J. Bardeen, Bell System  Tech. J ., 32, 1 

(1953); E. N . C larke, P h ys. Rev., 9 1, 756 (1953); W . L. Brown, ibid., 
9 1, 518 (1953).

(5) T w en ty-five cc. of coned, nitric acid and 25 cc. of 48%  H F .

During a flash run the mass spectrometer was focused 
on the mass of an ion fragment of the gas being investi
gated and a record of the gas desorbed made on the record
ing oscillograph. At the same time the change in pressure 
was read on the ion gage. Temperatures within the range 
of visible radiation were determined with an optical py
rometer using an emissivity correction of 0.40 and at the 
same time the resistance of the filament was measured. 
Values of the conductivity obtained in this way are shown 
in Fig. 1 compared with data obtained by Morin and Maita6 
at lower temperatures. All the points fall on the same 
straight line and in fact the agreement is so good that it may

Fig. 1.—Conductivity of intrinsic silicon as a function of 
temperature.

(6) F. J. Morin and J. P. Maita, P h y s .  R e v . ,  96, 28 (1954).
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b e  fo r tu ito u s . T h e  d e te rm in a tio n  o f fila m e n t tem p era tu re  
w ith  a n  o p tic a l p y ro m e te r  sh o u ld  n o t be m u c h  m o re  acc u 
r a te  th a n  ± 5 - 1 0 ° .

Procedure.— T h e  silicon fila m e n t w as o u tg a sse d  fo r  s e v 
eral d a y s  in  th e  b e st  v a c u u m  a tta in a b le  in  th e  sy s te m  
( ~  1 0 -8  m m .) .  T h e  m o s t  d ifficu lt species to  r e m o v e  fro m  
th e  su rfa c e  is p r o b a b ly  o x y g e n , b u t  in th e  case o f silico n , 
th e  sta b le  oxide a t  h igh  te m p e r a tu re  is th e  m o n o x id e . Its  
v a p o r  pre ssu re  has been  m ea su red  b y  G e l ’d a n d  K o c h n e v 7 
a n d  b y  S ch a fer an d  H o rn le 8 w h o  o b ta in e d  v a lu e s a t  1 2 0 0 °  
o f 8 X 1 0 -2  a n d  4 X 1 0 -1  m m .,  re sp e c tiv e ly . T h e se  valu e s  
are su fficien tly  h igh  th a t  i f  th e  su rface ox id e  b e h a v e s  a t  all 
like th e  b u lk  o x id e , i t  w ill be  re m o v e d  a t  tem p e ra tu re s  
close to  th e  m e ltin g  p o in t o f s ilico n . T h e  d a ta  o b ta in ed  
in  th e  p re sen t w o rk  w ere rep ro d u cib le , in  th a t  if  a fter a d 
so rp tio n  th e  fila m e n t w as fla sh ed , i t  a g a in  a d so rb ed  th e  
sa m e  a m o u n t  o f  gas as p re v io u sly .

T h e  p rin cip a l m e th o d s used to  in v e stig a te  th e  a d so rp tio n  
a n d  rea c tio n  o f  gases w ere as fo llo w s .

( 1 )  T h e  fila m e n t w as flashed  sev e ra l tim e s to  1 2 0 0 °  
(th e  m e ltin g  p o in t is 1 4 2 0 ° )  i n  vacuo  an d  then  th e  gas in 
tro d u ced  to  th e  fila m e n t v o lu m e  w hile th e  silicon w as c o ld . 
A fte r  v a ry in g  t im e  in te rv a ls , a n d  "with th e  gas still flo w in g , 
th e  fila m e n t -was flashed  fo cu sin g  o n  a  p e a k  ch aracteristic  
o f  th e  g a s . W h e n  th e  silicon w as h e a te d  th e  pressure rose  
sh a rp ly  a n d  th e n  fell as th e  s y s te m  p u m p e d  o u t . A t  th e  
sa m e  t im e  th e  pressure ch an ge w as read  on  th e  ion  g a g e . 
T o  te st  th e  re v e rsib ility  o f th e  iso th e rm  th e  gas can  be  
p u m p e d  o u t before  th e  fila m e n t is fla sh ed . In  th e  pressure  
ran ge 1 0 -7 - 1 0 -4  m m . th e  ch a n g e  in  pressure o n  flashing  
w as b etw een  1 0 -6  a n d  1 0 -5  m m . T h is  m e th o d  w as used  
fo r a rg o n , n itro g e n , h y d r o g e n , carb on  m o n o x id e , ca rb o n  
d ioxid e a n d  w a ter .

( 2 )  In  cases w here rea c tio n  occ u rred , th e  fo llo w in g  m e th o d  
w as u se d . T h e  m a ss  sp e ctro m eter  w as fo cu sed  on  an  ion  
fra g m e n t o f o n e  o f th e  rea c tio n  p ro d u c ts  w ith  th e  gas flow 
in g  th ro u g h  th e  sy s te m  a n d  th e  fila m e n t co ld . T h e  silicon  
w as n o w  h e a te d  in  step s  o f 1 0 0  or 5 0 °  a n d  a  co n tin u o u s record  
o b ta in ed  o f th e  p a rtia l pressure o f th e  d e c o m p o sitio n  p ro d 
u c t . T h e  v a lu e s o b ta in e d  are s te a d y  s ta te  rath e r th a n  
equ ilib riu m  ones since gas is co n tin u o u sly  flo w in g  th ro u g h  
th e  s y s te m . T h e  d e co m p o sitio n s  o f  w a ter  an d  ca rb o n  d i
ox id e  w ere in v e stig a te d  in th is  w a y .

( 3 )  T h e  a m o u n t o f o x y g e n  a d sorbed  on th e  silico n  surface  
c a n n o t b e  d e te rm in e d  b y  flashing  th e  fila m e n t, since it  w ill 
c o m e  off as a  silicon o xid e , w h ic h , becau se  o f its  lo w  v o la 
t i li ty , w ill n o t  reach  th e  io n iza tio n  ch a m b e r . H o w e v e r , 
there is a n  a lte rn a tiv e  w a y  o f o b ta in in g  th e  a m o u n t o f a d 
so rp tio n . In  F ig . 5  tw o  cu rves are sh o w n  fo r pressure in 
th e  s y s te m  as a  fu n c tio n  o f t im e . C u rv e  B  w as o b ta in ed  
a fte r  flashing  th e  silicon in  a  high  v a c u u m , a llo w in g  it  to  
coo l a n d  th en  a d m ittin g  o x y g e n . A fte r  th e  co m p le tio n  of  
th is ru n , th e  s y s te m  w as p u m p e d  o u t w ith  th e  fila m e n t re
m a in in g  c o ld , a n d  th en  o x y g en  r e a d m itte d  g iv in g  cu rv e  A .  
T h e  in itia l p a r t  o f cu rv e  A  is du e to  th e  tim e  ta k e n  b y  th e  
sy s te m  to  c o m e to  pressure e q u ilib riu m  a fter  gas is a d m itte d  
in to  th e  v a c u u m . T h e  difference b etw een  th e  tw o  cu rves  
m u st b e  d u e to  a d so rp tio n  either o n  th e  glass w alls  or on th e  
silico n . T o  e lim in a te  th e  fo rm e r p o ssib ility  th e  fila m e n t  
w as flashed i n  vacuo fo r a  t im e  w h ich  w as insufficient to  
cau se a n y  h e a tin g  o f th e  glass w alls (a n d  th ere fo re  d e so rp 
tion  o f o x y g e n )  a n d  th e n  o x y g e n  w as r e a d m itte d . C u rv e  
B  w as on ce m o re  o b ta in e d  so w e m u s t con clu d e th a t  th e  
a d so rp tio n  o b se rv e d  is on  th e  silicon fila m e n t. B e ck e r and  
H a r t m a n 3 h a v e  sh o w n  th a t  it  is p o ssib le  to  ca lcu la te  the  
a m o u n t o f  gas a d so rb ed  fr o m  cu rves o f  th e  ty p e  sho w n in  
F ig . 5 . I f  th e  p e a k  in v e stig a te d  w as co m m o n  to  m o re  th a n  
on e g a s , i t  w as n ecessary  to  fo cu s on  a n o th er p e a k  th a t  w as  
p e cu liar o n ly  to  th e  gas in v e stig a te d , in order to  sep arate  the  
e ffe cts . T h e  p u r ity  o f  th e  gases used w as ch ecked  b y  ca rry 
in g  o u t  a  sw eep  o v e r  th e  w h o le  m a ss  ran ge in  eacfi case .

Calculation of Results
The peak heights observed on the mass spectrom

eter represent pressure readings in the ion chamber 
and the relationship between peak height and pres
sure differs from one gas to another. For this rea
son the instrument was calibrated for each gas by

(7) P . V . G el’d and M . I . K ochnev, D oklady Akad. N auk SSSR , 
61, 649 (J948).

(8) H. Schafer and R. Hornle, Z . anor'j. allgcm. C'hem,, 263, 261 
(1 9 5 0 ) .

establishing a known pressure (usually 10 3 mm.) 
on the high pressure side of the leak and measuring 
the corresponding peak height obtained. The 
pressure drop across the leak is known for all the 
gases studied. The values obtained could be 
checked by measuring the pressure in the filament 
vessel with the ion gage at the same time as the 
peak height. The values never disagreed by more 
than 10%.

The volume of the system is known so that the 
number of molecules desorbed per unit area may be 
calculated from

Ar KVAP 
N A

where K  is the number of molecules per liter for p =  
1 mm. (at300°K., K  =  3.2 X 1019), V is the volume 
of the system, AP the change in pressure (in mm.) 
on flashing, and A is the area of the silicon in cm.2.

The CP-4 etched filament has a highly polished 
surface and a geometrical area of 8 cm.2. After 
the cleanup process was complete, it had the ap
pearance of a sandblasted surface with a real area of 
greater than 8 cm.2. From our work with germa
nium we know a sandblasted surface has a rough
ness factor of 3 because it adsorbs 3 times more gas 
than an etched surface. A study of the surface of 
a sandblasted silicon filament compared with one 
that had been through the cleanup process was 
made using the electron microscope. It was found 
that the surface of the filament from the cleanup 
process was slightly less rough than that from the 
sandblasted filament. A roughness factor of 2.5 
was established giving a true surface area of 20 
cm.2. Hence, N =  6.4 X 1018 AP  for a volume of 
4 liters.

Results
The adsorption of all the following gases was 

studied at 300°K. and at gas pressures between 
10“ 7 and 10~4 mm.

Argon and Nitrogen.— Argon and nitrogen were 
introduced individually to the silicon filament. 
In each case no desorption was observed on flash
ing the filament to 600°. One may therefore 
assume that at 300°K. and at pressures below 10"4 
mm. no adsorption of argon and nitrogen occurs. 
This is the same result that was obtained for 
germanium under the same conditions.

Hydrogen and Carbon Monoxide.— These two 
gases adsorbed appreciably and without reaction. 
The amount of gas adsorbed was measured as a 
function of the time for which the gas had been in 
contact with the silicon. From the first part of 
this type of curve it is possible to calculate a stick
ing probability or the fraction of molecules striking 
the surface that are adsorbed.

The number of molecules of a gas at rest that 
strike unit area per unit time is given by

v — 3.513 X 1022 -d>mm . c m _-2 sec.-1
V m t

For hydrogen at 300°K. and a pressure of 1 mm.
v =  1.43 X 1021 cm.-2 sec.-1

and for carbon monoxide v =  3.8 X  1020 cm.-2 
sec."1. The number of molecules adsorbed by the 
filament per second is given by opens where p is the
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gas pressure in mm., ai is the area of the filament in 
cm.2 and s is the sticking probability.

From the initial slopes of the curves obtained ex
perimentally, s is found to be approximately 1Q~5 
for both hydrogen and carbon monoxide. This 
means that only one molecule is adsorbed for every 
105 that strike the surfaces However, the value of s 
may be too low, because the filament takes a finite 
time to cool to room temperature after the flash 
which occurs at t =  0. This means that during the 
first part of the curve the adsorption is occurring 
on a surface which is at a temperature greater than 
300°K. and as it is found that complete desorption 
occurs at temperatures close to 600 °K. the low 
value of s obtained seems leasonable. In the pre
vious work on germanium similar values were ob
tained for the sticking probability.

In Figs. 2 and 3 the number of molecule of hy
drogen and carbon monoxide adsorbed per cm.2

Fig. 2.—The adsorption isotherms for hydrogen on silicon 
and germanium at 300°K.

is shown as a function of the equilibrium gas pres
sure. In the same figures are included data ob
tained on germanium.2 The agreement between 
the values of the number of molecules of carbon 
monoxide adsorbed, obtained from the ion gage and 
from the mass spectrometer was within 10%. The 
isotherms for hydrogen anc carbon monoxide were 
not reversible, be., the amount of material de
sorbed was independent of whether or not the 
pressure was reduced before flashing the filament. 
This would indicate that the adsorptive forces are 
stronger than purely van der Waals or dispersive 
forces. This conclusion is borne out in the case of 
hydrogen by the fact that although its boiling point 
is much lower than that of carbon monoxide, the 
amount of material adsorbed at a given pressure is 
greater by a factor of two or three.

Dyakonov and Samarin9 have reported that hy
drogen is weakly absorbed by silicon in the temper
ature range 300-1200°. If this had occurred during 
our measurements we should have seen a decrease 
in pressure on heating in shis temperature range.

(0) I . A . D yakonov and A. Sainarin, “ Bull. acad. sci. U R S S ,” 
C lass sci. teuli. 1945, 813.

Fig. 3.—The adsorption isotherms for carbon monoxide on 
silicon and germanium at 300°K.

No such change was observed so that any absorp
tion must be very small.

Carbon Dioxide.— When the filament was flashed 
after being left in contact with carbon dioxide at 
pressures up to 10“ 4 mm. no desorption of C 02 
occurred. The carbon monoxide peak was also 
investigated to determine whether any dissociation 
had occurred on the surface. None was found so 
that at room temperature (300°K.) and pressures 
below 10~4 mm. no dissociative or non-dissociative 
adsorption of carbon dioxide occurs.

When carbon dioxide was passed over the silicon 
filament, heated to temperatures above 800°, de
composition occurred to carbon monoxide and pre
sumably an oxide of silicon

Si(s) +  2C02(g) Si02(s) +  2CO(g) (1)
or

Si(s) +  C02(g) SiO(g) +  CO(g) (2)
This decomposition was investigated by the method 
described above. In Fig. 4 the partial pressures of 
carbon monoxide and carbon dioxide are shown as 
a function of the silicon temperature.

Two runs were carried out varying the initial 
pressure of carbon dioxide by a factor of 3. The 
ratio (C O )/(C 02) for these two runs was identical. 
As the data were obtained under steady state rather 
than equilibrium conditions (a stream of gas was 
flowing through the system) no calculation of ther
modynamic data is possible.

Oxygen.—The amount of oxygen adsorbed on 
the silicon surface was investigated as described 
above. From the curves shown in Fig. 5 it is pos
sible to calculate the number of oxygen molecules 
adsorbed and also the sticking probability.

Let L be the number of oxygen molecules enter
ing the system per second through the leak. The 
number of molecules leaving the system per second 
through the pump =  3.6 X 1020pap where 3.6 X 
1020 is the number of oxygen molecules striking one 
cm.2 per second when the pressure is one mm. and 
T =  300°K. p is the pressure in mm. and op is the 
area of the hole through which gases are pumped 
out. (In the present case ap =  6.7 X 10-2 cm.2.) 
The number of molecules removed from the volume 
per second by the filament =  3.6 X 1020 pais where 
</t is the area of the filament in cm.2 and s is the 
slicking probability. Let C be the number of mole
cules per second accumulating in the volume V.
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Fig. 4.—The partial pressures of carbon monoxide and 
carbon dioxide over silicon as a function of the temperature 
of the silicon filament.

Then C =  3.2 X 1019 V(dp/dt). Over most of the 
run C is small and may be neglected, as dp/dt is 
small. At any time t in the experiment, the rate at 
which molecules enter the volume less the rate at 
which they leave must equal the rate of accumula
tion. Hence

L — 3.6 X Wx(pap +  pass) ~ 0 
When s is small or zero

L =  3.6 X lO^poap
where pc, is the value of p when s =  0, i.e., when the 
filament is saturated. Hence

Let N & equal the number of molecules per cm.2 
adsorbed on the silicon surface at time t, then

C~  =  3.6 X  K F p s  =  3.6 X  1 0 20 ^  (p „  -  p)  at at
and

N. = 3.6 X 1 0 “  (p0 -  V) dtas Jo
This means that the number of molecules ad

sorbed per cm.2 of silicon is proportional to the 
area between curves A and B of Fig. 5 from 0 to t.

In the present apparatus

iVa =  1.21 X  1 0 18 / :  ( p 0 -  v) dt

The results obtained from this equation are given by 
the dashed line in Fig. 5. From the values of the

TIME IN MINUTES,

I
1
x
m
o
X(M
2u
CO
DUUJ

Fig. 5.—Pressure in the system as a function of time after 
admission of oxygen. Curve A shows r.o adsorption, 
curve B shows adsorption. Dashed curve shows number of 
molecules of oxygen adsorbed per cm.2 as a function of 
time.
amount of oxygen adsorbed and the gas pressure 
shown in Fig. 5, it is possible to calculate values of 
the sticking probability. If we assume that the 
rate of evaporation of oxygen atoms is negligible, 
then

t r  de
S up df

where v =  3.6 X KP molecules cm ."2 sec.-1, p is 
the gas pressure, N' is the number of molecules in a 
monolayer and dd/dt is the variation in coverage 
with time. N' is equal to 1016 molecules cm.-2 if 
we assume one oxygen molecule per surface silicon 
atom and average over the various crystal faces. 
Values of s calculated in this way are shown in Fig. 
6 as a function of d. The most striking thing about 
the curve is the rapid decrease in s after one layer of 
oxygen is adsorbed. In going from one to five lay
ers of oxygen on the surface, s decreases by three or
ders of magnitude. During the adsorption of the 
first layer, s is close to unity, i.e., almost every oxy
gen molecule that strikes the surface is adsorbed.

This marked decrease in s is what one would ex
pect because only the first layer of oxygen can really 
be considered as chemisorbed. Beyond this we are 
forming an oxide film which is obviously quite a 
different process. The value of 6 X 1015 molecules 
taken up at room temperature agrees quite well 
with the data obtained by Allen and Mitchell10 for 
oxygen on copper. They found that at 300°K. 
and an oxygen pressure of the order of 10"3 mm. 
an oxide film of 24 A. thickness was formed in 
about 60 minutes.

It may be worthwhile to attempt a calculation of 
the heat of adsorption of oxygen on silicon and ger
manium. Eley11 has shown that if one assumes 
that the chemisorptive bond is of the covalent type, 
the heat of adsorption can be calculated in terms of 
the bond energies E(m- o) and E {o-o) where m- o>

(10) J. A . A llen and J. W . M itchell, D isc. F arcday Soc., 8, 309 
(1950).

(11) D . D . E ley, ibid., 8, 3 1 (1950).
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Fig. 6.—The sticking probability s of oxygen on a silicon 
surface as a function of coverage.

refers to the adsorbent-oxygen bond and E{ o-o> is 
the dissociation energy of oxygen. He assumed 
that the energy of the surface M -0  bond was given 
by Pauling’s12 equation

E(i t -o )  =  ’ AC-Et m - m ) +  E( o - o j )  +  2 3 .0 6  ( X m — X » ) 2

Where m- mi is the adsorbent atom-adsorbent 
atom bond strength and A m and X o  are the elec
tronegativities of the adsorbent and oxygen atoms, 
respectively.

Hence the heat of adsorption, which was given by 
A-ffAd» = — 2f?(M-0) +  E( 0-0)

becomes
A/IacIs = — E{M-M) — 46.12 (X m — Xo)2

Stevenson13 has obtained values of A m from the 
work function <pm  of the adsorbent material (A m  =  
0.355<pm) and used Pauling’s12 assignment of elec
tronegativities for the gas atoms. By this means 
he obtains values of the heat of chemisorption of 
hydrogen on a number of metals in good agreement 
with experiment.

The value of E(m- u ) is a fraction (V 4) of the heat 
of vaporization of the adsorbent. The heat of 
vaporization of silicon is given by Ruff14 as 105.5 
kcal. mole-1 and that of germanium as 91.5 kcal. 
mole-1 by Searcy and Freeman.15 Assuming a 
work function of 4.8 e.v. for both substances and 
AT equal to 3.5 the heats of adsorption (Ai7ads) of 
oxygen are found to be: silicon, 173 kcal./mole; 
germanium, 170 kcal./mole.

If these values are at all correct it is not surprising
(12) L. Pauling, “ T h e N ature of the Chem ical B ond,”  Cornell 

U niv. Press, Ith aca, N . Y ., 1939.
(13) D . P . Stevenson, J. Chem. P hys., 23, 203 (1955).
(14) 0 . Ruff, Trans. Electroehem. Soc., 68, 87 (1935).
(15) A. W. Searcy and R . D . Freem an, J . Chem. P h ys., 23, 88 

(1955).

that a monolayer of oxygen was adsorbed on silicon 
at pressures near 10-6 mm. It is disturbing, how
ever, that a similar adsorption was not noticed on 
germanium. Recently Green and Kafalas16 have 
shown that approximately 1-2 layers of oxygen are 
adsorbed on germanium at room temperature and 
pressures near 10-3 mm. so that both heats of ad
sorption may be nearly correct. In the previous 
work on germanium the adsorption of a monolayer 
or less of oxygen would not have been detected as 
the time required for the system to come to pres
sure equilibrium after the admission of gas would be 
quite short.

