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DIMENSIONS AND HYDRODYNAMIC PROPERTIES OF CELLULOSIC
MOLECULES IN DILUTE SOLUTIONS1

By H . J. M a r r i n a n 2 a n d  J. J. H e r m a n s

Cellulose Research Institute, State University College of Forestry, Syracuse 10, New York
Received, April IS, 1960

An analysis has been made of viscosity, sedimentation and light scattering data of some cellulose derivatives in dilute 
solutions, using results given in the literature. A molecular weight distribution of the well-known form exp( — \M)
was assumed, and the parameters y and X were derived from the experimental Mr, and M „  values. In addition, since 
the radius of gyration p enters into the hydrodynamic theories, quantities containing p must be averaged over the molecular 
weight distribution. To this end, a relation of the form p =  kMp is postulated and the value of p determined from the 
light scattering results. The expressions derived by Debye and Bueche and by ICrkwood and Riseman for intrinsic vis
cosity [77] and intrinsic sedimentation constant [S] are rewritten in a somewhat simplified form, which is independent of 
whether Gaussian statistics apply or not [y] =  Ap2( 1 +  aM/p)_I; [S] =  <7(1 +  cM/p) where A, a, C and c are constants. 
These equations become applicable to polydisperse samples when p2 in the expression for [77] is replaced by(p2)w while M/p 
in both equations is replaced by Afn(p2)w(p3)n-1. These expressions greatly facilitate the application of the Debye-Bueche 
and Kirkwood-Riseman equations to experimental data. An assessment of the relative merits of various hydrodynamic 
expressions has been carried out using the experimental data of Huque, Goring and Mason in addition to those of Hunt, 
Newman, Scheraga and Flory. It is found that the modified Kirkwood-Riseman equations are compatible with the data 
and that the size of the monomer units derived from these data is quite acceptable. This is distinct from what was found 
in previous work using the same basic equations, and hence this difference must reside in the mathematical treatment.

Introduction
In the earliest theories3 of the hydrodynamics 

of polymer solutions the hydrodynamical inter
action of the monomer units was ignored, and con
sequently such “ free drain”  theories may be re
garded as limiting cases for structures of very low 
density. Brinkman4 and, independently, Debye 
and Bueche5 (DB) attempted to account for the 
hydrodynamical interaction by assuming that the 
polymer molecule could be represented by a sphere 
of uniform density to which a certain porosity 
is attributed. The results of the DB theory for 
intrinsic viscosity [17] and intrinsic sedimentation 
constant [S] may be written

[,] =  (4tt/3 )(N0Ras/M)H<r) ( 1)

[S] =  M tfv R n N rtW ]-1 (2)
where Rs is the radius of the sphere, M  the molecu-

(1) Presented at the meeting of the Am. Chem. Soc., Cleveland, 
Ohio, April, 1960.

(2) On leave from the British Rayon Research Association, Man
chester, England.

(3) References in J. J. Hermans, “ Flow Properties of Disperse Sys
tems,” North-Holland Publ. Co., Amsterdam, 1953, Ch. V, p. 219.

(4) H. C. Brinkman, Proc. Akad. Amsterdam, 50, 618 (1947); 
Physica, 13, 447 (1947); Appl. Sci. Res., A l, 27 (1947).

(5) P. Debye and A. M. Bueche, J. Chem. Phys., 16, 573 (1948).

lar weight of the polymer, No Avogadro’s number 
and <i>(cr) and 4 , ( 0 )  are functions of the “ shielding 
ratio”  <7 which is defined by

tr2 =  3 P f / ( 4 7 r i i 8i7o) ( 3 )

P  being the degree of polymerization, f  the frictional 
coefficient of a monomer unit and 170 the viscosity 
of the solvent.

Kirkwood and Riseman6 (KR) used the more 
realistic model of a Gaussian string of beads, 
but in their averaging procedure had to use ap
proximations. Their results are

[77] =  A„fR62F(X„PV7)/(36,„mo) (4)
[S] =  (m cW AofXl +  8X0RV2/ 3) (5)

where, in addition to the symbols defined previ
ously, m0 is the molecular weight of the monomer 
unit, b the effective bond length, F(X0P l/’) a func
tion of the “ shielding,”  tabulated by Kirkwood, 
Zwanzig and Plock, 7 and

XoP‘A =  fP 1A(67r>)-I/»(,„6) - 1 (6)
For Gaussian chains, the mean square end-to- 

end distance is
(6) J. G. Kirkwood and J. Riseman, ibid., 16, 565 (1948).
(7) J. G. Kirkwood, R. W. Zwanzig and R. J. Plock, ibid,. 23, 213 

(1955).
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r2 =  P b 2

and the parameter
x =  Ao P'P

is proportional to M/p where p is the radius of 
gyration. Since o-2 in the DB theory is likewise 
proportional to M/Rs it follows that the KR 
result for [77] may be given a form that closely 
resembles the DB formula

M  =  t No[fr)'/>/M]G(x) (7)
where

7 =  (6ir3)'A /36 and G(x) =  xF(x)  (8)

When eq. 7 is applied to molecules that show 
deviations from Gaussian statistics, the numerical 
value of the constant 7  for such molecules need 
not necessarily be that given in eq. 8 , nor will the 
form of the function G(x) be exactly the same as 
that found by Kirkwood and Riseman. However, 
when the deviations from Gaussian behavior are 
comparatively small, the application of eq. 7 
should not lead to any serious error.

More recently Flory8 and co-workers have ad
vanced the equations (see also Sadron9)

fo] =  X '(r*y fyM

[S] =  M[iVo(7»)i/«Q ']-i

where X ' and Q' are “ universal constants,”  i.e,, 
they are the same for all polymers regardless of 
solvent and temperature. The root mean square 
end-to-end distance in these equations is a times 
its unperturbed value (r02) I/2, where a is an expan
sion factor resulting from interactions between 
the monomer units.

While it has been shown that Flory’s equations 
adequately represent the experimental data for 
many polymers, Newman and Flory found that 
the values of X ' and Q' for cellulose trinitrate 
decrease markedly with decreasing molecular 
weight. In a more recent paper Hunt, Newman, 
Scheraga and Flory10 have discussed the experi
mental data on cellulose trinitrate in terms of the 
equations of DB and KR, taking into account the 
polydispersity of the samples and the large experi
mental errors involved in this type of work. It 
was concluded that also the DB and KR expres
sions were unsatisfactory in explaining the hydro- 
dynamic behavior as they lead to a value for the 
frictional coefficient of a monomer unit which is 
approximately one-fourth as large as that calculated 
on the basis of Stokes’ formula.

In this paper a new approach to the assessment 
of the relative merits of the existing hydrody
namic equations is described. This approach 
enables one to make a more direct comparison 
between the various formulas, and this is illustrated 
for cellulose trinitrate using the experimental

(8) (a) P. J. Flory, "Principles of Polymer Chemistry,” Cornell 
Univ. Press, Ithaca, New York, 1953, p. 595 and following; (b) P. J. 
Flory and T. G. Fox, J. Polymer Sci., 5, 745 (1950); J. Am. Chem. 
Soc., 73, 1904, 1915 (1951); (c) L. Mandelkern and P. J. Flory, J. 
Chem. Phys., 20, 212 (1952).

(9) C. Sadron, J. Polymer Sci., 3, 812 (1948); Nature, 179, 263 
(1957).

(10) M. L. Hunt, S. Newman, H. A. Scheraga and P. J. Flory, J. 
Phys. Chem., 60 1278 (1956).

data of Hunt, Newman, Scheraga and Flory10 

and those of Huque, Goring and Mason. 11

The difference between the treatment of the 
experimental data by Hunt, et al., and that pre
sented here is merely a computational one, but it is 
nevertheless of importance as it leads to different 
conclusions. In essence, in this work the appli
cation of the DB and KR equations is made very 
much easier by using approximate expressions for 
the “ shielding parameters”  $(o), and F-
(Xo P 1/2).

Approximations to the DB and KIR Expres
sions.—To facilitate an application to polydisperse 
systems, the function $(<7) in the DB theory of 
viscosity is approximated as

4>0) = (crV10)(l +  fco-2)“ 1 (9)

where k is a constant. If k is given the value 
V 25, T(o-) becomes o-2/ 10 when a is small and 2.5 
when a is large, these being the same limits as 
those of the DB function. However, for weight 
average molecular weights of cellulose trinitrate 
up to 2.5 X 106 as encountered in this work, a 
better approximation to the actual F(o-) is obtained 
with k =  0.0486. This is illustrated in Fig. 1 

where it is seen that the agreement is to within 
about 5%.

Likewise the functions ip{a) in the DB theory 
of sedimentation and the function F{x) in the KR 
theory of viscosity may be approximated with 
similar accuracy (see Figs. 1 and 2 ) by

<K(r) = (2*79X1 +  0.243 o-2 ) - 1  (10)
F ( x )  = (1 +  0.78a;)-1 (11)

The method by which the coefficients preceding 
the shielding parameters in the above equations 
were determined will be explained in a later section.

If it is assumed that Rs is proportional to the 
radius of gyration p, then <r2 and x are proportional 
to M/ p. Hence the results of both the DB and 
the KR theories may be written

M = dp2(l +  a M / p ) - '  (12)
[<S] = (Wouo/TV of)(1 +  cM / p ) (13)

where A, a and c are constants. In the DB theory 
A  =  (4lt/30)N o(R s/p )3<t2p / M ; a =  0.0480<r-p/I7/

c = 0.243cr2p/Af (14)
whereas in the KR theory
.4 = yN o (r3/p2y / 2xp / M ; a = 0.78a-p/M ; c = (8/3)a;P/Af

(15)
We note, finally, that when Gaussian statistics 

apply, the approximation (1 2 ) becomes identical 
in form with an equation derived by Peterlin, 12 

while the approximation (13) has the form derived 
from experiments with large-scale models by 
Kuhn and Kuhn. 13

Equations for Polydisperse Samples, (a) Vis
cosity.— It follows from simple considerations 
that [17 ] is proportional to the weight average 
(p2)w of p2 at the limit of free draining, and pro
portional to (p3)n/(M )n at the limit of com-

( 1 1 )  M. M. Huque, D. A . I. G o r in g  and S. G. Mason, Can. J. Chem., 
3 6 ,  9 5 2  ( 1 9 5 8 ) .

( 1 2 )  A. Peterlin, Proc. Akad. Ljubljana, Math. Phys. Sect., 5 9  ( 1 9 5 0 ) ; 
J. Polymer Sci., 5, 4 7 3  ( 1 9 5 0 ) .

( 1 3 )  H. Kuhn and W. Kuhn, ibid., 5, 5 1 9  ( 1 9 5 0 ) .
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pletely impenetrable particles. In view of eq. 12, 
this suggests that a good approximation for poly- 
disperse systems is

W  =  4 < p%  [1 +  a ( M )n(P*)w/ ( P3)J  (16)

It follows that a plot of (p2)w/M  against 
(M)n{p2)w/(p2)n should be a straight line 
with slope a/A and intercept 1 /A. According 
to the Flory-Fox equation, such a plot should be 
a straight line which passes through the origin.

(b) Sedimentation.— The kind of averages that 
are appropriate in the expression for the intrinsic 
sedimentation constant depends on the tech
nique used for recording the sedimentation process. 
As shown in the appendix, when Schlieren optics 
are used and the rate at which the peak of the band 
moves is recorded, we must extend eq. 13 as

[S] =  (m o W M D U  +  cB ( M M p * ) „ / ( p * ) „ ]  (17)

where il is a parameter which depends on the 
type of molecular weight distribution assumed. 
For the Schulz14 type of distribution used in this 
work

B  =  ( y  +  p y - p r ( 3 p  +  y ) / T ( 2 p  +  y  +  1) (18)

where F is the gamma function, and p and y will 
be defined in the next section.

Equation 17 shows that a plot of [$] against 
B(M)n(p2)w(p3)n^1 should be linear with a 
finite intercept which in this case represents the 
intrinsic sedimentation constant of a “ free drain” 
molecule and is the same as that of a single mono
mer unit. In the Flory-Mandelkern equation 
the intercept would be zero.

Calculation of Averages.— In order to derive the 
various averages needed in eq. 16 and 17, it has 
been assumed that the fractions of cellulose trini
trate investigated by Hunt, et al., and by Huque, 
et al., possess a molecular weight distribution 
of the Schulz type, i.e., the number of molecules 
with molecular weight between M  and M  +  
dM is proportional to where X
and y are parameters which characterize the 
average molecular weight and the sharpness of the 
distribution. For this distribution Mn : Mw :M z 
=  V- (y +  1) : (y -f- 2) and the values of y and M z 
that have been calculated from the experimental 
values of M a and M w are shown in the second and 
third columns of Table I. In the work of Huque,

T a b l e  I
10-4 1012 101»

Sample V Mz (P2)w <P3>n

L-10 5.27 4.8 1.74 1.84
L-8 4.0 9.1 4.76 7.74

Data from ref. 8c L-5 2.23 16.9 7.37 12.75
H-2 1.42 35.1“ 17.05 37.25
H -l 0.814 89.0 45.25 118.6
T-S 1.0 102 58.7 198.5
T-6 1.0 117 74.5 285
M-3 1.0 147 127.0 632

Data from ref. 9 M 1.0 241.5 143.0 760
M-2 1.0 238.5 164.5 937
M -l 1.0 348 274.0 2000
H-2 1.0 375 298.0 2275

a Mw/Mn assumed equal to 1.7 on basis of a M w/Mn 
vs. Mn plot.

Fig. 1.— The shielding parameters $(<r) and ^(tr) in the 
DB theory: (A) the function <&(<r) as given by DB; (B)
approximated form with k =  0.0486; (C) approximated 
form with k =  1/25; (A ') the function \p{a) as given by 
DB; (B ') approximated form with k =  0.243.

Fig. 2.— The shielding parameter XoP'AfXAoP'A) in the 
K R  theory of viscosity: (A) the function XoP'APfXoP1/;)
as given by K R ; (B) approximated form with k =  0.78.

et al., only was measured and it was assumed 
that =  1:2:3, i.e., y =  1.

In addition, it has been assumed that the radii 
of gyration of the molecules are related to their 
molecular weights as

P = K M ” (19)

where K  and p are constants. It may be mentioned 
in this connection that according to Wall16 all 
the computer results for random flights with ex
cluded volume can be represented by eq. 19, but 
we believe it is uncertain whether the non-Gaussian 
relation between p and M  in cellulose trinitrate 
is due to the excluded volume effect, and we do 
not attach any special significance to the specific 
form of eq. 19. Strictly speaking, molecules 
with the same value of M  do not all have 
the same radius of gyration, but the effect that 
this might have on the averages has been neg
lected. To show that eq. 19 and the molecular 
weight distribution assumed are sufficient to 
represent the experimental data to within the 
experimental error, a comparison is made in Fig. 3 
between the calculated values of pz2/i i /z and the 
experimental ones. Other relationships between

(15) F. T. Wall, Lecture N. Y. Academy Sci., May 1960; F. T. 
Wall and J. J. Erpenbeck, Chem. Phys., 30, 634 (1959).(14) G. V. Schulz, Z. physik. Chem., B43, 25 (1939).
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line is a theoretical one, based on eq. 19.

Fig. 4.— Viscosity data plotted in form ( p 2) w / [ jj] against 
(p2>w(Af)„/(p3)n: o , data of Hunt, et al.', A, data of 
Huque, et al.

Fig. 5.— Sedimentation data of Hunt, et a!., plotted against 
B ( ^ > o ( p 2> w /< p 3) n.

p and M  could doubtless have achieved the same 
degree of agreement with experiment, and hence 
eq. 19 is best regarded simply as an interpolation 
formula.

The average radius of gyration derived from 
light scattering experiments is p7}. According to 
eq. 19 and our choice of molecular weight distri
bution, this should be given by

. ,  =  K t W l L + J L + J }  ( M » Y P
Pl T(y +  2) V y ) (20)

Since it follows, both from theoretical considera
tions and from the experimental data, that p

does not differ much from y 2, eq. 2 0  is replaced 
by an expansion in terms of the parameter \ =  p
— y 2, omitting powers higher than the first, thus

log (p2)2 =  2 log K  +  log +

25 [log  —  +  0.4343 d(y +  2j  J (21)
so that K  and £ can be found by plotting log (p2)z
-  log [(y +  2)MJy]  against log (M J y ) +  0.4343 
d In T(y +  2 )/d (y +  2). This gave p =  0.6125 
and K — 0.1969 if p is expressed in Angstrom 
units.

Results
In Fig. 4 the values of (p2)w/M  calculated 

from the experimental data are plotted against 
fHn(p2)w(p3)n^1- The straight line drawn 
through the points does not extrapolate through 
the origin. From the slope and intercept, the 
quantities (/fs/p ) 2 and f / 770̂  occurring in the D13 
theory and the quantities r2/p 2 and f /770 occurring 
in the KR theory may be calculated (Table II).

T able  II
Results from IvR

theory Results from DB theory
(r2/ p2) vis 5 . 2 {RfJ p) 2vis 0.761
(r2/  P2)sed 6 . 3 (72a/ p)2sed 0.548
(fAo)vis 63.5 A. (fAo)vis 120.0 A. = 55.0 A. if (.RJ
(f/ 'i?o)sed 53.0 A. (f/Waed 53.0 A. p)! =  5/3
(72m) vis 3.37 A. (72m) vis 6.38 A. = 2.92 A. if (Its/
(72m)sed 2.81 A. (72m)sed 2.81 A. p)* =  5/3

The intrinsic sedimentation constants [£] were 
calculated from the data of Hunt, et al., using [£] =  
£ 770(1 — rpo)-1 where the partial specific volume of 
the polymer v =  0.546 cc./g., the density of the 
solvent po =  0.8883 g./cc. and the viscosity of the 
solvent 770 =  0.004012 poise.

In Fig. 5 values of [£] are plotted against 
M a (p % (p !)n_1 as suggested by eq. 17. The 
straight line drawn through the points may again 
be used to calculate f/770, R , / p  and r2/p 2, respec
tively. The results are given in Table II which 
shows, in addition, the radius of a monomer 
unit deduced from f/770 on the basis of Stokes’ 
law. In the case of sedimentation, as distinct 
from that of the viscosity, the value deduced for 
f / 7 7 0  does not depend on the value found for (Z?s/p )2 
or r2/p 2.

Discussion
In order to determine the most appropriate 

value of k in the approximate form (eq. 9) of 
$(<t) some knowledge of the range of a2 values 
pertaining to the fractions studied in this work is 
a prerequisite. Since a2 =  aMn(p2)w(p3)n~l/k 
the value deduced for a2 for a given fraction de
pends on the value deduced for a, and thus on the 
slope and intercept in Fig. 4 in addition to the 
value assigned to Ic. Hence k was chosen so that 
the mean value deduced for a2, when used in the 
approximate form of 4>(cr), gave a value for this 
latter function which was equal to that of the 
function tabulated by Debye for this value of a2. 
This method also was used to determine the most 
appropriate approximations for 1p(o) and F(x) 
in the molecular weight range covered in this



March, 19G1 Hydrodynamic Properties of Cellulosic M olecules in D ilute Solution 389

paper. The effect of this procedure is apparent 
in Figs. 1 and 2 where the graphs of the approxi
mated forms of the shielding parameters coincide 
with the correct values for these functions at the 
mean values deduced for the “ shielding ratios.”  
These latter ratios were calculated as (cr2)vis =  
115, (o-2)scd =  60, £vjs =  7.16 and .rsen = 5.42. 
It is apparent that the values deduced from the 
KR theory of viscosity and sedimentation are in 
better agreement than those deduced from the DB 
theory and this is reflected in the values that have 
been determined for the various parameters shown 
in Table II.

The use of approximate expressions for the re
spective parameters d’(a-), ip(<r) and F(x) leads to 
a possible error of approximately 5% for the range 
of molecular weights covered in this work. This 
additional error may be tolerated, not only because 
it is much smaller than the probable experimental 
error, but because the approximations introduce 
two important compensating factors. First, they 
allow the viscosity and sedimentation equations to 
be written in a form which is applicable to poly- 
disperse samples and, second, they greatly facili
tate application of the DB and KR equations.

It has been a general criticism of the DB and KR 
expressions that the frictional coefficient turns out 
to be very much smaller than that calculated by 
applying Stokes’ law to a monomer unit. It may 
be surprising, therefore, that in this work, as 
shown in Table II, realistic values are obtained 
for the radius of the monomer unit. The reason 
for this difference is apparent when it is noted that 
here the frictional coefficient is deduced directly 
from either the slope and intercept of Fig. 4, or 
the intercept alone of Fig. 5, whereas in previous 
work recourse was made to the Mark-Houwink 
equation, [t?] =  KM13, in order to determine the 
“ average shielding ratio,”  which is related to 
the frictional coefficient. This latter method leads 
to values of the “ shielding ratio”  which are much 
too low, e.g., Flory and co-workers deduced from 
the Mark-Houwink equation a value for X0P ,/s of 
0.77, whereas the average value of X0P 1/! for their 
fractions, as may be seen from Fig. 2, is about 4. 
Similarly their estimate of the value of a2 is about 
one-fifth the true value. It is worth noting, how
ever, that in deducing the above values Hunt, ct 
al.,10 improved the procedure originally recom
mended by Debye and Bueche, thereby making the 
discrepancy considerably less than it would have 
been according to earlier treatments.

Unfortunately, the experimental errors make 
the exact values of the intercepts in Figs. 4 and 5 
somewhat uncertain. It can be seen in Fig. 4 
that the line might have been drawn a little more 
steeply; but this would lead to a smaller intercept 
and therefore to larger values of f  and instead 
of the low values found in previous work. That 
the difference between the values for f  deduced in 
this work and in previous work cannot be attributed 
to experimental error alone can be seen by observ
ing that the previous values of f  would entail an 
extrapolation of the lines in Figs. 4 and 5 to an 
intercept at least four times bigger than that 
actually found. It will be noticed also in Fig.

5 that the point for the fraction of highest molecu
lar weight (II-l) lies some way off the line drawn. 
This, however, is also apparent in the plot of the 
viscosity data in Fig. 4, and here the higher molec
ular weight fractions investigated by Huque, et al., 
suggest that this point probalfly has a large experi
mental error associated with it. In fact, if the 
value of Mn(p2)w(p3)n- 1  for fraction FI-1 is 
reduced from 9.8 to 8.4, the point will lie on the 
lines drawn in both Figs. 4 and 5. These facts 
have been taken into consideration in drawing the 
straight line in Fig. 5.

The two values for the frictional coefficient 
deduced from the KR theories of viscosity and 
sedimentation, respectively, are in better agree
ment than those deduced from DB. It should be 
remembered that the KR and DB theories give 
identical results at the “ free drain”  limit. This 
explains why the value of f/r/o derived from sedi
mentation is the same. It explains also why the 
intercept of the viscosity plot leads to a realistic 
value of f /770 when one inserts the value 5/3 of the 
DB theory for the ratio (Rs/p)2; compare Table
II. In other words, the shortcomings of the 
DB theory are revealed by the slopes of the lines 
in Figs. 4 and 5, which are considerably larger 
than predicted. This is reflected in the small 
values of Rs/ p calculated from these slopes.

Table II shows that r2/p 2 as derived from the 
KR equation is close to the theoretical value 6  for 
Gaussian chains, even though the use of eq. 19 
with p ^  y 2 implies deviations from Gaussian 
behavior. It is clear, therefore, that the non- 
Gaussian statistics are not revealed by plots such 
as those of Figs. 4 and 5.

Finally it may be mentioned that Hunt, et al., 
carried out their investigation because they recog
nized that the well-known hydrodynamic equations 
did not appear to hold for stiff cellulosic chains. 
No claim is made “hat the agreement found here 
with the modified KR equations is conclusive 
evidence in favor of these equations over other 
well-known expressions. In view of the large 
experimental errors involved, this can be decided 
only by further experiments. We believe, how
ever, that our procedure is physically significant 
and of sufficient interest to warrant its publication 
if only because it indicates what quantities must 
be measured to make such an analysis possible.

Other Data Examined.— In principle, for any 
given value of p, it should be possible to draw con
clusions about the molecular shape from the dis
symmetry of light scattering. In practice this 
procedure is complicated by polydispersity be
cause this too affects the dissymmetry. When ex
amining the dissymmetry data of Hunt, et al., 
kindly put at our disposal by the authors, it was 
found that there were appreciable deviations from 
the dissymmetries predicted for monodisperse 
Gaussian chains, but that these deviations were 
due primarily to the polydispersity of the samples. 
To show this, the dissymmetries were calculated 
on the assumption that Gaussian statistics applied 
and that the molecular weight distribution was the 
“ normal”  one, i.e., of the Schulz type with y =  1. 
Even when these rather crude approximations
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were made, the dissymmetries calculated were 
equal to the measured ones within experimental 
error.

Attempts were made to use data other than 
those mentioned so far, but investigations in 
which information on both the viscosity and the 
molecular dimensions (and, preferably, also the 
molecular weight distribution) has been obtained, 
are relatively scarce.

Outer, Carr and Zimm16 did extensive work on 
polystyrene fractions, for which they assumed 
originally that Mw/Mn =  1.05 (two of their 
fractions: 1.2), although they expressed some doubt 
as to whether the distribution was really that 
sharp. If it is assumed that M w/M n was 1.2 
for those fractions which were polymerized under 
the same conditions and given the same fractiona
tion procedure, then with butanone as solvent, 
it is found that a plot of (o-2)w/ M  vs. ilin(p2)w- 
(p 3)n _1, although admittedly showing some scatter, 
is compatible with a straight line having a finite 
intercept. From this intercept, it follows on the 
basis of the KR theory that t/vo =  32 A. (Rm =
1.7 A.) and r2/p 2 =  6.5. It should be added, 
however, that the extrapolation to the ordinate 
has to be done over a very large range, making 
the results rather doubtful.

Gralen’s17 sedimentation data for various cel
luloses in cuprammonium give a straight line 
plot for [A] vs. Mw1/2. Assuming that Mw/Ma =  
2  and p =  V2, this line leads to a value of f /770 =  
30 A. ori2m =  1.6 A.

Similarly, a plot of [$] vs. M w1/j for Mosimann’s18 
data on nitrocellulose in acetone is linear with an 
intercept giving lr/770 =  40.0 A. or Rm =  2.12 A.