Water.— Both the desorption and decomposition 
of water vapor at a silicon surface have been inves
tigated.

When water vapor was passed over the silicon 
filament heated to temperatures above 600°, de
composition occurred to give hydrogen and pre
sumably an oxide of silicon

Si(s) +  H20(g) SiO(g) +  H.(g)
or

Si(s) +  2H20(g) Si02(s) +  2H2(g)
This reaction was investigated by the method 

described above, the partial pressures of water and 
hydrogen being measured as a function of the tem
perature of the silicon.

If the above equilibria exist one can define equilib
rium constants by

Ki [SiO] [Eh] 
[ITO] and X 2 _[Hdi

[II20]2
assuming that both Si and'Si02 are present in the 
solid form, i.e., their activities are unity.

In Fig. 7 the ratio [H2]2/[H 20 ]2 is plotted as a 
function of silicon temperature. It was shown 
above that the reaction measurements were not 
made under equilibrium conditions, so we will not 
attempt to calculate any thermodynamic quanti
ties. It is worthwhile mentioning, however, that 
the corresponding reaction of water vapor with 
germanium was found1 to begin at about the same

0 200 400 600 800 1000 1200 1400
TEMPERATURE IN DEGREES CENTIGRADE.

Fig. 7.—The ratio [H2]2/[H 20 ]2 as a function of filament 
temperature.

(16) M . Green and J. A . K afalas, T h e  Electrochem ical Society 
M eeting, C incinnati, 0 ., M a y, 1955.
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Fig. 8.—The adsorption isotherms for water and the 
hydrogen produced by decomposition on the surface com
pared to the isotherm for molecular hydrogen at 300 °K.

The results obtained for the desorption of water 
are shown in Fig. 8. It was found that when the 
filament was flashed after the adsorption of water

vapor, most of the gas desorbed was hydrogen, the 
ratio of hydrogen to water desorbed being approxi
mately 10:1. In Fig. 8 curves are given for the 
number of molecules of hydrogen and water vapor 
desorbed as a function of the water vapor pressure 
with which the filament had been in contact. The 
curve obtained for the desorption of molecular hy
drogen is also shown. Twice as much hydrogen is 
desorbed after the adsorption of water vapor as 
compared to the adsorption of molecular hydrogen. 
It is believed that the decomposition of the water 
molecule occurs at room temperature o:i the surface 
due to the formation of a strong silicon-oxygen 
bond. In the case of germanium, some hydrogen 
was also produced, but the amount of hydrogen 
desorbed was one-tenth of the amount of water va
por, the exact opposite to what we find with silicon. 
If one adds the amount of hydrogen and water de
sorbed one should get a measure of the number of 
molecules of water originally on the surface. At 
a pressure of 10"4 mm. this corresponds to about 
one-tenth of a monolayer, i.e., much iess than the 
amount of oxygen adsorbed at the corresponding 
pressure.

SWELLING OF PROTEIN MOLECULES IN SOLUTION AND THE a-p
TRANSFORMATION

Bv T e r r e l l  L. H i l l

Naval Medical Research Institute, Bethesda, Maryland 
Received August 24, 1955

The suggestion of Yang and Foster that bovine serum albumin swells at low pH because of an a-f) transformation is 
examined theoretically using a necessarily approximate treatment. The conclusion reached is that the Yang-Foster mech
anism is a reasonable possibility. The theory, in its present form, predicts a salt effect of opposite sign to that found 
experimentally. Refinements in the theory ‘will presumably remove this discrepancy.

Yang and Foster1 have found evidence from vis
cosity and optical rotation measurements for 
molecular swelling in bovine serum albumin in the 
pH range 2-4. They suggest, as a tentative ex
planation, that the apparent swelling which occurs 
as the pR  is lowered below about 4, is due to 
the increased positive charge on the molecule 
initiating an a —*■ (} transformation in the peptide 
chains of the protein. The object here is to pre
sent a few calculations designed to test, qualita
tively, the reasonableness of the above explanation 
from a theoretical point of view.

It should be pointed out that an a-/3 transition 
allows a long chain to increase its length essentially 
continuously; thus an a-/3 transition should not be 
considered an example of an “ all-or-none”  transi
tion1 for the whole chain or molecule. See, how
ever, the discussion of Fig. 1.

The model used is necessarily quite approximate. 
Refinements of the model and more extensive cal
culations hardly seem justified until the Yang- 
Foster suggestion2 is more firmly established.

(1) J. T . Y a n g  and J. F . Foster, J. Am er. Chem. Soc.., 76, 1588 
(1954); see also J. F. Foster and J. T . Y an g, Fed. P roc., 14, 212 (1955).

(2) For other interpretations see C . Tanford, Proc. Iowa Acad. Sci., 
59, 206 (1952); M . Laskow sld and H. A. Scheraga, J. Am er. Chem. 
Soc., 76, 6305 (1954); H. A. Saroff, G . I. Loeb and II. A. Scheraga, 
ibid . , 77 , 2908 (1955).

Incidentally, the recent deuterium exchange work 
of Linderstrom-Lang might be applied here to test 
the a-fi hypothesis.

In earlier papers3 the elasticity of sheets of pep
tide chains (involving an a-/3 transition) was in
vestigated. The needs of the present problem can 
be met by making appropriate modifications in 
this earlier work.

The Model
As a model of a single protein molecule in solu

tion, we use an equivalent sphere of somewhat 
cross-linked peptide chains (there are 16 disulfide 
linkages in a bovine serum albumin molecule).1 
In the p i  I range of interest here, the chains are 
assumed uncoiled in the usual polymer statistics 
sense.4 But to the extent that the chains are in 
the a-helical form, they can be lengthened by going 
over into an extended (0) configuration. We 
visualize the molecule as essentially a small sphere 
of S-S cross linked isotropic gel, so that we are not

(3) T. L. H ill, J . Chem. P h ys., 20, 1259 (1952); Faraday Soc. D is 
cussion, 13, 125 (1953).

(4) In a more refined treatm ent, one m ight w ant to  include b oth  
statistical uncoiling and the a-/3 transform ation. Tiie in itial sw elling 
would then be prim arily at the expense of sta tistica l uncoiling, with 
a gradual transition to  the a-/3 mechanism as the swelling becam e more 
extensive. H owever, one would not expect changes in optical rotation 
to accom pany statistica l uncoiling.
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dealing here with sheets of parallel a or ¡3 chains as 
in the previous papers.

Solvent, including electrolyte ions, can penetrate 
inside the protein molecule filling whatever space 
is available initially or made available by swelling. 
Every* chain is assumed stretched (a ¡3) to the 
same degree, and the volume V through which the 
network of chains (the protein molecule) extends is 
assumed proportional to the third power of the 
individual chain length.

There are B° equivalent sites on a molecule for 
binding hydrogen ions. When N  hydrogen ions 
are bound, the total charge is n*e =  (n +  JV)e, 
where e is the charge on a proton and ne is the 
charge on the molecule when N  =  0. The B° sites 
are assumed distributed uniformly over the chains, 
and the average degree of ionization is assumed the 
same for all sites.6

The procedure we follow is to write down a com
plete approximate expression for the free energy 
A of a single protein molecule, including binding of 
hydrogen ions, stretching (a — ¡3) of chains, and an 
electrostatic contribution. The equilibrium 
volume V is then found by minimizing A with re
spect to V. This volume represents a compromise 
between the electrostatic term which favors 
swelling, and the stretching term which resists it. 
The binding free energy is involved implicitly 
through the electrostatic term.

Some details can be omitted because the argu
ment follows already published work3 rather closely.

Derivation of Equations
We write3

. 4  =  A i  +  A , 4 2 +  A  A 3 ( 1 )

where
hi = deformation free energy
A42 = binding free energy
AA 3 = electrostatic free energy

We do not include the usual heat and entropy of 
mixing terms of polymer solution theory because 
the chains of the network are assumed rigid and 
do not “ mix”  with solvent in a statistical sense.

In order to handle the a -(3 transformation, we 
assume as before3 that a and ¡3 units (three amino 
acid residues per unit) are statistically scrambled 
along a chain with the statistics modified to take 
account of hydrogen bonds between nearest neighbor 
a units and van der Waals interactions between side 
chains of nearest neighbor a a , a(3 and ¡3/3 units. 
For simplicity we use here the Bragg-Williams 
approximation.6 Then we have

Q = B\
Ba\(B -  Ba)\

, ,9*B  2 9 ( 1 - 0 )B  ( 1 - 0 ) *B t-Ba r B - B aVac Va)3 J a J p
(2)

Ai = —CkT In Q (3)
where B is the number of units in a single chain 
(between cross links) of which Ba are a units and 
B — Ba are ¡3 units, C is the number of chains in a 
single protein molecule, Ja and Jp are “ intrinsic” 
or “ internal”  partition functions for a and ¡3 units,

(5) In a  more refined treatm ent, the degree of ionization  would be 
a  function of distance from the center of the sphere. Calculations, 
which involve num erical solution of a non-linear integral equation, 
are in  progress on this problem (w ithout sw elling). Also, several 
types of sites m ight be im portant in some cases, though not here.

(6) T his one dim ensional statistica l problem  (the 4T sing m odel” ) 
can be treated exactly  in a  more refined analysis.

Fig. 1.—Expansion of protein as a function of pH.

including interaction with the solvent, 9 =  B JB , 
Vaa =  e^waa/kJ, etc., and wm, wap and wpp are 
nearest neighbor hydrogen bond and van der 
Waals energies.

The length of a chain is
l = B [U  +  « 1  -  8)} (4)

where la and Ip are the lengths of a and /3 units. 
Thus, according to the assumption mentioned 
above, 9 is related to V by

V  =  V*[e +  ( W « ( l  -  W  (5)
where V* is the volume the protein molecule 
would occupy if 9 = l l (all a units). V * ^ Vo, 
where V0 is the volume of “ dry”  protein in the 
absence of solvent.

Excluding electrostatic effects, the binding free 
energy3 is
Affo = — kT[B° In B° — N  In N  —

(B» -  N )  In (B° -  N )  +  N  In j]  (6) 
where j  is the partition function of a bound proton.

We now turn to the electrostatic problem. The 
spherical region occupied by the molecule contains 
protein penetrated somewhat by electrolyte solu
tion. If the concentration of the i-th ionic species 
(with valence z¡) far from the sphere is Ci, then its 
average concentration inside where the potential is 
V' is taken as

C,a:e“ z‘e'/'/kT

where a is the volume fraction of solvent
a = (V — Vo)/V (7)

Similarly, we use for the average dielectric constant 
inside the sphere

D i =  a D  +  ( 1  —  a ) £ > i »

where D is the dielectric constant of the solvent and 
Di° is the dielectric constant of “ dry”  protein 
(A ° =  2or3).  In view of the approximate nature 
of our treatment and the range of values of a we 
are interested in (aA 0.15), the term in Di° can 
be dropped:

D i =  a D  ( 8 )

Inside the sphere the Poisson-Boltzmann equation 
is then

v v  = -  ^  +  X) Zieciae'“z‘e'/7kTJ

3 *  -  ^  +  « V  r <  a ( 9 )
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where
K2 = t WJ -  V  Z 2C 

DkT 4 '  1X

a  =  ( 3 F / 4 x )V3

(10)

(11)

oo = (3F0/4ir)'/i (24)
/  = je^/kT (25)

Similarly, the equilibrium volume V  of a protein 
molecule is determined by

Outside the sphere
VV = «V  r > a (12)

This is essentially the problem encountered by 
Hermans and Overbeeck.7 The solution is

dA
dF = 0 (26)

From Eqs. (1), (3), (5), (19) and (26), we derive 
for this condition

. 4  7T / l  * e n
~ A D F  +  Cl

. , < vW(0 = -

(e*r — e~^\ v*'/>vVi In1 “1 r < a (13 3(Fo/£C)|K - ) 1 *V r J
yW  =

From the boundary conditions 
<pi n(a) = Amt (a)

aDl/'iii (<l) =  T)\]/ou/ ( ( l )

we find

1 4 )
[ 3 0 :3 , iv .]<”  +  w c T ? d >[S/iry/’DkTVv

2(27 -  87r +  98r2 -  35«3)a„2 
21»Vi

where
0* =  V * / V 0

+

C, =
_________________ 4ir n*ea(l +  na)_________________
/AaZlFlê rit* — <xk(i — 1 — kci) -f- e~Ka{ — o' — ana —1— 4 —f— Ktt)]

y = y«ayepy<*ft 2
j  __ A*/ 2

Jp\yw)

— 8v +  5v!) — 

. . . ]  (27)

(28)
(29)

(30)

„  47rra*eae*“ . „ , „ ,,C2 = ——S-Tr- +  Ci(e2*a — 1)
(15)
(16)AaDF

This reduces to the Hermans-Overbeeck result 
when a =  1. The electrostatic free energy AA3 
is then

A A , =  47rr2d r  dX A A > , X) (1 7 )

where X is the usual charging parameter. We find, 
putting ko =  x
. , 87TW  Is* ,
^  -  «‘ oDF* j 3" +

s(l +  s)[ex(s — 1) +  e z(x +  1)] (18)£*(« — a x  — 1 — x )  +  e x( — a — as +  1 +  s)S
where a and x are functions of V and n* is a func
tion of N. If we expand Eq. (18) in powers of x, 
we obtain

87T2ii*WAA, =
4 5 a Z > F 2

[(1  +  5a) 
2 . 13
21 +  A “

5  a x  +

2)  z2 +  . . •] (19)

Returning now to Eq. (1), the extent of binding 
of hydrogen ions follows from

M = <yjy =  it0 +  kT In c (20)

where c is the hydrogen ion concentration (activity) 
in solution and is a standard (c =  1) free energy 
per molecule. We find from Eqs. (1), (6), (19) 
and (20)

NIn f c  =  In

[

Bo -  N 

3e2

+

10(3/4tty/>DkTV„'/>\ ^  +  jV) L

10 jy  x0 +

r.v. ( 4  -  ^
L 1 — v

2/18 5 A
3 ( 7  -  * -  a * ; Xo

where
( 1  —  v )v V *

v =  V o / V

X q =  KClu

(21)

(22)
(23)

(7) J. J. Herm ans and J. T h . G . Overbeeck, R ec.trav. chim ., 67, 761 
1948).

Calculations
Yang and Foster extrapolate their results to 

zero ionic strength (xo =  0 here). In this case, 
only the leading terms in Eqs. (21) and (27) are 
retained. A numerical example at zero ionic 
strength is shown in Figs. 1 and 2, with parameters 
chosen to fit bovine serum albumin as well as 
possible: B° =  106, n =  —6, T  =  298.2° K ,  
D =  78.54, V0 =  9.137 X 10-20 cc./molecule, 
v* -  1, Vo/BC =  274.5 cc./mole and lp/la =  
2.363. We include 0.06 g. of (relatively tightly 
bound) water per gram of protein as part of the 
“ dry”  protein, and we assume that there is an 
additional 0.14 g. of water8 per gram of protein 
present at zero charge (n +  N  =  0). This gives, 
at zero charge, v =  0.850 and 9 =  0.959 (Eq. (5)). 
We then make three choices of In y; each one de
termines a value of In J, necessary to give v =  0.85 
in Eq. (27) when n +  N  =  0. These are In y =  
2.0, 2.25 and 2.50 and In J  =  -0.681, -1.161 and 
— 1.641, respectively. The value In y =  2.25 
corresponds to

— (waa +  W/3/3 — 2way) = 1333 ca,l./mole
for the net interaction between pairs of nearest 
neighbor units (three amino acid residues per unit). 
This is a reasonable order of magnitude.

Fig. 1 shows l/v =  V/Vo plotted against —log 
fc, where

log fc = pH -  log /  (31)
For In y =  2.25, there is an expansion in volume 
predicted of the order of a factor9 of zen, over a few 
pH units. This agrees qualitatively, which is all 
that can be expected, with the behavior of the in
trinsic viscosity found by Yang and Foster (the 
intrinsic viscosity should depend on volume as V m, 
where 2/3 ^ m ^  1). The loop in the In y — 
2.5 curve corresponds to a first order (a-ft) phase 
transition which is not observed experimentally at 
24.9°, though it might be at lower temperatures.

(8) This gives a to tal hydration of 0.2 g. w ater/g. protein, which 
is supposed to be typ ical.

(9) I t  should be noted th at the «-/9 transition alone allows a m axi
mum  volum e expansion of only (2.363)3 — 13.2. See footnote 4. 
Also, the present theory would predict a sim ilar expansion at high 
pH  owing to  the high negative charge.
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Incidentally, a phase transition introduces an “ all- 
or-none”  type of behavior1 not otherwise present.

The titration curve for the In y =  2.25 case is 
given in Fig. 2. Although no experimental curve 
is available for bovine or human scrum albumin at 
zero ionic strength, the theoretical curve in Fig. 2 is 
almost certainly not steep enough. It would be
come more steep (and eventually vertical) at higher 
values of In y.

We discuss only first order electrolyte effects 
here. Suppose, following Eq. (19), we write in 
general

IcY = ~~ 2~ +  +  • ■ • 1 (32)

Then Eq. (21) appears as

■In fc =  111 J i 0 +  ( N  +  n)l<p(v) +  Z o $ ( » )  +  . . . ]

, „  , (33)
and Eq. (27) as

(34)
We then find, on expanding in powers of x0

In fc = In fco +  X o Q ( v )  +  . . . (35)
and

X0e(v,)
V =  Vo (à In / c o / Ô r)v _ ,

+  . . . (c = Co = const.)

ip d i/ôE
where
G ( , )  =  (N o  +  n )  [ *  -  2  b v f b y

B° ô$/ôTH
2.V0(B° -  No) cW cW j

(36)

(37)

The subscript zero on c0, v0 and N0 refers to the 
limit =  0. In general we expect, on the right 
hand side of Eq. (37), 4> to be negative and the 
other terms to be positive, with 0 also positive. 
Thus v would increase with xa at constant c in Eq. 
(36)— that is, the protein molecule would decrease 
in volume when electrolyte is first added (c con
stant). This behavior is found experimentally by 
Yang and Foster. Unfortunately, the particular
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80 -

60 - 
N

40 -

20 -

_I_____ I_____ 1_____ i_____ i_____ i_____ I_____ 1_
—7 -6  -5  -4  -3  -2  -I 0

-LOG fc
Fig. 2.—Titration curve of protein.

combination of model and approximations used in 
the electrostatic calculation here happens, by 
cancellation, to give d? independent of V (compare 
Eqs. (21) and (33)), and hence d $ /5 F  =  0 and 
0 <  0 in Eq. (37). This behavior is opposite to 
that just described (but it is reversed by the second 
order term at rather low electrolyte concentration— 
of the order of 10-3 M). Any refinements will 
undoubtedly make $ dependent on V as expected 
in general.

Conclusion
The preliminary calculations reported here indi

cate that the suggestion of Yang and Foster is a 
reasonable possibility from a theoretical point of 
view. Of course the calculations do not provide 
any direct evidence that this suggestion is actually 
correct. The discrepancy between theory and 
experiment on the direction of the salt effect is pre
sumably due to the approximate nature of the 
electrostatic part of the theory.

Other expansion mechanisms might also prove 
to be “ reasonable possibilities” in the above sense. 
We are, in fact, examining Tanford’s2 proposal 
(swelling caused by breakage of cross-links) in an 
analogous fashion. The direction of the salt effect 
will be the same in this case, incidentally, unless 
the electrostatic theory is modified.

THE PROPERTIES OF ASBESTOS. II. THE DENSITY AND STRUCTURE
OF CHRYSOTILE1
By Fred L. Pundsacic

Contribution from the Johns-Manville Research Center, Manville, New Jersey
Received August 26, 1955

It is shown that the tubular structure hypothesized for chrysotile asbestos is not compatible with experimentally deter
mined density values for sealed, solid blocks of asbestos fiber. The data indicate that, the fundamental fibers are packed 
together efficiently with very little void space. The only void space observed appears to be associated with the volume oc
cupied by sorbed water. Sorption and desorotion of water probably causes reversible swelling of the fiber bundles. It is 
hypothesized that the fundamental fibers may exist as sheet- or ribbon-like structures possessing a certain degree of distortion 
due to limited curvature about the fiber axis.

The unusual nature of serpentine minerals 
(3MgO2Si02-2H20) which occur in massive, 
pseudo-fibrous and fibrous (chrysotile) forms has 
led numerous investigators to attempt a structural

(1) Preceding paper in this series, F. L. Pundsack, T his J ournal, 
5 9 , 892 (1955).

analysis of the various species. Chrysotile was 
classified first as an amphibole structure with a re
peating Si40n~6 unit,2 but this was revised later to 
a layer- or sheet-type structure with a repeating

(2) B. E . W arren and W . L. Bragg, Z. K rist., 7 6 , 201 
(1930).
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Si40io-4 unit.8 Although there appears to be gen
eral agreement that chrysotile has a sheet- or layer- 
type structure, many workers have pointed out 
that the fundamental sheet structure must be dis
torted in some way to account for the X-ray dif
fraction patterns which are observed.4-6 In recent 
years interest in the structural characteristics of 
chrysotile has been stimulated by the almost simul
taneous publication by Bates, Sand and Mink7 in 
this country and Noll and Kircher8 in Germany of 
electron photomicrographs of chrysotile which ap
pear to show the fibers in the form of hollow tubes. 
Hillier and Turkevich9 had previously noted this 
phenomenon in passing. Recently a number of at
tempts have been made to correlate X-ray diffrac
tion data from chrysotile with the hypothesized 
tubular structure.10-12

It is apparent that a tubular structure of the type 
hypothesized for chrysotile will contain consider
able void volume (i.e., space not occupied by chryso
tile) when the fibers are packed into solid bundles of 
the type found in nature. Thus, if the density of 
naturally occurring blocks of fiber is determined in a 
liquid which does not penetrate the fiber blocks, the 
magnitude of the void volume can be ascertained, 
and the existence of a tubular structure can be 
shown to be either possible or highly improbable.

Experimental
Materials.—The chrysotile fiber used for the density de

terminations in water was selected from a supply of No. 1 
Danville Crude from Canada. The analysis of this mate
rial has been reported previously.1 Portions of the selected 
solid fiber blocks were broken off into unopened bundles 
about 2.4 cm. long and 0.4-0.5 cm. in diameter. The 
samples were examined carefully for flaws and imperfections. 
Density determinations on these specimens are referred to as 
density values for “ blocks of fiber.’ ’ After the experimental 
runs had been completed on these blocks of fiber, they were 
opened carefully by hand and found to be free of any for
eign inclusions which might otherwise invalidate the meas
urements.

The density determination in air was carried out with an 
essentially flawless, translucent specimen of chrysotile from 
Arizona. This sample was in the form of a slightly irregular 
block about 5 cm. X 3 cm. X 1.6 cm. with a mass of ap
proximately 58 g.

Distilled water with a specific resistance >5 X 105 ohms 
was used for density determinations in an aqueous medium.

Density Measurements.—Two 25-ml. capacity pycnome
ters fitted with thermometers and side-arm capillary tubes 
were calibrated to ±0.002 cc. with the liquid being used in 
the density measurements. Samples were weighed out 
into the pycnometer flasks, and then they were outgassed 
in accordance with a method described by Tschapek13 and 
later used successfully by Culbertson and Weber.14 The 
procedure consists of adding enough liquid to the flask to 
cover the sample and then evacuating the system in a vacuum 
desiccator to just below the vapor pressure of the liquid.

(3) B . E . W arren and K . W . H ering, P h ys. Rev., 59, 925 (1941).
(4) V . A . F ock and V. A. K olp insky, J . P h ys. U .S .S .R ., 3 , 125 

(1940).
(5) B . E . W arren, A m . M ineralogist, 2 7 , 235 (1942).
(6) E . A ruja, M ineralog. M ag., 2 7 , 65 (1944).
(7) T . F . B ates, L. B . Sand and J. F . M ink, Science, 111, 512 

(1950).
(8) W . N oll and H. K ircher, N aturw., 3 7 , 540 (1950).
(9) J. H illier and J. T urkevich , A n al. Chem., 21, 475 (1949).
(10) E . J. W . W hittaker, A cta  Cryst., 7 , 827 (1954)
(11) E . J. W . W hittaker, ibid ., 8, 261, 265 (1955).
(12) H. Jagodzinsbi and G. Kunze, N eues Jahrb. M ineral. M onatsh., 

95, 113, 137 (1954).
(13) M . W . T schapek, K ollo id -Z ., 6 3 , 343 (1933).
(14) J. L . C ulbertson  and M . K . W eber, J .  A m . Chem. Soc., 60, 2695 

(1938).

This method effectively removes adsorbed air from the sys
tem. After the system had been outgassed a sufficient 
length of time (determined by repeated runs until a constant 
density was attained) the vacuum was broken and the flask 
filled with liquid and allowed to come to room temperature, 
25 ±  1°. The pycnometer unit was assembled and the 
density determined. The actual temperature of the system 
was read to within 0.1° from the thermometer in the pyc
nometer flask. After the density values had been obtained 
for the unsealed specimens the samples were collected, dried 
and the density calculated on both an “ as-is”  (i.e., original 
sample weight which includes sorbed water) and a dry basis.

For the “ sealed block”  density determinations unopened 
blocks of chrysotile were weighed and then dipped in molten 
paraffin at about 78°. This procedure formed a relatively 
smooth, even coating of solidified paraffin over the entire 
block of fiber. Subsequent gas adsorption measurements 
showed that the coating was impervious. The density of 
the “ sealed blocks”  was determined in water, and then the 
value was corrected for the density of the paraffin present. 
Sorbed water content of the blocks was determined by de
hydration runs on untreated fiber blocks from the same 
source. The untreated blocks were weighed under the same 
conditions of relative humidity as the blocks used in the 
density determinations. The density of the paraffin,
0.901 g./cc., was determined independently by coating glass 
rods of known volume with the molten paraffin.

The density determination in air on the specimen of fiber 
from Arizona was carried out simply by mapping the con
tours and profile of the block on graph paper and calculating 
the volume on the basis of the mapped dimensions. The 
block was weighed and then the sorbed water content was 
determined on a small portion of the block by the procedure 
described below.

Water Determinations.—Experiments showed that re
versibly sorbed water could be removed from chrysotile by 
drying the material at temperatures between 175 and 200°. 
At temperatures much above 200° a slight, non-reversible 
water loss occurs in chrysotile. Therefore, for purposes of 
calculating the density of the fiber samples on a dry sample 
basis the water loss up to 175° was considered sorbed water. 
As an approximation the sorbed water was assumed to oc
cupy the same volume as an equal quantity of free water, 
and this correction was used to obtain the density of the 
solid fiber. Although the sorbed water may actually oc
cupy a volume slightly less than that of free water, this 
assumption is not critical to the conclusions reached in this 
work.

Theoretical
When hollow cylindrical tubes with an outer ra

dius rx and an inner radius r2 are placed together in 
hexagonal close-packing the ratio of the gross vol
ume of the bundle of tubes, V g , to the volume of the 
solid, Fs, is

Vo =  2y/3 /  n» \ 
F s  7t \ r iz — r22/ (1)

Equation 1 may be rearranged and reciprocal den
sity values D substituted for corresponding volumes 
to give

Da = (2)
where

Da = absolute density of the solid
D g  = observed gross density of the fiber bundle

Equation 2 reflects the relationship of the density 
of the solid to the observed bundle density when the 
liquid fails to penetrate the void volume. If the 
fibers are solid (i.e., r2 =  0), or the liquid penetrates 
the intrafibril pores but not the interfibril pores, 
equation 2 reduces to

7T
When the liquid penetrates all pores

(3)

Da = Dq (4)
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D s, which is essential to the utilization of the pre
ceding equations, can be calculated readily from 
X-ray diffraction unit cell data available in the lit
erature. The data on the dimensions of a unit 
cell of the composition Mg6(OH)5Si4Oi0 are summa
rized in TableJ. Using the average values a =  5.33 
A., 6 =  9.24 A., and c =  7.33 Â. the absolute den
sity of chrysotile is 2.56 g./ec. Since the samples 
used in this work contained about 2% FeO +  
Fe20 3 isomorphously substituted for magnesium,1 
the theoretical density of 2.56 can be corrected to 
2.58 g./cc. to take this into account. This correc
tion is incidental since it is within the range of ex
perimental error.

Table I
Unit Cell (MgefOHjsSijOio) Data for Chrysotile

A x is

W a r r e n
a n d

B r a g g 2

W a r r e n
a n d

H e r i n g 3 A r u j a 6
W h i t 

t a k e r 15 16 P a d u r o w 15

a 5 . 3 3 5 . 3 3 5 . 3 2 5 . 3 3 5 . 3 3

b 9 . 2 5 9 . 2 4 9 . 2 9 . 2 9 . 2 6

c 7 . 3 3 7 . 3 3 7 . 3 1 7 . 3 3 7 . 3 6

The magnitude of D q to be expected for hollow 
tubes of the dimensions which have been sug
gested,17 it =  175 A. and r2 =  75 A., can be calcu
lated from equation 2 by using Ds =  2.58. In this 
case Dq =  1.91 g./cc. assuming a sealed block in 
which no penetration of liquid into the void volume 
occurs.

Results and Discussion
The data for a series of density measurements on 

both sealed and unsealed blocks of fiber are sum
marized in Table II. It is clearly evident from the 
data on the paraffin-sealed blocks that they do not 
contain the void space required by a hollow tube 
structure. In fact, the results strongly suggest that 
the only appreciable void space in the solid blocks 
of fiber is that occupied by sorbed water. Further
more, the void space is not constant, but increases 
as the sorbed water content increases. That is, the 
blocks of fiber must swell as water is sorbed. The 
only exception among the sealed blocks is sample

Table II
Density of Sealed and Unsealed Solid Blocks of 

Fiber

Sam ple
Sorbed H»0,

%
Gross sam ple,0 

g./cc.
Chrysotile, à 

g./cc.

Sealed 1 0 2.57 2.57
Sealed 2 0 2.55 2.55
Sealed 3 0 2.56 2.56
Sealed 4 0 2.56 2.56
Sealed 5 2.2 2.48 2.57
Sealed 6 1.3 2.48 2.53
Sealed 7 0.8 2.53 2.56
Unsealed 8 1.0 2.51 2.55
Unsealed 9 1.0 2.53 2.57
Unsealed 10 0.7 2.56 2.58
Arizona' 2.0 2.45 2.53
Density of gross sample including sorbed water but ex-

eluding paraffin. b Calculated on the assumption that 
sorbed water occupies a volume of 1 cc./g. ' The density 
of this sample was determined in air.

(15) E . J. W . W hittaker, Acta Cryst., 5, 143 (1952).
(16) N. N . Padurow . ibid., 3, 204 (1950).
(17) G. J. Young and F. H. H ealey, T his Journal, 58, 881 (1954).

no. 6 which has a density slightly lower than one 
would expect. In view of the consistent behavior 
of the other values it seems likely that the value for 
no. 6 may have been low because of a slight imper
fection in the otherwise solid block of fiber.

The fact that the sealed samples which contain 
essentially no sorbed water have density values 
closely approximating the theoretical absolute den
sity of chrysotile indicates that the fibers in a de
sorbed condition are packed together with very lit
tle void space. This behavior is not compatible 
with a hollow tube structure. In order to account 
for the close-packing of the fibers it seems more 
plausible to view them as strip or ribbon-like struc
tures which may be distorted by limited curvature 
about the fiber axis.18 This type of structure awaits 
confirmation by X-ray diffraction studies.

The density values obtained for the unsealed 
blocks of fiber in water indicate the consistent na
ture of the measurements. In the unsealed blocks 
the only appreciable void space measured is also 
that occupied by sorbed water. Taken alone the 
values for the unsealed blocks could not conclusively 
establish the improbability of a tubular structure. 
However, the results on sealed blocks indicate that 
when unsealed blocks of fiber are placed in water, 
the blocks probably sorb water and swell although 
initially the only appreciable void space present is 
that occupied by water sorbed prior to immersion.

Measurement of the density of the block of Ari
zona chrysotile in air furnishes additional confirma
tion of the improbability of the existence of a tubu
lar structure in chrysotile. Considering the crude
ness of the method, the results are in good agree
ment with the premise that the only significant 
void space in bundles of fiber is that occupied by 
sorbed water. This void space is much less than 
would be required by a tubular structure.

A series of studies of the amount of water sorbed 
by chrysotile as a function of relative humidity indi
cates that the maximum amount of sorbed water 
retained by blocks of fiber at 100 per cent, relative 
humidity and 25° is approximately 2.5 per cent. 
If, as seems probable, sorbed water causes the fiber 
bundles to swell, the maximum degree of swelling 
can be calculated using the sorbed water value at 
100 per cent, relative humidity. One gram of de
sorbed fiber occupies

¿ 8  = ° '388 co'/g'
When 1 g. of chrysotile sorbs the maximum amount 
of water the gross sample will weigh 1.026 g. and 
occupy a volume of

0.388 +  0.026 = 0.414 cc./g. chrysotile
The apparent change in volume of the block of fiber 
is 0.026 cc./g. chrysotile. The percentage in
crease in volume over the range of complete desorp
tion to complete sorption would be

Experimental work is now in progress to observe di
rectly the swelling of fiber bundles and to establish

(18) Such a lim ited cu rvature has been suggested for antigorite, a  so- 
called m assive variety  of serpentine, b y  J. Zussm an, M ineralog.
30, 498 (1954).
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whether the swelling is of the predicted order of 
magnitude.

No satisfactory explanation of the hollow-tube 
appearance of chrysotile fibers when viewed in the 
electron microscope7-9'19 can be offered other than 
to suggest the obvious: the sample viewed in the 
electron microscope no longer bears a one to one re
lationship with the native fiber. Whether this is 
the result of the treatment the fibers have received

(19) R . K . Tier, “ The Colloid C hem istry of Silica and Silicates,”  
Cornell U niversity Press, Ithaca, N . Y ., 1955, p. 208.

during the preparation or of the exposure to the 
electron beam in a high vacuum remains to be de
termined.

Acknowledgment.—The successful execution of 
this work is due in large part to Mr. George Reim- 
schussel who made many of the density measure
ments reported here. Mr. Marion Badollet and 
Mr. William Streib made available certain excellent 
specimens of chrysotile which were measured in the 
course of this investigation.

CHANGES IN PHYSICAL PROPERTIES OF GRAPHITIZED CARBON RODS 
UPON GASIFICATION WITH CARBON DIOXIDE12
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Changes in the physical properties of graphitized carbon rods after gasification to different burn-offs at 1000° and to 11% 
burn-off at temperatures between 970 and 1372° have been determined. The physical properties investigated were surface 
area, total and incremental pore volume, average pore radius, macropore surface area and specific reaction rate. The results 
can be explained if the carbon rods are considered to be composed of relatively homogeneous, non-porous particles of petro
leum coke bound together by a thin shell of coal tar pitch coke, which essentially consists of a condensed “ bubble type” 
structure.

Introduction
The widespread importance of the heterogene

ous gasification reactions of carbons in present-day 
industry necessitates a complete understanding of 
the mechanism of these reactions. On the one 
hand, the primary interest in gasification is related 
to the conversion of carbonaceous materials to 
either gaseous fuels or synthesis gas. Here of pri
mary concern is the attainment of high gasification 
rates. On the other hand, the primary interest is 
connected with the lack of gasification of carbons 
and graphites when used as electrodes, structural 
carbons or moderators in atomic reactors. In 
either case, a basic understanding of the relation
ship between reactivity of carbon to gases and the 
physical properties of the carbons is essential.

In the present work, the reactivity of a highly 
graphitized carbon with carbon dioxide, as a func
tion of burn-off and temperature, has been com
pared with changes in the physical structure of the 
carbon. This work is an extension of the finding 
of Walker and Rusinko,3 who in vestigated the re
activities of six different carbons.

Experimental
Carbon.—The samples used were National Carbon Com

pany AGKSP special graphite spectroscopic electrodes con
taining an ash content less than 0.01%. They were 5 
cm. long by 1.3 cm. in diameter. A more detailed de
scription of the manufacture of graphitized carbon can be 
found elsewhere.4 1 2 3 4

(1) Based on a P h .D . thesis subm itted b y  E m ile R a ats  to  the 
G raduate School of T h e Pennsylvania State  U niversity, June, 1955.

(2) This paper presents the results of one phase of research carried 
out under C o n tra ct N o. A T(30-1)-1710, sponsored b y  the A tom ic 
E n ergy Comm ission.

(3) P . L . W alker, Jr., and F . Rusinko, Jr., T h is  J o u r n a l , 59, 241 
(1955).

(4) H . W . A b b o tt, “ E ncyclopedia of Chem ical T echnology,”  Vol. 
3, T h e Interscience E ncyclopedia Inc., N ew  Y o rk , N . Y ., 1949, pp. 
1-23.

Reaction Rate Apparatus.—The reactor was the same as 
that described in a recent gasification study.6 Two methods 
were used to suspend the samples in the reactor. For reac
tion studies to 1 g. weight loss (11% burn-off) at different 
temperatures, a hole Vs-inch in diameter and Vs-inch deep 
was drilled into the top of the sample. Into this hole was 
cemented a Vs-inch diameter ceramic rod which connected 
to the balance. In studies to carbon burn-offs greater than 
1 g., it was found that reaction weakened t.ie bond between 
the rod and sample sufficiently to result in the inability of 
the rod to support the sample during weighing. For this 
work, a Vs-inch hole was drilled through the center of the 
samples. The ceramic support in this case consisted of a 
base plate ‘A-inch in diameter connected directly to the Vs- 
inch rod. The carbon sample was placed over the Vs-inch 
rod and sat on the base plate with no cement being used.

Mercury Porosimeter.—A description of the design and 
operation of the mercury porosimeter used has been given 
recently.6

Low Temperature Gas Adsorption Apparatus.—A stand
ard gas adsorption apparatus was employed and has been 
described recently.5 Surface areas and micropore volume 
distributions were determined from the adsorption and capil
lary condensation of nitrogen using the BET equation7 and 
Pierce technique,8 respectively.

Results
Effect of Gasification of Carbon Rods to Dif

ferent Burn-Offs at 1000° on their Physical Proper
ties.— In studying the effect of gasification of car
bon rods to different burn-offs on their physical 
properties, it was desirable to work at a sufficiently 
low temperature so that the gasification process 
proceeded uniformly through the sample. It was 
found from the uniformity of the bulk density 
profile data, a technique previously described,6 
that a gasification temperature of 1000° fulfilled 
this requirement.

The reaction rate curves for four carbon rods
(6) P . L . W alker, Jr., R . J. F oresti, Jr., and C . C . W right, In d . Eng. 

Chem., 45, 1703 (1953).
(6) P . L . W alker, Jr., F . Rusinko, Jr., and E . R aats, T h is  J o u r n a l , 

59, 245 (1955).
(7) P. H. E m m ett, A .S .T .M . Tech. Publ., 51, 95 (1941).
(8) C . Pierce, T his Journal, 57, 129 (1953).
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gasified at 1000° with carbon dioxide to 11.5, 23.0,
34.5 and 46.0% burn-off are shown in Fig. 1. It is 
seen that the gasification rate increases gradually 
to a maximum at ca. 2-g. weight loss (23.0% burn- 
off) and then decreases upon further gasification. 
The extended period of constant reaction rate 
characteristic of some other carbons investigated3'6 
is not found in this case.

Figure 2 shows the sorption isotherm of nitrogen 
on the unreacted sample from which its surface 
area and micropore volume distribution were deter
mined. This type II isotherm is quite typical of 
those found for all the carbon samples gasified.

Table I summarizes the data on surface area, 
apparent density and average pore radius of the 
carbon rods before and after the different degrees of 
gasification. It is seen that there is a marked in
crease in both specific and total surface area of the 
carbon rods up to approximately 23.0% burn-off. 
Further gasification, at least up to 46.0% burn-off, 
produces a decrease in both surface areas.

The apparent densities, determined by a weighing 
technique using a specific gravity bottle and mer
cury as displacement fluid, naturally decrease with 
gasification. Pore volumes, calculated from the 
difference of the reciprocals of apparent and true 
density9 increase with burn-off.

(9) T h e true density is 2.269 g./cc., as calculated from X -ra y  dif
fraction values of 3.357 Â . for the interlayer spacing and 1.416 Â . 
for the C - C  bond distance in the layer plane.

Fig. 2.—Adsorption isotherm for nitrogen at 77.2 °K. on un
reacted graphite rod.

Average pore radii are calculated using the rela
tionship for cylindral pores,10 r =  2V/A, where V is 
the total pore volume and A the total surface area. 
It is seen that upon gasification to only 11.5% 
burn-off there is a marked decrease in average pore 
radius over the unreacted sample. This is followed 
by a further, minor decrease in radius up to 23.0% 
burn-off and then an increase in radius with further 
gasification.

Table I
Surface Area, Density and Porosity Data for Graphite 

Rods after Various Burn-offs at 1 0 0 0 °

Burn-off, %

S u r fa c e
area ,

m .V g.

T o t a l
s u r fa c e

area ,
m.2

A p p a r e n t
d e n s i t y ,

g./co.

P o r e
v o L ,

c c . / g .

A v.
p o r e

r a d iu s ,
k .

Unreacted 0 . 4 1 3 . 5 4 1 . 5 6 2 0 . 1 9 9 1 0 , 1 4 0

1 1 . 5 1 . 6 1 1 2 . 1 5 1 . 3 7 8 . 2 8 5 3 , 5 2 0

2 3 . 0 2 . 0 2 1 3 . 5 5 1 . 2 5 5 . 3 5 5 3 , 4 8 0

3 4 . 5 2 . 0 3 1 1 . 3 1 1 . 1 5 4 . 4 2 6 4 , 1 2 0

4 6 . 0 1 . 7 2 8 . 2 3 1 . 0 7 6 . 4 8 8 5 , 5 3 0

It is of interest to examine the relationship be
tween reaction rate, surface area and total pore 
volume as a function of burn-off. Table II pre
sents these data. It is seen that the specific reac
tion rate expressed per unit of total surface area 
continually increases with burn-off— a particularly 
large increase being observed after 34.5% burn-off. 
On the other hand, the specific reaction rate ex
pressed per unit of total pore volume reaches a 
maximum at approximately 23.0% burn-off and 
then decreases.