Ethylhydroxyethylcellulose was investigated by 
Manley.19 A plot of [¿I] vs. (using molecu
lar weights obtained from sedimentation) is a 
straight line with the same intercept as found from 
the data on cellulose trinitrate of Hunt, et al., 
when plotted in the same way. If, however, one 
plots [iS] vs. M n(p2)¥(p3)n_1 one finds an 
intercept that is 4 times as large as that derived 
from Hunt’s data when plotted in this fashion. 
This probably is due to the values of p; Manley 
himself expresses doubt as to the accuracy of his 
light scattering data.

Hughes’ data20 on cellulose triacetate in chloro
form cover only a small range of molecular weights

(16) P. Outer, C. I. Carr and B. H. Zimm, ibid., 18 , 830 (1950).
(17) N. Gral^n, “Sedimentation and Diffusion Measurements on 

Cellulose and Cellulose Derivatives,” Inaugural Dissertation, Uppsala, 
1944.

(18) H. Mosimann, Helv. Chim. Acta, 26, 61 (1943).
(19) R. St. John Manley, ArJciv. Kemi, 44, 519 (1956).
(20) H. Hughes, “A Physico-Chemical Investigation of Cellulose 

Triacetate in Chloroform,” Thesis, Cambridge, England.

and show a large scatter when plotted according 
to Fig. 4. Similar difficulties were encountered 
when investigating the data of Holtzer, Benoit 
and Doty21 concerning cellulose trinitrate in ace
tone. There is considerable scatter, which is 
reflected in the value 1021A ', i.e., the constant in 
Flory’s theory; it ranges from 1.41 to 2.42, showing 
little correlation with molecular weight.

Appendix
When Schlieren optics are used in ultracentrifu

gation studies, one obtains a curve giving the 
gradient of the refractive index (which is propor
tional to the gradient of the weight concentation) as 
a function of the distance from the center of rota
tion. As long as the effect of diffusion is small, 
it is shown22 easily that this curve is equivalent 
to a plot of co(s) vs. s, where s is the rate of sedi
mentation and co(s)ds is the weight fraction of 
solute with a sedimentation rate between s and 
s +  ds.

Most authors measure the rate at which the 
maximum of this curve moves down the sedimen
tation cell, and this rate is equal22 to the value of 
s for which co(s) has its maximum. To determine 
this value, we remember that s =  a0 +  b0M/p 
where a0 and b0 are constants. Using eq. 19, 
this may be written

s — o0 =  (bo/k)M 1~p (22)
Now, the weight fraction of polymer with 

molecular weight between M  and M  +  AM is 
proportional to exp(—\M)MvdM, so that it 
follows from eq. 22 that, apart from a constant

Co(s) = exp[ — «te+rt«1-!’); u _  (7C/50)(S _  a„)
The maximum of c0(s) is found to be at

s =  co +  (ba/ k )i(y  +  p )/X ]1~p (23)
We have found it convenient to express this as 

s = Co +  to B  4 A  (p2) w (p5) n ~1 (24)
which, on account of the relation between p and 
M  assumed and the molecular weight distribution 
chosen, requires that

B  =  ( y  +  p ) 1~pr ( y  +  3 p )/ T (y  +  2p  +  1)
which is eq. 18 in the text.
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(21) A. M. Holtzer, H. Benoit and P. M. Doty, J. Phys. Chem., 58, 
624 (1954).

(22) J. W. Williams, K. E. Van Holde, R. L. Baldwin and H. Fujita, 
Chem. Revs., 58, 766 (1958); J. J. Hermans and A. M. Rijke, J. Colloid 
Sci.. 13, 508 (1958).
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The kinetic and mechanism factors in the electrochemical reduction of ketones have been investigated by observation of 
the following relations for the reduction of benzophenone and p-bromobenzophenonc over the pH range of 2 to 7 : variation 
of Ei/, with pH, ethanol concentration and drop-time; variation of current with time at various points on the polarographic 
waves; variation of the heterogeneous rate constant with pH, ethanol concentration and temperature. The pinacol pro
duced by dimerization of the free radical formed in the first one-electron wave may form an insoluble [adsorbed ?] film at the 
interface which has marked effects on the observed behavior. The wave I electron-transfer process is quite rapid, but the 
subsequent irreversible chemical process (dimerization) causes the net reaction to appear irreversible. The process producing 
the second one-electron wave (reduction of free radical to carbinol) is quasi-reversible. The combined wave, observed above 
ca. pH 5, is controlled at first by the wave II process; with increasing pH, control shifts to the wave I process. The cause of 
the heretofore unobserved slight pH-dependency of wave II is discussed.

The polarography of benzophenone has been 
extensively studied and many details of its be
havior are clear: In acidic media it yields at the 
dropping mercury electrode two well-defined re
duction waves of about equal height, each cor
responding to a one-electron reduction. The half
wave potential, E,/„ of wave I becomes more nega
tive with increasing pH to the extent of ca. 60 
mv./unit pH; Ei/t of wave II is generally ac
cepted as pH-independent. Below pH 2, wave II 
is masked by the hydrogen discharge wave. Above 
pH 5 or 6 the two waves merge into one, whose 
height approximately equals the sum of the wave 
heights at lower pH. At still higher pH, a new, 
more negative wave appears, whose height in
creases with increasing pH, while that of the merged 
wave decreases.

Based on such polarographic behavior and the 
results of coulometric measurement, the following 
electrochemical reduction mechanism of benzophe
none is generally accepted, although authors differ 
in detail1“ 3: (a) In acidic media the first le wave 
represents the possibly reversible reduction of ben
zophenone to the carbinol free radical, which can 
dimerize to pinacol by secondary chemical reaction; 
the second le wave is the further reduction of the 
carbinol free radical to carbinol, which is assumed 
to proceed irreversibly, (b) The 2e combined wave 
involves reduction to carbinol through the free 
radical state, (c) The third wave in alkaline solu
tion is attributed to reduction of metal ketyl1 or 
carbinolate free radical ion.2

Although the reduction mechanism seems clear, 
the kinetics of the electrode reactions involved, 
especially in regard to their reversibility, have 
not yet been clarified. This is unfortunate, since 
the polarographic behavior of benzophenone seems 
to typify that of ketones in general.3 Conse
quently, the kinetics of the electrochemical reduc
tion of benzophenone and p-bromobenzophenone 
at pH 1 to 7 were studied by several methods, e.g., 
Koutecky analysis4 of the irreversible polaro
graphic wave, current-time relation during a single 
drop-life, etc.

(1) M. Ashworth, Collection Czech. Chem. Commune., 13, 229 
(1948).

(2) M. Suzuki, Mem. Coll. Agric. Kyoto Univ., 67, 1 (1954).
(3) P. J. Elving and J. T. Leone, J. Am. Chem. Soc., 80, 1021 

(1958).
(4) J. Koutecky. Collection Czech. Chem. Commune., 18, 597 (1953).

Discussion of the Results 
Dependence of if,/., on Drop-time.—The varia

tion of Ey2 with drop-time, t, for the general half
cell electrode reaction

ht
Ox +  n ,e  c > Red ±  (H +, H20, etc.) (1) 

A'b
can be used as an experimental criterion of an ir
reversible process. Theoretically, Ey2 is related 
to t by

E  i/, = R T  k° 
a n ,F  ln Xi/sD'A

R T
2 an ,F

In t (2)

where a is the transfer coefficient, n* the number of 
electrons involved in the rate-determining step, 
k° the specific rate constant for the latter at po
tential E = 0 vs. N.H.E., X a function of i/id (i 
is the current along the wave and id the diffusion 
current), D the diffusion coefficient of the reducible 
species, and R, T and F have their usual meaning. 
The shift of E,/2 with t then can be calculated, 
provided an* and k° do not change with t and an* 
is known

AE , /2 =  (R T / 2 a n , F ) ln («,/«,) (3)
Experimentally, AE,/% for wave I is 3 to 5 mv. 

(Table I, t =  4.8 and 2.7), which is within measure
ment error. The minimum AE,/„ which would 
occur for an* =  1 and the times involved, is 8 mv. 
The shift of E,/._ for wave II with t is even less, 
from which Ei/t can be assumed to be independent 
of t. Consequently, both waves seem not to be 
completely irreversible by this criterion.

Rate Constant Behavior.— Plots of log kt vs. E, 
produced by analyzing wave I in 19% ethanol 
solution by the Koutecky procedure, arc not 
straight lines, but show an inflection (Fig. 1), 
indicating that, even if the wave proceeds ir
reversibly, the electrode reaction is more compli
cated than the simple irreversible process, assumed 
by Koutecky4 in deriving the equation for the ir
reversible polarographic wave. Similar plots for 
wave II are straight lines, an* and log k0 calcu
lated by the Koutecky method are given in Table 
IIA; an* for wave I is estimated from the slope 
of the lower segment in the log kf vs. E plot.

The upper segment of the log kf-E plot for wave 
I in 19% ethanol is less steep at higher than at 
lower temperature.5 If the subsequently proposed
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T able  I
V a r i a t i o n  o f  K e t o n e  E i/, a n d  id w i t h  D r o p - t i m e  ( M e r c u r y  H e i g h t )

K e to n e EtOH H g D r o p -W a v e  I------------—' ----------- W a v e  II----------------■
c o n c n . ,  m M v o lu m e , % h t .,  c m . t im e ,“  s e c . 2d, jua. Ei/t, v . id, Aia. #1/2, V.

A. Benzophenone ( p H  2.9; ionic strength 0.40 M ) b

0.10 19.0 3 0 4.87 0.307 -0 .9 2 8 0.311 -1 .1 0 0
42 4.13 .340 -  .929 .342 -1 .0 9 9
49 3.63 .373 -  .931 .380 -1 .0 9 9
50 3.12 .403 -  .932 .409 -1 .0 9 9
64 2.76 .435 -  .933 .440 -1 .0 9 8

.10 19.0 36 4.76 .320 -  .929 .322 -1 .1 0 0
42 4.09 .350 -  .930 .354 -1 .0 9 9
49 3.51 .392 -  .930 .396 -1 .0 9 9
56 3.03 .425 -  .931 .425 -1 .0 9 8
64 2.66 .457 -  .932 .451 -1 .0 9 8

B. p-Bromobenzophenone (pH 2.1; ionic strength 0.40 M ) 1

0.08 19.0 3 6 5.22 0.205 -0 .8 1 9 0.206 -1 .0 4 2
42 4.42 .222 -  .820 .223 -1 .0 4 2
49 3.71 .237 -  .821 .240 -1 .0 4 1
56 3.50 .256 -  .822 .258 -1 .0 4 3
64 2.95 .272 -  .824 .275 -1 .0 4 0

.10 19.0 36 5.15 .257 -  .817 .254 -1 .0 4 0
4P 3.74 .296 -  .818 .296 -1 .0 4 2
64 2.86 .340 -  .819 .336 -1 .0 4 1

.10 28.5 36 5.16 .238 -  .839 .240 -1 .0 5 0
49 3.76 .274 -  .840 .240 -1 .0 5 2
64 2.86 .315 -  .841 .320 -1 .0 5 1

“ Drop-time measured at -0 .9 2  v. (benzophenone) or -0 .8 4  v. (bromobenzophenone). b The pH and ionic strength
are those of the aqueous buffer solution before alcohol was added; the measured pH after EtOH addition was (A) 3.1, 
and (B) 2.4 for 19.0% alcohol and 2.5 for 28.5% alcohol.

T able  II
Variation  of K inetic  D ata  for the B enzophenone  

W aves

A. Effect of pIT
(19.0% ethanol; ionic strength 0.4 M )

■----------------- W a v e  I ------------------ - /----------------- W a v e  I I ----------------- •
#1/2 , v .  # i / i ,  v .

log vs. log vs.
pH° aria. N.H.E. aria, N.H.E.
1 . 2 1 . 2 1 - 1 4 . 9 - 0 . 5 7 5

2 . 1 1 . 2 1 - 1 6 . 3 -  . 6 4 2 1 . 1 8 - 2 0 . 0 - 0 . 8 4 9

2 . 9 1 . 2 1 - 1 7 . 4 -  . 6 9 6 1 . 1 8 - 2 0 . 4 -  . 8 6 2

3 . 3 1 . 2 1 - 1 8 . 0 -  . 7 2 2 1 . 1 8 - 2 0 . 6 -  . 8 7 2

4 . 0 1 . 2 1 - 1 8 . 9 -  . 7 6 8 1 . 1 8 - 2 0 . 8 -  . 8 8 2

B. Effect of pH
(38% ethanol; ionic strength 0.3 M )

pH Wave
Slope,
mv. ana log #1/2, V.

2 . 1 0 a I 5 3  1 . 1 2 - 1 7 . 0 - 0 . 9 7 1

( 2 . G O ) 5 II 6 5  0 . 9 1 - 1 6 . 6 - 1 . 1 1 4

2 . 9 5 I 5 3  1 . 1 2 - 1 8 . 1 - 1 . 0 2 8

( 3 . 4 5 ) II 6 5  0 . 9 1 - 1 6 . 9 - 1 . 1 3 4

3 . 8 5 I 4 5  1 . 3 1  ( 1 . 1 2 ) * - 2 1 . 7  (-- 1 9 . 0 ) c - 1 . 0 7 8

( 4 . 3 5 ) II 6 5  0 . 9 1 - 1 7 . 2 - 1 . 1 5 0

4 . 7 8 Cd 5 6  1 . 0 6 - 1 9 . 4 - 1 . 1 4 6

( 5 . 2 5 )

5.70 c 5 9  1 . 0 0 - 1 9 . 2 - 1 . 1 8 5

( 6 . 2 0 )

6 . 8 2 c 6 2  0 . 9 5 - 1 9 . 3 - 1 . 2 4 6

(7.50)
1

EtOH, volume %
C. Effect o f  ethanol content' 

9 . 5  1 4 . 5  1 9 . 0

a

2 8 . 5 3 8 . 0

Wave I: an a 1 . 0 4  1 . 1 8 1 . 2 1 1 . 1 8 1 . 1 2

log k° - 1 4 . 4  - 1 6 . 3 - 1 6 . 9 - 1 7 . 4 - 1 7 . 4

Wave II: cma 1 . 2 6  1 . 2 3 1 . 1 8 1 . 0 0  . 0 . 9 1

log k° - 2 0 . 7  - 2 0 . 5 - 2 0 . 1 - 1 7 . 8 - 1 6 . 6

“ pH value of original aqueous buffer solution. 6 pH 
value after alcohol addition. c Log k° value assuming ana 
to be 1.12 (see text). d Combined wave. " pH and ionic 
strength of aqueous solution before dilution with ethanol: 
2.0 and 0.4 M .

assumption that the inflection is due to pinacol 
film formation, is accepted, this would tend to 
indicate that the free radical produced is more 
stable at lower temperature. Values of ana and 
of —log /c°, estimated from the log let-E plot, be
come numerically smaller with increasing tempera
ture.

Effect of Ethanol Content.—The effect of organic 
solvent concentration on E\/t has been reported 
to differ for reversible and irreversible organic elec
trode processes.6 For a reversible process, the 
shift of Ei/, arises only from pH change caused by 
solvent addition; in an irreversible process the shift 
is determined mainly by changes in kinetics of the 
electrode process. The variation in E■/, of benzo
phenone with EtOH content is given in Table III; 
for comparison, Ei/, values in 19% EtOH solu
tions having the same pH values as those measured 
at the various alcoholic contents are also listed. 
Obviously, the shift of Ei/, for wave I caused by 
pH is much smaller than that due to change in 
alcohol content, e.g., the shift is 25 mv. between 
pH 2.7 and 3.1 in 19% EtOH, but 105 mv. for the 
same pH change caused by variation in alcohol 
content. For wave II, the former shift is 8 m v.; 
the latter 41 mv. These data would indicate 
irreversible electrode reactions.

The log k[-E plot7 for wave I approaches a
(5) In view of the probable temperature-dependence of the transfer 

coefficient, no attempt was made to calculate energies from the tem
perature coefficients of the rate constants.

(6) K. Schwabe, Z. Elektrochem., 61, 484 (1957).
(7) The plot of log fcf vs. E has no physical meaning if Koutecky's 

assumptions, subsequently discussed, are not valid; however, analysis 
of the shape of current-potential curve is still useful. For example, it 
can markedly indicate the discontinuity of wave slope.
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T a b l e  I I I

V a r ia t io n  o p  E i /2 f o r  B e n z o p h e n o n e  a n d  o f  p H  w it h  E t h a n o l  C o n t e n t

Ethanol, vol. % 0 9 .5 14 .5 1 0 . 0 2 8 .5 38 .0
pH “ 2 . 6 2 .7 2 . 8 2 .9 3 .0 3 . 1
E i/ 2 (wave I), v. - 0 .8 8 5 - 0 .8 9 8 - 0 . 9 1 1 - 0 .9 5 3 -0 .9 9 0
Ei/, (wave II) , v . - 1 .0 6 8 - 1 . 0 7 7 - 1 .0 9 0 - 1 . 1 0 0 - 1 . 1 0 9
Ei/, (wave I  in 19 %  EtO H ) , 6 v. - 0 .9 2 5 - 0 .9 3 1 - 0 .9 3 8 - 0 .9 4 5 - 0 .9 5 1
Ei/, (wave I I  in 19 %  EtO H ) , 6 v . - 1 . 1 0 1 - 1 . 1 0 3 - 1 . 1 0 4 - 1 . 1 0 7 - 1 . 1 0 9
° Original aqueous buffer solution was of pH  2.6; the pH values given are those indicated by a glass electrode-calomel 

electrode pair. The pH  measurement is, obviously, less meaningful with increasing ethanol content. b Benzophenone 
waves in 19 %  EtO H  solution prepared from aqueous solution having the pH  listed above.

straight line as the alcohol content increases. 
Values of ana and log k° for both benzophenone 
waves at varying EtOH content are given in Table 
IIC ; cma for wave I at lower EtOH concentration 
is estimated from the straight-line portion of the 
plot.

Analysis of Current-Time Curves.—The Kou- 
tecky theory of irreversible processes predicts that, 
during the life of an individual drop, the instan
taneous current i  at the foot of the irreversible 
wave is approximately proportional to ¿2/l (t is 
the time from the beginning of the drop forma
tion).8-10 Consequently, current-time curves for 
the benzophenone reduction were analyzed.

Since the i-t relation during a drop-life can be 
expressed approximately as

i  = constant X £a (4a)
then

log i  — a log t (4b)
To evaluate a, it is only necessary to know the rela
tive current magnitude at each time interval. Since 
measurement of the faradaic current at the early 
stages of the drop growth is very much affected by 
the charging current, correction for which is dif
ficult, and by other factors which cannot be esti
mated theoretically,11 measurements were made 
at 0.5-sec. intervals, starting 0.5 sec. after the 
beginning of drop growth.

The results for the two benzophenone waves at 
different alcohol contents and drop-times (mercury 
heights) are given in Fig. 2; for orientative pur
poses, i-t plots are also presented for a typical 
diffusion-controlled reversible process (Cd(II) re
duction) and a typical irreversible process (nitro- 
methane reduction). In the Cd(II) reduction, 
i is proportional to %  at any potential along the 
wave. In the nitromethane reduction, i is pro
portional to at the foot of the wave, to /‘A on 
the diffusion current plateau and to values between 

and £I/c in the intermediate potential range; 
these results are those theoretically expected for 
an irreversible process.

Wave I seems to be kinetic-controlled, regardless 
of alcohol content and mercury height. At higher 
Hg height, the change of log i-log t slope with po
tential resembles that for an irreversible process; 
similar behavior has been observed for benzo-

(8) P. Kivalo, K. B. Oldham and H. A. Laitinen, ./. Am. Chem. Soc., 
75, 4148 (1953).

(9) P. Delahay, “ New Instrumental Methods in Electrochemistry,”  
Interscience Publishers, Inc., New York, N. Y"., 1954, p. 81-82.

(10) I. Weber, Collection Czech. Chem. Commune., 24, 1420 (1959).
(11) For a discussion of these factors, see J. M. Markowitz and P. J. 

Elving, Chem. Revs., 58, 1047 (1958); J. Am. Chem. Soc., 81, 3518 
(1959).

E  vs. N .H .E ., volt.
Fig. 1 .— Effect of pH on the plot of log k-t vs . E  for the 

benzophenone reduction waves. W ave I, solid lines; wave 
II, dashed lines. The numbers near the lines refer to pH 
of the aqueous solution before ethanol addition. Solution 
composition, 0.1 m M  ketone; 19% ethanol; 0 A M  ionic 
strength.

phenone in 0.1 M  LiOII.12 However, even at the 
top of the wave the reaction is not purely diffusion- 
controlled as predicted by the Koutecky theory. 
At low EtOH content the log plot shows a convex 
slope at the foot of the wave; this and other aspects 
of the behavior of wave I are discussed in the fol
lowing section.

Wave II is apparently entirely diffusion-control
led at higher Hg height, since the log slope is Y  
at any potential along the wave except for the 
lower part of the wave in 38% EtOH, where partial 
kinetic-control is indicated; the latter may be 
due to the decrease in reaction rate by the EtOH 
film adsorbed on the electrode surface at high 
ethanol content.13 At lower Hg height, all of 
wave II seems to be partially kinetic-controlled, 
even at lower EtOH content, although the re
action rate in 19% EtOH as indicated by the i-t 
growth is higher than that in 38%. This kinetic 
control may be related to the peculiar i-t curve 
shape subsequently discussed (Fig. 3). From 
such behavior, it is evident that the wave II process 
is not sufficiently rapid to make it diffusion con
trolled and that retardation of the reaction by an

(12) J. Kuta and I. Smoler, Collection Czech. Chem. C om m une24, 
2208 (1959).

(13) M . Suzuki and P. J. Elving, ibid., in press.
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Time, t (sec.).
Fig. 2.—Plots of log i vs. log t, measured at various poten

tials, for: (A) 0 .1 m M  Cd(II) in 0.4 M  K C 1 (E m  =  —0.65 
v .) ; (B) 0 .1 mM  C H 3N 0 2 in pH 4.4 M cllvaine buffer plus 
added K C 1 (0 .5%  EtO H  solution) (E w  — —0.77 v .) : and 
(C) to (F) 0.2 m M  benzophenone in pH  2.6 M cllvaine buffer 
plus added KOI to 0.3 M  ionic strength. Potentials under
neath the lines are those at which the relations were deter
mined; fractions over the lines are the slopes of the lines (the 
slopes are not given for curved lines). (C) 19 %  EtO H, h 
(mercury height) =  44 cm.; (D) 19 %  EtO H, h =  64 cm.; 
(E) 38%  EtO H, h =  44 cm.; (F) 38 %  EtO H , h =  64 cm. 
K e y  to numbers following potentials: (1) foot of wave I ;  
(2) upper part of wave I ;  (2') top of wave I ;  (3) lower part 
of wave I I ;  (4) upper part of wave II.

Fig. 3.— Benzophenone, 0.2 m M , at pH  2.6 and 0.3 M  
ionic strength (original solution), and 19 .0 %  ethanol: A, 
rising portion of the first polarographi c wave between ca. 
0.5 id and the limiting current; B , oscillographic current
time curve at —1.00 v. (t =  5.0 sec.); C, same as B  except 
for the addition of ca. 0 .0 0 1%  Triton X - 10 0 ."

ethanol film can change the electrode process from 
diffusion to partial kinetic control.

It can be concluded from the i-t curve analysis 
that wave I appears to be irreversible owing to the 
benzopinacol film formation, although the electron

transfer process itself is rapid. This phenomenon 
is more pronounced at lower alcoholic content be
cause of the lesser solubility of benzopinacol in 
such solution.

The electrode process of wave II is diffusion-con
trolled at lower alcoholic content. At higher alco
holic content, it becomes partially kinetic-control- 
led owing to the retardation of the reaction rate 
by an adsorbed ethanol film. This suggests that, 
the wave II process is not as rapid as a reversible 
one.

Nature of the First Wave.—The log h -E  and
A/i',/,-t relations observed indicate that the as
sumptions involved in the Koutecky theory are not 
valid in the case of the first ketone reduction process 
in acid solution, even if the reaction is irreversible. 
Koutecky assumes4 that the process is controlled 
only by one rate-determining step and diffusion, 
that the product is soluble in solution or mercury, 
and that the backward reaction is negligible. 
Since the process giving rise to wave I involves only 
one electron, it is unlikely that two or more con
secutive irreversible reactions are involved in the 
rate-determining step as in the case of nitro- 
methane.13 The unlikelihood of the backward 
reaction proceeding to any appreciable extent in 
the case of benzophenone is indicated by the fail
ure to detect any anodic current by oscillographic 
observation of the anodic polarization of the 
electrode.2

The most probable discrepancy from Kout-ecky’s 
assumptions is in failure of the product (carbinol 
free radical) to diffuse away from the electrode 
interface into the bulk solution due to its chemical 
reaction to form pinacol. In such a situation, • 
if the rate of the dimerization reaction is very 
rapid, the net electrode process could appear to be 
irreversible, even if the electron transfer process 
is reversible as in

h
2 R R 'C = 0 — H  +  2e 2 R R 'C O H  -— >

R R 'C O H  • C O H R R ' (5)

where k is the homogeneous rate constant for the 
dimerization reaction. The scheme of equation 5, 
reversible electron transfer followed by a very 
rapid irreversible dimerization reaction, has been 
analyzed mathematically by Koutecky and 
Hanus.14 The equation of the polarographic wave 
is expressed as

(i/idY = kC*\H
[1 -  (i/id)V 1 .5 1  w

where
X = exp[(nsF/RT)(E<> _  #)] (7)

and i is the mean current at the potential E  along 
the wave, id the mean diffusion current, C *  the 
initial bulk concentration of the oxidant, t the 
drop time, E° the standard oxidation-reduction 
potential for the reversible electron transfer re
action, and the other terms have their usual mean
ing. Relation (8) between current and potential 
then can be derived
3 log (i/id) — 2  log [1 — (i/id)] =  log (A; (7*4/1.51) +

3E °/0.0591 -  3E /0 .0591 (» . =  1 ;  25 °) (8 )

(14) J. Koutecky and V. Hanus, ibid., 20, 124 (1955).
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The first and the second terms on the right-hand 
side are independent of E, provided that t is not 
appreciably changed by E along the wave. Thus, 
the left-hand side varies linearly with E with a 
slope of 19.7 mv.