(10) P . H . E m m ett and Thom as W . D eW itt, J. A m . Chem. Soc., 65, 
1253 (1943).
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Table II
Correlation of Average Instantaneous Reaction Rate 
with Surface Area and Pore Volume at Various 

Burn-offs

A v.
Specihc
reaction

Specific
reaction

Burn- reaction rate, rate,
off, rate, g . / m . 2 hr. g./cc. hr.
% g . / h r . X 10» X 102

1 1 . 5 0 . 0 4 0 3 . 2 9 1 . 8 7

2 3 . 0 . 0 5 2 3 . 8 4 2 . 2 0

3 4 . 5 . 0 4 5 3 . 9 8 1 . 9 3

4 6 . 0 . 0 4 0 4 . 8 6 1 . 7 6

Table III presents detailed data on the distribu
tion of micropore volume in pore radius increments 
covering the range 14.7 to 400 A. for the unreacted 
and gasified samples. It is seen that in all radius 
increments the total micropore volume reaches a 
maximum at 23.0 or 34.5% burn-off. For the 
specific micropore volume, there are two exceptions 
to the above maxima; the volume in pores from
14.6 to 20 A. and 50 to 75 A. continue to increase 
over the entire burn-off range.

Table IV presents detailed data on the distribu
tion of macropore volume in pore radius increments 
covering the range 400 to 130,000 A. In contrast 
to the behavior of the total micropore volumes all 
going through maxima with increasing burn-off, the 
total macropore volumes show maximum, increas
ing, and decreasing values with burn-off depending 
upon the radius increments. Particularly to be 
noted are the steady and marked decrease in total 
pore volume for pore radii from 20,000 to 30,000 A. 
and the comparable increase in total pore volume 
for pore radii from 30,000 to 60,000 A. The spe
cific macropore volumes go through a maxima with 
increasing burn-off up to a pore radius of 20,000 A., 
the volume in the 20,000 to 30,000 A. range shows 
some over-all decrease, and the specific macropore 
volume in pores from 30,000 to 130,000 shows a con
tinual increase with burn-off.

It is found that the sum of pore volumes calcu
lated from micropore and macropore distributions 
is from 2.1 to 5.8% less than the total pore volume 
as calculated from the density data, with no trend 
apparent with increasing burn-off. In all probabil
ity this is due, in part, to the fact that the density 
calculated from X-ray data does not take inacces
sible or “ blind pores”  into consideration. For ex
ample, it was shown by Dresel and Roberts,11 by 
comparing helium with X-ray densities, that unre
acted, synthetic graphite has roughly 6% closed 
pore volume, which is in qualitative agreement with 
this work.

The reason that the discrepancy in volumes does 
not decrease upon gasification in the present case 
probably can be explained as follows. The slope of 
the mercury porosimeter curve for the unreacted 
carbon rod is essentially zero at the upper limit 
(130,000 A.), indicating little or no volume above 
this pore size. This is not the case for the gasified 
rods, the shape of the curve indicating the exist
ence of a significant volume in pores greater than
130,000 A. Since the pore volume determined by 
density measurements is thought to include all

(11) E , M , Jjresol and L. E , J. R oberts, N ature, 171, 170 (19511).

pores up to approximately 200,000 A.,12 the two 
methods will be in disagreement by the magnitude 
of the pore volume between 130,000 and 200,000 A. 
Therefore, possibly the unaccounted-for volume in 
the gasified samples is predominantly due to vol
ume above the upper limit of porosimeter measure
ments rather than to “ blind pore” volume.

In a manner analogous to that discussed previ
ously,6 macropore areas are calculated from porosim
eter data and shown in Table V. It is seen that 
the percentage contribution of the macropore area 
to the total area decreases markedly upon gasifica
tion. Using the total micropore volumes deter
mined by gas adsorption and the total micropore 
areas determined by difference, an average micro
pore radius is calculated. It is seen that the unre
acted sample has a calculated average pore radius 
significantly greater than 400 A. On the other 
hand, the gasified samples all have average pore 
radii markedly less than 400 A.

Effect of Gasification of Carbon Rods to 11% 
Burn-off at Various Temperatures on their Physical 
Properties.— Carbon rods were gasified to 1.0 g. 
(11%) weight loss at a series of temperatures be
tween 970 and 1372°. Table VI presents data on 
the specific surface area, apparent density, specific 
pore volume and average pore radius of these 
samples after gasification. Since the gasified 
samples all have the same final weight, total sur
face areas and total pore volumes are not presented 
in this case. It is seen that the specific surface 
area increases with increasing gasification tempera
ture up to 1224° and then decreases. This is in 
qualitative agreement with the findings of Peter
sen, Walker and Wright,13 who in the same appara
tus as used in the present work found a maximum 
area developed at ca. 1180° for a more reactive car
bon. which also developed a considerably higher 
surface area upon gasification.

Developed apparent densities ana pore volumes 
are also found to be affected by gasification tem
peratures but not in as uniform a manner as surface 
areas. As in the previous results to different burn- 
offs, the average pore radius decreases markedly 
upon gasification temperature up to 1224° and then 
increases with higher temperatures.

'Table VII presents data on the total micropore 
volumes in pore radius increments. No obvious 
trend is seen to exist between the incremental pore 
volumes and gasification temperatures. However, 
samples gasified at 1200 to 1246° do have maximum 
incremental volumes for most of the radius ranges 
listed. This observation parallels the development 
of maximum surface area at ca. 1224°.

Table VIII presents data on total macropore vol
umes in pore radius increments. Here again no ob
vious trend between gasification temperature and 
incremental pore volume is observed. Figure 3 
emphasizes the close similarity of macropore dis
tributions for four of the samples gasified at differ
ent temperatures. These are also typical of sam
ples gasified at other temperatures.

(12) J. L. R itte r  and L. C . D rake, Ind. Eng. Chem., A n a l. E d ., 17, 
782 (1945).

(13) E . E . Petersen, P. L. YValkei, Jr., and C. C . W right, Ind. Eng. 
Chem., 47, 1629 (1955)-
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T a b l e  III
M i c r o p o r e  V o l u m e s  i n  P o r e - R a d i i  I n c r e m e n t s  a s  C a l c u l a t e d  p r o m  G a s  A d s o r p t i o n  D a t a

V ol. in range indicated after different burn-offs, Vol. in range indicated after different burn-offs,

Pore radius Unre- 
range, Â . acted 1 1 .5 %

ce. X 10s 

2 3 .0 % 3 4 .5 % 4 6 .0 %
U nre
acted

cc./g. X 104 

1 1 .5 %  2 3 .0 % 3 4 .5 % 4 6 .0 %

1 4 . 7 -  2 0  0 . 3 2 . 6 3 . 0 2 . 6 2 . 4 0 . 3 3 . 5 4 . 5 4 . 7 5 . 1
2 0 -  3 6  1 . 3 3 . 3 3 . 6 3 . 5 2 . 1 1 . 5 4 . 4 5 . 4 6 . 3 4 . 4
3 6 -  5 0  0 . 8 1 . 5 2 . 1 1 . 6 1 . 1 0 . 9 2 . 0 3 . 1 2 . 9 2 . 3
5 0 -  7 5  1 . 4 2 . 5 2 . 8 2 . 6 2 . 3 1 . 6 3 . 3 4 . 2 4 . 7 4 . 9
7 5 - 1 0 0  1 . 3 2 . 8 2 . 7 2 . 8 2 . 1 1 . 5 3 . 7 4 . 0 5 . 0 4 . 4

1 0 0 - 1 5 0  2 . 3 4 . 7 5  9 4 . 3 3 . 4 2 . 6 6 . 3 8 . 8 7 . 7 7 . 2
1 5 0 - 2 0 0  1 . 5 4 . 8 5 . 8 3 . 8 2 . 9 1 . 7 6 . 4 8 . 7 6 . 8 6 . 1
2 0 0 - 3 0 0  2 . 7 7 . 8 9 . 8 9 . 7 5 . 8 3 . 1 1 0 . 4 1 4 . 6 1 7 . 4 1 2 . 2
3 0 0 - 4 0 0  3 . 1 6 . 9 1 6 . 6 8 . 3 3 . 7 3 . 6 9 . 2 2 4 . 8 1 4 . 9 7 . 8

P o r e  V o l u m e s  in  P o r e  R a d i i  I n c r e m e n t s

T a b l e  IV
i n  t h e  M a c r o p o r e  R a n g e  a s  D e t e r m i n e d  b y  t h e  M e r c u r y  P o r o s i m e t e r

Vol. in range indicated after different burn-offs, Vol. in range indicated after different burn-offs,

Pore radius 
range, Â.

U nre
acted 1 1 .5 %

cc.

2 3 .0 % 3 4 .5 % 4 6 .0 %
U nre
acted 1 1 .5 %

cc./g. x ; 
2 3 .0 %

LO2

3 4 .5 % 4 6 .0 %

4 0 0 -  1 , 0 0 0 0 . 0 4 0 . 0 4 0 . 0 4 0 . 0 3 0 . 0 2 0 . 5  0 . 5 0 . 6 0 . 5 0 . 4
1 , 0 0 0 -  2 , 0 0 0 . 0 4 . 0 6 . 0 7 . 0 3 . 0 2 . 5  . 8 1.0 0 . 5 0 . 4
2 , 0 0 0 -  3 , 0 0 0 . 0 2 . 0 5 . 0 8 . 0 4 . 0 3 . 2  . 7 1 . 2 0 . 7 0 . 6
3 , 0 0 0 -  6 , 0 0 0 . 0 5 . 0 5 . 1 0 . 1 2 . 0 8 . 6  . 7 1 . 5 2 . 2 1 . 7

6 , 0 0 0 -  1 0 , 0 0 0 . 0 2 . 1 2 . 1 1 . 1 4 . 1 0 . 2  1 . 6 1 . 6 2 . 5 2 . 1

1 0 , 0 0 0 -  2 0 , 0 0 0 . 2 9 . 5 4 . 4 7 . 3 0 . 2 5 3 . 3  7 . 2 7 . 0 5 . 4 5 . 3

2 0 , 0 0 0 -  3 0 , 0 0 0 . 9 7 . 7 0 . 7 2 . 5 5 . 3 7 1 1 . 2  9 . 3 1 0 . 8 9 . 9 7 . 8

3 0 , 0 0 0 -  4 0 , 0 0 0 . 1 3 . 1 5 .2 3 . 5 0 . 5 9 1 . 5  2 . 0 3 . 4 9 . 0 1 2 . 4

4 0 , 0 0 0 -  6 0 , 0 0 0 . 0 8 . 1 0 . 1 2 . 3 2 . 4 8 0 . 9  1 . 3 1 . 8 5 . 7 1 0 . 1

6 0 , 0 0 0 - 1 3 0 , 0 0 0 . 0 2 . 2 0 . 2 4 . 2 2 . 2 0 0 . 2  2 . 7 3 . 6 4 . 0 4 . 2

T a b l e  V
D i s t r i b u t i o n  o f  S u r f a c e  A r e a  b e t w e e n  M a c r o p o r e s  a n d  M i c r o p o r e s  a s  D e t e r m i n e d  b y  M e r c u r y  P o r o s i m e t e r

T otal M acropore M icropore M acropore M icropore A v.
Burn-off, surface area, area , area, vol., micropore

% area, m .2 m . 2 m .2 % cc. radius, A .

Unreacted 3 . 5 4 3 . 4 7 0 . 0 7 9 8 . 0 0 . 0 1 5 ( 4 , 2 7 0 )

1 1 . 5 1 2 . 1 5 4 . 3 3 7 . 8 2 3 5 . 6 . 0 3 7 9 4

2 3 . 0 1 3 . 5 5 4 . 0 4 9 . 5 1 2 9 . 8 . 0 5 2 1 1 0

3 4 . 5 1 1 . 3 1 3 . 6 2 7 . 6 9 3 2 . 0 . 0 3 9 1 0 2

4 6 . 0 8 . 2 3 2 . 8 4 5 . 3 9 3 4 . 5 . 0 2 6 9 6

Table VI It is found that the percentage contribution of
Surface Areas, Apparent Densities, Pore Volumes the macropore surface areas, as calculated from 
and Average Pore Radii of Graphite Rods Reacted porosimeter data, to the total surface area (BET)

to 11% Burn-off at Various Temperatures

Tem p.,
°C .

S u r fa c e  
area , 

m . 2/ g .

A p p a r e n t
d e n s i t y ,

g . / c c .

P o r e
vol.,
c c . / g .

A v .  p o r e  
rad ius ,

i .

Unreacted 0 . 4 1 1 . 5 6 2 0 . 1 9 9 1 0 , 1 4 0

9 7 0 1 . 6 7 1 . 4 0 2 . 2 7 3 3 , 2 7 0

1 0 9 0 2 . 1 0 1 . 4 4 8 . 2 5 0 2 , 3 8 0

1 1 3 0 2 . 2 3 1 . 4 3 7 . 2 5 5 2 , 2 8 0

1 1 5 8 2 . 3 7 1 . 4 2 2 . 2 6 2 2 , 2 1 0

1 2 0 0 2 . 4 8 1 . 4 1 9 . 2 6 4 2 , 1 3 0

1 2 2 4 2 . 6 6 1 . 4 1 5 . 2 6 6 2 , 0 0 0

1 2 4 6 2 . 6 2 1 . 3 7 2 . 2 8 8 2 , 2 0 0

1 3 4 2 2 . 2 1 1 . 4 5 9 . 2 4 5 2 , 2 2 0

1 3 7 2 2 . 2 1 1 . 4 2 6 . 2 6 0 2 , 3 5 0

It is again found that the sum of pore volumes 
calculated from micropore and macropore volume 
distributions is less than that calculated from den
sity data. There is a decrease in the unaccounted- 
for pore volume upon gasification. In the original 
sample, it is 5.8%; and in the gasified samples, it 
ranges from 0.4 to 3.7%. However, there is no sys
tematic variation betweep the unaccounted-for pore 
volume and gasification temperature.

Fig;, 3.—Change in macropore volume of graphite rods at 
various temperatures for 11.0% burn-off.

varies from 20.7 to 31.1%, it reaching the minimum 
value at 1224°. Furthermore, the average micro
pore radius, calculated as previously discussed,
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T a b l e  V I I

P o k e  V o l u m e s  in  P o r e - R a d i i  I n c r e m e n t s  i n  t i i e  M t c r o r o r e  R a n g e  f o r  1 1 %  B u r n - o f f  a t  V a r i o u s  T e m p e r a t u r e s ,

a s  C a l c u l a t e d  f r o m  G a s  A d s o r p t i o n  D a t a

radius Vol. in range indicated for 1 1 %  burn-off a t  various tem p., cc. X 101
r a n g e ,

A .
L lire- 
a c t e d 9 7 0 ° 1 0 9 0 ° 1 1 3 0 ° 1 1 . 3 8 ° 1200° 1221° 1 2 1 6 ° 1 3 4 2  ° 1 3 7 2 °

1 4 . 7 -  2 0 0 . 3 1 . 8 2 . 8 4 . 0 2 . 3 3 . 1 3 . 9 3 . 1 4 . 0 1 . 7

2 0 -  3 0 1 . 3 3 . 8 5 . 2 4 . 2 4 . 7 5 . 1 5 . 5 5 . 3 4 . 2 5 . 5

3 6 -  5 0 0 . 8 2 . 2 1 . 9 1 . 7 1 . 3 1 . 9 1 . 7 2 . 0 2 . 5 1 . 7

5 0 -  7 5 1 . 4 2 . 7 2 . 8 3 . 4 2 . 8 2 . 7 2 . 7 3 . 8 3 . 4 3 . 0

7 5 - 1 0 0 1 . 3 3 . 5 3 . 0 4 . 0 2 . 7 5 . 1 3 . 0 3 . 4 3 . 2 3 . 4

1 0 0 - 1 5 0 2 . 3 4 . 9 5 . 0 5 . 9 4 . 5 8 . 5 0 . 0 5 . 8 5 . 3 6 . 3

1 5 0 - 2 0 0 1 . 5 3 . 8 0 . 1 4 . 2 4 . 6 6 . 0 5 . 0 6 . 7 3 . 3 5 . 2

2 0 0 - 3 0 0 2 . 7 1 2 . 1 1 2 . 6 1 0 . 2 7 . 3 8 . 4 9 . 3 1 2 . 8 7 . 4 7 . 4

3 0 0 - 4 0 0 3 . 1 8 . 0 1 1 . 1 1 0 . 2 7 . 3 0 . 5 7 . 5 1 2 . 9 7 . 0 6 . 5

T a b l e  V I I I

P o r e  V o l u m e s  in  P o r e - R a d i i  I n c r e m e n t s  in  t h e  M a c r o p o r e  R a n g e  f o r  1 1 %  B u r n - o f f  a t  V a r i o u s  T e m p e r a t u r e s ,

a s  D e t e r m i n e d  b y  t h e  M e r c u r y  P o r o s i m e t e r

Vol. in range indicated for 1 1 %  burn-off a t various tem p., cc.
P o r e  ra d iu s U n r c -

ra ng e ,  A . actcd 9 7 0 ° 1090°

4 0 0 -  1 , 0 0 0 0 . 0 4 0 . 0 4 0 . 0 4

1 , 0 0 0 -  2 , 0 0 0 . 0 4 . 0 8 . 0 8

2 , 0 0 0 -  3 , 0 0 0 . 0 2 . 0 9 . 0 8

3 , 0 0 0 -  6 , 0 0 0 . 0 5 . 1 5 . 1 3

6 , 0 0 0 -  1 0 , 0 0 0 . 0 2 . 0 8 . 0 8

1 0 , 0 0 0 -  2 0 , 0 0 0 . 3 1 . 3 5 . 2 9

2 0 , 0 0 0 -  3 0 , 0 0 0 1 . 0 4 . 7 5 . 8 7

3 0 , 0 0 0 -  4 0 , 0 0 0 0 . 1 4 . 2 1 . 1 9

4 0 , 0 0 0 -  6 0 , 0 0 0 . 0 9 . 1 1 . 1 3

6 0 , 0 0 0 - 1 3 0 , 0 0 0 . 0 2 . 1 4 . 1 0

ranges from 105 to 59 A. for the reacted samples, 
reaching a minimum also at 1224°.

Discussion
Before analyzing the results of this work, it is 

desirable to describe as clearly as possible the nature 
of the carbon rods. The original raw materials 
used for the production of these rods consisted of ca. 
25%  coal tar pitch and 75% calcined petroleum 
coke. According to Abbott,14 for rods of the size 
used in this work all of the coke is less than 60 mesh 
(250 /u), with ca. 60% by weight passing 200 mesh 
(74 n). Upon mixing and extruding of the green 
rods, the coke particles are coated with a layer of 
pitch to a thickness amounting to ca. 7% of the 
particle diameter.15 Baking of the green rods to 
ca. 1000° is primarily a destructive distillation 
process whereby the lighter fractions of the pitch 
(approximately 40% by weight) are volatilized 
away leaving behind a binder coke structure re
sembling a collection of condensed bubbles. The 
loss in weight also results in some shrinkage of the 
binder and in the formation of cracks in part of the 
bubble structure. The rods are then graphitized 
to 3000°, resulting in a product in which each par
ticle can be visualized as consisting of a highly 
graphitic, homogeneous inner core (filler carbon) 
surrounded by a “ slightly less”  graphitic outer 
shell (binder carbon).16

(14) P rivate com m unication from H. W . A b b o tt, 1952.
(15) S. M rozow ski, “ P h ysical Properties of Carbons and the 

Form ulation of th e  Green M ix ,”  paper presented before th e  2nd 
Carbon Conference a t Buffalo, N . Y ., June 9, 1955.

(16) T h e degree of difference in the graphitic character of the filler 
and binder carbon is, of course, prim arily determined b y the nature 
of the starting raw m aterials. A b b o tt4 suggests th at the binder carbon

130° 1158° 1200° 1224° 1240° 1312° 1372°

1.03 0.04 0.03 0.03 0.03 0.03 0.03
.06 .08 . 0 6 .00 .10 . 0 6 .06
.06 .10 .09 .07 .03 .05 .05
.12 .14 .22 .12 .10 .07 .09
.08 .09 .13 .09 .11 .09 .07
.32 .34 .30 .37 .65 .39 35
.69 .84 .78 .95 .69 .73 .78
.60 .20 . 2 6 .31 .19 .33 .38
.17 .11 .14 .07 .18 .13 .14
.10 .14 .08 .04 .16 .07 .10

Results on the unreacted carbon rod lead to the
following conclusions, if the above picture is kept 
in mind.

1. The original surface area of 0.41 m.2/g . indi
cates that there is relatively little available internal 
particle porosity. That is, Petersen,18 using the 
microscope sizing technique developed by Petersen, 
Walker and Wright19 on a typical sample of petro
leum coke, calculated an area of 0.11 m.2/g . assum
ing no particle porosity.

2. A rod porosity of 31% suggests that the 
particles are packed in essentially a rhombohedral 
array, which has an ideal porosity of 25.95%.20 The 
difference, ca. 5%, agrees well with the unac
counted-for pore volume, 5.8%, which is thought to 
be primarily located in completely closed bubbles of 
binder carbon.