On the other hand, if the electrochemical re
action leading to a free radical

R R 'C = 0 — H + +  e — ^  R R 'C O H  (9)

proceeds irreversibly and the dimerization reaction 
has no effect on the electrode process, the current- 
potential relation should be16

T IT i
E  =  co n s ta n t----------- In ---------. (10a)«nar *d — i

=  constant — 0-0591 ]0g _—t—. [Ma = i .  25°] (10b)
a l& — l

A plot of the log term vs. E should then give for 
wave I a straight line with a slope of 59.1 /a mv.

The experimentally obtained log plots are given 
in Fig. 4.

At low alcohol content the plot of log [i/ 
{id — i) ] vs. E for benzophenone and p-bromobenzo- 
phenone is curved. With increasing EtOH con
tent, the plot gradually becomes a straight line. 
On the other hand, the plot of ¡3 log (1/id) — 2 
log [1 — (i/id) ] | vs. E  is curved in all EtOH con
tents investigated; however, at 38% EtOH it 
approximates a straight line for benzophenone 
reduction. Although, in general, a log plot does 
not accurately represent an electrode process, this 
behavior in log plots suggests that in low EtOH 
solution the electrode reaction proceeds according 
to neither of the schemes of equations 5 and 9, and 
in high EtOH solution may proceed according to 
that of equation 9. This assumption is reasonable, 
since in high alcoholic solution the electron trans
fer process is retarded by an adsorbed alcohol 
film,6'13 and the rate of dimerization may be de
creased due to the increased steady state concen
tration of pinacol resulting from its increased 
solubility. The failure of the plots for p-bromo- 
benzophenone to become straight lines even in 
high EtOH solution may be attributed to the 
very low solubility of p-bromobenzopinacol.16

Thus, one may conclude from the above results 
that the electron transfer process for the first, ke
tone reduction wave is neither reversible nor com
pletely irreversible, but, as this reaction is fol
lowed by an irreversible chemical process, the net 
reaction appears to be completely irreversible. The 
rate of the irreversible chemical reaction depends 
on the solubility of the pinacol formed; with in
creasing alcohol content, the rate of the electron 
transfer process is retarded and the net reaction 
still appears to be irreversible, in which case the 
Koutecky treatment may be applicable to some 
extent. However, in the actual case some devia
tion from the Koutecky theory for simple irrevers
ible processes should occur, because the reduction 
product dimerizes to form a film which is insoluble

(15) D. M . H. Kern, J. Am. Chem. Soc., 76, 4234 (1954).
(16) The solubilities ol benzopinacol and p-bromobenzopinncol in 

alcoholic solution are not available. However, i t  is reasonable to sup
pose that, since p-bromobenzophenone is less soluble in alcoholic solu
tion than benzophenone, p-bromobenzopinacol is less soluble than ben
zopinacol.

-0 .9 0  -  0.95 -  0.85 -  0.90 -  0.95
E  vs. S .C .E ., volt.

Fig. 4.— Effect of ethanol on the plots of current functions 
vs. E  for wave I :  A and C, benzophenone; B  and D , p- 
bromobenzophenone. Solution composition, 0 .1 m M  
ketone; 0.4 M  ionic strength; pH  2.6; the percentages on 
the lines represent the ethanol concentration. The dotted 
lines represent the behavior expected for a reversible wave.

even in high EtOH content, as subsequently 
discussed.

Presence of a Film Layer.— There is considerable 
evidence for the formation at the electrode surface 
of a film layer during the reduction process, which 
produces wave I, due to the apparent low aqueous 
solubility of benzopinacol, e.g., disappearance of 
the inflection in the log fa-E plot with increasing 
alcohol content. This layer may be present as an 
adsorbed monolayer.

At low current (foot of the reduction wave), 
plots of log fa-E for benzophenone approximately 
parallel each other. In this region the concentra
tion of product formed at the interface is too 
low to form a film and consequently the electrode 
reaction proceeds smoothly. With increasing cur
rent, the product concentration becomes sufficiently 
high to form an insoluble film, which, by covering 
the electrode surface, may retard the reaction and 
hinder the current flow. Consequently, the log 
fa-E plot shows an inflection. As benzopinacol 
is more soluble at higher EtOH content, film forma
tion occurs there to a less extent and the log fa-E 
relation tends toward a straight line.

Acetophenone and its pinacol are reported to be 
adsorbed on the mercury electrode surface; how
ever, since these compounds are desorbed at —1.1 
and —1.3 v. vs. S.C.E. in 0.1 M  NaClCfi solution 
and Ei/t of the acetophenone reduction is —1.5 
v., the adsorbed film of either substance has no 
effect on the aceoophenone reduction.17 Attempts

(17) I i .  A. Laitinen and B. Mosier, J. Am. Chem. Soc., 80, 2363 
(1958).
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1  2 3 4 5 6  7
pH.

Fig. 5.—Variation of Em  with pH : solution composition, 
0 .1 mM  ketone; solid line, benzophenone in 38 %  EtO H ; 
short dash line, benzophenone in 19 %  EtO H ; long dash 
line, p-bromobenzophenone in 19 %  EtOH.

were made in the present study to detect adsorp
tion and desorption of benzophenone and benzo- 
pinacol by alternating current polarography; a 
noticeable tensimetric wave could not be de
tected for either compound. This failure may be 
a result of the relatively low sensitivity of a.c. 
polarography for capacitance measurement.

Militating against the presence of a purely 
physically adsorbed layer of benzopinacol in the 
high alcohol content solutions used in the present 
work is the presumably greater adsorbability of 
ethanol as compared to benzopinacol. However, 
both adsorption of benzopinacol onto mercury 
and its low solubility in the solution may control 
film formation with the effect of adsorption being 
tempered by competition between the benzopinacol 
and ethanol for adsorption sites.

Further support for the postulated film layer is 
given by the current-time curves (Fig. 2). The 
fact that early in the drop-life the log ¿-log t 
relation approximates a straight line with a slope 
of about 2/ 3 (the theoretical value for a purely 
kinetic controlled process) indicates that the 
electrode process is not hindered by the film at this 
stage. Later in the drop-life the current flow is 
obviously hindered. If this is due to the benzo
pinacol film formed with increased current, the 
effect of the film coverage must be more prominent 
the smaller the rate of increase in electrode area; 
this can be seen by comparing the curves at dif
ferent mercury heights (Fig. 2C ,D ); the curvature 
is much more pronounced at lower height. At more 
negative potential, since film coverage should occur 
early in the drop-life, a discernible curvature in the 
log plot may not appear within the time range 
plotted.

A peculiar inflection in the i- -t curve at the upper 
part of wave I is identifiable with an anomalous 
shape in the polarograph recorder oscillation (Fig.
3). This possibly is due to the film decreasing 
the amount of electroactive material which reaches 
the electrode until the film is ruptured because of the 
drop expansion, which results in a burst of current 
due to the accumulated electroactive material. 
The change in capacity of the electrical double

layer due to film formation is likely a significant 
factor.

Addition of a surface-active substance (Triton 
X-100) is not very effective in eliminating the 
peculiar i i  effect; this may be result from the rate 
of adsorption of Triton being much smaller than 
that of pinacol film formation or to the Triton 
being less successful in the competition for adsorp
tion sites.

Kinetics of the Reduction Wave.—The Koutecky 
treatment, if applicable, would permit estimation of 
the kinetic parameters, ana and fc°, from the log 
kf-E plots in high EtOH concentration, where 
the plots approximate straight lines (Table IIB). 
If ana at pH 3.85, whose measurement involves 
some uncertainty due to the near coalescence of 
waves I and II, is assumed to be 1.12, log k° for 
both waves varies linearly with pH in both 19 
and 38% EtOH, indicating linear dependence of 
the rate of the benzophenone reduction process 
upon hydrogen ion concentration. By extrapolat
ing to pH 0, the values of log k° are estimated

Ethanol, volume %  38 %  19 %
log h° for wave I  —14 .7  —1 3 .3
log A- 0 for wave I I  —15 .9  —13 .4

However, the value of ana calculated from the 
plot slope (Table IIB) is too large (a normally is 
between 0.7 and 0.3, and na for both waves is 
generally accepted to be 1), suggesting that the 
Koutecky treatment is not applicable in the 
present case, at least in toto. Consequently, the 
observed /c° values may be in error to some extent.

Nature of the Second Wave.—The electro
chemical reaction mechanism of the second ketone 
wave in the acid solution is considered to be3
R R 'C = 0  - ■ • -H + +  e — >- R R 'C — OH [wave I stop]

(11)
R R 'C —OH +  e — >  R R 'C - — OH • (12)

R R 'C - — OH +  II  + — >- R R 'C H O H  (13)

The rate of reaction 11 apparently becomes rapid; 
that of reaction 12 is much greater than the rate of 
dimerization of free radical, since, if it, were not, 
the height of wave II would be less than that of 
wave I. If both reactions 12 and 13 proceed re
versibly, E</, for wave II should depend on pH 
in a normal manner. Obviously, although the de
pendency of Ei/, for wave II on pH is less than that 
of wave I (Fig. 5), this dependency is contrary to 
the generally accepted pH-independence of the 
second wave.18 This fact leads to the conclusion 
that reaction 13 participates to some extent in the 
potential-determining step, which is considered to 
be reaction 12.

It may be concluded from consideration of the 
slopes of the log h -E  (Table IIB) and log ¿-log 
t plots (Fig. 2), and of the shift of Ei/, with alcohol 
content (Table III) that wave II, i.e., over-all 
reaction 12 and 13, is not a completely irreversible 
process. Existence of the backward reaction to 
some extent has been confirmed by oscillographic

(18) It is likely that previous investigators assumed that the varia
tion in Ei/i with pH of wave II was due to experimental error. For 
example, the data for this wave in reference 3 is —1.151 v. at pH 4.1 
and —1.169 at pH 4.8 (19% ethanol and ionic strength of 0.40 M).
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observation.2 Evidently, reaction 12 is a fairly 
rapid one, even though it might not be reversible, 
and reaction 13 is generally a very rapid reaction. 
It is, however, possible that the pH-dependency 
of wave II is associated with an acid-anion type 
of equilibrium involving the free radical and its 
protonated form, i.e., there may be reduction of two 
competing forms.

As stated in the earlier discussion of current
time curves, wave II is diffusion-controlled in 
19% EtOH solution, but in 38% EtOH is partially 
kinetic-controlled at the lower part of the wave 
owing to retardation of the reaction rate by an 
ethanol film. Therefore, the rate constant, fa, 
for wave II would have a value intermediate be
tween those of a reversible process and a com
pletely irreversible process. Assuming that the 
Koutecky procedure is applicable to the electrode 
process in 38% EtOH, the rate constant at Ei/t 
can be calculated from

fcf<Ei/a) =  X i / a D ' / . / i ' / »  ( 14 )

For the experimental conditions of Table IIB 
(D =  2.2 X 10-6 cm.2/sec., t — 3.30 sec., pH
2.1 to 2.9), fa at E y, is 6.2 X 10“ 4 cm./sec. ; 
since the log i-log t slope at the lower part of the 
wave is less than the 2/ 3 predicted by the Koutecky 
theory (Fig. 2), the actual rate constant may be 
somewhat greater. In 19% EtOH fa should be 
much greater. For a reversible reaction the 
specific rate constant, k°, calculated19 for the D and 
t values specified, is ca. 8 X 10~3 cm./sec. As the 
actual wave II process is not completely reversible 
the actual rate constant at E i/2 for wave II in 
19% EtOH would be between 8 X 10-3 and 6.2 
X 10-4 cm./sec. Calculations for fa at wave 
I Di/, indicate it to have the same range.

The conclusion that the electron-transfer proc
esses for ketone reduction are fairly rapid reac
tions, is supported by the recent study of benzo
phenone reduction in non-aqueous dimethylform- 
amide solution,20 although the circumstances in 
non-aqueous solution are somewhat different from 
those in aqueous solution.

Nature of the Combined Wave.—The electro
chemical reaction mechanism of the combined 
ketone wave is considered to be3

R R 'C = 0 -  • -H+ +  c - U -  R R 'C — OH +  e
iii

R R 'C  -  —OH +  H+ -— >- RR'CHOH (15)
In general, the natures of these reaction steps 
should approximate those of the first and second 
waves discussed. However, reaction i is not fol
lowed by an irreversible dimerization reaction as in 
the case of wave I in acidic solution, since the free 
radical immediately accepts a second electron; 
the net reaction involves two consecutive electron- 
transfer processes. Although the potential-de
termining step is obviously the first electron 
transfer process (process i, which corresponds to 
wave I in acidic media), the kinetic natine of the 
combined wave is not clear as the actual rate con
stant for each process is not available. In 38%

(19) P. Delahay, J. Am. Chem. S o c 75, 1430 (1953).
(20) A. C. Aten, Doctoral Thesis, The Free University of Amster

dam, 1959.

EtOH both electron-transfer processes are not as 
rapid as that of a reversible process. If the as
sumption is made that the net reaction is completely 
irreversible (actually, this might be not valid), 
culla, and log fc° can be estimated by the Koutecky 
procedure (Table IIB). If cma for each process 
is independent of pH and if k° continues to shift 
linearly with pH as in acidic media (Table IIB). 
log k° for each reaction at higher pH can be cal
culated from the Table IIB data. From these 
values (Table IV) the hypothetical log fa for each 
process at A,/, of the actual combined wave can 
be evaluated. Comparison of these values with 
those obtained from the combined wave indicates 
that the reaction rate is determined at pH 5.7 
by process ii and at pH 6.8 by process i. This is 
reasonable, since with increasing pH process ii 
occurs at a much more negative potential than 
it might be itself. At pH 4.8, the measured log 
fa has a mean value of two processes, as might 
result from the merging of wave 1 into wave II. 
At higher pH, the wave I process probably occurs 
at a more negative potential than would wave II 
itself; consequently, process i as soon as it starts 
to occur, triggers process ii since the process i 
product is reducible at the potential of its formation. 
Consequently, the combined wave is mainly de
termined by process i.

T a b l e  IV
M e a s u r e d  a n d  C a l c u l a t e d  R a t e  C o n s t a n t s  f o r  B e n z o 

p h e n o n e  i n  3 8 %  E t h a n o l  

Calcd. log
ki at E\/i of Measd. values

Aque 38% combined for
ous EtOH x------- Log /c»--------. wave combined wave

buffer, soin., Wave Wave Wave Wave Log Ei/2,
pH pH I II I ir ki v.

2.10 2.60 - 1 7 .0a -16.0 '*
2.95 3.45 - 1 8 . l a -1 6 .9 “
3.85 4.35 -1 9 .0 ° -1 7 .2 “
4.78 5.25 -1 9 .9 6 -1 7 .5 6 - 2 .8 - 3 .6 - 3 .2  -0 .9 0 4
5.70 6.20 -  20,8b —17.8'* - 3 .0 - 3 .3 - 3 .3  -0 .9 4 3
6.82 7.50 -2 2 . V -1 8 .3 6 - 3 .1 - 2 .8 - 3 .2  -1 .0 0 4
“ Measured value. b Calculated value. .

Experimental
Chemicals.— Benzophenone and p-bromobenzophenone 

were purified by recrystallization from ethanol (m .p. 48 
and 8 1° , respectively); stock solutions ( 1  m ilt in ketone) 
were prepared by dissolving weighed amounts in reagent 
grade 95%  EtO H . Other chemicals used were analytical 
reagent grade. M cllvaine buffers were used except at pH 
less than 2, where the H C 1-K C 1 system was used; ionic 
strength of the test solution was adjusted to a definite value 
by adding K C 1 . 21 As the test solution contained a con
siderable amount of EtO H  (added because of the limited 
solubility of ketone and to study the effect of ethanol con
centration), pH and ionic strength in the test solution differ 
from those of the aqueous buffers used; pH and ionic 
strength values listed are those of the aqueous solution, 
unless otherwise mentioned.

Nitrogen used for deoxygenation was purified by bubbling 
it successively through alkaline pyrogallol solution, distilled 
water and, in the case of high alcoholic content test solution, 
a portion of the latt er.

Apparatus.— A water-jacketed H-cell22 containing a 
reference saturated calomel half-cell in one arm and an 
agar bridge plug was used at 25 ±  0 .5 ° . Reported poten
tials are vs. S .C .E . Since the cell solution resistance was

(21) P. J. Elving, J. M. Markowitz and I. Rosenthal, Anal. Chem., 
28, 1179 (1950).

(22) J. C. Komyathy, F. Malloy and P. J. Elving, ibid., 24, 431 
(1952).
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less than 500 ohms and the current less than 1  ya,., potentials 
were not corrected for iR  drop.

Capillaries (Corning marine barometer tubing) used for 
the dropping mercury electrode had values of m =  ca.
1 .2  m g./sec. and f =  3 .5 -4 .5  sec. at open circuit and 50 
em. pressure. The back pressure was about 1.8  cm.

A  Beckman Model G pH  meter was used for pH measure
ment.

Current-measuring Procedures.— Current-potential re
lations were measured b y  a Sargent Model X X I  polaro- 
graph. Maximum recorder-pen deflection was taken as a 
measure of the true maximum current in a drop-life, use of 
which gives more precise results in calculations with the 
Koutecky equation than does the average current . 8 To 
verify this approach, maximum recorder current values were 
compared with those obtained using a cathode-ray oscil
loscope (C R O ). W ith no damping and a somewhat over
shooting condition of the recorder pen, both values agreed 
within the measuring error; values of ana and k° obtained 
with this recorder technique coincide within experimental 
error with those measured with CRO  technique. Currents 
obtained with the polarograph were checked occasionally 
with CRO  observation.

Currents were measured at constant potential at 10  or 
2 0 -m v. steps along the wave and were corrected for residual 
current. To increase the accuracy of potential measure
ment, a  potentiometer was used to set the span voltage of 
the polarograph to 500 m v. and the initial voltage to any 
desired potential.

Procedures for evaluating ana and fc° by the Koutecky 
method from data for the polarographic wave have been 
described b y  D elah ay . 9

M easurem ent of Current-Tim e Curves.— Current-tim e 
curves during a drop-life were measured by the following 
oscillographic technique: polarizing potential is applied

to the dropping mercury electrode by a potentiometer. 
The ohmic voltage, produced by the current passing through 
a precision resistor (Leeds and Northrup decade box No. 
4750) inserted in series with the cell in the electrolytic 
circuit, is fed to the input terminals of a Brown-recorder 
amplifier N o. 76020, converted to a square wave voltage 
by the built-in converter, and then amplified. The output 
voltage produced by the gain-control of the amplifier is im
posed on the vertical terminals of a DuM ont N o. 304H 
CRO  and further amplified by the built-in d.c. amplifier 
to produce a sufficient deflection of the cathode-ray electron 
beam. Although the pattern obtained by this method is a 
distorted square wave having a frequency of 60 c .p .s., 
its amplitude is proportional to the magnitude of the d.c. 
current flowing through the electrolytic cell. B y  this 
amplifying method, the small potential of about 0 . 1  m v. 
which develops across the decade box can be sufficiently 
amplified to produce a considerable deflection (2 or 3 in.) 
on the CRO  screen.

A  capacitor contained in the CRO  used can produce a 
time base of about 6  sec. for one cycle, which is sufficient 
to reproduce the i - t  curve during one drop-life. This 
trace was recorded with a DuM ont T ype 296 CRO  camera, 
using a diaphragm setting of flfi or f22, and K odak Pan- 
atom ic-X film (F X 13 5 ) . The shutter was set at “ B u lb ”  
speed and was opened during one entire sweep to record the 
whole i - t  curve during one drop-life. The charging current 
was similarly recorded to permit correction of the faradaic 
current. The upper edge of the trace was measured to 
give the current.
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Stoichiometric and equilibrium determinations were made of the thermal decomposition reaction of plutonium hexa
fluoride at temperatures from 150  to 400°. The reaction products under these conditions were gaseous fluorine and solid 
plutonium tetrafluoride. Below 300°, the equilibrium constants (moles PuF./m oles F 2) were found to be higher than litera
ture values. The sharp change in the relation between log K  and l/T  at 308° reported previously was no, found in the 
present work. The relation between equilibrium constant and temperature is expressed by the equation log K  =  —1 3 3 1 /  
T (°K .) -  0.275.

Introduction
The thermal decomposition reaction of plutonium 

hexafluoride is known to produce gaseous fluorine 
and a solid compound which is non-volatile at ordi
nary temperatures. On the basis of X-ray analysis, 
Weinstock and Malm2 reported the solid compound 
as plutonium tetrafluoride. Other workers, how
ever, have indicated some uncertainty regarding its 
identity. It was suggested that X-ray analysis may 
not constitute certain identification, since Mandle- 
berg, et a l . ,3 reported that a substance they identi
fied as PU4F17 gave a diffraction pattern similar to 
that of plutonium tetrafluoride. Other work has 
also suggested the possibility of Pu4F17. The exist
ence of plutonium pentafluoride has been postu
lated on the basis of thermodynamic estimates4

(1) Work performed under the auspices of the U. S. Atomic Energy- 
Commission.

(2) B. Weinstock and J. G, Malm, J. Inorg. Nuclear Chem., 2, 380 
(1956).

(3) C. J. Mandleberg, et al., ibid., 2, 358 (1956).
(-1) L. Brewer, et al., “ The Higher Fluorides of Plutonium,” U. S. 

Atomic Energy Commission Report UCRL-633, March 20, 1950.

and some experimental evidence for it has been 
reported. It has not been isolated, however. 
Florin and co-workers6 found the solid decomposi
tion product to contain less fluorine than the penta
fluoride. Thus it appeared that the solid decom
position product could be either plutonium tetra
fluoride, or perhaps a plutonium compound analo
gous to one of the intermediate uranium fluorides, 
U4Fi7, U2F9 and UF6.

Since an identification of the solid product would 
involve distinguishing among a number of similar 
compounds, several independent methods were used 
to confirm the result.

Equilibrium constants for the reaction PuF4 +  
F2 PuF6 were measured by Florin, et a l.,3 at 
several temperatures from 167 to 600°. They 
found the temperature dependence of the equilib
rium constant to change rather abruptly at 308°, 
and suggested that this was the result of a phase 
change in the reacting material. Weinstock and

(5) A. E. Florin, I. R . Tannenbaum and J. F. Lemons, J. Inorg. 
Nuclear Chem., 2, 368 (1956).
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Malm2 also determined the equilibrium constant at 
220°. Since these data appeared to be question
able, particularly at the lower temperatures, addi
tional equilibrium constant determinations were 
made from 150 to 400°.

Experimental
M aterials.— Compressed fluorine was obtained from com

mercial sources; its purity had been determined previously 
to be over 99% . I t  was passed through a bed of sodium 
fluoride pellets at room temperature to remove possible 
traces of hydrogen fluoride. The plutonium tetrafluoride 
was obtained from the R ocky F lats facility through the U. S. 
Atomic Energy Commission. The helium used in the work 
was dried by passing it through a bed of Linde Molecular 
Sieves.

Apparatus.— Existing equipment in the laboratory was 
modified to provide sealed glove boxes suitable for the safe 
handling of powdered plutonium compounds. Two fume 
hoods were joined by a gasketed door. The sliding glass 
windows in the faces of the hoods were replaced by plastic 
panels which were equipped with glove ports and clamping 
bars to hold them in place. Air circulation was maintained 
in the hoods with suitable inlet and outlet filters to prevent 
any possible alpha contamination outside the hoods. The 
ventilation was adjusted to maintain a pressure about 0.7 
inch of water below atmospheric within the hoods. Materials 
were transferred in and out of the hoods through a port fitted 
with a plastic sleeve which could be sealed and cut in such a 
way as to preserve the integrity of the enclosure. An oil 
diffusion pump with the associated vacuum gages was 
located inside the hood. Mechanical pumps were placed 
outside the hoods, but their exhausts were returned to the 
hoods via a copper line.

The apparatus was constructed of metal and was designed 
to operate either as a vacuum line or as a flow system. 
Those portions of the system in which plutonium fluorides 
were handled were assembled from Hoke No. 4 1 1 A  or 4 13 A 
diaphragm valves and from nickel and Monel components 
welded together. The nickel and Monel sections of the 
vacuum line were pretreated with fluorine at pressures of 700 
to 1200 mm. and temperatures of 300 to 350° for about 15  
hours. The portion of the equipment in which plutonium 
hexafluoride was prepared, purified and handled was joined 
by a Teflon-gasketed flare connector to a vacuum service 
line. The latter consisted of Vi-inch copper tubing and an 
arrangement of brass high-vacuum valves which permitted 
the use of the mechanical pump, the oil diffusion pump, dry 
traps and vacuum gages as needed.

In order to weigh samples of plutonium hexafluoride, 
small nickel vessels were fabricated from short lengths of 
1  Vi-inch nickel tubing and 1/ 82-inch nickel sheet. Each vessel 
was fitted with a Hoke N o. 1 10 3  bellows valve and a flare 
connector by which it could be attached to the vacuum 
manifold. Teflon gaskets were used below 100° and copper 
gaskets were used at the higher temperatures. The volume 
of each weighing vessel was about 50 m l., and the total 
weight was about 150  g ., which allowed them to be weighed 
on an ordinary analytical balance. A  keyboard balance was 
used for ease of manipulation within the glove box.

Pressures below 1200 mm. were measured with a mercury 
manometer in conjunction with a Booth-Crom er pressure 
transmitter and self-balancing re lay .6 Pressures were 
measured above 1200 mm. with a Monel bourdon gage 
obtained from the American Chain and Cable Co. The 
bourdon gage was calibrated against a mercury manometer.

Temperatures were measured with a chromel-alumel ther
mocouple and a recording potentiometer. The thermocouple 
had been calibrated against a  standard platinum resistance 
thermometer.

One of the problems associated with the equilibrium 
determinations is that the ratio of plutonium hexafluoride to 
fluorine in the equilibrium gas phase is small. Since the 
constant was derived from the amounts of plutonium hexa
fluoride and fluorine present in the gas phase, it was neces
sary to use a vessel of large volume in order to have sufficient 
plutonium hexafluoride for accurate weighing. As a conse- * 803

(6) S. Cromer, “ The Electronic Pressure Transmitter and Self- 
Balancing Relay,”  U. S. Atomic Energy Commission Report, MDDC-
8 0 3  ( 1 9 4 7 ) .

quence, both the vessel volume and the equilibrium fluorine 
pressure were made as large as conveniently possible.