3. A calculated micropore surface area (Pierce 
technique) of 0.54 m.2/g., which is greater than the 
total surface area, suggests the presence of some 
micropore constrictions. These constrictions are 
possibly cracks leading into larger diameter bubbles 
of binder carbon.

4. Likewise, as previously reasoned, the calcu
lated macropore surface area from porosimeter data 
is too high. This suggests again the presence of
is only sligh tly  graphitic, whereas, X -ra y  diffraction results17 on the 
residual carbon structure upon gasification of these rods indicates a 
sim ilar interlayer spacing in the tw o carbons.

(17) P . L. W alker, Jr., and F. Rusinko, Jr., Fuel, 34, S22 (1955).
(18) E . E . Petersen, P h .D . Thesis, T h e P ennsylvania S ta te  U ni

versity, 1953.
(19) E . E . Petersen, P . L . W alker, Jr., and C . C . W right, A .S .T .M ,  

B ulletin , 1 83 , 70 (July 1952).
(20) J. M . D allavalle, “ M icrom eritics,”  Pitm an Publ. Corp., N ew  

Y o rk , N . Y ., 1948, p. 128.
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pore constrictions in the form of cracks in the binder 
carbon.6

Results on the carbon rods reacted to different 
burn-offs at 1000° lead to the following conclusions.

1. The relatively large increase in specific sur
face area for 11.5% burn-off, followed by a much 
smaller increase for further, comparable weight 
losses, suggests that the majority of the early activa
tion is obtained by opening up area which was orig
inally closed. It is visualized that this consists of 
selectively breaking through relatively thin walls of 
binder carbon leaving the exposed area of the inner 
bubble walls. On the other hand, the homogeneous 
and rather non-porous graphitized petroleum coke 
particles develop little porosity upon gasification, in 
line with the findings of Schaeffer, Smith and Pol- 
ley,21 who oxidized graphitized carbon black parti
cles. Gasification, beyond 11.5% burn-off results in 
some surface area increase mainly because of the re
acting through of thicker bubble walls of binder 
carbon surrounding the larger filler particles. Fi
nally upon opening up of all available binder carbon 
area (between 23.0 and 34.5% burn-off), the spe
cific area commences to decrease because of the 
higher efficiency of destroying area per unit weight 
of binder carbon reacted. The specific reaction 
rate (per unit surface area) markedly increases af
ter 34.5% burn-off, however, since the specific rate 
of the filler carbon is higher than that of the binder 
carbon.

2. The increase in total micropore volume in all 
radius increments up to 23.0% burn-off should be 
due primarily to the opening of the bubble struc
ture of the binder carbon. The particularly large in-o
crease in volume for pores from 14.7 to 36 A. for
11.5% burn-off coincides with the initial, high 
increase in surface area.

3. The substantial decrease in macropore vol
ume in the range 20,000 to 30,000 A. upon 11.5% 
burn-off, accompanied by the large increase in vol
ume for pores from 60,000 to 130,000 A. suggests 
that the majority of macropore constrictions in the 
original sample was of the former size.

4. The large increaseDin pore volume in the 
range 10,000 to 20,000 A. upon 11.5% burn-off 
indicates the opening up of previously closed-off 
pore volume in this range. Subsequent decrease 
in pore volume for pores between 10,000 and 30,000 
A. with gasification ando increase in pore volume 
from 30,000 to 60,000 A. suggests the complete 
destruction of some pore walls in the binder car
bon, leaving larger bubbles.

(21) W . D . Schaeffer, W . R . Sm ith and M . R . Polley, “ Surfaces of 
H eat T reated Carbon B lack s,’ ’ paper presented before the 2nd Carbon 
Conference a t  Buffalo, N. Y . ,  June 9, 1955.

5. For the reacted samples, the calculated mi
cropore surface areas are all less than the total sur
face area. This indicates that the micropore 
constrictions were significantly opened up by gasi
fication.

6. Likewise, the calculated macropore surface 
areas of the reacted samples give reasonable figures 
for the average micropore radii, indicating opening 
up of macropore constrictions. Furthermore, the 
relative constancy of average pore radius with in
creasing burn-off past 11.5% suggests that the 
removal of the pore constrictions was accomplished 
prior to this burn-off.

Results on the carbon rods reacted to 1 g. weight 
loss at a series of temperatures lead to the following 
conclusions.

1. The increase in surface area with gasification 
temperature up to 1224° can be explained by the 
higher efficiency of surface area development in the 
binder carbon as compared to the filler carbon. The 
lower the reaction temperature the more uniform 
will be the gasification of carbon through the rod6 
and, likewise, through individual particles compos
ing the rod. This means that since the percentage 
of filler carbon reacted per unit weight loss is at a 
maximum at the lowest temperature, the over-all 
resulting surface area development will be at a 
minimum. As the gasification temperature is in
creased, non-uniformity of reaction will be the 
greater within particles (filler plus binder) than ra
dially across the rod. This is because of the much 
larger pore size available for transport of gas be
tween particles than within particles. This will 
result in decreasing the percentage of filler carbon 
reacted per unit weight loss and, hence, increasing 
the surface area development. However, as tem
perature is further increased, diffusion of the react
ant gas between particles will not be sufficiently 
rapid to supply gas to the interior of the sample.22 
Finally, even though the fraction of the sample be
ing reacted has a greater percentage of binder car
bon activated and, hence, a greater surface area per 
unit weight, the resulting surface area for the entire 
sample will decrease because of the unreacted por
tion. In the limit, at sufficiently high tempera
tures, reaction will be found to occur solely on the 
surface of the rod with little area increase.

2. The reasoning for the other data follows in 
line with point 1 and the discussion under different 
degrees of burn-off at 1000°.

Acknowledgment.—The authors wish to thank 
Frank Rusinko for his interest and help in this 
work.

(22) I\  L. W alker, Jr., and E. R aats, T his J o u r n a l , 60, 370 
(1956).
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EFFECT OF GAS DIFFUSION IN GRAPHITIZED CARBON RODS ON THEIR 
GASIFICATION RATE WITH CARBON DIOXIDE12

B y  P. L. W a l k e r , J r . ,  a n d  E m i l e  R a a t s

Department of Fuel Technology, The Pennsylvania State University, University Park, Pennsylvania
Received Septem ber 1, 1955

At high temperatures, the experimental gasification rates of graphitized carbon rods are found to deviate progressively 
more from their intrinsic gasification rates, as temperature is increased. This is shown to be caused by the increasing con
trol of the reaction by the rate of transport of carbon dioxide through the internal pores of the carbon rod. The diffusional- 
resistance concepts used to correct the apparent activity of catalysts to their true values are found to apply equally as well 
for the correction of the reactivity of carbon rods with carbon dioxide.

Introduction
Workers3̂ 7 have shown that the physical struc

ture of porous catalysts can be of importance in de
termining reaction rates. In general, the faster the 
reaction and the smaller the average pore size the 
smaller the fraction of the internal surface of the 
catalyst which participates in the catalytic reac
tion. This can result in the apparent activity of a 
catalyst deviating progressively more from the true 
activity as temperature is increased. Or, in es-

1400 1300 1200 MOO I000°C

Fig. 1.—Arrhenius plot of instantaneous reaction rates at 
11% burn-off.

(1) Based on a P h .D . thesis subm itted b y  Em ile R aats to  the 
G raduate School of The Pennsylvania State U niversity, June, 1955.

(2) This paper presents the results of one phase of research carried 
out under C o n tra ct No. A T(30-1)-1710, sponsored b y  the A tom ic 
E nergy Commission.

(3) E . W . Thiele, In d . E ng. Chem., 3 1 , 916 (1939).
(4) A . W heeler, Advances in  Catalysis, 3 , 249 (1951).
(5) P . B . W eisz and C . D. Prater, ibid., 6, 144 (1954).
(6) C . Bokhoven and W . V an R aayen, T his J o u r n a l , 5 8 , 171 (1954).
(7) J. Hoogschagen, Ind. Eng. Chem., 4 7 , 906 (1955).

sence, if a reaction rate constant based on the ex
perimental activity of a catalyst is used, the Ar
rhenius plot can show activation energies below the 
true value.

The above workers have shown that the physical 
properties of a catalyst, along with internal gaseous 
diffusion rates, can be used to quantitatively cor
rect the apparent activity to the true activity of the 
catalyst. A similar approach has been employed 
in the present work to correct the apparent reactiv
ity of graphitized carbon rods with carbon dioxide 
to the true value as the gasification temperature is 
varied from 970° to 1392°.

Experimental
The samples and reaction rate apparatus used were de

scribed in an accompanying paper.8 The apparatus and 
procedure used to experimentally determine the diffusion 
coefficient of hydrogen-nitrogen through the porous carbon 
rods, Dei f(H,—ns), have been described p r e v i o u s l y . 9’ 10 
-Deff(H,-N2) for pellets cut parallel and perpendicular to the 
direction of rod extrusion were 0 . 0 8 8  ±  0 . 0 0 5  cm.2/sec. 
( 6  samples) and 0 . 0 5 3  ±  0 . 0 0 7  c m . 2/ s e c .  ( 8  samples), re
spectively, at S.T.P. conditions.

Results and Discussion
Instantaneous reaction rates at 11% burn-off 

are presented on an Arrhenius plot in Fig. 1. As 
previously reasoned,11 in the simplest case the re
action rate can be expressed as R =  7c (C 02)(C), 
where (C 02) and (C) are the concentrations of car
bon dioxide and carbon, respectively. In this par
ticular case, the concentration of carbon is assumed 
proportional to weight of carbon, which is a con
stant at all temperatures for 11% burn-off. Fur
thermore, the concentration of carbon dioxide is 
taken as the average over the external sample 
length, it varying from 1.0 to 0.76 atm. for the 
temperature range investigated.

From Fig. 1, it is seen that the Arrhenius plot 
yields a straight line with an activation energy of 66 
kcal./g. mole over the temperature range 970° to 
ca. 1130°. Above 1130°, the activation energy con
tinually decreases, it having a value of 44 kcal./g. 
mole (a ratio of F tr„e to Eexp of 1.5) at 1392°.

A qualitative attempt at correcting for the in
creasing divergence of the experimental data from 
the straight-line Arrhenius plot can be made by 
dividing the above rates by the total surface area 
of the sample produced upon 11% burn-off. The

(8) P . L . W alker, Jr., and E m ile R aats, T h is J o u r n a l , 60, 364 
(1956).

(9) P . L . W alker, Jr., and F . Rusinko, Jr., ibid., 69, 241 (1955).
(10) Reference 5, p. 189.
(11) P. L. W alker, Jr., R. J. Foresti, Jr., and (J. C . W right, In d .  

Eng. Chem., 45, 1703 (1953).
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1400 
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1300 ¡200 1100 1000 °C

Fig. 2.—Arrhenius plot of instantaneous reaction rates per 
unit of total surface area at 11% burn-off.

concentration of carbon is now assumed propor
tional to its total surface area instead of its weight. 
Furthermore, as previously reasoned,8 the continual 
decrease in surface area with increasing gasification 
temperatures above 1224° is attributed to an in
creasing concentration of the reaction zone closer 
to the sample periphery. Therefore, this decreas
ing area is qualitatively related to the increasing 
control of the reaction by diffusion; and dividing 
through by the area should, to some extent, com
pensate for the influence of diffusional resistance. 
Figure 2 shows the Arrhenius plot, which yields a 
straight line over the temperature range 970° to ca. 
1200°, with an activation energy of 58 kcal./g. 
mole. Above 1200° there is some decrease in ac
tivation energy to 51 kcal./g. mole, at 1372°, giving 
a ratio of Etrue to Eexp of 1.1. However, the use of 
surface area to qualitatively correct for diffusional 
resistance is clearly demonstrated in this case.

A quantitative approach at correcting the experi
mental data for diffusional resistance can now be 
considered in line with the authors’, introductory 
comments. The approach of Weisz and Prater5 is 
closely followed. Briefly, the experimental rate, 
dn/df, divided by a diffusion factor, 77, gives the 
corrected rate. For a spherical particle and a reac
tion with no volume change

v = ( ; —r------- and y = R -<p \tanh <p ip/ \  T-'eff
where R =  particle radius, A, =  velocity constant 
per unit particle volume, and £>eff =  the effective 
gas diffusion coefficient. Further, if a first-order 
reaction is assumed,12 kv can be eliminated giving a

(12) M . W . T h rin g and P . H. Price, Iron  and Coal Trades Rev., 169, 
347 (1954).

Fig. 3.—Arrhenius plot of instantaneous reaction rates at 
11% burn-off with corrections for diffusional effects on first- 
order kinetics.

new modulus 6 , which contains only observable 
variables.

_  R2 1 d n _  ,
V D e f f  ( C 0 2) d f  40 v

where V  =  the external volume of the carbon sam
ple and (C02) is again the average concentration of 
C 02 along the external length of the sample.

Values of 77 are determined from a plot of 77 vs. 
(p277 under the following conditions:

1. The same value of 77 is observed at 0.74 <p for a 
first-order reaction with doubling of volume (C +  
CO2 =  2CO), as is observed at <p for no volume 
change.13 This fact must be taken into account 
when the internal diffusion is occurring through 
pore diameters significantly greater than the mean 
free-path of the gas molecules. In the present case, 
internal diffusion through the carbon rods is visual
ized as primarily occurring between particle voids, 
which have their pore diameters concentrated 
above 10,000 A.8 Since the mean free-path of 
molecules at 1 atm. pressure is ca. 1000 A., the above 
correction is necessary.

2. Even though the above functions were spe
cifically derived for a spherical particle, they are 
rather insensitive to particle geometry; and R may 
be considered the radius of the cylindrical carbon 
sample.14 This is a particularly good approxima-

(13) Ref. 5, p. 1B2.
(14) P rivate  com m unication from P . B . W eisz, 1953.
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tion in the present case, since reaction at the ends 
of the carbon sample is prevented by ceramic plates.

3. The effective diffusion coefficient, concerned 
with carbon dioxide diffusing through carbon mon
oxide, should be essentially identical to that for 
diffusion of carbon dioxide through nitrogen. The 
latter is calculated as a function of temperature for 
bulk diffusion (pore diameter > 10,000 A. for atm. 
pressure reaction) from the experimental data by 
the relations D  ~  M  “°-i and D  ~  T l b. The ex
perimental value of Z)eff(Hr-N2) perpendicular to 
rod extrusion is used as a basis, since transport in 
this direction is obviously of primary importance in 
determining diffusional control.

4. The pressure differential from the exterior to 
the interior of the carbon rod caused by an increase 
in gas volume upon reaction and its effect in setting 
up forced flow of molecules from the sample is con
sidered negligible.

Figure 3 shows the Arrhenius plot of the cor
rected rate data, it yielding a good straight line 
over the entire temperature range 970 to 1392° with 
an activation energy of 6 6  kcal./g. mole.

The effects of other assumptions on the diffusion 
factor, 77, were investigated. If Ivnudsen diffusion 
is assumed to be affecting the reaction rates instead

of bulk diffusion, D  is proportional to T0-5 and con
dition 1 above can be ignored. However, this is 
seen to considerably over-correct the rate data; a 
rate of 37 g./hr. being calculated at 1292° as com
pared to a correct value of 8 . 0  g./hr., for example.

Golovina15 studied rates of diffusion of carbon di
oxide through electrode-carbon membranes, pre
pared in essentially the same manner as the present 
rods, and found D  to be proportional to T1-3 over 
the temperature range 20 to 600°. If this rela
tionship is used, the corrected rates are somewhat 
too high. However, this agreement can be im
proved by selecting a higher value for Deff(H2-N2) 
used in the calculations. Considering the fact that 
upon uniform gasification of a carbon rod at 900° 
some increase in D es ch2-N2) was observed, 16 an in
crease is perhaps not unreasonable. On the other 
hand, at high temperatures where diffusional ef
fects become important, the £>eff for the interior 
portion of the rod, which is still unreacted, should 
primarily control the depth of reaction penetration.
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A new type of coulometer is described based upon the removal of hydrogen ion and chloride ion from a standard solution 
of hydrochloric acid in potassium chloride solution. As little as one and as many as 360 coulombs have been successfully 
determined. The method is particularly suited for systems in which a predetermined quantity ol electricity is to be passed 
through a solution. The end-point can then be selected with an ordinary pH meter at a pH equal to that of the distilled 
water used in preparing the standard solution.

Introduction
A number of coulometers for measuring small 

quantities of electricity have been described in the 
literature. With the exception of Meites’ electro
mechanical coulometer1’2 and Wilson’s mercury 
voltammeter3'4 these microcoulometers are adapta
tions of conventional coulometers to micro meth
ods.5-7 The passage of 10 coulombs (approxi
mately 1.04 X 10-4 equiv.) of electricity corre
sponds to the liberation of approximately 11.2 mg. 
of metallic silver in a silver coulometer or of 1.2 
ml. of hydrogen in a gas coulometer. Determina
tion of these small quantities by any customary 
method is susceptible to errors of at least several per 
cent. It is the purpose of this communication to 
describe a hitherto unreported system which can

(1) L. Meites, Anal. Chem., 24, 1057 (1952).
(2) S. Bogan, L. Meites, E. Peters and J. M. Sturtevant, J. Am. 

Chem. Soc., 73, 1584 (1951).
(3) C. T. R. Wilson, Proc. Cambridge Phil. Soc., 19, 345 (1920).
(4) W. O. Reevely and A. R. Gordon, Trans. Electrochem. Soc., 

63, 167 (1933).
(5) I. Berkes, Mikrochemie Mikrochem. Acta, 40, 160 (1952).
(6) H. von Wartenberg and H. Schutza, Z. Electrochem., 36, 254 

(1930).
(7) K. Fischbecli, Z. anorg. allgem. Chem., 148, 97 (1925).

readily detect and measure the passage of as little 
as one coulomb of electricity to a precision of a few 
parts per thousand.

The electrochemical reaction in this new coulome
ter is the removal of hydrogen and chloride ions 
from a standard solution of hydrochloric acid and 
potassium chloride in C02 free distilled water. One 
electrode, the anode, is of the silver-silver chloride 
type while the other is a platinum cathode. The 
end-point may be selected in the vicinity of pH 7.0 
with an ordinary pH meter or the acid remaining 
may be titrated with standard base. Greater 
precision is obtainable if it is possible to bring the 
final pH to that of the distilled and C02-free water 
used in preparing the standard solution. An error 
of even 0.1 pH unit in estimating the end-point in 
the vicinity of pH 7.0 becomes a percentage error 
of only 0.025% when as little as 10- 4  equivalent of 
hydrogen ion is determined.

Experimental
The essential features of the coulometer used in this in

vestigation include a beaker of approximately 200-mi. 
capacity, a platinum electrode with a surface area of 4 sq. 
cm. and a silver foil electrode having a total surface area of 
175 sq. cm. The solutions were prepared by weighing out
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constant boiling hydrochloric acid into specially distilled 
and COa-free water made approximately 0.1 N with re
spect to KCI. Changes in pH of the solution during the 
passage of the current were observed with a continuously 
indicating ¡oil meter. Adequate mixing of the solution 
during each determination was provided by a magnetically 
driven stirrer. The customary glass and calomel pH elec
trodes which were used did not, of course, affect the pH of 
the solutions.

The validity of the procedure was checked by two differ
ent methods. For the larger quantities of electricity a silver 
coulometer was placed in series with the hydrogen ion 
coulometer. With the passage of lesser equivalents of elec
tricity the error involved in measuring the quantity of silver 
deposited became significant. Further evaluation of the 
procedure was then continued by a graphical method. The 
potential drop across a Leeds and Northrup standard 10 
ohm resistance was measured with a potentiometer at fixed 
intervals of time and the quantity of electricity passed de
termined from a plot of the current versus the time.

The results of those tests are tabulated in Table I. In 
all of these determinations current was passed through the 
system until the pH of the solution became identical with 
that of the distilled, CCL-free water used in preparing the 
solutions. The column headed “ Gravimetric”  refers to 
the equivalents of constant boiling HC1 weighed out while 
the column headed “ Electrometric”  gives the equivalents 
of hydrogen ion removed electrically and determined as de
scribed above. The graphical procedure was employed in 
experiments 2, 3, 8, 9 and 10. The ten determinations in
volved the passage of from 360 to as little as 1.18 coulombs 
of electricity and showed an average deviation of 3.3 parts 
per thousand.

T a b l e  I
E q u iv a l e n t s  o f  H yd ro g en  I on C om pa riso n  o f  G r a v i

m e t r ic  an d  E le c tr o m e t r ic  D a ta

Experi
ment Gravimetric Electrometric

Dif
ference,

%
1 3.731 X  10~3 3.750 X  10- 3 0.5
2 2.565 X  10~3 2.560 X 10~3 0.2
3 2.356 X  1 0 -3 2.306 X 10^3 0.4
4 2.276 X  10“ 3 2.267 X 10~3 0.4
5 2.157 X  10~3 2.163 X IO -3 0.3
6 4.563 X 10^4 4.509 X 10^J 0.1
7 1.936 X 10-4 1.940 X  10 “ 4 0.5
8 1.028 X  IO“ 4 1.031 X 10“ 4 0.3
9 5.705 X 10~5 5.706 X 10~5 0.0

10 1.223 X 10 1.216 X  IO"5 0.6
Discussion

When a solution of hydrochloric acid and potas
sium chloride is electrolyzed with a platinum cath
ode and a silver anode the anode reaction will be

Ag +  CD —  
while at the cathode

>  AgCl +  e ( l )

11+ +  e -  -— ► 7,.H2 (2)
The net effect is the removal of one equivalent of 
HC1 for each equivalent of electricity passed.