The equilibrium vessel, which was made from welded 
nickel components, had a diameter of about 3  inches and a 
volume of approximately 1.0  liter. A  thermocouple well 
and a gas take-off tube extended down to the approximate 
geometric center of the vessel. This tube was closed by a 
Hoke N o. 4 1 1A  diaphragm valve welded to one end of the 
vessel. In order to obtain reliable operation at 400°, it was 
necessary to replace the stainless steel return spring by one 
made of Inconel “ X  ” . The entire assembly was enclosed in 
a cylindrical stainless steel heater shell which was flanged to 
accommodate covers at the ends. One cover was designed 
to permit access to the thermocouple well, the gas take-off 
tube and the valve, which was operated with an extension 
handle. The stainless steel heater shell was equipped with 
appropriate resistance heaters and insulation, and the tem
perature was controlled by a variable transformer.

A  line from the valve on the gas take-off tube led to two 
U-traps in series, then to the vacuum line. The traps were 
made from 2 0 -inch lengths of V 4-inch nickel tubing coiled so 
as to produce four loops at the bottom of the U. The ends 
of the traps were fitted with Hoke No. 110 3  bellows valves 
and flare connectors. The traps were of a  size and weight 
that permitted them tc be weighed on the analytical balance.

All the apparatus used for the vacuum work was tested 
prior to use with a helium leak detector.

Procedure.— Plutonium hexafluoride was prepared by 
passing fluorine over plutonium tetrafluoride at 550°. It 
was isolated by passing the gas stream through a trap cooled 
in D ry  Ice and trichloroethylene, which condensed the prod
uct but not the fluorine. The hexafluoride was purified 
from the more volatile impurities such as hydrogen fluoride, 
occluded fluorine and carbon tetrafluoride by a procedure 
similar to that of Weinstock and M alm . 2 I t  was first frozen 
in a trap cooled by liquid nitrogen, allowed to warm slowly 
to room temperature and distilled into an adjoining trap 
cooled by D ry  Ice and trichloroethylene. The latter trap 
was open to the diffusion pump during the distillation. This 
procedure was repeated several times on each batch of plu
tonium hexafluoride. The purity of the plutonium hexa
fluoride was confirmed by measuring its vapor pressure at 
the ice point, where it is about 16  mm.

The small nickel weighing vessels were treated with fluo
rine at 300 and at 400° until the rate of fluorine consumption 
became negligible. The weight change of the vessel during 
additional exposure of one hour to 300 mm. of fluorine pres
sure at the temperature to be used in the experiments was 
then measured to assure a negligible weight change due to 
fluorine uptake during the experiment.

The stoichiomeriy of the plutonium hexafluoride thermal 
decomposition reaction was determined from the weight 
changes accompanying the reaction, the change in the num
ber of moles of gas present, and from chemical and X -ray 
analyses of the solid product.

For the weight change determinations, a sample of pluto
nium hexafluoride was distilled into one of the small vessels 
and weighed. The vessel was heated to decompose the hexa
fluoride, then cooled in liquid nitrogen and evacuated to 
remove the fluorine produced by the decomposition. After 
re-weighing, the vesse- was evacuated at room temperature 
to remove the undecomposed plutonium hexafluoride. A 
third weighing allowed the weights of plutonium hexafluoride 
decomposed and solid residue to be calculated by difference.

For chemical analyses of the solid product, the vessels 
were opened with a tubing cutter and samples of the solid 
were weighed. The fluorine content was obtained from a 
pyrohydrolytic procedure followed by titration of the dis
tillate with standard sodium hydroxide. The plutonium 
content was determined from the amount of solid plutonium 
dioxide remaining after the pyrohydrolysis.

The change in the total number of moles of gas present 
during the reaction was obtained from the ratio of final to 
initial pressures when the reaction occurred at constant 
volum e. A  portion of the system with a volume of about 100 
ml. was filled with plutonium hexafluoride at a measured 
pressure and temperature. The sample was then condensed 
completely into a small vessel which formed a part of the 
original volume and it was isolated there by a valve. This 
vessel was heated to the desired temperature for a given time 
to decompose the hexafluoride. The system was cooled to 
room temperature, the valve was opened and the pressure 
and temperature were determined. These pressure and tern-
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perature data together with the ideal gas law were then used 
to determine the ratio of final to initial moles of gas in the 
system.

For the equilibrium constant determinations, the large 
nickel vessel was charged with the solid decomposition prod
uct of plutonium hexafluoride by filling the vessel with the 
hexafluoride and heating it. The vessel could be charged in 
this manner with sufficient decomposition product for several 
equilibrium experiments. Fluorine was then added to the 
vessel a t room temperature. The temperature and pres
sure of the fluorine were measured, and since the volume of 
the system  was known, the amount of fluorine could be cal
culated. The vessel was brought to the equilibrium tempera
ture both from higher and from lower temperatures to assure 
that equilibrium had been reached. After an equilibration 
period at temperature, the diaphragm valve was opened 
slightly and the equilibrium gas mixture was allowed to 
stream slowly from the vessel into the vacuum line at a rate 
of 15  to 100 ml. per minute. Flow rate variations in this 
range did not affect the results. The gas stream passed 
through the U-traps cooled in a D ry  Ice-trichloroethylene 
mixture where the plutonium hexafluoride was condensed. 
When the vessel had been emptied, the traps were evacuated, 
warmed to room temperature and weighed. The increase in 
weight was assumed to be the equilibrium quantity of pluto
nium hexafluoride. The stoichiometric determinations had 
indicated that the ratio of plutonium hexafluoride to fluorine 
did not va ry  appreciably with the pressure, so no change in 
the equilibrium was expected during the evacuation of the 
vessel.

Results
In the weight-change method of establishing the 

stoichiometry of the reaction, it was found that 
heating a sample of several hundred milligrams of 
plutonium hexafluoride for one hour at 60 to 100° 
resulted in the decomposition o: only a few per cent, 
of the sample. In similar experiments at higher 
temperatures, about 80% of the sample decomposed 
in one hour at 200° and nearly 100% at 300°. 
Heating the solid thermal decomposition product 
during continuous evacuation at 100 to 150° for an 
hour resulted in no further weight change. The 
results of the weight-change experiments are pre
sented in Table I. In all four experiments the 
ratio of fluorine to plutonium in the solid product 
was very close to 4.00. In the first three deter
minations the decomposition was allowed to pro
ceed almost to completion. In the last experiment 
the reaction was quenched when about 60% of the 
plutonium hexafluoride had decomposed. The 
relatively large amount of plutonium hexafluoride 
was removed readily from the non-volatile decom
position product at room temperature to give the 
same result as the first three experiments. This 
observation suggests that stable complex com
pounds of plutonium hexafluoride and the solid 
decomposition product are not formed at tempera
tures of 25 to 150°.

T a b l e  I

It is apparent that the percentages of plutonium 
and fluorine and the ratio are close to the values for 
plutonium tetrafluoride. In both analyses the 
sum of the plutonium and fluorine contents is close 
to 100%, indicating that the samples did not absorb 
appreciable amounts of atmospheric moisture as 
they were being weighed for analysis. Mandleberg, 
et ol,,2 reported that the radiation decomposition 
product of plutonium hexafluoride absorbed at
mospheric moisture rapidly to form a hydrate of 
plutonium tetrafluoride. It is possible, however, 
that the crusty decomposition product formed at 
300° in this work would be less reactive than the 
finely divided powder which Mandleberg obtained 
from the radiation decomposition at lower tem
peratures.

T a b l e  I I

C h e m ic a l  A n a l y se s  o f  th e  So lid  T h e r m a l  D eco m po si
tio n  P rodu ct  o f  P lu to n iu m  H e x a f l u o r id e

Experiment Fluorine, % Plutonium, %
Atomic ratio 

F /Pu
1° 24.3 75.6 4.05
2 ‘ 24.6 76.0 4.06
Pu F, (theor.) 24.1 75.9 4.00
Pu 4F n (theor.) ’ 25.3 74.7 4.25

“ One-fourth of sample 1  was produced by decomposition 
of P uF 6 at 200°, the remainder was produced at 300°. 
b Sample 2 was produced by decomposition of P u F 6 at 300°.

The results of the pressure measurements before 
and after the thermal decomposition of plutonium 
hexafluoride are shown in Table III. The results 
are expressed as the ratio of final to initial number 
of moles of gas in the system. Ratios are also given 
for hypothetical decomposition reactions. The 
experimental data agree more closely with the result- 
expected if the product were plutonium tetrafluoride 
than with any of the other cases.

T a b l e  I I I
P r e ssu r e  M e a s u r e m e n t s  b e f o r e  a n d  a f t e r  t h e  T h e r - 

m al  D e c o m po sitio n  of P lu t o n iu m  H e x a f l u o r id e
Ex- Deeomp. Pressure,
péri
ment

temp.,
°C. Initial

mm.----—*
Final

1 300 105.0 108.0
2 300 95.0 96.8
3 370 78.1 80.7
Hypothetical decomposition 

reactions
PuF» P u F , +  F 2 

PuF» P iqFn +  7/2 F 2 

PuF» < — P1I2F9 ■ I - 3 /2 F 2 

PuF« «=» P uF 6 +  1 / 2  F j

,——Temp., °K.—-, Pressure
Initial Final ratio0
299.0 299.7 1.03
302.2 304.7 1.01
294.7 296.2 1.04

1.000
0.875

.750

.500
0  Calculated as Pfinal Tinitial/Pinitial TfinaL

W e ig h t  C h a n g e  D a t a  from  t h e  T h e r m a l  D eco m position  
o f  P lu t o n iu m  H e x a f l u o r id e

Temp., Wt. PuF, Wt. decomp. Calcd. ratio°C. decomposed, g. product, g. F/Pu
300 0.3510 0.3147 4.08
300 .4178 .3717 3.95
300 .8681 .7726 3.96
200 .4958 .4416 3.97

Two samples of the decomposition product were 
analyzed chemically for plutonium and fluorine 
content. The results are given in Table II along 
with the theoretical values for PuF4 and Pu4Fi7.

A final confirmation of the composition of the 
solid decomposition product was obtained by 
means of an X-ray powder pattern of the material. 
This material was a mixture about one-fourth of 
which was produced by decomposition of plutonium 
hexafluoride at 200°, and the remainder by decom
position at 300°. The pattern was identified as 
that of anhydrous plutonium tetrafluoride, with no 
other crystalline compounds evident.

In summary, the stoichiometry has been checked 
by measurement of weight change for the reaction 
at 300 and 200°; by chemical analysis of a residue
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from decomposition of plutonium hexafluoride at 
300°, and by chemical analysis of a mixture pro
duced by decomposition at 200° and at 300°; by 
measurement of pressure change at constant volume 
before and after reaction at 300 and also at 370°; 
and finally by X-ray analysis on the mixture pro
duced by decomposition at 200 and 300°.

In the equilibrium experiments, much longer 
periods were required for the system to reach 
equilibrium at the lower temperatures than at the 
higher ones. Less than two hours were required at 
300°, 24 to 60 hours at 200°, and 150 to 300 hours 
at 150°. The time required to reach the equilib
rium value at 150° is indicated graphically in Fig.
1.

The total pressure of gas used in the equilibrium 
measurements varied from 900 to 6000 mm. With
in this range, there appears to be no dependence of 
the equilibrium constants upon the pressure of the 
system.

The results of the equilibrium experiments are 
compiled in Table IV. The equilibrium constant is 
defined as K  — K c =  K p =  (moles PuF6) /  (moles 
F2). The values of log K  are shown as a function of 
1 /T (°K .) in Fig. 2, where the data are represented 
as a single straight line. No evidence was found for 
a sharp change in the relation between log K  and 
l/T  at 308° such as that described by Florin, et a l.b 
The line in Fig. 2 results from fitting the data to a 
straight line by the method of least squares, assum
ing that the error of l/T is negligible compared to 
the error of log K. The equation determined by 
this method is

1QQ1
log K  =  -  ~ ~  -  0.275 (1)

Values of AF° for the reaction PuF4(s) +  l?2(g) =  
PuF6(g) from 150 to 400° can be calculated from 
the equation

T a b l e  IV
E q u il ib r iu m  C o n st a n t  for  th e  R eaction  

P u F 4( s ) + F 3(g)i=iPuF 6(g)
Time at Total

Initial
temp.,

°C.

equi
librium
temp.,

hr.

pressure 
at equi
librium, 

mm.
Equilibrium

temp.,
°C.

Equilibrium1 2 
constant 

X 10*
425 2 . 5 924 3 9 5  ±  0 . 5 50.5

25 3 902 3 9 3  ±  . 9 55.6
387 17 2320 336 ±  .3 33.5
25 18 3150 342 ±  .3 37.9
25 1 1920 302 ±  1 26.4
25 2.5 1910 303 ± 0 . 5 26.5

340 1 1920 301 ±  2 28.8
345 3 1920 302 ±  0.5 24.5
360 2 1920 301 ±  .2 25.6

25 2.5 1920 302 ±  . 5 28.0
330 24.5 1920 300 ±  .5 26.6
25 18.5 5030 251 ±  .3 16.4

300 66 3690 251 ±  .5 15.1
25 25 6250 199 ±  .5 7.08
25 24.5 6250 202 ±  .5 6.19

300 23 6250 200 ±  .5 8.18
25 47.5 6250 200 ±  .8 6.67
25 136 5620 152 ±  1 4.68

250 312 5460 150 ±  0.2 4.55
a K  =  K „ =  Kc =  moles P u F 6/moles F 2.

PuF4(s) 4- F2(g) PuF6( g).

Fig. 1 .— Approach to equilibrium at 15 0 ° for the reaction 
P u F 4(s) +  F 2(g) P u F 6(g).

PUF4+F2 ■< ■ PuFg

(BANOS REPRESENT PROBABLE ERROR)

TEMP. (°C )4OO 350 300 250

l/T  (°K) x IO

Fig. 2.— Relation between equilibrium constant and tem
perature for the reaction P u F 4 +  F 2 <=ì P u F 6.

AF° =  —R T  In K  =  6.09 X  10 3 +  1.26 r ( ° K .)  cal./mole

(2)
Using this equation, the value of AF° at 275° is 
calculated to be 6.78 ±  0.09 kcal./mole. The mean 
value of AH° for the reaction has been determined 
from the slope of the line in Fig. 2 to be 6.09 ±  
0.14 kcal./mole. Using these values for the equa
tion AF° =  AH° — TASa, the mean value of AS0 
for the reaction is —1.3 ±  0.2 cal. mole-1 deg-1. 
The uncertainties listed are probable errors.



402 L. E. T revorrow, W. A. Shinn and R. K. Steunenberg Vol. 65

Discussion
Stability of Intermediate Plutonium Fluorides.—

The interaction of plutonium hexafluoride with 
plutonium tetrafluoride differs greatly from that in 
the corresponding uranium system. When plu
tonium hexafluoride was heated to 200 or 300° in 
contact with plutonium tetrafluoride, no evidence 
was found for the formation of intermediate com
pounds, but fluorine was released. In the case of 
uranium, however, the intermediate fluorides 
formed by the interaction of uranium hexafluoride 
with the tetrafluoride show no appreciable dissocia
tion into fluorine gas and the next lower compound.7 
The disproportionation of uranium intermediates 
produces only uranium hexafluoride and the next 
lower compound.

In the pressure change experiments (Table III), 
the total gas pressure over plutonium tetrafluoride 
formed in previous experiments never fell below 
that of the original plutonium hexafluoride metered 
into the vessel. This indication of the absence of a 
reaction between the hexafluoride and tetrafluoride 
to form the intermediate fluorides is in agreement 
with the observations of Weinstock and Malm.2 
Assuming that these are observations of a system 
at equilibrium, it is possible to estimate a limiting 
stability of the intermediate plutonium fluorides.

The formation of intermediate fluorides in the 
uranium system has been shown to proceed in a 
progressive fashion8

7U F 4 (s) +  U F 6 (g) — ■>  2U4F „(s) (3)
3/2U 4F „(s)  +  UFe(g) - ->  7/2U2F9(s) (4)

U2F9(s) +  U F 6 (g) - -*■ 3UF5(s) (5)
The pressures of uranium hexafluoride resulting 
from the disproportionation of the intermediates 
are in the order UF6 >  U2Fa >  U4F178; the stabili
ties are in the reverse order.

In the plutonium system the solid phase was 
shown to be plutonium tetrafluoride. If a minute 
amount of intermediate exists in the system, the 
equilibrium to be considered is then, by analogy 
with the uranium system

2Pu4F„(s) 7PuF4 (s) +  PuF6 (g) (6)

As an approximation, the disproportionation pres
sure of plutonium hexafluoride can be taken as 100 
mm. at 298°K. (Table III). The equilibrium con
stant for the reaction in the plutonium system anal
ogous to reaction 4 is then

K  =  ppuFs =  100/760 atm./mole P u F 6 (g) (7) 

and the corresponding free energy change is
Fws° = —RT In K  <  1 .2  kcal./mole P u F c(g) (8 )

The value for the corresponding uranium reaction 
is 19.2 kcal./mole UF6(g).8

Thus, if it be assumed that the stabilities of any 
intermediate fluorides in the plutonium system lie 
in the same order as those of the uranium interme
diates, the standard free energy change at 298°K. 
for the disproportionation of any plutonium fluo
ride intermediate between the tetrafluoride and the

(7) P. A. Agron, in “ Chemistry of Uranium, Collected Papers,”
U. S. Atomic Energy Commission Report T1D-5290, p. 010 (1958).

(8) J. S. Broadley and P. B. Longton, “ The Reactions of UF* with 
UFe,”  United Kingdom Atomic Energy A utho rity  Report R D B (C )/ 
TN-60 (1954).

hexafluoride is estimated to be equal to or less than
1.2 kcal./mole PuF6(g).

T a b l e  V

C o m p a r is o n  o f  A q u e o u s  w it h  D r y - s t a t e  F r e e  E n e r g y  

C h a n g e s

(IV)-(VI) Reaction
AF°218,

kcal./mole
Difference,
kcal./mole

Aqueous couples

( 1  M  HCIO.,) 2H ,0  +  U + 1 — 
U 0 2 + + -1 4 H + +  2 e"

(1 M  H C 10 4) 2H ,0  +  Pu+1 -*■
15“ 33

P u 0 2 + + +  4H+ +  2 e- 00

Dry-state reactions

U F 4(s) +  F 2(g) -»  UFc(g) -64= 70
P u F 4(s) +  F 2(g) PuFo(g) 6.5

“ Calculated from 7i° =  —0.32 volt in 1  M  HC104 given by 
K atz  and Seaborg . 9 A value of A F 298° =  15 .4  ±  1 keal./ 
mole in 0.5 M  HC104 is quoted by L. Brewer, et al.,w based on 
potentials measured by Taylor and Sm ith . 11 6 Calculated 
from data of R abideau . 12 = Calculated from data listed in 
ref. 13 .

Thermochemical Properties of the Uranium and 
Plutonium Fluorides.—The results reported in this 
paper afford an opportunity to compare the heats 
or free energies of various reactions involving the 
uranium and plutonium fluorides. In Table V free 
energy data from this work are compared with values 
available in the literature for certain reactions of 
uranium and plutonium(IV) and (VI) fluorides. 
If it is assumed that the free energies of the hydroly
sis reactions are roughly equal for uranium and 
plutonium tetrafluorides and for the two hexa
fluorides,4 then a discrepancy of about 37.5 keal./ 
mole arises between the dry fluorination data and 
the data for aqueous reactions in Table V. This 
discrepancy leads to the conclusion either that the 
free energy data in Table V are erroneous in some 
respect, or that variations in the free energies of 
solution for uranium and plutonium tetrafluorides 
and hexafluorides are unexpectedly large.

Several types of experimental determinations 
would be helpful in resolving this discrepancy. 
Calorimetric determinations of the heat of forma
tion of uranium hexafluoride and equilibrium meas
urements of the dissociation of uranium hexafluoride 
to fluorine and the tetrafluoride would be of great 
value. Similar data on the neptunium fluorides 
would permit an interesting comparison of the acti
nide series in this respect. Further work is also 
needed on reactions in the aqueous systems, par
ticularly calorimetric determinations of heats of 
solution along with a thorough identification of the 
hydrolysis products.
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A THERMODYNAMIC STUDY OF THE SYSTEM AMMONIUM FLUORIDE- 
WATER. I. THE HEAT CAPACITY AND THERMODYNAMIC FUNCTIONS 

OF AMMONIUM FLUORIDE MONOHYDRATE
By Leonard C. Labowitz and Edgar F. W estrum, Jr .

Department o f Chemistry, University of Michigan, Ann Arbor, Michigan
Received Ju ly  8, 1960

Thermal analysis and solubility determinations on the N H 4F-rich side of the N H 4F -H 20  eutectic indicate a peritectic 
temperature of 246.0°K . and a eutectic temperature of 2 4 4 .15 °K ., in contrast with 256.4 and 246.7 °K ., respectively, reported 
by Y atlo v  and Polyakova. The existence of the compound N H 4F  HjO at 245.7 °K . was established by application of the 
method of wet residues to the system N H 4F -N H 4I-H 20  at that temperature. The heat capacity of the monohvdrate was 
determined from 5 to 3 2 3 °K . The values of the saturation heat capacity, C3, and the derived thermodynamic functions 
S°, H° — H 0°, and (F° — H„°)/T  at 2 9 8 .15 °K . are 37.22 cal./(deg. mole), 34.92 cal./(deg. mole), 6146 cal./mole, and —14.30  
cal./(deg. mole), respectively. The enthalpy increment of the peritectic reaction is 1360 cal./mole at 246°K .

Introduction
In the course of investigating the range of exist

ence and the thermophysical properties of the solid 
solution of ammonium fluoride (NELF) in ice re
ported by Brill and Zaromb,1'2 thermal analysis 
measurements were carried out from 230 to 290°K. 
over the entire composition range of the system 
NH4F-H2O. The results of these measurements 
in the monohydrate region of the system indicate 
that the eutectic and peritectic temperatures are 
so much closer together than the corresponding 
temperatures found by Yatlov and Polyakova3 
that it was not immediately evident whether the 
incongruently melting compound ammonium fluo
ride monohydrate (NELF-ELO) reported by them 
really exists or whether the observed thermal halt 
was due to the eutectic transition alone. The 
present investigation involving equilibrium heat 
capacity determination by the adiabatic tech
nique, Schreinemakers’ wet residues analyses, and 
solubility determinations, was therefore under
taken. The existence of the compound ammonium 
fluoride monohydrate was established and its 
thermodynamic properties were determined.

Experimental
Preparation and Purity of Ammonium Fluoride.—Am 

monium fluoride was prepared by treating reagent hydro
fluoric acid (48 w t. %  aqueous H F ) in a silver beaker with 
an excess of ammonia gas. The warm, strongly ammoniacal 
solution of ammonium fluoride obtained in this manner was 
transferred into a polyethylene bottle through a polyethylene 
funnel and a filter paper leached with hydrofluoric acid. 
Boiled distillled water was added to the filtrate to bring all 
of the crystals into solution at 40°. The bottle was then 
sealed and submerged in a large and well-insulated bath and 
allowed to cool gradually from 40 to 0 ° over a period of four 
days. Large clusters of acicular crystals resulted from this 
slow cooling-process. The crystals were separated from the 
mother liquor on a polyethylene Büchner funnel, rinsed with 
cold ammonia-saturated methanol, and packed into a poly
ethylene drying column. A stream of anhydrous ammonia 
gas was passed over the material for two days at room tem
perature. The dry crystals were then transferred to a silver 
beaker and evacuated for an hour in a vacuum desiccator to

(1) R. Brill and S. Zaromb, N ature, 173, 316 (1954).
(2) S. Zaromb and R . Brill, J. Chem. P h ys.T 24, 895 (1956).
(3) V. S. Yatlov and E. M. Polyakova, Zhur. Obshchet K him ., 15, 724

(1945).

remove excess ammonia gas. The product was stored in 
closed polyethylene bottles under an atmosphere of am
monia gas in a  desiccator lined with paraffin and charged 
with calcium oxide. Analysis for N H 4 + by the Kjeldahl 
method4 gave 48.70 ±  0.04 (volumetric buret) and 48.72 ±
0 . 0 2  (weight buret) wt. %  (theoretical: 48.70). Analysis 
for F "  by the P b F C l gravim etric method5 using the modified 
precipitation procedure of Kapfenberger6 indicated 5 1 .3 2  ±
0.03 w t. %  F "  (theoretical: 5 1.30 ). Interference of am
monium ion with the P b F C l precipitation7 was eliminated 
by boiling the sample with dilute sodium hydroxide solution 
until the vapors evolved had no noticeable effect on the color 
of moist red litmus paper. The remaining alkaline solution 
was then neutralized with dilute hydrochloric acid in the 
presence of methyl orange indicator. To ascertain if the high 
chloride concentration resulting from this neutralization 
would interfere, the precipitation was carried out on a 
standard sample of sodium fluoride in the presence of a com
parable amount of sodium chloride; the results were 99.73%  
of theoretical. The determination of water by the K arl 
Fischer method8 gave 0.004 wt. %  H 20  with the “ dead stop”  
end-point technique. Using the procedure outlined for am
monium fluoride by R osin , 9 none of the following contami
nants were detected (the figures represent the sensitivity 
limits of the tests in w t. % ): ignition residue < 0 .0 0 2 , acid 
fluoride (N H 4H F 2) < 0 .0 5 , chloride (C l")  <  0.002, nitrate 
(N 0 3") < 0 .0 1 ,  silicofluoride (a sH 2S iF 6) < 0 .3 ,  sulfate (S 0 4~) 
< 0 .0 10 , heavy metals (as Pb) <  about 0.002, and iron (Fe) 
<  0.003. The completeness of removal of methanol from 
the product was established by negative results with the spot 
test (sensitive to 0.003 w't. %  methanol) developed by 
Eegriwe10 and recommended by F e ig l . 11 This method is 
based on the oxidation of methanol to formaldehyde with 
permanganate and subsequent color development with 
chromotropic acid ( 1 ,8-dihydroxynaphthalene-3,6-disulfonic 
acid). Furthermore, a weighed sample of reagent am
monium fluoride (which presumably had never been pre
viously exposed to methanol) was treated with an approxi
m ately equal weight of methanol in a  platinum dish, placed 
in a vacuum desiccator and evacuated. After 1 .5  and 10

(4) I. M. Kolthoff and E. B. Sandell, “ Textbook of Quantitative 
Analysis,”  Rev. Ed., The Macmillan Co., New York, N. Y., p. 1948, 
562.

(5) G. Stark, Z . anorg. Chem., 70, 173 (1911).
(6) W. Kapfenberger, Alum inium , 24, 428 (1942).
(7) R. P. Treadwell and W. T. Hall, “ Analytical Chemistry,” 

Vol. II, “ Quantitative Analysis,”  9th English Ed., John Wiley and 
Sons, New York, N. Y ., 1942, pp. 397 and 739.

(8) I. M. Kolthoff and R. Belcher, “ Volumetric Analysis,” Vol. I ll, 
Interscience Publishers, Inc., New York, N. Y., 1957, p. 431.

(9) J. Rosin, “ Reagent Chemicals and Standards,”  3rd Ed., D. Van 
Nostrand Co., New York, N. Y., 1955, p. 38.

(10) E. Eegriwe, Mikrochim. A cta , 2, 329 (1937).
(11) F. Feigl, “ Spot Tests,”  Vol. 2, Elsevier Publishing Co., Am

sterdam, 1954, p. 244.
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hours of evacuation the weight of the dry residue agreed 
with the initial weight of the untreated ammonium fluoride 
within the limits of experimental accuracy. The retention 
by the residue of as little as 0 . 0 1  w t. %  methanol could have 
been detected in this manner. To test for ammonium 
carbonate (actually a mixture of ammonium bicarbonate and 
ammonium carbamate), an aqueous solution of the sample 
was treated in a centrifuge tube with a slight excess of 
saturated aqueous thorium nitrate solution to precipitate 
F _ . The flocculent precipitate was centrifugally separated 
and the supernatant liquid tested by the dropwise addition 
of 1  N  IIC 1. Effervescence, indicating the presence of as 
little as 0.05 wt. %  ammonium carbonate, could have been 
detected with a 10 X  magnifying glass. The product gave a 
negative result. For calorimetric measurements, wet resi
dues studies and solubility determinations, only the am 
monium fluoride prepared and analyzed in the manner de
scribed above was employed. For some of the thermal analy
sis measurements, however, reagent ammonium fluoride 
further purified by treatment with a stream of anhydrous 
ammonia gas was used. Analysis for NH 4+ by the Kjeldahl 
method gave 48.67 ±  0.04 wt. %  N H 4+. Analysis for F ~  
by the Kapfenberger volumetric modification6 of the Pb- 
FC 1 method (the P b FC l precipitate is dissolved in dilute 
nitric acid, and the C l~  content is determined by the Volhard 
method12) gave: 5 1 .3 3  ±  0.03 wt. %  F - . On the basis of 
these averages F _/N H 4 + =  1.0 0 14 . The thermal analysis 
results obtained with this purified commercial material coin
cide with those obtained with the specially prepared mate
rial.

Thermal Analysis.—The sample-container used for the 
thermal analysis measurements consisted of a silver cylinder 
of approximately 90-cc. capacity fitted with a motor-driven 
silver reciprocating stirrer (inserted through a Teflon bush
ing) and an entrant silver thermocouple well. The sample- 
container was suspended within a variable-pressure sub
marine placed in a constant-temperature refrigerating bath . 13 

Cooling and warming rates were regulated by adjustment of 
bath temperature and of conduction gas pressure. The 55-g. 
samples were prepared in polyethylene bottles and trans
ferred to the silver container. Temperature was measured 
to within 0 .1 ° by means of a calibrated single-junction cop- 
per-constantan thermocouple and a millivolt range potenti
ometer . Potential readings were taken every minute or every 
half-minute.

Solubility Determinations.— Samples were enclosed in a 
small polyethylene bottle (equipped with a silver thermo
couple well fitted through the cap) and suspended within a 
large test-tube in a bath about 5 °  below the eutectic tempera
ture of the system for 4 to 5 hours. The samples were then 
equilibrated at the desired temperature for at least 9 hours 
with intermittent shaking. Samples of the aqueous solution 
were withdrawn with a hypodermic needle and analyzed for 
N H 4 + by the Kjeldahl method.

Schreinemakers’ Method of Wet Residues.— The method 
of wet residues14 was applied to the system N H 4F -N H 4 I -  
H 20  at 245.7 ±  0.01 °K . to prove that a solid phase of com
position N H 4F-H 20  exists at that temperature. The 
samples were held in a small polyethylene bottle (with a 
silver thermocouple well and two lengths of 0 .5 mm. dia. 
thin wall polyethylene tubing, for removing the liquid phase, 
passing through the cap) and suspended within a large test- 
tube in a constant temperature refrigerating bath. To 
separate the liquid phase from the wet residue, the tubes 
were blown clear of solid material, and the liquid was then 
sucked into a polyethylene receiver. The liquid phase and 
the wet residue were analyzed for N H 4+ by the Kjeldahl 
method and I -  by the method of Sadusk and B a ll . 15 * Fluo
ride interfered with the starch-iodine end-point and had to 
be inactivated by complexation with aluminum.

The reagent ammonium iodide used for wet residues stud
ies gave the following analysis: N H 4+ =  12 .36  w t. %  by the 
Kjeldahl method (theoretical: 12 .44); I~  =  87.63 w t. %  by 
gravimetric A g l12 (theoretical: 87.56). I “ /N H + 4 =  1.006.

Adiabatic Calorimetric Measurements.—The heat capac

(12) W. C. Pierce and E. L. Haenisch, “ Quantitative Analysis,” 
3rd Ed., John Wiley and Sons, Inc., New York, N. Y., 1948.

(13) R. E. Dodd and P. L. Robinson, “ Experimental Inorganic 
Chemistry,”  Elsevier Publishing Co., Amsterdam, 1954, p. 5G.

(14) F. A. H. Schreinemakers, Z. Physik, Chem., 11, 75 (1893).
(15) J. F. Sadusk, Jr., and E. G. Ball, Ind. Eng. Chem., Anal. Ed., 5,

38G (1933).

ity  of ammonium fluoride monohydrate was measured by 
the adiabatic method from 5 to 3 2 3 °K . The cryostat and 
circuits employed for this purpose are very similar to those 
previously described by Westrum, Hatcher and Osborne . 10

Because of the corrosive nature of ammonium fluoride 
solutions, the calorimeter (laboratory designation W -19) 
was made of silver with the walls tapered slightly upward to 
allow for the expansion of the contents on freezing. A  Monel 
cupola acted as a thermal dam during the soldering proce
dure and made it possible to seal the cap with 50-50 Pb-Sn 
solder without heating the contents. Thermal conductivity 
vanes were not used. Helium gas at a pressure of one 
atmosphere at 30 0 °K . was used to provide thermal conduc
tion between the calorimeter and its contents. The mass of 
the calorimeter is approximately 109 g. and the internal 
volume approximately 63.5 ml. The heat capacity of the 
calorimeter-heater-thermometer assembly was determined 
separately. The weight of Apiezon-T used for thermal con
tact between heater, thermometer and calorimeter was the 
same for both the calorimeter as run em pty and when loaded 
with monohydrate, but corrections were applied for small- 
differences in the amounts of helium and solder employed.

Temperature was measured with a 25-ohm platinum resist
ance thermometer inserted into the calorimeter by means of 
an entrant well. The thermometer was calibrated at the 
National Bureau of Standards by measuring its electrical 
resistance at the following fixed points on the International 
Temperature Scale: the boiling-point of oxygen, the ice- 
point, the steam-point, and the boiling point of sulfur. On 
the basis of these measured resistances the constants of the 
Callendar-Van Dusen equation were evaluated. Between 
10  and 90 °K . the thermometer was compared at 19 tem
peratures with the Bureau’s platinum resistance tempera
ture scale . 17 Between 4 and 10 °K . a provisional tempera
ture scale was established by using the value of dR/dT  at 
10 °K .,  the resistance of the thermometer at 10 °K .,  and the 
resistance of the thermometer at the boiling-point of liquid 
helium to evaluate the constants in the equation R =  A  +  
B  Y 1 4- C T b of Hoge and Brickwedde . 17 I t  is believed that 
the absolute values of the temperatures on this scale agree 
with the thermodynamic temperature scale to within 0 .1 ° 
from 4 to 14 °K .,  to with 0.02° from 14  to 9 0 °K ., and to 
within 0 .03° from 90 to 3 7 3 °K . Determinations of the 
temperature increments after correction for quasi-adiabatic 
drift are probably correct to within a millidegree.

H eat capacity measurements were made by determining 
the temperature rise produced by a measured input of elec
trical energy. Current and potential measurements were 
made on the electrical heater during the energy input and on 
the platinum resistance thermometer during the drift 
periods. The measurements of current and potential were 
made on an auto-calibrated White double potentiometer.

To load ammonium fluoride monohydrate, which is a two- 
phase mixture near room temperature, as much solid am 
monium fluoride as possible was weighed into the calorim
eter, and an additional weighed amount was rinsed in with 
water. The stoichiometric amount of water was determined 
by weight. The sample mass was 50.243 g. (in  vacuo). The 
buoyancy corrections were based on the crystallographic 
density of 1.0092 g./cc. for ammonium fluoride determined 
by Wulff and Cameron , 18 and on the data of Heydweiller19 

for the densities of ammonium fluoride solutions.

Results and Discussion
Phase Equilibria in the Region of the Mono

hydrate.—The only previous general study of the 
system NH4F-H 20  is the work of Yatlov and 
Polyakova3 who investigated the entire composi
tion range from 246.7 to 353.2°K. by thermal 
analyses and solubility determinations and re
ported the existence of a previously unknown 
compound, ammonium fluoride monohydrate 
(NILtF-ILO), having an incongruent melting point

(16) E . F, Westrum, Jr., J. B. llatcher and D. W. Osborne, J. 
Chem. Phys., 21, 419 (1953).

(17) II. J. lloge and F. G. Brickwedde, .7. Research N all. B ur. Stand
ards. 22, 351 (1939).

(18) P. Wulff and II. K. Cameron, Z. physik. Chem., Abt. B, 10, 347 
(1930).

(19) A. Heydweiller, A n n. P h ys., 37, 739 (1912).



March, 1961 T hermodynamic Study of the System Ammonium Fluoride-W ater 405

at 256.4°K. Their evidence for the existence of 
this compound consists of a halt in the cooling 
curve of a monohydrate-composition mixture at 
256.4°K. and chemical analysis of the solid-phase 
obtained by maintaining an NH4F-H 20  mixture of 
total system composition 28.5 mole %  NH4F at
254.2 ±  1°K. with continuous stirring for four 
hours, filtering off the solid phase at 254.2°Iv., and 
rinsing off the adhering mother liquor with cold 
(254.2°K.) acetone. Analysis of the dry residue 
thus obtained was in good accord with the formula 
NH4F-H20. Other previous investigations of this 
region of the system have been confined to deter
minations of the solubility of ammonium fluo
ride20-25 over the temperature range 273.2 to 
312.2°K. To conserve space the results of these 
studies are presented on the partial phase diagram 
in Fig. 1. A more extensive tabulation of these 
results has been prepared.26

Thermal analysis and solubility data from this 
study presented in Tables I and II, respectively, 
and in Fig. 1 are at variance with the findings of 
Yatlov and Polyakova3 in that the present investi
gation indicates a peritectic transition at 246.0°K. 
and a eutectic transition at 244.5°K. Not only 
are both temperatures significantly lower than 
those previously reported, but they are so close 
together as to suggest doubt that both are not 
simply manifestations of the eutectic transition 
insofar as the observed thermal halts are con
cerned. However, the very sharp break of the 
solubility curve obtained in the present thermal 
analysis and solubility determinations strongly 
supports the existence of the peritectic transition. 20 21 22 23 24 25 26

T a b l e  I

T h erm al A n a ly sis D a t a  on  th e Syste m  N H 4F -H 20
Mole %  
NIUF in Feature

Solid
phase(s)

sample t . °K . noted present
18 .86 2 4 5 .3 F .p .“ aOi

2 4 4 .5 Eutectic a, N H 4F  IEO
2 2 .5 0 2 4 5 .5 F.p. a

2 4 4 .5 Eutectic a, N H 4F-IFO
2 3 .02 2 4 5 .7 F.p. N H 4F ID O

2 4 4 .5 Eutectic a, N H 4F-H 20
2 8 .0 8 2 4 6 .0 Peritectic N II 4F, N H 4F  H20

2 4 4 .5 Eutectic a, N H 4F-H 20
7 9 .8 7 2 4 6 .0 Peritectic n h 4f , n h 4f h 2o

100 230-290 None NH „F
« P. p. =  freezing point; a =  solid solution.

(20) A. V. Novoselova and M, Ya. Averkova, Zhur. Obshchel Khim.., 
9, 1063 (1939).

(21) A. K. Zhdanov and M. A. Sarkazov, Zhur. Fiz. Khim., 29, 602
(1955).

(22) H. M. Haendler and A. W. Jache, ./. Am. Chem. Sac., 72, 4137 
(1950).

(23) J. E. Rleei and J. A. Skarulis, ibid.. 73, 3618 (1951).
(24) H. M. Haendler and A. Clow, ibid., 74, 1843 (1952).
(25) W. M. Spurgeon, Ph.D. Dissertation, University of Michigan, 

1942.
(26) Tabulation of the literature thermal analysis and solubility 

data on a consistent basis, more extensive tables of the thermodynamic 
properties of the ammonium fluoride-water system, and other details 
of this study have been deposited as Document Number 6421 with the 
ADI Auxiliary Publications Project, Photoduplication Service, Library 
of Congress, Washington 25, D. C. A copy may be secured by citing 
the document number and remitting S2.50 for photoprints or SI.75 for 
35 mm. microfilm in advance by check or money order made payable 
t o : Chief, Photoduplication Service, Library of Congress.

Fig . 1 .— Partial phase diagram for the system N H 4F -  
H 20 . The data of this investigation are represented by O for 
thermal analysis determinations and □  for solubility deter
minations. Solubility data of Y atlov and Polyakova 3 are 
indicated by a , those of Spurgeon25 by ♦ ,  and other solu
bility points by reference numbers. The phase diagram  of 
this investigation is indicated by solid lines and that of 
Y atlov and Polyakova by dashed lines, a  represents a  solid, 
solution.

T a b l e  II

So l u b il it y  D e t e r m in a t io n  on  t h e  Syste m
Mole % 
NH4F in T, F eature

liquid °K . noted
2 5 .6 3 2 7 3 .2 Solubility
23.80 252.4 Solubility
2 3 .3 1 247.0 Solubility
22.84 245 .7 Solubility

The Existence of the Phase NH4F H20 .—
Application of the method of wet residues to the 
ternary system NH4F-N H 4I-H 20  at 245.7 ±  
0.1 °K. provides conclusive evidence that a solid 
phase of the composition NH4F-H20  does exist in 
the short range between the peritectic and the eutec
tic temperatures. The analyses are presented in 
Table III and the extrapolations to the composi
tion of the anhydrous solid phase are shown in 
Fig. 2. Moreover, the eutectic temperature and the 
temperature of the incongruent melting point de
termined by adiabatic calorimetry are also in good 
agreement with the findings from thermal analysis 
and solubility determinations.

N H 4F -H 20

Solid
phase

n h 4f

n h 4f

n h 4f

n h 4f h 2o

L:

T a b l e  I I I

W e t  R e sid u e s  D a t a  for  th e  Syste m  N H 4F -N H 4I -H 20  a t  
245.7 ±  0 .1 °K .

Run no.
Liquid
phase

Wet
residue

Solid
phase

Mole %  N H 4F 1 2 3 .3 5 3 2 .0 6 5 0 .5
Mole %  NH4I 1 0 .7 71 0 .5 3 4
Mole %  N H 4F 2 2 4 .0 2 3 3 .81 4 9 .8
Mole %  N H J 2 1.631 0 .9 9 4

1f 1 1 ï i a ,
y

f u r  s 1 iT> ('S « » J
■rf nr t
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Fig. 2.— Ternary phase diagram of the system N H 4F -N H 4I -  
H20  at 245.7 °K .

The Peritectic Temperature.— No adequate ex
planation of the discrepancy between the peritectic 
temperature found by the present investigation and 

.the one reported 8 °K. higher by Yatlov and Polya
kova3 has been found. The possibility of a meta
stable equilibrium was considered initially but 
rejected after several years of experience in study
ing this system. It is to be noted, however, that 
studies of the temperature dependence of the di
electric constant of ammonium fluoride have re
sulted in a report of anomalous behavior in the 
region 242 to 246°K. by both Shul’vas-Sorokina 
and Evdokimov27 and by Kamiyoshi.28 Likewise, 
Simon, von Simson and Ruhcmann29 reported the 
existence of a “ hump”  in the heat capacity at 243°
K. It is considered likely that the heat capacity 
hump and the dielectric constant anomalies may be 
attributable to the presence of water in the am
monium fluoride investigated. Proof that a ther
mal anomaly does not exist at this temperature 
was demonstrated by Benjamins and Westrum30 
who found no evidence of a phase transition in a 
high-purity sample of ammonium fluoride over the 
region 6 to 309°K. It is to be noted, however, 
that the reported anomalies, probably due to traces 
of water, have invariably been found in the vicinity 
of the peritectic temperature of the present investi
gation rather than at that reported by Yatlov and 
Polyakova. In order to confirm the results of 
thermal analysis by further equilibrium studies the 
heat capacity of ammonium fluoride monohydrate 
was determined over the range 5 to 323°K. with 
precise adiabatic calorimetry.

Heat Capacity Results.—The experimental heat 
capacity determinations are presented in Table IV 
in chronological order so that experimental tem
perature increments can usually be inferred from the 
adjacent mean temperatures. An analytically de

(27) R. D. Shill’vas-Sorokina and V. G. Evdokimov, Zhur. Eks-pl. i. 
Teoret. Fiz., 8, 762 (1938).

(28) K . Kamiyoshi, Sci. Repts. Research I nsts. TohSJcu Uni»., A8, 252
(1956).

(29) F. Simon, Cl. von Simson and M . Ruhemann, Z. physiJo. 
Chem., 129, 339 (1927).

(30) E. Benjamins and E. F, Westrum, Jr., J, Am, Chem. Soc., 79, 
287 (1957),

termined curvature correction was applied to cor
rect the observed values of AH/AT for the finite 
temperature increments employed in the measure
ments and yield the true or differential heat ca
pacity. In addition a correction was made at the 
higher temperatures for the vaporization of water 
from the solution and for the heat capacity of water 
vapor in the small space over the liquid solutions. 
The vaporization corrections, detailed elsewhere,26 
were negligible below 260°K. and did not exceed 
0.1% at the highest temperatures. Since the re
ported heat capacities of the condensed phases 
represent those under the saturation vapor pres
sure of the samples in the presence of a fraction 
of an atmosphere of helium pressure, they are rep
resented by the symbol Cs. It is to be noted, 
however, that at least over the solid region these 
values are practically indistinguishable from the 
heat capacity at constant pressure. The results 
are expressed in terms of the defined thermo
chemical calorie (equal to 4.1840 absolute joules) 
and an ice-point of 273.15°K. The probable error 
of the heat capacities is estimated to be about 0.1% 
above 25°K., increasing to 1% at 10°K. and to 5% 
at 5°K. The data are presented in Fig. 3.

T a b l e  IV

H e a t  C a p a c it y  (C a) o f  A m m o n iu m  F l u o r id e  M ono -
h y d r a t e

[NH 4F -H 20 , mole weight =  55.0574 g., in cal./(deg. mole)]
T, °K. Cb r , "K. Cs T, °K . Cs

Series I 14 .4 5 0 .5 17 2 2 2 .12 20.56
15 .8 3 0.666 230.94 2 1 . 1 6

2 19 .36 2 0 .3 1 17 .3 5 0.860 239 .23 2 2 .36
223 .7 2 20.64 19 .0 6 1.0 7 8 243.95 6 5.22
230 .95 2 1 . 1 6 20.99 1 .3 3 9

AH  Run no. 1 23.20 1.6 4 6 Series V
260.77 34 .4 1 25.80 2.009

28.86 2 .4 27 243.46 34 .4 2
Series I I 32 .26 2.879 244.83 385

3 5 .9 1 3 .34 4 245.05 112 4
AH  Run no. 2 39 .76 3 .8 12 245 .23 1204
75.44 7.899 43.8 5 4 .29 2 245.44 1 1 1 4
8 1.4 4 8.584 48.27 4 .8 14 245.78 666
88 .55 9 .362 52.98 5.360 2 4 6 .3 1 253
9 5 .8 1 10 .0 8 247.90 6 3 .9

10 3 .7 5 10 .8 8 Series IV 250.42 3 8 .14
1 1 2 .3 3 1 1 .7 0 253.0 2 3 5 .2 8
120 .80 12 .4 8 56 .38 5 .7 6 1 2 55 .73 3 4 .4 1
128 .9 8 13 .2 3 62.04 6.404 258.46 3 4 .3 3
137 .4 0 13 .9 6 68.65 7 .14 8 2 6 1.2 2 34.46

75 .38 7.894 263.94 34 .62
Series I I I AH  Run no. 3 266.95 34 .87

13 7 .7 7 14 .0 0 270.69 3 5 .1 7
4.60 0.008 14 5.8 8 14 .6 7 275 .28 35 .5 8
5.46 .0 19 154 .99 15 .4 2
6.60 .034 16 3 .7 2 16 .09 Series V I
7 .6 3 .060 172 .0 0 16 .7 6
8 .6 2 .094 179 .0 3 17 .3 2 272.98 35 .3 6
9 .62 .13 8 186 .28 1 7 .9 1 2 8 1.9 8 3 6 .17

10 .7 1 .2 14 194 .98 18 .6 2 29 1.0 9 37 .0 7
1 1 .9 2 .285 203.62 19 .2 7 3 0 0 .17 38 .0 5
1 3 . 1 5 .387 2 12 .8 7 19 .9 3 309.34 3 9 .15

3 18 .6 6 40.38

Because of the relatively slow rate of attainment 
of thermal equilibrium in the peritectic region where
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T a b l e  V

T h e r m o d y n a m ic  F u n ctio n s  o f  A m m o n iu m  F lu o r id e  
M o n o h y d r a te

[NH 4F-IÌ20 , mole weight =  55.0574 g.]

T,
°K.

Us, cal./ 
deg. mole

5«, cal./ 
deg. mole

H» -  Ho", 
cal./mole

— (F° -  i?o»)/ 
T, cal./ 

deg. mole
10 0.156 0.052 0.40 0.012
20 1.204 0.434 6.48 0.110
30 2.580 1.182 25.44 0.334
40 3.840 2.100 56.72 0.660
50 5.016 3.084 101.94 1.046
60 6.170 4.100 157.88 1.470
70 7.310 5.138 225.28 1.920
80 8.424 6.186 303.96 2.386
90 9.490 7.242 393.62 2.868

100 10.51 8.294 493.72 3.358
110 11.48 9.344 603.8 3.854
120 12.41 10.382 723.3 4.356
130 13.31 11.412 851.9 4.858 .
140 14.18 12.430 989.4 5.362
150 15.02 13.438 1135.4 5.868
160 15.82 14.432 1289.6 6.372
170 16.61 15.416 1451.8 6.876
180 17.40 16.388 1622.0 7.376
190 18.19 17.348 1799.8 7.876
200 18.98 18.302 1985.6 8.374
210 19.74 19.268 2179.4 8.868
220 20.42 20.182 2380.4 9.362
230 21.08 21.102 2587.6 9.852
240 20.54 22.026 2804.4 10.340
250 [38.58] 28.616 4421.8 10.928
260 34.40 29.996 4773.8 11.636
270 35.10 31.306 5121.0 12.340
280 35.98 32.598 5476.4 13.040
290 36.96 33.898 5841.2 13.756
300 38.02 35.150 6216.0 14.430
310 39.22 36.416 6602.2 15.118
320 40.54 37.682 7001.0 15.804
273.15 35.38 31.71 5232 12.56
298.15 37.22 34.92 6146 14.30

as much as 15 or more hours were required to ob
tain equilibrium drift, it was not possible to de
lineate the heat capacity as an exact function of 
temperature in this region. Hence, as a test of the 
measurements and the shape of the heat capacity 
curve as drawn through the peritectic region, 
several enthalpy-type determinations were made 
through the entire anomalous region. The results 
of two such runs yielded enthalpy increments 
over the region 230 to 260°K. of 2185.2 and 2186.2 
cal./mole in excellent agreement with 2184.4 cal./ 
mole obtained by a summation of the energies of 
nine consecutive heat capacity runs through this 
region despite the long time required for thermal 
equilibrium. The enthalpy value is also in good 
accord with the value 2182 cal./mole obtained by 
numerical quadrature of the Cs vs. T curve over this 
range.

The Molal Thermodynamic Functions of NH-F 
H20 .—The molal heat capacities and the derived 
molal thermodynamic functions S°, H° — Ho0, and 
(F° — Ho°)/T are presented in Table V. The heat 
capacities in Table V represent the average of the 
nearly identical values read from a large scale

TEMPERATURE, °K .

0 100 200 300 400

Fig. 3 .— Heat capacity of N H 4F -H 20 .

smoothed curve and the values calculated from 
the polynomial curve fit by a digital computer 
used to evaluate the thermodynamic functions. 
The probable error in the derived thermodynamic 
functions is estimated to be less than 0.1% above 
100 °K. For the evaluation of these functions the 
heat capacity was extrapolated below 5°K. by 
means of a Debye T3 function.