Since the coulometer depends upon the removal 
of hydrogen ions from solution, every precaution

must be observed to prevent the introduction of 
extraneous acid into the system. This implies the 
use of a carbon dioxide-free system. For our pur
poses the desired C02-free water was obtained by 
distilling distilled water through a tin condenser and 
then bubbling C02-free air through the water for 
one or two days. This gave samples of water with 
pH values of from 6.4 to 6.9.

Because the change in the pH of the solution de
pends upon the migration of ions it becomes impor
tant to examine all possible means by which current 
can pass through the solution. In the solutions 
used the only ions present are H+, Cl~, K + and 
enough OH~ to satisfy the ionization constant for 
water. In such a system and on a clean platinum 
cathode the only possible reaction, even at hydro
gen ion concentrations of 10-7, can be reaction (2) 
above.

The standard oxidation potential for reaction (1) 
is —0.222 volt. Since relatively minute amounts 
of chloride ions are removed by the electrochemical 
reaction, the concentration of this ion will remain 
approximately constant at 0.1 M  throughout the ex
periment. Under the given conditions neither 
chlorine gas or oxygen will be liberated since the 
standard oxidation potential for the production of 
the former is —1.36 volts and for the latter is 
— 1.23 volts.

In spite of the theoretical considerations which 
seem to limit the electrode reactions to reactions (1) 
and (2) the initial experiments indicated that cur
rent was being carried by a path or paths other than 
these reactions and that this secondary path was 
introducing an error of from 1 to 2% in the deter
mination. This effect was traced to the presence 
of colloidal silver chloride which began to appear 
when the deposit of silver chloride upon the anode 
become too thick. Increasing the area of the 
silver anode to 175 sq. cm. was found to eliminate 
the effect when less than 4 X 10-3 equivalent 
of electricity, approximately 390 coulombs, were 
passed through the solution.

Another and for some purposes perhaps more 
convenient but less accurate method of utilizing 
the above described coulometer would be to titrate 
the HC1 remaining after a given quantity of elec
tricity has been passed through the solution. The 
accuracy of the determination then depends upon 
the accuracy of the titration. In the electrophore
sis work in progress in the author’s laboratory and 
undoubtedly in many other cases it is possible to 
electrolyze a given quantity of HC1 and so utilize 
the fullest possible accuracy of this hydrogen ion 
coulometer.
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N O T E S
TH E SOLUBILITY OF CH LORIN E IN  

T IT A N IU M  TE TRA C H LO R ID E  AND 
OF CARBON D IO X ID E  AN D  

O X Y G E N  IN  C H LO R IN E 1
B y  W a l t e r  F . K r ie v e  an d  D a v id  M . M a so n 2

Jet Propulsion Laboratory,
California Institute of Technology, Pasadena, Calif.

Received June 27, 1955

The solubility of chlorine in liquid titanium tet
rachloride was determined at 20 and 30° for mix
tures containing from 0 to 100 mole %  chlorine. 
These data were required in a calorimetric deter
mination of the heat of formation of titanium tetra
chloride to correct for the heat of solution of chlo
rine in titanium tetrachloride.

The solubility of carbon dioxide in chlorine at 0 
and 25° was measured up to about 6.6 mole %

and which was submerged in a constant tempera
ture bath maintained to within 0.1° of a given tem
perature. The weight of gas admitted to the second 
bomb was determined by measuring the change in 
pressure in the first bomb. After equilibrium was 
established, the pressure in the second bomb was 
measured and the solubility calculated from the 
pressure data. All pressure measurements were 
made to within 0.5%. Gas densities were obtained 
from existing volumetric data for chlorine,3 carbon 
dioxide4 and oxygen.5 The partial pressure of liquid 
carbon tetrachloride6 was negligible compared with 
the partial pressure of chlorine.7 Corrections were 
made for the partial pressure of chlorine in the deter
mination of the solubility of carbon dioxide and oxy
gen by assuming Raoult’s law was followed by the 
chlorine.

In Table I are shown results of the measurements

T a b l e  I
E x p e r im e n t a l  V a lu e s  of th e  So l u b il it y  o f  C h lo r in e  in  T it a n iu m  T e tr a c h l o r id e  

an d  of C a r b o n  D io x id e  an d  O x y g e n  in  C h lo r in e
Chlorine (A) in titanium tetrachloride 

20° 30°
Mole %  

A
Partial 

pressure A 
(atm.)

Mole % 
A

Partial 
pressure A 

(atm.)
Mole % 

A
25.13 1.50 42.27 3.39 1.06
35.85 2.20 48.44 3.93 1.593
43.58 2.71 55.71 4.63 2.135
49.64 3.13 64.12 5.41 2.983
56.74 3.67 71.07 6.14 3.945
64.99 4.24 4.950
72.29 4.76 5.640

6.582

carbon dioxide and the solubility of oxygen in 
chlorine at 25° up to 1.7 mole %  oxygen. The 
chief impurities in commercially-pure chlorine were 
found to be carbon dioxide and air, and it thus was 
of interest to determine the solubility of carbon 
dioxide and oxygen which would cause errors in the 
calorimetric determination of the heat of formation 
of titanium tetrachloride. Such solubility data 
aided in the purification of liquid chlorine.

For the solubility measurements commercial 
chlorine was purified by fractional distillation to 
remove air and C 0 2. Titanium tetrachloride of 
99.999% purity provided by the National Bureau of 
Standards and pure samples of carbon dioxide and 
oxygen manufactured by Matheson Co., Inc., were 
also used. Stainless steel PVT bombs of 175-cc. 
capacity and calibrated stainless steel Bourdon 
gages were employed in the solubility measure
ments. A  known weight of gas was admitted by a 
system of valves from one PV T bomb to another 
bomb, which contained a known amount of liquid

(1) This paper presents the results of one phase of research carried 
out at the Jet Propulsion Laboratory, California Institute of Tech
nology, sponsored by the Department of Army, Ordnance Corps, and 
the Department of Navy, Office of Naval Research, under Contract 
No. DA-04-495-Ord 18.

(2) Department of Chemistry and Chemical Engineering, Stan
ford University, Stanford, California.

Carbon dioxide (A)' in chlorine Oxygen (A) in chlorine
0° 25° 25°

Partial Partial Partial
pressure A Mole % pressure A Mole % pressure A

(atm.) A (atm.) A (atm.)
0.772 0.976 1.10 0.785 5.22
1.10 .1.42 1.50 0.936 0.67
1.67 2.04 2.21 1.31 9.13
2.29 2.98 3.03 1 .49 10.53
2.90 3.80 3.85 1.65 11.99
3.59 4.74 4.80
4.10 5.46 5.55
4.78 6.43 6.54

of solubility of chlorine in titanium tetrachloride. 
The data show a slight departure from Raoult’s 
law. Also shown are solubility data for carbon 
dioxide and oxygen in liquid chlorine, respectively.

(3) R. E. Hulme and A. B. Tillman, Chem. Eng., 56 (No. 1), 99 
(1949).

(4) R. L. Sweigert, P. Weber and R. L. Allen, Ind. Eng. Chem., 38, 
185 (1946).

(5) R. W. Millar and J. D. Sullivan, U. S. Bur. Mines Tech. Paper 
424 (1928).

(6 ) H. Schafer and F. Zeppernich, Z. anorg. allgem. chem., 272, 274 
(1953).

(7) M. Pellaton, J. chim. phys., 13, 426 (1915).

EXC H A N G E  BETW EEN  ADSORBED AND 
DISSOLVED SULFATE IONS

B y  C e c il  V . K in g  a n d  B oris  L e v y 1

Chemistry Department, New York University,
New York 3, New York

Received September 6, 1955

During the course of a study on the adsorption 
and exchange of silver salts on silver2 it was found 
that if a silver coupon were immersed in a radio
active solution of Na2S*04, removed from the 
solution, and then washed with water, a measurable

(1) Chemical & Physical Laboratory, RCA, Lancaster, Penna.
(2) C. V. King and B. Levy, T h is  J o u r n a l , 59, 910 (1955).
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T a b l e  I
A d so r p tio n -e x c h a n g e  in  S"-S*04=’  System s

Temperature, ambient (~ 2 5 °); volume of solution, 50 CC.

System Concn. of 
soin., M

Wt. of 
powder, g.

Time,
hr.

Radio
activity, 

% change
Conductivity,

% change
Ag2S-Na2S*04 1.38 X 10~2 25 88.5 -  5 . 7 0.0

25 8 8 . 5 -  3 . 4 +  0.3
Ag2S-Ag2R*04 1.43 X  iO“ 2 25 2 -1 3 .4 -  8.4

25 2 - 1 1 .8 -  7.0
1.16 X 10~2 25 2 . 3 -1 2 .8 -  6.0

25 1 2 - 1 0 .8 -  6.6
25 27 -1 3 .3 -  6.0
25 29.5 -2 0 .4 -  7.8

Ag-Na2S*04 1.38 X 10“ 2 25 2 -  2.0 +  0.3
25 2 -  4.9 +  0.6

Ag-Ag2S*04 1.16 X 10^2 25 9.5 -  8.3 -  3.3
25 26 -  3.6 -  3.6

1.14 X  IO“ 2 25 3.5 -  1.5 -  0.9
25 3.5 A  0.5 -  1.2

MnS-Na2S*04 1.14 X 10 -2 15 24 -2 5 .9 +219
15 24 -2 4 .4 +219

T a b l e  II
A d so r p tio n -e x c h a n g e  in  ZnS-Na2S*04 System

Concn. of Na2S*04 solution =  1.14 X  IO"2 M ; volume of solution =  60 cc.; temperature, ambient (~ 2 5 °).

Wt. of 
ZnS, g.

Time of 
run, hr.

Final SO4” 
concn., M

Final no. of 
moles SO4“ on 

ZnS
No. of moles 

SO4" exchanged
Adsorption- 
exchange, %

7.0812 24 1.195 X  10 ~2 1.380 X 10 ~3 0.804 X  10"3 58.3
9.7311 45.75 1.130 X  IO'-2 1.921 X 1 0 “ 3 1.139 X  10 “ 3 59.0

22.7335 94.25 1.395 X  10 2 4.595 X 10~3 2.637 X  10- 3 58.5
19.0025 94 1.395 X  10 ~2 3.837 X IO -3 2.283 X  10~3 59.5

amount of activity remained on the silver. This 
activity was easily removed by short periods of 
immersion in 0.1 M KCN. Similar experiments 
in the range of 10~2 to 10-4 M  Na2S*04 yielded 
data that fit a Langmuir type isotherm.

Since the experiments were performed in air, 
there was a definite possibility of sulfide contamina
tion of the silver, which in turn, may have con
tributed to the activity left on the silver after 
washing.

It has been reported by Wahl and Bonner3 
that there is exchange between S= and S *04“  
in the M nS(s)-M nS04(l) system. This is an 
error on their part since the original paper by 
Daudel, Daudel and Martin4 reports exchange of 
Mn and makes no reference to S. Exchange of 
sulfur between S= and S *04= would account for the 
inability to wash off all of the S 0 4”  on a silver 
coupon having a sulfide deposit. The possibility 
of exchange was, therefore, checked. (It has been 
shown previously that there is no S "-S 0 4= ex
change in homogeneous solution.5)

The method used was to combine conducti- 
metric and radioactive measurements before and 
after shaking solutions of Na2S*04 and Ag2S *04 with 
Ag2S, ZnS, MnS and Ag powders. Decrease in 
radioactivity of the solution could be due to ad
sorption and exchange, while decrease in conduc
tivity is due to adsorption alone. Conductivity

(3) A. C. Wahl and N. A. Bonner, “ Radioactivity Applied to 
Chemistry,”  John Wiley and Sons, Inc., New York, N, Y., 1951, p. 363.

(4) P. Daudel, R. Daudel and M. Martin, Bull. soc. chim, France, 
D , 68 (1949).

(5) H. H. Voge, J. Am. Chem. Soc., 61, 1032 (1939).

vs. concentration curves were obtained for Ag2S 04, 
Na2S 04 and ZnS04 solutions for calibration purposes 
in the concentration range of from 10 ~6 to 10 _1 M.

Ideally, for dilute solutions if there were adsorp
tion but no exchange, the per cent, decrease in con
ductivity should be equal to the per cent, decrease 
in radioactivity of the solution. In every case the 
decrease in radioactivity somewhat exceeded the 
decrease in conductivity. Part of the reason for 
this may be attributed to an enhanced conductivity 
of the solution due to soluble adsorbed or occluded 
salts. In the case of MnS and ZnS powders, there 
was actually a marked increase in conductivity.

Six experiments were performed with the Ag2S - 
Ag2S*04 system, the time of shaking with radio
active solution ranging from 2 to 30 hours. The 
change in radioactivity and conductivity is seen to 
remain fairly constant (Table I). If there were 
slow exchange between S”  and S*04~, one would 
expect the percentage change in radioactivity to 
depend quite strongly on the time. The Ag2S was 
prepared by bubbling H 2S into a dilute A gN 03 
solution. Under these conditions it is quite likely 
that some N 0 3~ ion will be adsorbed on the Ag2S. 
The discrepancy between the radioactive and 
conductimetric measurements might be due to 
exchange between adsorbed N 0 3̂  ions and S 0 4~ 
ions in the solution as well as to soluble adsorbed 
or occluded salts. As the N 0 3_ content of the 
Ag2S was unknown, no way of testing this was 
possible.

A ZnS sample containing 2.01% by weight of 
S 04= which could exchange with Cl~ ion was made
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available by Sylvania Electric Products, Inc.6 
Experiments were performed using varying amounts 
of this ZnS in 60 cc. of 0.1125 M Na2S *04, shaken 
for periods of from 24 to 94 hours (Table II). It 
was found in each case that the conductivity of 
the solution increased while the radioactivity 
decreased. On the assumption that the ZnS04 
was leaving the surface of the ZnS, and thus causing 
an increase in the conductivity, a new S 0 4= con
centration was calculated from the measured 
increase in conductivity. The number of moles 
of SCh“  remaining on the ZnS powder was also 
obtained. From this information it was possible 
to calculate the percentage of the final S 04“  on 
the ZnS that exchanged with the S 0 4= in the solu
tion. Exchange with adsorbed material is defined 
by the term adsorption-exchange to differentiate 
it from exchange between bulk phases. In the 
present study it is used to describe the exchange 
between S 04= ions adsorbed on ZnS and S 04= 
ions in solution. This adsorption-exchange was 
found to remain constant regardless of time of 
shaking or amount of ZnS used, and to be about 
59%. Adsorption-exchange alone is, therefore, 
sufficient to account for the observed decrease in 
radioactivity without the necessity of postulating 
S“ -S * 0 4”  exchange. The same situation is prob
ably equally true of the Ag2S -S 0 4"  system, but this 
has not been proved.

The conclusions that may be drawn from this 
work are: (1) There is no S=-S 0 4"  exchange. 
(2) Adsorption-exchange is important in systems 
consisting of precipitated material and may be 
expected to vary with the ions involved. (3) 
In the Ag2S-N a2S *04 system the decrease in con
ductivity is practically zero, indicating that there is 
little or no adsorption of Na2S 04 on Ag2S. (4) 
In the A g-N a2S*04 system there is no measurable 
adsorption by this method. (5) In the A g-A g2S*04 
system there is measurable adsorption.

(6 ) D. T. Palumbo and A. K. Levine, J. Electrochem. Soc., 102, 181 
(1955), gives data on exchange of adsorbed SO4" with C l-  and of 
adsorbed C l-  with SO4".

THE GROWTH OF ICE LAYERS ON THE 
SURFACES OF ANATASE AND SILVER 

IODIDE1
B y F. E. K a r a s z , 2 W. M. C h am pion  an d  G. D. H a l s e y , Jr .
Department of Chemistry, University of Washington, Seattle, Washington 
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Introduction.—The equilibrium growth of ad
sorbed layers of solid xenon on the surface of three 
crystals has been shown3 4 to be limited by the 
incompatibility of the two crystal structures. This 
fact was established by a study of the change of the 
argon isotherm with the thickness of the pre
adsorbed layer of xenon. Here we extend the 
study to pre-adsorbed layers of water (ice). Of

(1) This research was supported by Contract AF19(604)-247 with 
the Air Force Cambridge Research Center.

(2) Presented in partial fulfillment of the requirements for the 
Ph.D. degree.

(3) J. H. Singleton and G. D. Halsey, Jr., T h is  J o u r n a l , 58, 330
(1954) .

(4) J. H. Singleton and G. D. Halsey, Jr., Can. J . Chern., 33, 184
(1955) .

the three underlying surfaces previously studied, 
we have omitted graphite, because of its hydro- 
phobic nature, and confined our attention to the 
anatase and silver iodide samples used in the 
earlier work.

Anatase.— The standard Harkins and Jura 
anatase has been thoroughly characterized by 
these authors.5 The area of the sample was esti
mated from a B.E.T. plot of the nitrogen isotherm 
on the sample. By use of the ratio F m(H20 ) /  
F m(N 2) =  1.095, which had been obtained by 
Harkins and Jura, it was found that 5.97 cc. of 
water vapor at S.T.P. was required to complete one 
monolayer on the 1.693-g. sample used. An accu
rate quantity of water vapor was obtained by de
hydrating the necessary amount of BaCl2-2H20. 
Preliminary experiments had shown that this 
method, using adequate precautions, yielded the 
theoretical amount of water to within about 3%. 
The dehydration was carried out by heating to 200° 
for about one hour. The water vapor was carried 
over into the adsorption bulb which was kept at 
liquid nitrogen temperature.

It was found that the deposition of the water 
layers to ensure maximum uniformity on the surface 
was critical. To obtain reproducibility the rate of 
cooling during deposition had to be such that the 
temperature of the adsorption bulb fell from 20 
to —70° over a period of not less than 12 hours. 
This low rate was achieved by evacuating the 
outer jacket surrounding the bulb to a very low 
pressure.3 This procedure yielded reproducible 
isotherms on pre-adsorbed layers of water. This 
was checked in a number of cases by allowing the 
anatase to warm up to room temperature, at which 
most of the water would desorb, and then repeating 
the cooling with the same water, and repeating the 
isotherms. The reproducibility of this procedure 
was also checked by outgassing the anatase at 300° 
overnight and introducing a fresh sample of water 
and repeating the isotherms.

Measurements were made of argon isotherms on 
the bare anatase and on one, two, three, four, eight 
and twelve layers of pre-adsorbed water, at —196°. 
Nitrogen isotherms were obtained at the same 
temperature, on one, two, four and eight layers of 
water.

The results, Fig. 1, show that up to about 3 
layers of pre-adsorbed water can be distinguished. 
More than 3 pre-adsorbed layers yield essentially 
the same isotherms. It may be noted that the 
argon isotherms do not give a good “ point B ”  
except for the isotherm on the bare surface, while 
the nitrogen isotherms are somewhat less affected 
by the water layers and all give a reasonable 
“ point B .”

Silver Iodide.— The anatase was now replaced 
by a sample of the high surface area silver iodide 
which had been used previously for argon on pre
adsorbed xenon measurements.2 The sample had 
been stored in the absence of light and a B .E.T. 
plot of the nitrogen isotherm showed that its area 
per unit weight remained the same. As already 
reported it could not be outgassed at a temperature 
higher than 25° because of loss of area.

(5) G. Jura and W. D. Harkins, J. Am. Chem. Soc., 66, 1356 (1944).
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A small number of layers of water were pre-ad- 
sorbed on the silver iodide in the usual manner and 
argon isotherms measured for these systems. It was 
found that the isotherms, at 80°K., for the iodide 
with and without pre-adsorbed water were almost 
identical. It was possible to reproduce the bare 
surface isotherms by pumping off any water that 
had been introduced.

It was at first suspected that the water was not 
being adsorbed uniformly on the silver iodide. 
The rate of cooling was therefore still further 
reduced by increasing the heat capacity of the 
inner bulb and by using different cooling baths. 
With these measures it was possible to take up to 
48 hours in cooling the sample from —40 to —75° 
which corresponds to the critical range for the 
mobility of the water, approximately 10-1 to 
10-3 mm. An ammonia gas thermometer was 
used to measure the temperature.

In spite of this and other precautions it was again 
found that the argon isotherm with 5 layers of 
water in the sample bulb were almost the same as 
those measured on the bare surface (see Fig. 2).

The apparatus was then modified to enable water 
isotherms on the silver iodide to be measured. 
A pirani gage was constructed and calibrated in  situ  
with water vapor. In one side of the gage the 
pressure was kept at 0.055 mm., corresponding to 
—45° at which temperature the isotherms were to 
be run and the pressure on the other side was varied

by using a number of different freezing baths. 
The pirani gage was used at constant potential and 
a calibrated variable resistance was used to balance 
the bridge.

ADSORPTION OF ARGON ON SILVER IODIDE

8ARE SURFACE 
5 NOMINAL LAYERS

Fig. 2.— Adsorption of argon on silver iodide.

In running the isotherms the silver iodide was 
degassed at room temperature for 48 hours.

The water vapor was introduced into the adsor
bent bulb using barium chloride hydrate. It was 
found that at —45.2° the adsorption was below the 
value at which isotherms could be obtained with 
the apparatus and techniques used. We conclude
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that the growth of layers of ice on silver iodide 
does not take place under equilibrium conditions. 
The two surfaces are concluded to be energetically 
incompatible.