The Peritectic Reaction.— The maximum ther
mal effect associated with the peritectic reaction 
was found by adiabatic calorimetry to be at 245.3 ±  
0.1 °K. Practically the entire effect occurred within 
± 2 °  of this temperature. However, there was 
some evidence of a pre-transitional increase in heat 
capacity and a noticeable tail on the high tempera
ture side. To obtain the enthalpy of the peritec
tic reaction the essentially latent heat effect was 
obtained by subtracting the normal heat capacity 
of the substance (obtained by extrapolating the 
heat capacities from temperatures outside this 
range) from the measured heat capacities over the 
region 240 to 260°K. The extra heat capacity was 
then used to obtain the thermodynamic functions. 
The enthalpy and entropy associated with the 
peritectic reaction
NH4F H oO(s) =  0.348NH4F(s) +  0.652 [NH4F,

3.30H2O](liq

at 245.3°K. giving the liquid solution containing
23.25 mole %  NH4F, are 1360 cal./mole and 5.54 
cal./(deg. mole), respectively. The composition 
of the peritectic is estimated from the intersection 
of the solubility curves.
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The existence, range and thermodynamic properties of the solid solution in the N H 4F -H 20  system have been established 
b y  thermal analysis, solubility determinations, Schreinemakers’ method of wet residues and equilibrium adiabatic calorim
etry. Some of the results are at variance with those reported by Yat.lov and Polyakova, and the deviations have been 
explained when possible. Heat capacity measurements were made from 55 to 32 5 °K . on systems of composition 0.5, 1.5 , 
4.6 mole %  of N H 4F , and on the eutectic composition. No eutectic halt was observed in the case of the first two solutions, 
giving further confirmation of the existence of a solid solution at these concentrations. A  theoretical relationship for the 
solidus curve is in accord with the experimental data obtained by the various methods.

Introduction
The existence of solid solutions in which ice is 

the major component has long been a controversial 
subject. In 1920 Maass and Herzberg1 investi
gated the system H20 2-H 20  by thermal analysis 
and reported the congruently melting compound 
H20 2.2H20  but did not analyze the solid phases. 
In 1940 Giguere and Maass2 redetermined the 
freezing points, analyzed liquid and solid phases, 
and claimed that H20 2 and H20  formed two termi
nal and one intermediate solid solutions. Thermal 
analysis by Kubaschewski and Weber3 supported 
the claim of Giguere and Maass and indicated that 
the range of the terminal solid solutions extended 
from 0 to 25 and from 90 to 100 wt. %  H20 2 at the 
respective eutectic temperatures. Mironov and 
Bergman4 found distinct eutectic arrests at 1.0 
and 97 wt. %  H20 2 and similarly showed that the 
intermediate solid solution does not exist over any 
appreciable concentration range. Foley and Gi
guere5 utilized the method of wet residues with 
radioactive tracers and acknowledged the absence 
of solid solutions. Recent thermal analysis by 
Mironov6 provides additional evidence for the 
absence of solid solutions in this system.

Although cesium ions are almost completely 
rejected, it is reported7 that substantial amounts 
of fluoride are incorporated into ice crystallized 
from dilute solutions of cesium fluoride. Brill 
and Ender8 indicate that electrically neutral 
molecules of hydrogen fluoride are incorporated 
into the ice. Although several studies of the 
dielectric and crystallographic properties of these

(1) O. Maass and O. W. Herzberg, J. Am. Chem. Soc., 42, 2569 
(1920).

(2) P. A. Giguere and O. Maass, Can. J. Research, 18B, 66 (1940).
(3) O. Kubaschewski and W. Weber, Z. Elektrochem., 54, 200 

(1950).
(4) K. E. Mironov and A. G. Bergman, Doklady Akad. Nauk 

S. S. S. R., 81, 1081 (1951).
(5) W. T. Foley and P. A. Giguere, Science, 113, 754 (1951): Can. J. 

Research, 29, 123 (1951).
(6) K. E. Mironov, Izvest. Sektora Fiz.-Khim. Anal. Inst. Obshchei 

Neorg. Khim., Akad. Nauk S. S. S. R., 26, 215 (1955).
(7) E. J. Workman, Science, 119, 73 (1954); E. J. Workman and 

W. Drost-Hansen, Phys. Rev., 94, 770 (1954).
(8) R. Brill and H. Ender, Nature, 176, 925 (1955).

solid solutions have been made,9 no investigation 
of the solubility limit has been reported. Ballo10 
has reported the existence of solid solutions of ice 
in the systems acetic acid-, propionic acid- and 
n-butyric acid-water. This study has not been 
confirmed.

Interest in the existence of solid solutions of 
ammonium fluoride in ice was stimulated by a 
paper by Lonsdale11 in which attention was di
rected to the fact that ice and ammonium fluoride 
are not only isomorphous but also show nearly 
identical Laue X-ray diagrams with strong, dif
fuse, star-shaped streaks attributable to thermal 
vibrations of the hydrogen nuclei (“ proton jumps” ) 
and molecular rotation. Not only is the crystal 
structure of NFhF like that of ice, but the atoms 
are similarly arranged; and the dimensions differ 
by only 3.7% (N— H- • -F, 2.66 A.; O— H- • -O,
2.76 A.).12 The hydrogen bonding in NH4F 
is also comparable to that in ice.13 These simi
larities in the geometry and the binding forces of 
ice and NH4F led Brill and Zaromb14 to establish 
experimentally the existence of a solid solution of 
ammonium fluoride in ice by chemical analysis of 
the solid phase, thermal analysis, dilatometry, 
and measurements of resistivity and dielectric 
constants. A thermodynamic relation applied 
to the liquidus curve data of Yatlov and Polya
kova16 is in accord with solidus data of Brill and 
Zaromb and indicates a solubility limit of approxi
mately 5 mole %  NH4F at 246.7°K. The dielec
tric13’16 and the mechanical17 relaxation properties

(9) H. Granicher, C. Jaccard, P. Scherrer and Ad. Steinemann, 
Disc. Faraday Soc., 23, 50 (1957); Ad. Steinemann and H. Granicher, 
Helv. Phys. Acta, 30, 553 (1957); Ad. Steinemann, ibid., 30, 581
(1957); F. Truby, Science, 121, 404 (1955).

(10) R. Ballo, Z. physik. Chem., 72, 439 (1910).
(11) K. Lonsdale, Nature, 158, 582 (1946).
(12) L. Pauling, “ The Nature of the Chemical Bond,”  3rd Ed., 

Cornell University Press, Ithaca, N. Y., 1960.
(13) S. Zaromb and R. Brill, J. Chem. Phys., 24, 895 (1956).
(14) R. Brill and S. Zaromb, Nature, 173, 316 (1954).
(15) Y. S. Yatlov and E. M. Polyakova, Zhur. Obshchei Khim., 15, 

724 (1945).
(16) S. Zaromb, J. Chem. Phys., 25, 350 (1956); R. Brill, H. Ender 

and A. Feuersanger, Z. Elektrochem., 61, 1071 (1957).
(17) E. Walz and S. Magun, Z. Physik, 157, 266 (1959).
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of this solid solution have been described. Am
monium fluoride incorporated into the ice lattice 
greatly facilitates the dielectric relaxation in ice; 
the solute ions are capable of accelerating the ro
tation of ice molecules at a distance of 30 A. or 
more from any ion. Yatlov and Polyakova16 
performed thermal analysis and solubility de
terminations on the NH4F-H2O system. They 
stated that the composition of the solid phase in 
the water-rich region of the system is pure ice, 
but this conclusion was presumably not based on 
chemical analysis.

The purpose of the present investigation is that 
of determining the range of existence and the 
thermophysical properties of this solid solution. 
Thermal analysis, Schreinemakers’ method of wet 
residues,18 and low temperature heat capacities 
and heats of transformation of several composi
tions within the NH4F-H 20  system have been 
employed for this purpose.

Experimental
M aterials.— Specially prepared NH4F (analysis: F - /  

NH4+ =  1.0004)19 was employed for the wet residues studies 
and the calorimetry. F or some of the thermal analysis 
measurements, purified reagent NELsF (F - /NH4 + =  1 .0 0 14)19 
was used; the results were identical with those obtained 
with the prepared samples. Reagent NH4I was used after 
chemical analysis.19 Reagent NH4C1 giving NH4+ =  33 .7 1  
w t. %  by the Kjeldahl method and C l-  =  65.92 w t. %  
by the Volhard method (theoretical: 33 .73  w t. %  NIi4 + 
and 66.27 w t. %  C l- ) was used.

Thermal Analyses.— Cooling curves were made on 13  
compositions in the system NH.1F -H 2O on the water-rich 
side of the eutectic. The apparatus and technique are 
described elsewhere.19

Method of Wet Residues and Related Chemical Analyses.
—Ammonium ion was determined in all cases by the K je l
dahl method with methyl red as indicator using 0 .1 N  
NaOH standardized against K H (I0 3)2 and against potas
sium biphthalate, and 0 .1 N  H C1 standardized against K I  
plus HgO. All determinations were used as recommended20 
and checked against standard samples.

Fluoride was determined by three different methods. 
Gravimetric PbFCl. The precipitation procedure was 
carried out as recommended by Kapfenberger.21 In  all 
other respects the original method of Starck22 was used. 
Ammonium ion interference23 was eliminated before addi
tion of the precipitating agent by boiling the sample with 
dilute sodium hydroxide solution until the vapors evolved 
had no noticeable effect on the color of moist red litmus 
paper. The solution was then adjusted to pH 4 with dilute 
hydrochloric acid. To ascertain whether the high chloride 
ion concentration resulting from this neutralization would 
interfere, the precipitation was carried out on reagent 
sodium fluoride in the presence of a comparable amount of 
sodium chloride and the results were consistently ( ±  0 .1% ) 
satisfactory. Volumetric PbFC l: instead of weighing the 
P b FC l precipitate, it was dissolved in dilute nitric acid, 
and its C l-  content determined by the Volhard method. 
This modification of the original method of Starck22 is 
known as the Kapfenberger method.21 Determinations on 
a standard sample were also uniformly ( ±  0.06% ) satis
factory in this case. Indirect determination by difference: 
in wet residues work where N H 4F  had to be estimated in 
the presence of N I 14I , the P b F C l methods could not be

(18) F. A. H. Schreinemakers, Z. physiJc. Chem., 11, 75 (1893).
(19) L. C. Labowitz and E. F. Westrum, Jr., J. Pkys. Chem., 65, 

403 (1961).
(20) I. M. Kolthoff and E. B. Sandell, "Textbook of Quantitative 

Analysis,”  Rev. Ed., The Macmillan Co., New York, N. Y., 1948.
(21) W. Kapfenberger, Aluminium, 24, 428 (1942).
(22) G. Starck, Z. anorg. Chem., 70, 173 (1911).
(23) F. P. Treadwell and W. T. Hall, "Analytical Chemistry,”

Vol. II, “ Quantitative Analysis,”  9th English Ed., John Wiley and
Sons, New York, N. Y., 1942, pp. 397 and 739.

MOLE PERCENT NH4F.

Fig. 1 .— Phase diagram for the system N H 4F -H 20  from 
0-24 mole %  N H 4F . The solid solution is designated by a. 
The data from this research are represented by O for thermal 
analysis, □  solubility measurements, 3  wet residues results, 
and © heat capacity determinations. The data of Zaromb 
and B rill13 are given by ■ , those of Y atlov and P olyakova15 
by ▲ .

employed because of the possibility of forming P b lF  and 
P b IC l. In these cases, fluoride was estimated by difference: 
eq. F -  =  eq. N H + — eq. I - .

Chloride was determined by the Volhard method or by 
the gravimetric AgCl method.24 To find out whether the 
presence of F ~  would interfere with the end-point of the 
Volhard method, C l-  was determined in N H 4C1 in the pres
ence of F - , giving 99.76%  of theoretical C l- , and with 
N H 4F  added, giving 99.64% of theoretical C l- . These 
results compare with 99.80% of theoretical C l-  by the 
gravimetric AgCl method in the absence of F  -  .

In  the wet residues work on the solid solution I -  was de
termined gravim etrically as A g l.22

Adiabatic Calorimetry.— The heat capacities and heats 
of fusion of several N H 4F -H 20  mixtures were determined 
from about 55 to 3 2 5 °K . by the adiabatic method. The 
apparatus and procedure employed are identical with 
those previously described,19 with the exception that the 
samples in the present paper are all homogeneous solutions 
at 2 5° and could be poured from the polyethylene bottles 
in which they were prepared through a stainless steel funnel 
into the calorimeter.

Results and Discussion
All data from the literature25 and from the pres

ent investigation are presented in the phase 
diagram, Fig. 1.

Thermal Analysis.—The thermal analysis data 
are given in Table I. The liquidus curve obtained 
by the present investigation is not in close agree
ment with that of Yatlov and Polyakova.15 The 
discrepancy between the two liquidus curves can 
be accounted for on the basis of the following 
analysis of NH4F given by Yatlov and Poly
akova: ' NH3 =  45.65 wt. % , F =  51.75 wt. %, 
F /N H 3 =  1.06.”  (Evidently the figure “ 1.06” 
for F /N H a is a misprint and should read “ 1.016”

(24) W. C. Pierce and E. L. Haenisch, "Quantitative Analysis,’ 
3rd Ed., John Wiley and Sons, Inc., New York. N. Y., 1948, p. 300.

(25) A summary of the thermal analysis and solubility data of 
previous investigations on a consistent basis, tables of the thermo
dynamic properties of the ammonium fluoride-water system, and other 
details of this study have been deposited as Document 6421 with the 
ADI, Auxiliary Publications Project, Photoduplication Service, Library 
of Congress, Washington 25, D. C. A copy may be secured by citing 
the document number and by remitting S2.50 for photoprints or $1.75 
for 35 mm. microfilm in advance by check or money order made pay
able to: Chief, Photoduplication Service, Library of Congress.
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h2o

on the basis of the analytical data.) An NH4F 
aqueous solution intentionally contaminated with 
NH4HF2 to give F/NH3 =  1.016 (14.65 wt. %  
NH4F, 0.35 wt. %  NH4HF2) was prepared. Al
though in this study it was found that the freez
ing point of an aqueous solution of pure NH4F 
of 14.92 wt. %  (7.80 mole % ) was 260.5°K., 
that of the above intentionally contaminated 
material with an apparent concentration of 14.92 
wt. %  NFI4F was 261.0°K. in exact agreement 
with the 261.0°K. reported by Yatlov and Poly
akova. The addition of small amounts of am
monium bifluoride would be expected to elevate 
the freezing point of the solution because the 
NH4HF2-H2O liquidus curve lies higher in tem
perature than the NH4F-H20  solubility curve, 
and the corresponding solubility surface in the 
water-rich region of the system NH4F-NH4HF2-  
H20  would rise with temperature in the direction 
NH4F-H20  -> NH4HF2-H2O.

T a b l e  I

T h e r m a l A n a ly sis  D a t a ON THE Sy ste m  N H 4F -H 5

Mole % 
NH<F in Temp., Solid
sample °K . ±  0.1 Feature phase(s)
1.000 271.5 F .p ." aa
4.10 266.6 F .p . a
5.13 265.1 F .p . a
5.15 265.0 F.p. a
6.76 262.2 F.p. a
7.44 261.2 F.p. a

244.5 Eutectic a, N H 4F -H 20
7.80 260.5 F .p . a

244.6 Eutectic a, N H 4F -H 20
7.95 260.4 F.p. a

244.7 Eutectic a, N H 4F -H 20
10.89 255.9 F.p. a

244.5 Eutectic a, N H 4F -H 20
11.27 255.0 F.p. a

244.6 Eutectic a , N H 4F-H 20
13.39 252.6 F.p. a

244.6 Eutectic «, N H 4F -H 20
14.36 251.1 F .p . a
18.86 245.3 F.p. a

244.5 Eutectic a, N H 4F  H 20
“ K e y : F .p . =  freezing point; a  = solid solution.

Method of Wet Residues.—The method of wet 
residues was applied to the water-rich region of the 
systems NH4F-N H4C1-H20  and NH4F-N H 4I -  
H20  at 262.4 and 252.4°K., respectively, to de
termine whether the composition of the solid 
phase which first separates on freezing is pure 
ice or the reported solid solution.12 The results 
(Table II and Fig. 2) prove that the solid solution 
is indeed formed; and by plotting “ mole %  of 
NH4F in the solid solution”  vs. “ mole %  of NH4F in 
the liquid solution” for each tie-line, it is possible 
to extrapolate to the NH4F-H 20  solidus line at 
those temperatures. It was assumed that NH4C1 
and NH4I were insoluble in the solid solution. 
On this basis the mole %  of NH4F in the NH4F-H 20  
solid solution is 2.0 at 262.4 ±  0.1°K. and 5.3 
at 252.4 ±0 .1°K .

T a b l e  I I

W e t  R e sid u e s  D a t a
Run Liquid Total Wet Solid
no. phase system residue phase

System  N H 4F -N H 4C1 -H 20  at 262.4 ±  0 .1 ° K .

Mole %  N H 4C1 in sys
tem N H 4C 1-H 20 5 . 4526

Mole %  N H 4F l 2.980 2 .4 7 1 2 .2 54  0 .2 1
Mole %  N H 4CI l 3 .065 2.550 2 .2 2 3
Mole %  N H 4F 2 3.070 2.800 2 .6 1 1  .4 1
Mole %  N H 4C1 2 2.980 2.700 2.462
Mole %  N H 4F 3 4.459 3 . 1 5 2 2 .442  . 8 8

Mole %  N H 4C1 3 1 .8 5 3 1 . 18 0 0.860
Mole %  N H 4F 4 6.080 4 .6 8 1 4 .346  .78
Mole %  N H 4C1 4 0 .5 37 0.400 0.360
Mole %  N H 4F 5 6.364 5 .57 2 5.064  1 .8 0
Mole %  N H 4C1 5 0 .18 1 0 .15 2 0 .12 9
Mole %  N H 4F  in sys 6 .67 B y  extrapolation =

tem N H 4F -H 20 2 . 0

System  N H 4F -N H 4I - H 20  at 252.4 ±  0 .1 °K .

Mole %  N H 4I  in sys
tem N H 4I -H 20 1 0 .0327

Mole %  N H 4F 1 5 .8 14 4 .50 3 4 .254  2 .2 1
Mole %  N H J 1 6 .0 15 3 .9 30 3.48 2
M ole%  N H 4F 2 10 .4 6 8 .54 1 8 .2 12  4 . 1 3
Mole %  N H J 2 2.099 1.4 9 3 1 .3 4 1
Mole %  N H 4F  in sys 13 .4 0 B y  extrapolation =

tem N H 4F -H 20  ' 5 .3

Heat Capacity Data.—Adiabatic calorimetry is a 
very powerful tool for the investigation of phase 
equilibria in binary systems because it is an equi
librium method and is capable of determining with 
high precision and accuracy the temperature and 
the enthalpy increments associated with phase 
transitions. It is, however, seldom employed 
for this purpose because of the time required to 
reach equilibrium. Heat capacities of 0.4916, 
1.485, 4.603 and 19.39 mole %  NH4F solutions 
were determined by direct calorimetric measure
ments from 55 to 325°K. The results of the heat 
capacity measurements are presented in Table III 
in chronological order so that the approximate 
size of the temperature increments employed can 
usually be inferred from adjacent mean tempera-

(26) W. H. Rodebush, J. Am. Chem. Soc., 40, 1204 (1918).
(27) A. Smith and H. E. Eastlack, ibid., 38, 1500 (1916); T. R. 

Briggs, K. H. Ballard, F. R. Alrich and J. P. Wikswo, J. Phys. Chem., 
44, 325 (1940).
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T a b l e  I I I

He a t  C a p a c it ie s (C s) o f  A q u eo u s  So lu tio n s  of A m
m o n iu m  F lu o r id e  [in  C a l . / ( D e g . M o le  So l u t io n )]

T , °K . c a T , °K . Cs T , “K. C.

0.4916 mole %  N H 4F ; 1  mole soln. = 18 .1 10  g. soln.

19 0 .16 6.493 286.50 17 .9 5
Series I 198.93 6.766 295.70 17 .9 4

53 .34 2 .0 4 1 207.47 7.029 30 5 .36 17 .9 4
58 .23 2 .239 2 15 .8 1 7 .286 3 15 .2 2 17 .9 4
64.24 2 .483 224 .45 7 .564 325.04 17 .9 6
7 0 .33 2 .7 13 2 33 .5 2 7 .8 52
76.43 2.939 2 4 2 .4 1 8.284 Series V I
8 3 .10 3 .18 9 1 4 1 . 1 2 5.050
90.23 3 .4 4 1 Series IV 14 7 .6 0 5 .2 3 7

228.69 7 .6 9 1 153 .9 0 5.422
Series I I 2 3 7 .6 1 8 .0 35 159 .4 2 5.584

9 3.74 3 .5 5 5 246.23 8 .574 16 4 .7 7 5 .738
10 1 .3 2 3.800 2 5 4 .3 1 9 .16 2 169.98 5.898
109.29 4.054 2 6 1.2 2 13 .5 4 174 .98 6.040
1 1 7 .3 7 4.308 265.99 24.89 AH  Run no. 1
12 5 .5 0 4 .5 6 1 268.54 52 .8
13 3 .6 6 4 .8 17 270 .33 149 Series V II
142 .08 5 .0 7 1 2 7 1 .7 8 540 277.89 17 .9 7
150 .76 5 .329 272.46 10 10 279.95 17 .9 8
159 .9 3 5.59 3 273 .8 3 64 .3 282.24 17 .9 6

280.36 17 .9 6 284.99 17 .9 6
Series I I I 287 .73 17 .9 5

16 3 .6 7 5 .70 2 Series V 290.48 17 .9 5
17 2 .5 3 5.968 2 7 7 .5 1 18 .0 1 296.50 17 .9 3
18 1 .3 2 6 .222

1.485 mole %  N H 4F ; 1  mole soln. = 18.259 g. soln.

Series I 207.43 7 .072 Series V II
136 .4 5 4.906 2 16 .8 8 7.364 279.85 17 .6 8
14 3.8 6 5 . 1 3 7 290.77 1 7 .7 1
152 .4 7 5.399 Series IV 300.56 17 .7 4
16 1.4 9 5 .6 7 1 2 2 3 .9 1 7 .574 3 10 .3 2 17 .7 7
170 .6 7 5 .9 4 1 232 .20 7.845 320.04 17 .8 0
179 .96 6 .2 19 238 .32 8 .0 6 1
188.89 6.502 2 4 2 .18 8 .272 Series V II I

243 .65 8.530
Series I I Series V 244.54 1 0 . 1 3

5 7 .4 1 2 .2 16 2 3 7 .15 8.006 2 45 .33 1 1 .7 6
6 2.73 2 .4 34 240.88 8 .14 7 2 4 6 .1 1 1 1 .4 6
69.02 2 .6 75 243.62 8 .4 6 1 246.94 1 3 . 1 8
7 5 .16 2.906 2 4 5 .2 1 10 .8 6 248.39 13 .7 2
8 1 .7 4 3 .15 6 247.70 1 1 .7 8 AH  Run no. 3
88.60 3.40 5 252.60 14 .27.
96.28 3.659 Series I X

104.84 3 .9 37 Series V I 2 7 0 .3 1 222
1 1 3 . 1 7 4 .202 258.28 20 .55 270.54 257
12 1 .3 9 4.449 262.07 3 1 .7 9 270.76 283
129 .58 4.692 264.57 5 3 .5 270.96 296
137 .9 2 4.944 266.22 7 1 .8 2 7 1 . 1 7 309

2 6 7 .33 106 2 7 1 .3 9 288
Series I I I 268.39 143 2 7 1 .6 3 259

AH  Run no. 2 269.46 240 2 7 1 .9 3 205
197.66 6 .774 2 70 .4 1 326 272 .28 164

272 .36 94.4 273.89 20.65

4.603 mole %  N H 4F ; 1  mole soln. = 18.891 g. soln.

Series IV 280.92 1 7 .2 1
Series I 14 4 .4 5 5 .2 7 5 288.85 1 7 . 3 1

5 5 .2 3 2 .16 9 1 5 3 .3 1 5 .550 297.87 17 .3 7
60.40 2 .3 8 3 16 2 .14 5 .8 12 30 7 .37 17 .4 4
66.38 2.626 170 .78 6.060 3 1 7 . 1 5 17 .5 3
72.69 2.864 17 9 .38 6 .328

Series V II
Series I I 2 3 1.0 6 7.949

78.93 3 . 1 1 2 Series V 239.80 8.294
85.58 3.366 18 2 .0 3 6.423 244 .52 20.47
92.82 3.620 19C.90 6 .732 245.63 35 .9 4

10 0 .4 3 3 .8 77 199.94 7 .0 16 246.75 34 .5 2
10 8 .17 4 .13 2 2 0 1.2 2 7 .29 7 2 4 8 .3 1 36 .4 5

2 18 .7 4 7 .58 5 250.90 4 2 .13
227 .74 7 .8 6 1 2 55 .25 4 7 .3 1

Series I I I 236 .42 8 .14 9 259 .8 1 7 7 .1
10 7 .89 4 .1 2 1 2 6 3 .19 107
1 1 5 . 7 1 4 .3 7 1 265.30 1 1 2
12 3 .8 3 4.630 Series V I 266.32 1 1 5
132 .0 8 4.885 244.29 18 .4 6 26 7.55 87.0
14 0 .52 5 .15 2 ARun no. 4 270 .67 20.09

Eutectic composition :: 19.39 mole %  N IL F ; 1  mole soln. =
21.704 g.. soln.

246.29 26.60 9 1.8 5 3.999
Series I 248.62 16 .2 8 9 9 .3 1 4 .288

2 17 .5 9 8 .387 2 52 .7 3 16 .3 5 10 7 .28 4.588
225.90 8.656 260.27 16 .5 2 1 1 5 .3 3 4.885
2 32 .5 2 8.859 269.44 16 .7 2 12 3 .3 8 5 .18 2

AH  Run no. 5 278 .58 16 .8 9 1 3 1 .7 3 5 .4 8 1
255.67 16 .4 2 2 8 7 .9 1 17 .0 6 14 0 .34 5.778

297.30 1 7 .2 1 14 9 .2 7 6.076
306.60 17 .3 7 15 8 .5 3 6.384

Series I I 3 15 .8 2 17 .5 2 167 .69 6.706
2 3 3 .5 3 8.888 176 .6 7 7 .058
239.97 9 .18 6 18 5 .5 5 7 .4 13
243 .53 14 .5 5 Series I I I 194 .50 7.709
244.80 613 6 5 .15 2 .8 33 203.76 8.000
244.95 5790 7 1 .3 9 3 . 1 2 1 2 1 3 . 1 1 8 .2 77

AH  Run no. 6 78.02 3 .4 14 AH  Run no.7
2 4 5 .12 953 84 .7 3 .7 1 3

tures. An analytically determined curvature cor
rection was applied to the observed values of AH/ 
AT to correct for the deviation occasioned by the 
finite temperature increments used in the actual 
measurements. A further correction has been

T a b l e  IV

E n t h a l p y  I n crem en ts  in  th e  NH4F-H2O Syste m
No. of Exptl. temp. H°2sqok. — H°23o°k.
runs range, °K . cal./(mole soln.)

0.4916 mole %  N H 4F

1  ( AH  Run no. 1  ) 239 .76-29 0.77  19 2 7 .6
10  Cs runs 242.03-284.99  19 3 0 .1
Numerical quadrature o: Cs vs. T  curve 1926

1.485 mole %  N H 4F

1  (A il  Run no. 3 ) 239 .79 -285.44  19 18 .6
13  Cn runs 2 4 2 .7 7 -2 73 .8 3  1920.6
Numerical quadrature of CB vs. T curve 1933

4.603 mole %  N H 4F

1 (A H  Run no. 4) 2 50 .7 2 -2 77 .3 4  1856 .9
12  Cs runs 2 4 3 .8 8 -2 7 3 .10  186 0.2
Numerical quadrature of Cs vs. T  curve 1864

H° 2to°K. — 
cal./(mole soln.)

Eutectic composition: 19.39 mole %  N H 4F  

1  (AH Run no. 5) 2 3 5 .0 1-2 5 2 .2 1  14 2 9 .1
1  ( AH Run no. 7) 2 36 .38 -2 5 3 .7 3  14 2 8 .1
8 Cs runs

(Inc. AH  Run no. 6) 237 .55 -24 9 .8 3  14 28 .8
Numerical quadrature cf Cs vs. T  curve 14 19
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Fig. 3 .—Low  temperature heat capacities for the system N H 4F -H 20 . The
various substances are represented as follows: ice29, - ----------; N H 4F 28, — ----- •;
0.4916 mole %  N H 4F , A; 1.485 mole %  N H 4F, ■ ;  4.603 mole %  N H 4F, □ ;  19.39 
mole %  N H 4F  (eutectic), • ;  N H 4F-H20 , O-

applied for the heat of vaporization of water and 
for the heat capacity of the water vapor over the 
solutions. At any given temperature, T, the 
heat capacity, Ca, corrected for vaporization is 
given by the equation

CB =  C, (apparent) — n\C, — nvAEK/RT2

in which ny =  number of moles of water vapor 
within the calorimeter, Cs (apparent) =  the ob
served heat capacity of the two-phase sample,
CV =  molal heat capacity of water vapor at con
stant volume of temperature T, AEy =  molal 
energy of vaporization of water at constant volume 
at temperature T, R — gas constant per mole.
The derivation of this equation is presented else
where.25 The probable error in the experimental 
heat capacities is estimated to be about 0.1%.
The heat capacity data are presented at the satu
ration vapor pressure of the samples. For this 
reason the symbol Cs is used to represent the heat 
capacity. The vaporization correction seldom 
exceeds 0.1% and is completely negligible below 
260°K. Therefore, the saturation heat capac
ities (Cs) are virtually identical with the heat capac
ities at constant pressure (Cp) usually tabulated.
It should be noted that the heat capacities (and 
the derived thermodynamic functions) in this 
paper have been presented on a “ per mole of solu

tion” basis in order to provide for 
convenient comparison of differ
ent concentrations. One mole of 
solution is defined as the amount 
of solution for which the number 
of moles of NH4F plus the number 
of moles of water is equal to 
unity.

In the heat capacity measure
ments outside of transition re
gions thermal equilibrium was 
usually attained within ten or 
twelve minutes after energy in
put. Within the fusion transition 
region, however, thermal equilib
rium vras usually not attained 
until ten or twelve hours after an 
energy input. Hence, it was not 
possible to delineate the heat 
capacity as an exact function of 
temperature in this region. 
Therefore, as a final test of the 
measurements and the calcula
tion technique as well as the 
shape of the heat capacity curves 
drawn through the transition 
region, a number of enthalpy type 
runs were made over relatively 
large temperature intervals span
ning the transition region. The 
results of these enthalpy runs are 
presented in Table IV and com
pared with the results obtained 
by the summation of the enthal
pies of runs made with relatively 
small temperature increments 
through the transition region (and 
hencewith longequilibrium times) 

as well as with numerical quadrature of the heat 
capacity vs. temperature curves as drawn through 
the fusion region. The results are seen to be in 
good agreement.

The heat capacities are presented graphically in 
Fig. 3 with the curves for NH4F,28 NII4F-H20 19 
and H20 29 included for comparison.

Thermodynamic Functions.—The smoothed heat 
capacities (Cs) and the values of the derived 
thermodynamic functions, the enthalpy increment 
(<S° — *So'°), and the enthalpy function (H° — Ho0 ]/T) 
are given in Table V at selected temperatures and 
in more detail as a function of temperature else
where.26 For comparison, the values for the am
monium fluoride monohydrate (NH4F-H20), more 
fully discussed in the first paper of this series,19 
are also included. It will be noted that these 
values are presented on the basis of “ per mole of 
solution.”  The heat capacities in Table V repre
sent the average of the nearly identical values 
read from the smoothed curve and the values 
generated by a digital computer from a least 
squares polynomial fit to the data used for the 
integrations. Below the temperatures at which 
heat capacity measurements were made the

(28) E. Benjamins and E. F. West-rum, Jr., J. Am. Chem. S o c 79, 
287 (1957).

(29) W. F. Giauque and J. W. Stout, ibid., 58, 1144 (193G).
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thermodynamic functions and heat capacities 
were obtained on the basis of the Kopp-Neumann 
rule30 using the heat capacity data of Giauque 
and Stout29 for ice and the heat capacity data for 
the monohydrate19 as a basis for the interpolation. 
This is probably the most significant contribution 
to the probable error of the thermodynamic func
tions, but it contributes less than 0.2% above 
100°K.

T a b l e  V

T h e r m o d yn a m ic  F u n ctio n s  o f  A qu eo us  So lu tio n s  o f  
A m m o n iu m  F l u o r id e  [in  C a l . / ( D e g . M ole  S o l u t io n )]

Mole % 
NH,F 100°K. 150°K. 200 °K. 298.15°K.

0 .4 9 16 3 .7 5 8

(A

5 .30 5 6.797 17 .9 4
1.4 8 5 3.780 5 .3 19 6.843 17 .7 3
4.603 3.86 2 5.445 7 .0 15 17 .3 8

19 .3 9  (eut.) 4 .3 18 6 . 10 1 7 .8 8 1 17 .2 3
50.00 5 .2 5 5 7 .5 10 9.492 18 .6 1

0 .4 9 16

<S°

3 . 1 1 9
-  S o 0 

4.939 6.668 16 .0 5
1.4 8 5 3 . 1 3 0 4 .9 57 6.696 16 .0 5
4.603 3 . 18 3 5 .0 53 6.830 1 6 .14

19 .3 9  (eut.) 3.439 5 .534 7 .534 16 .8 3
50.00 4 .14 7 6 .7 19 9 . 1 5 1 17 .4 6

0 .4 9 16

(H « -  

1 .8 2 8

- H0°)/T  
2 .7 3 3 3 .5 6 1 10 .6 8

1.4 8 5 1.8 3 6 2 .74 3 3 .5 7 7 10 .6 3
4.603 1 .8 7 1 2.802 3 .6 55 10 .49

19 .3 9  (eut.) 2 .042 3 .10 4 4 .0 77 10 .5 3
50.00 2.469 3 .78 5 4.964 1 0 .3 1

The Fusion Transformation.—The heat capaci
ties of the aqueous solution of ammonium fluoride 
through the fusion transformation are presented 
graphically in Fig. 4, and the thermodynamics of 
this transformation are summarized in Table VI. 
Because of pre-transitional rise in heat capacity 
as well as a tail on the high temperature side, eval
uation of the enthalpy and entropy increments for 
the fusion transformation required the extrapola
tion of the “ normal”  heat capacity curves for the 
solid and liquid phases to the temperature at which 
the apparent heat capacity was a maximum. This 
background heat capacity was approximated by 
drawing smooth curves tangent to the observed 
heat capacities at 240 and 280°K. for the three 
dilute solutions and between 240 and 260°K. for 
the eutectic and monohydrate solutions.

The eutectic and peritectic temperatures found 
by equilibrium calorimetry were in good agree
ment with the results of the thermal analysis and 
solubility-determination work of the present in
vestigation. Despite repeated examinations for 
a thermal anomaly in the vicinity of the peritectic 
temperature reported by Yatlov and Polyakova, 
none was detected.

The absence of a thermal effect at the eutectic 
temperature for the 0.4916 and the 1.485 mole %  
NH4F solutions is conclusive evidence for the 
existence of the solid solution at these concentra-

(30) R. H. Fowler and E. A. Guggenheim, "Statistical Thermo
dynamics,”  Cambridge University Press, New York, N. Y., 1939, p. 
568.

Fig. 4.— Heat capacities for aqueous solutions of N H 4F  in 
the fusion transformation region. 0.4916 mole %  N H ,F , a ; 
1.485 mole %  N H 4F, ■ ;  4.603 mole %  N H 4F, □ ;  19 .39 mole 
%  N H 4F  (eutectic), • ;  N H 4F-H 20 , O-

tions. It would have been possible by the tech
nique used here to detect an effect as small as 
three cal./(deg. mole soln.). Although a thermal 
effect was observed in the vicinity of the eutectic 
temperature for the 4.603 mole %  NH4F sample, 
it is believed that this effect is not evidence of a 
true eutectic transition but is rather a conse
quence of the spectrum of non-equilibrium solid- 
solution-compositions frozen in as a result of cool
ing this particular sample too rapidly through the 
two-phase region. Although it was the opera
tional policy to cool samples very slowly through 
the two-phase temperature region, examination of 
the data record shows that this practice was not 
observed prior to the fusion transformation meas
urements on the 4.603 mole %  NH4F sample; 
equilibrium solid solution concentration, therefore 
was probably not achieved in this experiment.

Theoretical Solidus Curve.— Zaromb and Brill13 
derived an expression for the solidus curve by utiliz
ing the Clapeyron equation, the liquidus curve of 
Yatlov and Polyakova,16 and simplifying assump
tions (such as the constancy of the heat of fusion). 
The temperature dependence of the heat of fusion 
of ice (AHf) is considerable and may be repre
sented by the following analytical expression over 
the range of interest

AHt (cal./mole) =  -6 9 9 7  +  63.68T -  0.15862’2

This reproduces the experimentally observed 
values for the heat of fusion of ice within 0.2%. 
By incorporating this into the differential Clapey
ron type equation31 and integrating, the relation
ship

(31) A. Eucken, “ Lehrbuch der chemischen Pkysik,”  Akad. Ver-
lagsgesellschaft, Leipzig, II. 1950, p. 85.
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(Eutectic)
0 .4916 1.4 8 5 4.603 19 .39 50.00

270 264 245“ 24 3 .7 2 4 3 .7
2 72 .5 270 .9 266.3 244.9 2 4 5 .3
2 72 .5 271 208 245.6 247 .4

1468 1445 1292 1048 680
5.46 5 .3 8 5 .0 3 4 .3 3 2 .7 7

Mole %  N H 4F  
Onset temp., T, °K .
Temp, of M ax. Ca, T, °K .
F in al temp., T, °K .
E x tra  enthalpy increment (AH) cal./(mole soln.)
E xtra  entropy increment (A S ) eal./(deg. mole soln.)

° B u t note discussion in text.

log (N J N .)  =  - 1 5 3 0  (1 /To -  1/T) +
32.02 log (T J T )  -  0.03467

was obtained. N\ =  mole fraction of H20  in the 
liquid phase, Ne =  mole fraction of H20  in the 
solid phase, AHi =  the heat of fusion of ice, R =  
the gas constant, T0 =  the melting point of pure 
ice, T =  the freezing point of the solution. The 
solidus curve calculated on the basis of this equa
tion and on the liquidus data of the present in
vestigation is in much better agreement with

other findings of this study (cf. Fig. 1) than is the 
curve calculated by Brill and Zaromb which did 
not take into account the temperature dependency 
of A H {.
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KINETICS OF HYDROGEN OXIDATION DOWNSTREAM OF LEAN PROPANE
AND HYDROGEN FLAMES

By Burton Fine
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The decay of hydrogen was measured downstream of lean, flat, premixed hydrogen and propane-air flames seated on cooled 
porous burners. Experim ental variables included temperature, pressure, initial equivalence ratio and diluent. Sampling of 
burned gas was done through uncooled quartz orifice probes, and the analysis was based on gas chromatography. An ap
proximate treatment of the data in which diffusion was neglected led to the following rate expression for the zone downstream 
of hydrogen flames d[H 2]/di =  1 .7  X  10 10 [L yV ijO fie-8100'* 1 2’ m ole/(1.)(sec.). On the basis of a rate expression of this form, 
the specific rate constant for the reaction downstream of hydrogen flames was about three times as great as that determined 
downstream of propane flames. This result was explained on the basis of the existence of a steady state between hydrogen 
and carbon monoxide in the burned gas downstream of propane flames.

Introduction
Within the past few years, numerous studies 

have been reported which involve the sampling of 
the burned gas downstream of flat flames.1-3 
Such studies have shown that, even for fuel-lean 
flames, a significant part of the total combustion 
process takes place in this downstream zone, the 
temperature of which is practically constant for 
a reasonably large distance. This has afforded 
a means of studying the velocity of various chemi
cal reactions at elevated temperatures.

This paper presents results on the consumption 
of molecular hydrogen downstream of lean, flat 
propane-oxygen and hydrogen-oxygen flames with 
nitrogen and argon as diluents.

Apparatus and Procedure
Description of Combustion System.— Tw o burners were 

used, of similar design but, different size. The smaller 
burner had a porous circular plate of sintered copper shot 
2 inches in diameter and 1/4  inch thick, which was sintered 
to a copper jacket. A  cooling coil of 3/16-inch-outside- 
diameter copper tubing was likewise sintered into the base

(1) R . Friedman and J. A. Cyphers, J. Chem. Phys., 23, 1875 (1955).
(2) C. P. Fenimore and G. W. Jones, J. Phys. Chem., 61, 651 

(1957).
(3) W. E. Kaskan, Combustion and Flame, 2, 286 (1958).

of the plate. The other burner had a  sintered plate 4 
inches in diameter and 5/16  inch thick. The top surfaces 
of both burner plates were machined and then etched with 
dilute nitric acid to obtain maximum smoothness. The 
burners were set in the base of a low-pressure combustion 
chamber connected to a plenum chamber and vacuum  
pump. The pressure in the chamber was controlled by- 
balancing the pumping with a variable air bleed.

The hydrogen, argon and oxygen used in these experiments 
were obtained in tanks from stock and used without fur
ther purification. Laboratory service air was used as com
bustion air. The various constituents of the initial mixture 
were metered separately through calibrated critical-flow 
orifices and then mixed in flow.

Measurement of Temperature.—The temperature of the 
flame and, presumably, of the downstream zone, was con
trolled by controlling the stream velocity ahead of the 
burning mixture. This temperature was taken as being 
equal to the flame temperature calculated from an energy- 
balance which included the quantity of heat removed 
b y  the cooling w ater.4 F or corresponding flames, tempera
tures calculated in th at w ay agreed well with temperatures 
obtained by measurement with coated thermocouples.3'5 
In particular, the substantial decrease in the temperature 
of rather lean hydrogen-air flames with decreasing pressure 
at constant burning velocity reported in ref. 3 was re
produced.

(4) ,7. P. Botha and D. B. Spalding, Proc. Roy. Soc. {London), A225, 
71 (1954).

(5) W. E. Kaskan, “ Sixth Symposium (International) on Combus
tion,’ ’ Reinhold Publ. Corp., New York, N. Y., 1957, p. 134.
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Sampling and Analysis.— Gas samples were withdrawn 
through an uncooled quartz probe. This was drawn down 
to a tip containing an orifice about 25m in diameter. The 
probe was fitted to a brass tube which passed out the bottom 
of the combustion chamber. A  flexible connection led 
from the base of the tube to a vacuum line where gas samples 
were collected. The probe was supported on an outer 
hollow shaft whose height could be changed by a microm
eter screw. The height of the probe tip above the center 
of the burner was measured through a window in the com
bustion chamber with a cathetometer.

Samples were collected in 300-ml. bottles which were im
mediately pressurized to 1  atmosphere for analysis. The 
final pressure in the sampling line was always less than 1 / 10  
of the pressure in the combustion chamber.

Analyses were performed on a Perkin-Elm er Vapor 
Fractom eter, model 154  B . The use of a molecular sieve 
separation column and argon as the carrier gas gave satis
factory analyses for nitrogen and oxygen and particularly 
sensitive results for hydrogen. Because of the small size 
of the samples, analyses for water vapor were not performed.

For simplicity, concentrations were generally expressed 
relative to the concentration of nitrogen. For the range 
of equivalence ratios covered the approximate relation

rHz = ~~ ~ 1.4xh2 (!)•6N2
where x  is mole fraction, was found to hold. In analyzing 
for hydrogen downstream of flames with argon used as the 
diluent, no argon peak was obtained. However, the 
composition could be estimated by comparing the peaks for 
hydrogen and oxygen with peaks for known mixtures.

The quantity of hydrogen found in the burned gas ranged 
from about 0.001 to 1  mole % , the levels of concentration 
increasing with increasing temperature and equivalence 
ratio and decreasing with increasing pressure. I t  was found 
that the concentration of hydrogen always exceeded the value 
calculated for equilibrium, but that the degree of excess for 
any point in the downstream zone increased strongly with 
decreasing pressure and decreased somewhat with increasing 
temperature.

Values found for the mole fraction of oxygen in the 
burned gas are in good agreement with those expected for 
each initial mixture. However, for initial conditions of 
low pressure, low burning velocity and high equivalence 
ratio, it was necessary to use the larger burner; otherwise 
the observed oxygen concentration was much too high. 
Furthermore, when argon was used as a diluent, analysis 
of the burned gas always showed a few per cent, of nitrogen. 
These circumstances indicated that the ambient atmosphere, 
containing air and combustion products, tended to be swept 
into the center of the downstream zone. Detailed verifica
tion that such transverse diffusion did occur was presented 
in a previous report.6 Even  with a proper choice of burner, 
the effect of this transverse diffusion was to obscure the very 
shallow oxygen decay profile that would be expected to ac
company the hydrogen decay.

Results and Discussion
The experimental data consisted of determina

tions of the change in hydrogen concentration with 
distance in the burned gas for 20 different condi
tions. Results are summarized in Table I, which 
shows the initial conditions for each run, the 
calculated flame temperature, the initial burning 
velocity, the mole fraction of oxygen in the burned 
gas calculated on the basis of complete combustion 
of hydrogen to water, and important quantities 
in the chemical kinetic treatment. It was found 
that, for all runs except one, plots of rH2~1/2 against 
Z, the distance downstream of the burner, gave 
straight lines for all values of Z. For the one ex
ception, the curvature was sufficiently small that 
a reasonable average slope could be obtained. 
Figure 1 shows several decay curves plotted in 
this form, and values of Ar_,/í/  AZ are shown in the 
table.

(6) B. Fine, NASA TN D-198, 1959.

Fig. 1 .— D ecay of hydrogen from hydrogen-air flame. D ata 
correspond to entries 1 , 2 and 5 of table.

In order to derive a rate constant from con
centration-distance data, one should consider 
the effect of diffusion in the flow direction; for 
hydrogen, this effect can be very important. 
An attempt was made to treat diffusion in terms 
of the theory of Hirschfelder and Curtiss,7 but this 
let to non-linear differential equations which could 
not be solved in a satisfactory fashion, possibly 
because of insufficient precision in the data. It 
was found that the only simplification which al
lowed general analysis of the data was that of 
neglecting diffusion entirely. Thus, the treatment 
of the data is only approximate.

If diffusion is neglected, the data indicate that 
the hydrogen order is about 3/s . Orders of re
action for hydrogen significantly greater than 1 have 
been previously inferred from measurements on 
the gross properties of hydrogen-oxygen burner 
flames.8'9 The general correlation of the data 
in terms of an Arrhenius plot is shown in Fig. 2, 
on the assumption that the oxygen order is unity. 
Several features of the plot are worthy of note. 
First, the assumption that the reaction is first 
order in oxygen appears to hold for the range of 
oxygen concentration shown in the table. Second, 
the specific rate constant in terms of volume con
centration is independent of pressure and diluent 
as far as those quantities have been varied. Third, 
the activation energy is small and is about the 
same for both fuels. The most striking feature of 
the plot is the fact that the rate constant down
stream of hydrogen flames is consistently higher 
than that for propane flames by a factor of about 3. 
This appears to be reasonably well explained on 
the basis that, downstream of lean propane flames, 
the ratio of the concentrations of carbon monoxide 
and hydrogen always corresponds to the water- 
gas equilibrium. The consumption of hydrogen

(7) J. O. Hirschfelder and C. F. Curtiss, “ Third Symposium (In
ternational) on Combustion,”  T:ie Williams & Wilkins Co., Baltimore, 
Md., 1949, p. 121.

(8) A. E. Potter, Jr., and A. Berlad, “ Sixth Symposium (Interna
tional) on Combustion,”  Reinhold Publ. Corp., New York, N. Y., 1957, 
p .  2 7 .

(9) B. Fine, Combustion and Flame, 4, 243 (1960).
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Stream
velocity

No.
Burner,

in. Fuel Diluent
Pressure,

atm.
Temp.,

°K.

of
unbumed
mixture,
cm./sec. ®Oj

Ar“ > « 
A Z

Specific
rate

constant, 
k X 10-9

1 2 h 2 n 2 0.41 1513 30 0.054 41 1.24
2 0.41 1661 56 .054 23 1.22
3 1.00 1645 30 .037 135 1.40
4 4 h 2 n 2 0.25 1595 30 0.037 14 1.26
5 .41 1377 13.5 .054 100 .80
6 .25 1733 38 .027 6.4 1.42
7 .25 1494 25 .075 33 1.16
8 .25 1447 25 .095 48 1.04
9 .25 1300 18 .075 41 .76

10 2 II2 n 2 1.00 1690 45 .037 74 1.64
11 n 2 0.60 1609 35 .054 54 1.24
12 A .41 1630 30 .075 46 1.18
13 A .41 1444 20 .075 75 .96
14 4 h 2 A 0.25 1680 15 .037 24 1.84
15 2 c 3h 8 n 2 1.00 1790 12 .033 70 0.54
16 4 c 3h 8 n 2 1.00 1870 16 .026 49 .72
17 2 c 3h 8 n 2 1.00 1915 20 .033 39 .60
18 n 2 1970 25 .033 27 .54
19 A 1870 14 .033 59 .60
20 A 2080 20 .033 37 .70

FLAME

o  h2 - air

•  H2 - ( 21% 02 - 79% A)

Fig- 2.—Plot of specific rate constant k against reciprocal absolute tem perature: k =  1.7 X  1010 e~*mlRT (l'm°ies\ 3/2
, , \  liter /

sec. 1 (equation for upper line).

is opposed by its formation at a relatively fast 
rate through the maintenance of a steady state 
between carbon monoxide and hydrogen. The 
observed lowering of the rate for propane flames 
agrees with that estimated from the ratio of equi
librium concentrations of carbon monoxide and 
hydrogen.

If the decay of carbon monoxide takes place only 
through the steady state between carbon monoxide 
and hydrogen, one would expect the same order 
and activation energy for both fuels. The fact 
that the activation energy obtained by Fenimore

and Jones for carbon monoxide, 24 kcal./molc, 
is much larger than that presently obtained for 
hydrogen can be explained by the fact that Feni
more and Jones assumed that carbon monoxide 
decay was first order. Thus, at constant oxygen 
concentration and pressure, the rate expression 
for a reaction order of 3/ 2 in hydrogen can be 
written

^ 5 - 2= «[Hj]1/» e-BixT

where k is related to the specific rate constant and 
other symbols have their usual meanings. Since
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the concentration of hydrogen in the burned gas 
depends on many factors, including the temperature 
of the downstream zone, one would expect that the

activation energy obtained would be different de
pending on whether the assumed hydrogen order 
was 1 or 3/ 2.

HYDROCARBON SYNTHESIS ON PURE IRON
By P. B. W eisz and W. P. K ern

Socony M obil Oil Company, Inc., Research Department, Paulsboro Laboratory, Paulsboro, N. J .
Received August 8, 1960

Pure iron was observed gradually to develop activity for the production of paraffin hydrocarbons, from carbon monoxide 
and hydrogen, over a  period of 350 hours of contact. The fraction of olefin hydrocarbons produced, however, was noted to 
decay to zero within about 150  hours of contact. Photoelectric measurements of the iron surface indicated only a  small shift 
of work-function, photoelectric emission shifting toward longer wave lengths. The gradual shift in photoelectric properties 
parallels the slow transition of the catalytic properties.

Introduction
Over the many years of investigation of iron as a 

synthesis catalyst for the conversion of carbon 
monoxide and hydrogen little attention has been 
given the behavior of pure iron. An important 
role of “ promoter”  additions, especially of alkali, 
has been indicated starting with the original work 
of Fischer and Tropsch,1 for achieving practical 
synthesis catalysis. Moreover, Fischer and Tropsch 
suggested that alkali is an essential mechanistic 
factor for achieving the synthesis of molecules with 
more than one carbon number, the iron acting as 
hydrogenation catalyst for carbon monoxide, and 
alkali catalyzing condensation reaction steps.

The present report deals with a study employing 
iron introduced into the experiment as 99.99 (plus) 
%  purity iron wire, without the aid of preparation 
techniques which may introduce other components. 
The gaseous products from repeated 20 hour con
tacts with a mixture of 1:1 CO-H2 at 40 cm. pres
sure and 320° were studied over a period of several 
hundred hours. At the same time intervals the 
photoelectric properties of the surface were exam
ined as a non-destructive tool which would indi
cate compositional changes occurring at the surface 
during the period of activity study.

Experimental
The reactor vessel was designed to allow its use for cata

lytic contact with the reacting gases, as well as to offer 
part of the iron surface contained therein as the cathode 
of a  photo-responsive tube geometry, which could be irra
diated with the light from a Beckman monochromator, and 
the photoelectric response measured as a function of wave 
length.