THE FAST CHLORIDE EXCHANGE 
BETWEEN HYDROCHLORIC ACID AND 

CHLOROAURIC ACID IN 0,0'- 
DICHLORODIETHYL ETHER

By D. G. T u c k , C h a r l e s  D. C o r y e l l  and J ohn  W.
I r v in e , Jr .

Department of Chemistry and Laboratory for Nuclear Science, Massa
chusetts Institute of Technology, Cambridge, Massachusetts
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In recent years research has been carried out in 
this Laboratory on the extraction of acids of the 
general formula H M X 4  into various organic sol
vents, but the exact nature of the species which pass 
across the interfacial boundary and which exist in 
the organic phase is still the subject of some discus
sion. *’1 2 3 The extraction coefficient of chloroauric acid 
HAuCL into d̂ '-dichlorodiethyl ether from varying 
strength hydrochloric acid solutions has been meas
ured by Golden.8 It was hoped that by studying 
the chloride exchange reaction between hydrochlo
ric acid and the gold chloride species present in the 
organic phase some information might be obtained 
on the nature of these species. Furthermore, since 
the kinetics of this reaction in aqueous solutions 
has been reported by Rich and Taube,4 the effect 
of medium on the ligand exchange rate could also 
be investigated. Using labeled hydrochloric acid, 
an extremely rapid rate of exchange has been ob
served. An ion-exchange method of separation 
has been employed which was shown not to induce 
much exchange; separations were complete in 
about 30 seconds.

Reagents
d,/3'-Dichlorodiethyl Ether.— Carbide and Carbon Chemi

cals 100% d,d'-dichlorodiethyl ether5 was distilled under 
reduced pressure from crystalline FeS0i-5H20 . The frac
tion distilling at 74-76° at 16 mm. pressure of nitrogen was 
collected,6 substantial head and tail fractions being rejected. 
The distillate was stored over anhydrous K 2C 03 in the ab
sence of light in order to prevent peroxide formation; suit
able quantities were filtered immediately before use.

Acids.— A.R. grade HC1, H N O 3  and HCIO4 were used 
without further purification. Concentrations were deter
mined by titration against standard aqueous NaOH solu
tion.

Chloroauric Acid.— An aqueous stock solution containing 
approximately 100 mg./m l. Merck crystalline HAuCh was 
diluted 25 times; HC104 was added to 2 M  to increase the 
extraction coefficient w'hich is low in the absence of acid. 
The mixture was shaken with an equal volume of fresh di
chloroether and the phases separated by centrifuging. The 
extraction coefficient and hence the concentration of HAu
Ch in the organic phase was determined by titration of the 
aqueous solution with 0.02 /  Na2S20 3 in the presence of ex
cess potassium iodide before and after extraction.

(1) R. EL Herber, W. E. Bennett, D. R. Bentz, L. C. Bogar, R. J. 
Dietz, Jr., G. S. Golden and J. W. Irvine, Jr., 126th National Meeting 
of the American Chemical Society, Abstract 79, September 14, 1954.

(2) J. Saldick, ref. 1, Abstract 78.
(3) G. S. Golden, S.B. Thesis, Department of Chemistry, Massa

chusetts Institute of Technology, 1954.
(4) R. L. Rich and H. Taube, J . Phys. Chem., 58, 1 (1954).
(5) For convenience, this solvent will be referred to as dichloro- 

ether throughout the paper.
(6) D. R. Stull, Ind. Eng. Chem., 39, 517 (1947).

Tagged Hydrochloric Acid.— Radioactive Cl38 was ob
tained by bombardment of A .R . KC1 in the M .I.T . cyclo
tron for 15 minutes with 15 Mev. deuterons. The target 
material was then treated with concentrated H2SOs and the 
evolved gases carried in a slow stream of air through a solu
tion of HC1 in dichloroether, prepared by solvent extraction 
of 6 N  HC1. Titrations showed the HC1 concentration 
normally to be of the order of 0.05 /  in the ether.

Techniques
Ion-exchange Separation.— Columns of Dowex-1 (10% 

cross-linkage, 100-200 mesh) in the nitrate form were used, 
with a resin bed effectively 7 cm. long and 0.4 cm. diameter. 
The resin was converted to the nitrate form in bulk, dried 
at approximately 60° for 1 day, and soaked in dichloroether 
for some time prior to use.

The behavior of HAuCh and HC1 solutions in the di- 
chloroeoher on such columns was tested separately. Using 
2 ml. of HAuCh solution (0 .0 4 /) labeled with a mixture of 
radioactive gold isotopes (kindly supplied by Dr. P. Schon- 
ken of this Laboratory), it was found that the sorption 
of the gold species was quantitative and rapid. Elution 
with nitric acid in the ether (approx. 0.1 / )  or with 
aqueous solution (approx. 4 f )  did not remove the gold. 
The resin was then extruded from the column and counted 
in four fractions. The results showed that 90% of the gold 
was held in the upper half of the column. The total ac
tivity found by this procedure was 98% of that present in 
the original solution so that clearly the counting efficiency 
for resin samples is not significantly different from that in
volved in counting the ether solution. In view of this ex
perimental agreement, it was felt that Cl38 present in HAu
Ch after exchange could also be measured by this technique 
since it has even higher y  energy than the complex mixture 
of gold isotopes (prepared by deuteron bombardment of 
platinum).

For a 0.07 /  solution of HC1 in the dichloroether, take-up 
was 96% complete for a single passage down the column. 
The Cl38 could not be removed by washing with 0.1 /  H N 03 
in the ether, but was eluted completely and rapidly with 
approximately 4.5 ml. of 4 /  aqueous H N 03. The addition 
of the aqueous acid causes the resin to swell noticeably so 
that elution becomes slower, even under suction, but this 
was not considered serious since the separation of the ex
changing components of the solution was presumed to be 
complete when both were completely taken up on the column.

Exchange Conditions.— One ml. each of solutions of HC1* 
and HAuCLi in the dichloroether were mixed in a conical 
tube and the reaction mixture transferred to the widened 
mouth of thefion-exchange column. (This mixing technique 
was used to avoid possible pre-adsorption of one component 
on the resin.) Suction was applied and the mixture passed 
quickly down the column. The minimum time for this 
procedure was 30 seconds. The HC1* was then eluted with 
aqueous H N 03 as described above and counted; the HAu
Ch* was measured by counting the resin phase after removal 
from the column. All experiments were carried out at room 
temperature.

Counting Procedure.— Solutions and resin samples were 
collected in glass vials and counted in a well-type scintilla
tion counter.7 Because of the decay of Cl38, corrections 
were applied to normalize all counting rates to an arbitrary 
zero time. An experimentally determined half-life of 
37.5 ±  0.5 minute (mean of three measurements) was used 
in these corrections.

Results
For all concentrations of HC1 and HAuC14 inves

tigated the exchange was found to be complete 
within the time required for the separation pro
cedure. The lowest formal concentrations used were

Run HCl HAuCl, HCIO48
1.3 0.004 0 .0 1 0 0.052
1.4 .046 .006 .052
1 .8 .016 .002 .032

(7) J. W. Irvine, Jr., Nucleonics, 12, No. 10, 62 (1954).
(8 ) The HClOi concentrations given here are those found for the 

extraction of HCIO4 from water into the dichloroether in the absence 
of HAuCL. Since HAuCL is weakly ionized in the ether solutions, 
a small unknown correction should be applied to get the true concen
tration.
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The specific activities in HC1 and HAuCl were iden
tical within experimental error. By comparison 
with aliquots of the original HC1* solution, it was 
shown that a complete activity balance was being 
achieved.

Certain experiments were carried out to investi
gate the possibility of an exchange induced during 
the separation procedure. In these experiments, 
a solution of HAuCl4 in dichloroether was run onto 
the column, which was then washed with the pure 
solvent. A 1-ml. aliquot of labeled HC1 solution 
in the ether was then passed down the column and 
eluted in the usual manner. The percentage ex
change occurring was calculated from the following 
equation
% exchange = Cl activity on resin 

Cl activity eluted X HC1
4 X IIAuCfi X 100

where the symbols represent the moles of each 
species concerned, and hence the ratio gives the 
equilibrium distribution of activity. The results of 
two experiments are given below.

HC1 HAuCLt %Run (in moles) (mmoles) exchange
2.1 0.040 0,0051 3.1
2.3 0.071 0.0116 20.5

These values show that for low concentrations this 
effect is negligible. The increase in exchange with 
increasing concentration suggests that there is 
probably not so much an induced exchange but 
rather a fairly rapid isotopic exchange between HC1 
and the resin-AuCh species in these experiments.

The exchange between HC1 and the two chlorine 
atoms of the solvent was briefly investigated to 
ensure that this could not affect the results. A 
solution of labeled HC1 in dichloroether was al
lowed to stand for 5 hours, after which 1 ml. was 
shaken with two 15-ml. portions of water and cen
trifuged. The non-extracted activity represented 
only 5% of that calculated for total exchange. For 
the much shorter time intervals between HC1 ab
sorption and the actual exchange experiments 
(normally about 30 minutes or less), this effect is 
negligible.

Discussion
Taking account of the results presented above, 

one can set an upper limit of approximately 10 sec
onds for the half-time of the HCl-HAuCh exchange 
in the 0.01/concentration region.

It has been emphasized elsewhere9’10 that the 
rate of any reaction between two ions of the same 
charge should decrease as the dielectric constant D  
of the solvent decreases. For dichloroether, D  = 
21.2, whilst for water, D  =  80. Comparison of 
the present results with those of Rich and Taube4 
shows a decrease by a factor of 20 or more in the 
half-time for the exchange for similar concentra
tions. It seems likely that this apparent contra
diction with theory is due to reaction of uncharged 
species in the organic solution. For HC1 in dichlo
roether conductance measurements show that 
this acid is only slightly ionized; the ionization 
constant11 for ion-pair formation for millimolar 
solutions is of the order of ICR7.

(9) G. Scatchard, Chem. Revs., 10, 229 (19.32).
(10) D. Peschanski, J. chim. vhys., 50, 634 (1953).
(11) A. M. Poskanzer, private communication.

The gold chloride probably also exists mainly in 
the dichloroether as HAuCh, or as has been sug
gested for indium bromide,12 as the associated ion- 
pair (H+)(AnCl4- ). The crystalline chloroaurates 
show a planar structure for the Audi“ ion13 and if 
this exists in such an associated ion pair, the ac
tivated complex with HC1 should be in a form favor
able for ligand exchange.

The role of associated water in such molecules 
in organic solution is uncertain. The work of Gib
son and Colies14 indicates that for the bromoau- 
rates water is essential for dissolution in dry 
diethyl ether, since they find that a mixture of Au- 
Br3, HBr and ether is immiscible in the absence of 
water, but addition of water causes HAuBr4 to dis
solve in the organic phase exothermically. This 
suggests that the species present in organic solu
tions has the formula HAuXi-nlRO as has been 
shown to be the case for iron15 in dichloroether.

Rich and Taube4 have pointed out that for the 
C1_-AuC14~ exchange in aqueous solution the 
presence of reductants in the solution can enhance 
the rate of exchange. It seems unlikely that in the 
highly purified dichloroether there would be an 
appreciable concentration of reducing entities and 
in fact, any impurities produced in this solvent 
would be expected to be oxidants.

Acknowledgment.—The senior author acknowl
edges a fellowship under the M.I.T. Foreign 
Students Summer Project. The experimental work 
was supported by the U. S. Atomic Energy Com
mission.

(12) L. A. Woodward and P. T. Bill, J. Chem. Soc. {London), 1699 
(1955).

(13) A. F. Wells, “ Structural Inorganic Chemistry,”  Oxford Uni
versity Press, 1945, p. 290.

(14) C. S. Gibson and W. M. Colies, J. Chem. Soc. (London), 2407 
(1931).

(15) J. Axelrod and E. H. Swift, J. Am. Chem. Soc., 62, 33 (1940).

THE KINETICS OF THE CS2-NO REACTION 
AND THE MECHANISM OF LIGHT 

EMISSION IN THE EXPLOSIVE 
REACTION

B y W a l t e r  R oth  an d  T h e o d o r e  IT. R a u t e n b e r o

General Electric Research Laboratory,
Schenectady, Nero York
Received October 8, 1955

There has been a recent renewal of interest in 
flames supported by nitrogen oxides.1-3 Van 
Liempt and de Vriend have studied the composition 
explosion limits and the light output of the reaction 
between CS2 and NO.4’5 They have reported 
luminous efficiencies as high as 83 lumens/watt. 
In addition, they have estimated an ignition tem
perature of 1900° from experiments with melting 
wires. In the course of determinations of P - T  
explosion limits for the CS2-NO system, we have

(1) E. Bartholome and H. Sachse, Z. Elektrochem., 53, 326 (1949).
(2) H. Behrens and F. Rossler, Naturwissenschaften, 36, 218 (1949).
(3) W. G. Parker and H. G. Wolfhard, Fourth Symposium on Com

bustion, 420-8 (1952); Fifth Symposium on Combustion 718-28 
(1954).

(4) J. A. M. van Liempt and J. A. de Vriend, Rec. trav. chim., 52, 
160 (1933).

(5) J. A. M. van Liempt and J. A. de Vriend, ibid., 52, 549 (1933).
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been able to ignite mixtures in a 5-cm. diameter 
spherical silica vessel immersed in a furnace at 
temperatures as low as 775° and, in general, our igni
tion temperatures have been of the order of 1000° 
lower than those estimated by van Liempt and de 
Vriend. The explosion limits are of the thermal 
type and can be expressed approximately by log 
(P / T ) = A / T  +  B *  at pressures above about 20 
cm. for mixture composition ratios, (NO)/(CS2), 
from 1 to 8. The slope, A ,  decreases sharply at 
the lower pressures, perhaps indicating an increas
ing importance of surface reactions at these pres
sures. In a separate series of experiments, a num
ber of short pieces of silica tubing were put into the 
vessel such that the surface to volume ratio was 
doubled while the diameter of the vessel was not 
seriously altered. A comparison of the results is 
shown in Fig. 1. It can be seen that the effect of 
increased surface area is to increase the limit pres
sure at pressures below about 30 cm.

Fig. 1.— The effect of surface area on the CS2 +  3NO ex
plosion limit: A, 5 cm. diameter vessel; O, same vessel
with S /Y  doubled.

The thermal nature of the explosion limit has 
been confirmed by experiments with the addition 
of inert gases to the mixture (NO)/(CS2) = 3. 
In these experiments, the results of which are given 
in Table I, it has been found that, for a given 
temperature, P m =  pd +  (fcm //cu)1/!iJu, where P m 
is the explosion limit pressure for the diluted 
mixture, P u for the undiluted mixture, pa is the 
partial pressure of the diluent, and k ’s are thermal 
diffusivities at 273°K. The latter have been 
determined from thermal conductivities of the 
mixtures which were calculated by the method

(6) N. Semenoff, “ Chemical Kinetics and Chain Reactions/’ 
Oxford Univ. Press, 1935, pp. 79-83; D. A. Frank-Kamenetzky, Acta 
Physicochim., 10, 365 (1939).

of Lindsay and Bromley.7 Deviations of calculated 
from experimental results are well within the 
errors involved in the experiments and in the cal
culations of mixture thermal conductivities.

T a b l e  I
E ff ect  of th e  A d d it io n  o f  I n e r t  G a se s  on  t h e  E x p l o sio n  

L im it  P r e ssu r e  in  c m . H g  o f  C S2 +  3N O
Upper value is exptl. Lower value is calcd.

% A  — > 0 4.8 10.0 20.0 40.0
T, °C.

825 35.2 36.1 37.8
36.9 38.8

850 27.2
875 21.7 23.2 24.0 24.6

22.5 23.8 26.5
900 18.0 19.0 19.6 20.4

18.7 19.8 20.0
925 15.3 15.5 16.7 17.2 22.6

16.1 16.8 18.6 23.5
950 13.6 14.7 15.2 19.2

15.0 16.6 20.8
1000 12.1 12.5 12.5 13.3

12.7 13.4 14.8
%  He — -> 0 5.0 10.0

T,° C.
850 27.2 31.1

30.1
875 21.7 21.8 24.8

23.8 25.3
900 18.0 19.7 20.2

19.2 21.0
925 15.3 16.2 17.6

16.5 17.8
950 13.6 14.1 15.4

14.7 15.8
1000 12.1 12.8 13.5

13.0 14.2

Explosions are characterized by a bright blue 
flash of light and a decrease in pressure. Deposi
tion of sulfur is observed and this increases as the 
mixtures are made richer in CS2. At temperatures 
slightly below the explosion limit a slow reaction 
has been observed. The rate of this reaction was 
measured at 750° for the mixture (NO)/(CS2) =
3.00 and, despite the expectation that non-iso- 
thermal conditions would obtain, was found to fit a 
third-order rate law, second order with respect 
to NO and first order with respect to OS2, with 
remarkable precision. The measured rate con
stant was 7.7 ±  0.2 X 10-9 mm.-2 sec.-1. Ther
mal decomposition of NO8 could not have resulted 
in an error greater than 3% in the rate measure
ment. There is evidence which indicates that the 
reaction is non-chain, and of the third order, even 
in the explosive region. Since the reaction is 
thermally propagated, the rate of heat production 
must be equal to the rate of heat loss at the explo
sion limit. An equivalent statement is that a 
critical rate of heat production must be attained 
for explosion to become self-propagating. Then, 
if the reaction is second order with respect to NO 
and first order with respect to CS2, it can be shown

(7) A. L. Lindsay and L. A. Bromley, Ind. Eng. Chem., 42, 1508 
(1950).

(8) H. Wise and M. F. Freeh, J. Chem. Phys., 20, 22 (1952).
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that the composition-pressure explosion limit 
should have a minimum in pressure at a mole 
fraction of NO of 2/3. This is actually the position 
of the minimum indicated by the work of van 
Liempt and de Vriend4 and confirmed in our experi
ments. In addition, the 1/3 power dependence of 
pressure on thermal diffusivity indicates an over
all third-order reaction. The explosion limit for 
a reaction exhibiting third-order kinetics is more 
accurately represented by log(P3/^ 2) =  A / T  B  

where the slope A  = { E / 2 . 3 0 3 R ) .  From the 
average slope, we have calculated an activation 
energy of 70 ±  5 kcal. This is in agreement with 
the heat of dissociation of an S-atom from CS2. 
The latter value is about 70-80 kcal.; a specific 
value connot be determined because of uncertainties 
in the heats of dissociation of CS and sublimation 
of carbon.

If the reaction involved free radical chains, it 
would be expected that O-atoms would participate. 
In this event, evidence for the reaction NO +  
0 —► N02* should be detected. We have photo
graphed spectra of CS2-NO and CS2-0 2 flashes in 
the visible region, using a Hilger Medium Quartz 
Spectrograph with a slit width of 25 ¡x and East
man 103-F plates. Ignition was accomplished with 
exploding 1 mil tungsten wires. These spectra 
exhibit identical features. Two continua are 
evident, one from 4900 A. to the short wave length 
limit of the explosion vessel (3100 A.) and the other 
from 5500 A. to the long wave length limit of the 
plate (7000 A.). Superimposed on the continua are 
weak SO bands and stronger S2 bands. As the pres
sure is increased the bands are observed to decrease 
in intensity while the continua increase in intensity. 
At a sufficiently high pressure, the bands disappear 
entirely. Most important is the fact that neither 
of the continua can be ascribed to the reaction 
NO +  O N02* since this could not occur in the 
CS2-0 2 flashes. Furthermore, the region 4900- 
5500 A. is one of very low intensity, whereas the 
continuum of N02* -*■ N02 +  hv is strong in this 
region. In addition, mass spectrometric analyses 
indicated that no N02 was present among the 
products even when NO was initially present in 
excess. These facts rule out the reactions SO +  
O -► S02*, CS +  O COS*, and CO +  O -*  
C02*, as emitters of the continua in CS2-NO 
flashes. Nevertheless, the continuum from 4900 
A. to the violet was observed to go through an 
intensity maximum with variation in initial mix
ture composition at the same composition at which 
mass spectrometric analyses of products indicate a 
maximum in S02 production for both CS2-NO 
and CS2-0 2 flashes. This would indicate that an 
excited S02 is the emitter of the short wave length 
continuum. Furthermore, this continuum appears 
to be the same one observed by Gaydon9 in the 
S02 after-glow. If the reaction SO +  O —► S02* 
occurs during CS2-0 2 flashes, the energy of the 
reaction is enough to take the continuum down to 
about 1900 A. Formation of S03 could not be 
responsible for light emission since this compound 
is never observed among the products.

(9) A. G. Gaydon, Proc. Roy. Soc. {London), A146, 901 (1934).

Third-order gas phase reactions involving NO 
are thought by some to proceed via the formation 
of a collision dimer of NO. If this dimer were to 
lose one O-atom in reaction with CS2 or CS, there 
is the possibility that an N20 residue would remain. 
N20 is indeed observed among the products, but 
appears only when NO is initially in excess as 
might be expected since N20 can react further 
with CS2. The presence of N20 as an intermediate 
suggests a possible reaction for the formation 
of excited S02. This may be formed by

S O ( 32 )  +  N . O f f S ) ------->  S O o ( 32 )  +  N 2( 3S )

where, if the N2 is produced in its ground electronic 
state, the Wigner-Witmer correlation rules10 indi
cate that the electronic state of the S02 must be 82. 
Magnetic susceptibility measurements11 on gaseous 
S02, indicate that it is diamagnetic. This estab
lishes its ground state as a singlet state. Radia
tion of the continuum would, in this case, involve a 
forbidden triplet-singlet transition. However, the 
selection rules may be weakened somewhat by a 
non-linearity of the S02 analogous to the situation 
encountered in the C02 continuum observed in 
CO-02 explosions.12 In addition, the heavy S- 
atom would be expected to contribute to this 
weakening. From the heat of the SO-N20 re
action, we can set an upper limit for the position 
of the excited state of S02 above the ground state 
of 110 kcal. if SO is in its ground state, and 220 
kcal. if SO is in the excited state which results in 
radiation of the SO band system. In both cases, 
the upper limit results when it is assumed that all 
of the reaction energy is carried away by the S02 
and none by the N2.

The long wave length continuum goes through 
an intensity maximum at a mixture composition 
which is different from the optimum for the S02 
continuum. It is felt that COS(8II) is responsible 
for this radiation by analogy with C02(sII). The 
reaction CS +  O COS involving an O-atom 
has been ruled out. Furthermore, this would 
have enough energy to take the continuum to 1900 
A. The reaction CO +  S -> COS* can, on ener- 
getic grounds, result in a continuum to 4750 A. 
On the basis of arguments already discussed, the 
COS would have to be formed in a triplet excited 
state. COS has been found among the products 
of the reaction when CS2 is initially in excess.

(10) E. Wigner and E. E. Witmer, Z. Physik, 51, 859 (1928).
(11) P. Pascal, Compt. rend., 148, 413 (1909).
(12) R. S. Mulliken, J. Chem. Phys., 3, 720 (1935).

EFFECT OF IODINE ON THE 
RADIOLYSIS OF BENZENE1

B y  R o b e r t  H . S c h u l e r

Contribution from the Chemistry Department, Brookhaven National 
Laboratory, Upton, L. I., N. Y.

Received October 4-, 1955

Burton and Patrick2 have shown that the hy
drogen yield from the radiolysis of benzene is 
little affected by the presence in solution of sub-

(1) Research performed under the auspices of the U. S. Atomic 
Energy Commission.

(2) M. Burton and W. N. Patrick, J . Chem. Phys., 22, 1150 (1954).
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stances such as p-terphenyl and anthracene which 
greatly increase the fluorescence of the irradiated 
solutions. A concentrated solution of m-terphenyl 
in benzene was shown to have a somewhat lower 
yield of hydrogen than pure benzene. The present 
work shows that a similar small decrease in the 
hydrogen yield is observed for concentrated iodine 
solutions in benzene.

Experimental
Ten-cc. samples of Phillips Research Grade (99.93%) ben

zene were degassed on a high vacuum line, sealed and irradi
ated for from one to four days inside a cylindrical Co60 
source3 having an intensity of 276,000 R ./hr. The sample 
was then reattached to the vacuum line and the fractions 
volatile at liquid nitrogen temperature and at —120° were 
pumped to a McLeod gage for measurement and subse
quently to a Saunders-Taylor apparatus for analysis.4 
Based on the rate of oxidation of ferrous ion in the Fricke 
dosimeter [G(Fe+++) =  15.45] energy was absorbed in the 
benzene at the rate of 2.38 X 1017 e.v. c c .-1 min.-1. It is 
assumed here that the absorption of energy is proportional to 
the electron density of material irradiated.

Results and Discussion
The yields of hydrogen and C2 gas observed for 

pure benzene and for three concentrated iodine 
solutions are given in Table I. The gas volatile 
at liquid nitrogen temperature was found to be 98 
to 99% hydrogen, little or no methane being 
formed. The radiation yield for hydrogen pro
duction from pure benzene observed in the present 
work using 7 -radiation is slightly higher than that 
found by Manion and Burton6 for electron bom
bardments at much higher intensities. The C2 
gas yield is somewhat lower than the values of 
0 .0 2 2 6 and 0 .0 2 0 6 observed in the electron bombard
ment studies.

T a b l e  I
E f f e c t  o f  I o d in e  on  th e  R a d io l y sis  o f  B e n ze n e

Irradi- H20
Iodine ation produced,
concn., period, moles

M min.c X 10« G(HS) 6 G(C,)&
1390 2.07 0.0377d
4560 6.81 .0378“' 0.0185'

.020 1690 2.40 .0360 .0169

.037 1580 2.21 .0354

.206 1355 1.80 .0306 .0151
“ From a 10-cc. sample. 6 Molecules per 100 e.v. c En

ergy is absorbed in the benzene at the rate of 2.38 X 1017 
e.v. ec.-1 min.-1. d Manion and Burton6 gave a yield of 
0.0357 for H2 and 0.022 for C2 for 2.0 Mev. electrons.

It is seen that the dissolved iodine has little effect 
on the hydrogen yield except at very high concen
trations. A drop in yield of 23% is observed for a 
solution 0.2 M  in I2 which may be compared with a 
25% drop found by Burton and Patrick2 for a 
0.25 M  m-terphenyl solution. The effect of iodine 
appears to be the same in lowering the H2 and C2 
yields.

It has previously been shown in the case of cyclo
hexane that for dilute solutions (<10-3 M )  of 
iodine the yield of hydrogen remains unaltered7 
while for more concentrated solutions (10-3 to 5

(3) B. Manowitz, Nucleonics, 11, [3] 18 (1953).
(4) Cf. R. H. Schuler and C. T. Chmiel, J, Am. Chem. S o c ., 75, 

3792 (1953), for gas analysis procedure.
(5) J. P. Manion and M. Burton, T h is  J o u r n a l , 56, 560 (1952).
(6) S. Gordon and M. Burton, Disc. Faraday Soc., 12, 88 (1952).
(7) C, C. Schubert and R. II. Schuler, J. Chem. Phys„  20, 518 

(1952).

X I0“ 2 M )  a drop in the hydrogen yield occurs.8 
The radiolysis of benzene is affected to a much 
smaller extent by the presence of a given concen
tration of iodine than is the radiolysis of aliphatic 
hydrocarbons.

Since iodine is expected to be a good scavenger 
for hydrogen atoms, the fact that the hydrogen 
yield is not suppressed by the presence of iodine 
indicates that its production occurs almost entirely 
by processes which form molecular hydrogen in a 
single step, i .e . , that hydrogen atoms do not play 
an important intermediary role in this radiolysis. 
Hentz9 has commented that available data on the 
radiolysis of cyclohexane-deuterobenzene mixtures 
also indicates the importance of ultimate molecule 
modes of decomposition of the benzene. Gordon 
and Burton6 have shown that the hydrogen pro
duced from benzene-deuterobenzene mixtures con
tains appreciable HD. The formation of HD 
without the intervention of hydrogen atoms re
quires the production of a hydrogen molecule from 
two different benzene molecules in a one-step 
process. This is conceivably closely related to the 
formation of cross-links in the radiolysis of hydro
carbons.

The presence of iodine potentially introduces 
electron traps into solution so that the charge 
neutralization steps might be expected to be 
altered and result in a change in the chemistry of 
the system. That little change in yield is ob
served appears to indicate either that the electrons 
from the ionization processes return to neutralize 
their original partners as proposed by Burton, 
Magee and Samuel10 or that the benzene itself 
serves as a powerful electron attaching agent. 
The small effect of iodine at high concentrations is 
presumably due to energy transfer processes which 
follow the initial absorption of energy. A similar 
transfer of energy has been demonstrated by 
Williams and Hamill11 for solutions of methyl iodide 
in benzene.

(8) R. H. Schuler, to be published.
(9) R. Hentz, T h is  Journal, 59, 380 (1955).
(10.) M. Burton, J. N. Magee and A. II. Samuel, J. Chem. Phys., 20, 

760 (1950); A. H. Samuels and J. N. Magee, ibid., 21, 1080 (1953).
(11) R. R. Williams, Jr., and W. H. Hamill, Radiation Research, 1, 

158 (1954).

DIELECTRIC DISPERSION BEHAVIOR OF
AMYLOPECTIN ACETATE-TRICRESYL 

PHOSPHATE SYSTEMS1

B y  C h a r l e s  F . F e r r a r o  an d  J ohn  J. M a u r e r

Department of Chemistry, Fordham University, New York 58, New York 
Received October 18, 1955

The effects of internal and external plasticization 
on the electrical properties of the naturally occur
ring polymers amylose, amylopectin and cellulose 
are under investigation in This Laboratory. This 
article reports the observed variations of the dielec
tric constants, and the dielectric loss factors, e", 
of disks of amylopectin acetate plasticized with 0 -, m -  
and p-tricresyl phosphate and tri-o-cresyl thiophos-

(1) The reported data, are from the results of a Ph.D. investigation, 
in progress, carried out by John J. Maurer in the Department of 
Chemistry, Fordham University.
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T a b l e  I

D ie l e c tr ic  D ispe r sio n  o f  A m y l o pe c t in  A c e t a t e - T r ic r e sy l  P h o sph ate  S ystem s  a t  45°
Frequency,

kc. e '
o-TCP e" m-TCP

e '

System
t "

p-TCP
e '

T-o-CthioP
t "

0.10 5.01 0.331 5.34 0 .299 5.69 0.381 4.83 0.580
0.20 4.76 .405 5.21 .391 5.56 .433 4.50 .585
0.50 4.48 .426 4.96 .481 5.37 .452 4.22 .338
1.00 4.23 .309 4.67 .448 5.20 .515 4.10 .205
2.00 4.10 .238 4.41 .397 5.03 .523 4.07 .122
5.00 4.01 .152 4.20 .260 4.76 .666 4.03 .081

10.00 3.94 .110 4.08 175 4.41 .612 4.01 .040
20.00 3.91 .094 4.03 133 4.21 .442 3.99 .040
50.00 3.87 .093 4.00 108 4.07 .285 3.96 .079

100.00 3.83 .092 3.95 099 3.99 .199 3.94 .079

te measured at 45.0° over the frequency range of benzene solutions of concentrations 8.000 g.
102 to 105 c.p.s. In all cases, the plasticizer con
centration was 25.0% by weight. The measure
ments suggest that the observed frequency range 
of dispersion is related to the polarity of the plasti
cizer molecule.

Experimental
A. Apparatus.— Measurements of e' to ± 0 .5 %  and e" 

to 2.0%  were carried out with the following General Radio 
Co. equipment: Type 716-C Capacitance Bridge, Type 
1302-A Oscillator, Type 1474 Amplifier and Null Detector 
equipped with Filter Type 1603-A, and Type 1690 Dielec
tric Film Holder. The temperature of the disks and the 
Film Holder was regulated to ± 0 .1 °  by use of an air ther
mostat. The DC conductivities of the disks were measured 
with a General Radio Co. Megohmmeter Type 1862-B and 
corrections were applied to the e" values as pointed out by 
Fuoss.2

B. Materials. 1. Corn Amylopectin Acetate (CBUA).— 
Corn starch supplied through the courtesy of Corn Products 
Refining Co. w'as defatted and fractionated by the method 
of Schoch.3 The amylopectin content of the ethanol- 
precipitated fraction was measured as 88.3% by the method 
of French, Rundle and Bates.4 This was acetylated, and 
the product analyzed, by the procedure of Mullen and 
Pascu.6 (Calcd. acetyl, 44.7% ; found 39.4%.)

2. Tricresyl Phosphate Derivatives (TCP).— o-, in-, p- 
TCP and tri-o-cresyl thiophosphate were obtained commer
cially. The reported boiling points were 263-265° (20 
mm.) for the o-TCP and 273-275° (17 mm.) for m-TCP 
and the melting points were 76-78° and 43.5-45.0° for T-o- 
CthioP and ¡»-TCP, respectively.

3. Polymer-Plasticizer Disks.—These were prepared by 
dissolving the two components in chloroform, evaporating 
the solvent, and pressing the resulting sheet (after cutting) 
in a Carver Laboratory Press. With regard to all the disks, 
the pressure employed was 10,000 p.s.i., the temperature 
varied from 108 to 110°, and the time varied from 2 to 12 
hours. The diameters were 2.00 inches and the thicknesses 
varied from 0.0626 to 0.0938 inches. All disks were formed 
in a stainless steel mold. They were coated with aluminum 
foil by means of Vaseline prior to the measurements of the 
electrical properties.

Results and Discussion
The calculated values of t and e" for the four 

systems are recorded in Table I, and the inflection 
points of the e' values and the maxima of the e" val
ues as a function of log frequency are shown in Fig.
1. To determine whether the observed differences 
in the frequencies at which e'mM values occur were 
possibly related to the polarity of the plasticizer 
molecule, the relative polarities of the latter were 
determined by measuring the difference, AC, in to
tal capacitance between solution and solvent for

(2) R. M . Fuoss, J.  A m .  Chem. Soc., 63, 369 (1941).
(3) T. .T. Schoch, ibid., 64. 2957 (1912).
(4) D. French, R. 10. Rundle and F. E. Rates, ibid., 65, 142 (1943).
(5) J. W. Mullen and 10. Pascu, Ind. Eny. ('hem., 34, 1209 (1942),

100.00 ml. A dielectric cell containing 19.00 ml. 
was employed in conjunction with the General Ra
dio Co. Capacitance Bridge Type 716-C. The 
frequency employed was 106 c.p.s., and the measure-

l o g  / ■
Fig. 1.—f ' and e" values for CBUA-TCP disks 25% plasti

cizer, 45°.

ments were performed at room temperature. From 
the values of AC, listed in Table II, it is seen that 
the polarity of the plasticizer molecules are in the 
order T-o-CthioP < o-TCP < m-TCP < p-TCP.

T a b l e  II
AC

w . )Plasticizer
T-o-CthioP 13.0 ± 0 .2
o-TCP 20.1
m-TCP 20.6
¡»-TCP 22.8

This also represents the order of the frequencies at 
which the values of e"max appear for the four sys
tems.

A possible explanation of this observed relation
ship lies in the assumption that the rotating dipolar 
units are combinations of plasticizer and polymer 
molecules, a mechanism previously suggested by 
Fitzgerald and Miller6 for the system polyvinyl

(0) E. it. Fitzgerald ami It- F. Miller, J. (-oil. 8ci., 8, 148 (1953).
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chloride-dimethylthianthrene. The amylopectin 
acetate molecule has an average molecular weight 
of 107 with approximately 1300 branches,7 and it is 
therefore expected that chain entanglement is 
present. Chain segments are possibly unraveled 
by dipole-dipole interaction with plasticizer mole
cules, the extent increasing with the increasing 
polarity of the plasticizer molecules.

Acknowledgment.—This research was conducted 
under Contract AF 33(616)-322 with the United 
States Air Force, the sponsoring agent being the 
Aeronautical Research Laboratory of the Wright 
Air Development Command.

(7) A. L. Potter and W. Z. Hassid, J. Am. Chem. Soc., 70, 3774 
(1949).

MOLARITY QUOTIENTS FOR THE 
FORMATION OF COMPLEXES BETWEEN 

CADMIUM IONS AND AMINES 
CONTAINING SULFUR1

B y  C h a r le s  It. B e r t sc h , W. C o n a r d  F e r n e u u s  a n d  
B. P. B lock

College of Chemistry and Physics, The Pennsylvania State University, 
State College, Pa.

Received November 2, 1955

A recent publication2 reports values for the 
dissociation constants of CH3SCHoCU>NH2, 
S(CH2CH2NH2)2 and (—CH2SCH2CH2NH2)2 and 
for the molarity quotients of complexes of these 
amines with Cu'++, Ni++, Co++ and Zn++. These 
measurements have now been extended to include 
Cd++.

quotients recorded in Table I. It is not possible 
to determine the values for these amines with 
Mg+_ because precipitates form before appreciable 
coordination takes place.

Discussion
A comparison of the values for the formation 

molarity quotients of Cd + + with each of the pairs: 
CH3SCHoCH2NH2 and H2NCH2CH2NH2, S(CII2- 
CH2NH2)2 and HN(CH2CII2NH2)2, and (-CH2- 
SCH2CH2NH2)2 and (-CH2NHCH2CII2NH2)2 
shows clearly that coordination through sulfur is 
not as strong as through nitrogen in agreement with 
previous findings2 for Cu ++, Ni++ and Co++. 
In fact, log Qi for S(CH2CH2NH2)2 is only slightly 
greater than 2/ 3 log Qi for HN(CH2CH2NH2)2 
and the log Qi values for (-CII2SCH2CH2NH2)2 
and CH3SCH2CH2NH2 are only slightly greater 
than y2 the log Qi values for (-CII2NHCH2CH2- 
NH2)2 and H2NCH2CH2NH2, respectively. If it 
is assumed that each nitrogen atom in the amines 
contributes equally to the value of Q 1, then the 
results clearly indicate the very slight contribution 
of coordination through sulfur. However, the 
sulfur atom does take part in the coordination to 
some extent because, for each of the pairs of amines 
mentioned above, the maximum value of n for the 
sulfur-containing amines never exceeds that for the 
corresponding amine without sulfur.

A comparison of the values of the molarity 
quotients of Cd++ for S(CH2CH2XH2)2 with those 
of Zn++ (log Qi = 5.31; log Q 2 = 3.57) shows that 
the first formation7 constant for Cd++ is somewhat 
higher than that for Zn++ while the second is

T a b l e  I
M o l a r it y  Q u o tien ts  o f  A m in e s  w it h  Cd + + a t  30° in  1 M  K N 03

log Q 1 log 0, log Qi

c h 3sc ii2c h 2n ii2 3.22 2.3
S(CII2CH2NH2)2 5.47 3.52
(—CH2SCH2CH2NH2)2 5.01 2.44
h 2n c h 2c h 2n h 2 5.03 4.50 2.07 (25°, 1.0 M  KNOA
HN(CH2CH2NH2)2 8.45 5.4 (20°, 0.1 M  KC1)6
(—c h 2n h c h 2c ii2n h 2)2 10.02 3.10 (30°, 1.0 MKNOs)1

Experimental
The preparation and purification of the amines as well as 

the methods of measurement and calculation are described 
else where. 2>s

Data and Results
The measurements of pH and calculation of n 

and [A] permit the evaluation of the molarity
(1) This investigation was carried out under contract NG-onr 26913 

between The Pennsylvania State University and the Office of Naval 
Research.

(2) E. Gonick, W. C. Fernelius and B. E. Douglas, J. Am. Chem. 
Soc.. 76, 4671 (1954).

(3) B. P. Block and G. H. McIntyre, Jr., ibid., 75, 5667 (1953).
(4) J. Bjerrum and P. Anderson, Kgl. Danske VidensJcab Selskab, 

Math.-fys. Medd., 22, No. 7, 3 (1945).
(5) J. E. Prue and G. Schwarzenbach, Helv. Chim. Acta, 33, 985 (1950).
(6) H. B. Jonassen, G. G. Hurst, R. B. LeBlanc and A. W. Mei- 

bohm, T h is  J o u r n a l , 56, 16 (1952).

somewhat lower. Precipitates formed with Zn++ 
and CH3SCH2CH2NH2 and (-CH2SCH2CH2NH2)2 
but not with Cd++. This behavior also indicates 
the greater stability of the Cd++ complexes. For 
polyamines containing no heterocoordinating atom 
the Zn++ complexes are somewhat more stable 
than those of Cd ++.‘~10 This behavior seems to 
be in line with the marked tendency of Hg++, 
Pt, etc., to form stable sulfur complexes.

(7) E. Gonick, Ph.D. Thesis, The Pennsylvania State University, 
1951.

(8) J. Bjerrum and P. Anderson, Kgl. Danske Videnskab Selskab, 
Math.-fys. Medd., 11, No. 5, 82 (1931).

(9) G. A. Carlson, J. P. McReynolds and F. II. Verhoek, T his 
J o u r n a l , 67, 1335 (1945).

(10) (a) G. Schwarzenbach, Helv. Chim. Acta, 33, 974 (1950); 
(b) J. E. Prue and G. Schwarzenbach, ibid., 33, 963, 995 (1950).
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NON-METALLICS
H U GH E S RESE AR C H  A N D  DEVELOP
MENT LABORATORIES HAVE SEVERAL 
O P E N I N G S  F O R  C H E M I C A L  A N D  
OTHER ENGINEERS IN DEVELOPMENT 
LEADING TO P R O D U C T IO N  OF NEW  
A P P L IC A T IO N S  FOR NON-METALLIC 
MATERIALS.

Hughes Laboratories are engaged in 
a highly advanced research, development 
and production program involving wide 
use of non-metallic materials in missile 
and radar components. The need is for 
men with experience in these materials to 
investigate the electrical, physical, and 
heat-resistant properties of plastics and 
other non-metallics.

These men are required to plan, coordi
nate, and conduct special laboratory and 
field test programs on missile components. 
Experience is required in materials devel
opment, laboratory instrumentation, and 
design of test fixtures.

The Plastics Department has need for an 
individual with a Ph.D. Degree, or equiva
lent experience in organic or physical 
chemistry, to investigate the basic proper
ties of plastics. Work involves research into 
the properties of flow, mechanisms of cure, 
vapor transmission, and electrical and 
physical characteristics of plastics.

HUGHES
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L o s  A n g e le s  C o u n t y ,  C a lif o r n ia
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