The low photoelectric yield attainable from iron, espe
cially in the presence of gas,2 3’3 and the relatively low light 
intensity available after passage through a monochromator, 
and through a sighting passage of a surrounding furnace, 
made the conventional photo-current measurement a  rela
tively unattractive prospect. Instead, a Geiger counter 
tube geometry, consisting of a pure iron cathode cylinder 
and coaxial pure iron anode wire was created as part of the 
reactor’s total iron surface. The monochromator light 
beam could be directed onto the interior cathode surface, 
and with the gas fillings of the chemical experiment itself, 
the tube was operated as a photon counting Geiger counter.

In F ig . 1  is pictured the construction of the reactor tube 
constructed from Nonex glass, containing the bulk of the

(1) F. Fischer and N. Tropsch, Ber. deut. Chem. Ges., 56, 2428 
(1923).

(2) A. K. Brewer, J. Am. Chem. Soc., 53, 74 (1931).
(3) A. K. Brewer, ibid., 54, 1888 (1932).

catalytic iron in the form of a  multiple honeycomb coil of 
68 g. of 0 .0 0 7" diameter iron wire (99.99 plus %  highest 
purity iron from Swedish Iron and Steel C orp., New York 
C ity), presenting a geometric surface area of 2000 cm .2. 
This was wound around a 2 cm. diameter cylinder of the 
same iron, serving as a support as well as the photoelectric 
Geiger tube cathode. The axially suspended (0 .0 0 7" iron) 
wire serves as anode. The ultraviolet transm itting window 
was blown to approxim ately 0 .0 0 5" thickness from Corning 
9741 glass.

This reactor tube was contained in a tubular furnace ther
m ostatically controlled to a temperature of 320° during 
reaction periods. The furnace cylinder was provided with 
hole and side tube to allow proper injection of the monochro
mator beam.

The two gas leads to the reactor tube were attached to a 
glass circulating system comprising a glass bulb reservoir, a 
magnetically rotatable glass vane (with sealed-in iron bar) 
to provide continuous circulation of the gaseous content 
through the entire system, a mercury manometer and va lv
ing to allow evacuation to 10 ~ 4 mm. pressure. The system , 
including the reactor itself, contained a volume of 2510  
cm .3.

The Geiger tube electrodes were connected to a conven
tional (Instrument Development Co.— now Nuclear-Chi- 
cago Corporation) electronic quenching circuit and 6 4 :1  
scaler.

Hydrogen (Matheson Com pany, E ast Rutherford, N . J .)  
was used after passing it  over reduced copper filings at 700° 
and liquid nitrogen cooled glass trap. Carbon monoxide was 
passed over the same purification train.

Preparation of Iron Surface.— The iron containing reactor 
tube was washed with large quantities of acetone and dried 
before sealing to the system . I t  was pumped to about 
10 ~ 4 mm. pressure over a period of 2 days; the iron was then 
oxidized in oxygen with 1  atm . oxygen for 20 minutes at 
300°. The photoelectric response of the oxidized surface— 
taken with 5 %  0 2 in helium as the counting gas— is seen in 
F ig . 2 A . Then the tube was pumped back to a vacuum , and 
reduced by filling the system  to 1  atm . of hydrogen circulat
ing over the iron at 420° for one hour and through a liquid 
nitrogen cooled trap before re-evacuation for several reduc
tion cycles. This reduction was repeated beyond the state 
of no measurable hydrogen pressure drop, until no more 
change in the photoelectric spectral response of the surface 
occurred. The latter response was measured after each re
duction cycle with the tube at room temperature and con
taining 10  mm. hydrogen pressure; F ig . 2B  shows the re
sponse of the final surface. A s previously pointed out by 
Brew er,4 the photoelectric method is very sensitive to oxide 
(or oxygen) content and reveals changes toward the ultimate 
reduced state after pressure changes are no longer observable. 
Figure 2C  shows the spectral response of the surface after 
room temperature exposure to 5 %  0 2 in 1  atm . helium for 
15  minutes obtained in a previous prelim inary experiment.

Catalytic Reaction.—After evacuation at room tempera
ture, a  50/50 mixture of hydrogen and carbon monoxide were 
admitted to the system , to a total pressure of 3 cm. A

(4) J. T. Kummer and P. H. Emmett, ibid., 75, 5177 (1953).
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photoelectric response was taken, and the reactor heated to 
320 °. Additional gas mixture w as added to a total pressure 
of 40 cm. Reaction was allowed to proceed for 20 hours 
with the circulating vane operating. The pressure drop was 
followed for that period. Thereafter, a  gas sample was 
drawn from the system for mass spectrometer analysis, the

reaction tube cooled to room temperature, and pressure 
pumped back to 3 cm ., a  photoelectric response taken (i.e . 
in the presence now of any product species made), the system  
evacuated, and the same cycle of operations repeated. The 
set of measurements was carried out over a total catalytic 
contact time of 380 hours.

Results of Catalytic Contact.—Figure 3 summarizes the 
following results of the catalyst runs for each reaction inter
va l: (a) the average rate of pressure change; (b) the con
centration of C 0 2, (c) of total paraffin hydrocarbons, (d) 
of total olefin hydrocarbons in the product gas, (e) the wave 
length "in tercept”  and (f) of the wave length of the “ m axi
mum”  of the photoelectric response spectrum of the iron 
surface, both measured in the absence as well as presence of 
reaction products (pumped, and unpumped).

Furthermore Table I shows the composition of paraffin and 
olefin components for the same reaction intervals.

T a b l e  I
C om po sitio n  o f  H y d r o c a r b o n  C o m po n en ts  in  P ro d u c t  

G ases
Total /-----------------------Mole % in product gas-------

contact ✓--------Paraffins®-----—- ,---------------- Olefins-
time, hr. Ci C2 Ci C2 C, C4 c 6

19 .5 0 .2 T T 0.1 0.1 0.1 0.1
35 .5 0.1 T .3 .2 . 1 .1
5 3 .5 .7 .2 0.1 .4 .3 . 1 . 1
66.5 .9 .2 T .6 .4 . 1 .1
86 3 .6 .9 0 .2 1.0 .7 .2 . 1

10 5 .5 4 .2 .9 .3 1.0 .6 .2 .2
125 4 .4 1.0 . 1 0 .8 .6 .2 . 1
14 5 .5 9 . 1 1 . 1 T .2 .2 T T
166 8 .3 1 .2 T .2 . 1 T 0
1 8 5 .1 10 .3 1 .6 0 .3 .2 .2 0 0
205 9 .8 1 .6 .3 .2 .2 0 0
226 1 1 . 5 1 . 5 .3 . 1 . 1 0 0
247 1 3 .3 1 . 3 .3 T . 1 0 0
266 1 1 . 2 1 .5 .3 T . 1 0 0
287 12 .0 1 .7 .4 T . 1 0 0
310 12 .6 1 .5 .3 0.1 T 0 0
329 1 1 . 3 1 . 5 .4 . 1 0.1 0 0
351 12.5 1 .6 .4 . 1 0 0 0
“ Only trace quantities of C4-paraffins were detected, and 

no reliably detectable amounts of C 5-paraffin were observed.

The Surface after Reaction Contact.— After the catalytic 
contact, the surface was subjected to contact with hydrogen 
alone, to observe any continued production of hydrocarbon 
products due to interaction with the surface composition, 
and to test for the presence of iron carbide by examination 
of the products of hydrogen reduction. Methane produc
tion alone did continue. Figure 4 shows the mass spectrom- 
eter analysis of the hydrogen gas after successive contacts 
for 20 hour intervals at 270, 320 and 420°, as indicated along 
the abscissa. W ater was the only other observed product 
(no quantitative amounts recorded).

The reduction, as indicated by F ig . 4, generated methane 
equivalent in carbon content to 52 cm. pressure of CO in the 
volume of the reaction system . For the sum of all reaction 
runs, the calculated carbon balance shows a deficiency of 59 
±  4 cm. pressure equivalent of CO. Thus most of this 
deficiency is accounted for by carbon remaining on the iron, 
and which was successfully reduced to methane with perhaps 
a small additional unreduced or irreducible carbonaceous 
material remaining on the catalyst. The photoelectric re
sponse of this surface remained identical to that after reaction 
contact; moreover, the addition of oxygen (air) a t room 
temperature did not cause a distinct change in photoelectric 
response of this surface. In fact, even a contact with 0 2 at 
300°, for one hour, produced a spectral shift of only about 
— 5 m /2  of the maximum. These results are consistent with 
the conclusion that a clean iron surface had not been attained 
by the above hydrogen contacts.

Discussion
The gas analyses reveal progressive development 

of activity of an initially unreactive surface. The
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rate of development is fastest within the first 100 
hours, and tapers off thereafter to possibly a constant 
activity. Hydrocarbons of larger carbon numbers 
begin to be detectable as the activity rises. After 
about 200 hours a nearly constant level of catalytic 
behavior is approached.

A qualitative change in the nature of the prod
ucts, and therefore presumably in the nature of 
the catalytically active solid, is observed between 
50 and 150 hours, during which time olefin product 
concentration reaches a peak but subsequently 
decays to essentially zero.

If we accept the hypothesis that olefinic hydro
carbons are generated prior to their saturated form,4 
then the product observations indicate gradual de
velopment of increasing hydrogenative activity as 
a catalytic characteristic of the surface change.

During the course of the qualitative surface 
changes, the course and concentrations of total 
C3,C4,C6 hydrocarbon concentrations, individually, 
as shown in Table I, indicate that the ability to 
synthesize increasingly larger chains is arrested 
during the development of increased hydrogenation 
activity. Furthermore, the active disappearance of 
C4 and C6 olefins past the 100 hour contact time, in 
the absence of detectable C4 and C6 paraffins indi
cates an actual increased inhibition of chain growth.

The photoelectric behavior of the pumped sur
face parallels this gradual change of surface prop
erties for the first 200 hours. The long wave 
length intercept changes, by a relatively small ab
solute amount, toward larger wave length, indicat
ing a somewhat lower work-function. The location 
of the observed maximum also changes by a small 
amount (toward shorter wave length) during this 
contact period. The qualitative progression of the 
nature of the surface parallels the course of 
catalytic behavior. Also the relative effect of prod
uct molecules on the photoelectric nature of the 
surface (unpumped vs. pumped response) also re
flects a qualitative change of surface property dur
ing the initial phase.

Beyond this, a quantitative interpretation of the 
response patterns, measured in absence of high 
vacuum techniques or of gases of highly controlled 
composition, is probably not justified. However, 
no major amount of surface appears to be in the 
oxide form, since a very rapid drop in photoelectron 
intensity and sharp increase of work-function would

Fig. 4.

result. The opposite behavior in the shifts (pumped 
surface) of long wave length intercept and of the 
location of the observed maximum would, however, 
be consistent with development of a composite or 
heterogeneous structure. The observations do not 
exclude the possibility of some surface oxygen-iron 
bonding. However, considering the small changes 
in the photoelectric spectrum no more than an 
estimated 10% (and probably much less) of the 
surface atoms could be involved.

The presence of large amounts of iron carbide is 
indicated by the hydrogenation subsequent to the 
synthesis use of the iron. However, the production 
of such carbide does not indicate its participation as 
an intermediate in the synthesis. We prefer not to 
seek to identify the chemical nature of the catalyz
ing surface in terms of bulk chemical terminology.

One may conclude that “ pure”  iron, after con
tact with CO and H2, is capable of forming a surface 
composition which will produce addition of carbon 
units to form hydrocarbon beyond methane, and 
that promoters may act to favor production and 
maintenance of a state of surface which with pure 
iron is approached somewhat during the transitory 
period around 100 hours contact time in these ex
periments.

We are indebted to Prof. P. H. Emmett for help
ful and stimulating discussions of the results and 
findings in this work.
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A VAPOR PHASE EQUILIBRATOR FOR ACTIVITY COEFFICIENT
DETERMINATIONS

B y  L e o  B r e w e r , T h o m a s  R. S im o n s o n  a n d  L e e  K a r l  J. T o n g

The Department o f Chemistry, University o f California, Berkeley 4, California 
Received August 9, 1960

A  vapor phase distributor has been designed that allows rapid and accurate determinations of activity coefficients of vola
tile solutes. I t  has been used to determine the activity coefficient of mesityl oxide in a variety of aqueous salt solutions, 
but it can be applied to m any types of solutions. A  deviation from H enry’s Law  of 20%  has been found for saturated mesityl 
oxide solutions. The distribution of iodine between water and carbon tetrachloride has been studied. I t  has been confirmed 
that the variation of distribution ratio with iodine concentration is entirely consistent with expected regular solution be
havior and is not due to new species such as I + or I 4.

Introduction
Activity coefficients of organic solutes in aqueous 

salt solutions are commonly determined by the 
equilibration of the solute between the aqueous 
salt solutions and an organic phase, such as carbon 
tetrachloride or the pure organic solute (e.g., 
solubility determinations), or sometimes through 
direct vapor pressure determinations. The first 
two methods involve errors due to emulsification 
of the organic phases and are complicated by devia
tions from Henry’s Law in the organic phase or in 
the aqueous phase. The third method has been 
difficult to apply accurately. Friedman1 also has 
pointed out that complete thermodynamic data 
cannot be obtained from solubility measurements 
since one cannot determine the effect of variation 
of solute concentration upon the solute activity 
coefficient.

Jones and Kaplan2 * have described an equilibra- 
tor for the distribution of volatile substances by 
way of the vapor phase, which avoids the difficul
ties of the other methods. Their method is appli
cable to solutes of relatively low vapor pressure. 
The Jones and Kaplan equilibrator is inconvenient 
in that the entire apparatus must be kept in motion. 
The equilibrator used in the present work is of a 
different design in that no movement of the main 
part of the distribution apparatus is required.

Experimental
Apparatus.— The principle of the apparatus is illustrated 

in F ig . 1 .  Bulbs 1 ,  4, 5 and 6  contain mercury. Bulbs 2 
and 3 contain the solutions between which a volatile sub
stance is to be distributed. I f pressure is applied on bulb 
6 , that pressure is transmitted through the mercury into 
bulb 4 and causes compression of the gas in bulb 4. This 
compressed gas travels by two paths. I t  pushes down on 
the liquid in bulb 2  until the liquid has risen in the arm 
between bulb 1  and 2  to a height equal to the height of 
liquid in bulb 3 . Any further compression is relieved by 
bubbling through bulb 3 . In actual operation pressure is 
applied at bulb 6  while suction is applied at bulb 5 and then 
this is reversed by applying pressure at bulb 5 and suction 
at bulb 6 . The result of this alternating suction and pres
sure is to cause gas to bubble from 4 through 3 to 1  and then 
to bubble from 1 through 2 and back to 4 again. The source 
of the alternating pressure and suction is the oscillation of 
two bulbs of mercury which are connected with one another 
and are oscillated by a pulley system .

In the actual apparatus, there are two bulbs in series in 
place of bulb 3 . The salt solution is placed in bulb 2 and 
water in bulbs 3a and 3b . M esityl oxide is added to bulb 
3a  and the alternating pressure and suction started. The 
gas in the system bubbles through bulbs 3b, 3a  and 2 and

(1) H. L. Friedman, J. Phys. Chem., 59, 161 (1955).
(2) G. Jones and B. B. Kaplan, J. Am. Chem. Soc., 60, 1600, 1855

(1928).

around again until analyses indicate that equilibrium has 
been reached when the mesityl oxide concentration in bulbs 
3a  and 3b has become the same. Bulbs 1 , 2 , 3a , 3b , 4 , 5 
and 6  are arranged compactly on a wooden platform  which 
is immersed in a thermostat. The two oscillating bulbs are 
outside of the thermostat and the alternating pressure and 
suction is transmitted by gas pressure through rubber tubing 
to bulbs 5 and 6  and through them into the apparatus. 
Bulbs 2 , 3a  and 3b have ground glass stoppers which m ay 
be removed to take samples.

The rate of distribution depends upon the rate of bubbling 
which can be regulated by the height through which the 
bulbs oscillate and by the rate of oscillation. A  variable 
speed d.c. motor with a gear reducer was used to operate the 
pulley. Equilibrium  could be approached from either side 
by putting mesityl oxide initially in any one of bulbs 2 , 3a 
or 3b . Within the analytical uncertainty of 0 .1% , equi
librium is attained in less than 12  hours. The materials 
used as solutes in this study, mesityl oxide and iodine, have 
lower vapor pressures than water. Thus it might seem 
surprising that one could expect to reach equilibrium with 
respect to the solute without transporting large amounts of 
solvent and thus diluting the salt solutions that are being 
compared with water. However, the success of this method 
does not depend upon the actual value of the partial pressure 
of the material being transported but depends upon the 
H enry’s law constant, the ratio of partial pressure to con
centration, or upon a corresponding quantity, K , which is 
defined as the ratio of concentration in the liquid phase to 
concentration in the gaseous phase using moles per liter 
for both phases.

I f  one sets up the differential equations for the transport 
of material from one bulb to the next due to saturation of the 
gas bubbling through each bulb, one finds that the concen
tration of solute varies in an oscillatory manner in its ap
proach to its equilibrium value. Thus the concentration 
in the second bulb, c2, is given by

c2 =  «.-m ax j“ l  (2c2o _  Cln _  6 3 o) cos ( ^ 3  V /2K) +

|  (c, 0 -  c3°) sin ( V 3  F / 2 A ) ]  +  (c,° +  c2° +  cs°)/3

where the c° values are initial concentrations in the three 
bulbs, K  has been defined above, and V  is the ratio of the 
volume of gas bubbled through each bulb to the volume of 
solution in the bulb. This equation is given for equal vol
umes of solution in each bulb and equal values of K  for each 
solution. A  similar but more complicated expression re
sults when K  is different for each solution.

The equation takes a simpler form when one solution is 
saturated and thus maintains a constant concentration. 
This occurs for the solute when excess solute is present and 
for the solvent when no salt or other non-volatile solute is 
present in one of the bulbs and all volatile solutes are at 
low concentrations. Thus if ci° is now the concentration of 
solvent in the first bulb, which contains no salt, and c2 is 
the concentration of solvent in the second bulb

in (V /g ,  ~ a /g» \ = V_
m  W / K t  -  c T / K j  K t

V  is the same as above. The c and K  values apply to the 
solvent. Exam ination of these equations shows that a 
solute like mesityl oxide will approach equilibrium more 
rapidly than will water. The value of A  is 4 X  10 4 for
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pure w ater, 620 for m esityl oxide in dilute aqueous solution, 
and 8 1 for iodine in dilute aqueous solution. A value of V  
of 1000 or a  volume of gas 1000 times larger than the volume 
of solution in a bulb is sufficient to bring the mesityl oxide 
concentrations to closer than 99.9%  of the equilibrium 
values. The same value of V  will transport only 2.7  
grams of water per liter of solution from pure water to a 
2 JW N aC l solution.

The above equations assume saturation of each gas bubble 
by the volatile constituents of the solution. One can de
rive similar equations based on reasonable rates of satura
tion of the bubbles and reach similar conclusions. The 
observed rates for mesityl oxide solutions indicate rapid 
rates of saturation, and thus equilibrium is attained within 
the analytical accuracy of 0 .1%  before sufficient water can 
distil to have any significant effect. This source of error 
is largest for concentrated salt solutions. Distillation of 
water dilutes the salt solution by less than 1 % .  Such a 
dilution of a  5 M  N aCI solution would decrease the activity 
coefficient of mesityl oxide by less than 0 .2 % . The final salt 
concentration was used and any error in the equilibrium 
value of the activity coefficient due to water distillation is 
less than the analytical error. There was no error from 
spray as no test for halide ion could be detected in the 
water bulbs when halide salt solutions were used. This 
method appears to be quite generally applicable to distri
bution of solutes between immiscible phases such as CCh 
and water or between miscible phases such as alcohol and 
water or water and aqueous salt solutions as long as the 
H enry’s law constant for the solute is large enough to 
permit approach to equilibrium within analytical uncer
tain ty for the solute before appreciable amounts of solvent 
have been transported.

M aterials.— M esityl oxide was chosen to test the ap
paratus as its activity coefficient was desired for interpreta
tion of kinetic studies. The m esityl oxide was prepared by 
distillation from purified Eastm an K odak diacetone con
taining 0 .0 1%  iodine.3 The water layer was separated 
and the mesityl oxide was washed once with half-saturated 
sodium chloride solution containing 0 .1  M  NaOH and then 
successively with half-saturated sodium chloride solutions 
with a ten-fold reduction in sodium hydroxide each time 
until the salt solution contained only 1 0 ~4 5 M  NaO H. 
Calcium chloride hydrate and calcium hydroxide were added 
to the mesityl oxide and the saturated calcium chloride solu
tion withdrawn. D rying was completed with anhydrous 
calcium chloride. The washing and drying operations were 
done quickly to minimize condensation, hydration and isom
erization reactions. The presence of products of the con
densation reactions considerably reduces the solubility of 
the resulting m aterial. The dry mesityl oxide was fraction
ally distilled at 50 mm. discarding the low boiling fraction 
of low refractive index and the highest boiling fraction. 
The mesityl oxide then was slowly frozen and the lowest 
melting portion was discarded. The m esityl oxide was 
then fractionally distilled at 50 mm. again discarding the 
fraction of low boiling point and low refractive index and the 
very highest boiling fraction. The final material had a 
refractive index tid  1.443 at 2 5 °. Comparison with the 
data given by Stross, Monger and Finch4 for mesityl oxide 
and iso-mesityl oxide indicates that our final product had 
less than a per cent, of iso-mesityl oxide. The freshly made 
mesityl oxide was used at once to prepare 0.25 M  aqueous 
solutions, as the pure mesityl oxide reacts with oxygen and 
undergoes other reactions on standing. The aqueous 
solutions did not form peroxides and were quite stable al
though they decreased in strength due to volatility losses.

The sodium perchlorate solution was prepared by neu
tralization of perchloric acid. The other salt solutions 
were prepared from reagent grade salts. The salt solutions 
were close enough to neutrality to ensure no appreciable 
hydration of mesityl oxide to diacetone alcohol.

Analyses.— The m esityl oxide was determined by bromi- 
nation as described by Pressman, Brewer and Lucas.6 
A t high concentrations of mesityl oxide, the separation of a 
mesityl oxide dibromide phase removed some of the mesityl 
oxide from the aqueous phase and low bromination results

(3) H. Hibbert, J. Am. Chem. Soc., 37, 1748 (1915).
(4) F. Stross, J. M. Monger and H. de V. Finch, ibid., 69, 1627 

(1947).
(5) D. Pressman, L. Brewer and H. J. Lucas, ibid,, 64, 1117 (1942),

Fig . 1 .— Illustration of principle of distribution apparatus.

were obtained unless a considerable excess of bromine was 
used or unless the mixture was shaken. The salt solutions 
were analyzed by evaporating to dryness below the boiling 
point of the saturated solution and weighing the residue. 
The analysis was accurate even for salts such as sodium 
acetate. Testing of the residue showed that only 10  ~4 
mole of acetic acid escaped per liter of 2 .5 M  sodium acetate 
solution. As the salt solutions were handled volum etrically, 
they were kept in an air thermostat inasmuch as some con
centrated salt solutions expand as much as 0 .1%  per degree. 
The halide solutions were checked by the Volhard titration.

Equilibration Procedure.— The procedure for adding 
salt and mesityl oxide to the bulbs has been described above. 
The time for equilibration could be considerably reduced 
from the normal 10 - 12  hours by adding mesityl oxide to 
all bulbs, but with different concentrations in bulbs 3a and 
3b . The test for equilibration was equality within the 
experimental reproducibility of 0 .1%  of mesityl oxide con
centrations in bulbs 3a and 3b . The m esityl oxide was de
termined in the three bulbs using the special pipet described 
by Eberz and Lucas6 to prevent loss of m esityl oxide by 
vaporization. The solution was forced up into the special 
pipet by nitrogen which was bubbled through mesityl oxide 
solution of about the same concentration as that in the equi- 
librator. This procedure ensured that the progress of the 
equilibrator toward equilibrium was not affected by the 
sampling. Nitrogen was used as the equilibrator gas al
though mesityl oxide does not form peroxides in the aqueous 
solution. Check runs with air and oxygen yielded distribu
tion ratios differing not more than 0 .2%  from the ratios ob
tained with nitrogen. As the apparatus could be run con
tinuously, two to three runs could be done every 24 hours. 
The ratio of the mesityl oxide m olality in the water to that 
in the salt solution yields directly the activity coefficient 
of mesityl oxide in the salt solution when the mesityl oxide 
m olality is low enough to allow assumption of H enry ’ s 
law. Appreciable deviations from H enry’s law  were 
found even below 0 .1  M .  As corrections can be applied 
for this deviation, it was possible to use molalities as high 
as 0 .1  M  without loss in accuracy.

The apparatus had to be modified for the few test distri
butions of iodine between water and carbon tetrachloride 
as the mercury in bulbs reacted with the iodine. The 
mercury was replaced with saturated sodium nitrate solu
tion for iodine runs.

Following each run, a known volume of salt solution was 
pipetted into a weighed bottle, weighed, and then evapo
rated to dryness to yield the weight of salt and weight of 
solvent (water plus mesityl oxide). The mesityl oxide 
concentration was known; thus the weight fractions of all 
components could be calculated. One can express molali
ties as moles per kilogram of water or as moles per kilogram 
of solvent (mesityl oxide plus water). The latter choice 
was adopted. The ratio, c/m, of the concentration in 
moles per liter to the molality is obtained directly from the 
ratio of weight of solvent to pipet volume.

The c/m ratios for dilute salt solutions containing 0 .1 
M  m esityl oxide are about 0 .1%  lower than for pure salt 
solutions. For some of the more concentrated salt solu-

(6) W. F. Eberz and H. J. Lucas, ibid., 56, 1230 (1934).
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Table I

c/m Ratios f o r  Aqueous Mesityl Oxide Solutions at 25°

m 0.25 0.5 1 1.5 2 2.5

NaAc 0.987 0 . 9 7 7 0.947 0 .9 16  0.897
K A c .983 .973
NaCl .993 .988 .978 0.964 .952 0.940

KC1 .990 .984 .969
N aB r .985
K B r .961 .947 .9 3 1
N a l .978 .962
N a N 0 3 . . » .983 .968 .954 .939

Vol. 65

-------0.02 M  MO--------
4.5 5.5

0.907 0 .887

tions, the difference is considerably greater. F or example, 
for 1 .5  M  N aC l at 2 5° containing 0 .1  M  M O, c/m is 0 .6%  
smaller than for the pure salt solution.

The distribution ratio of m esityl oxide was determined 
volum etrically. This ratio was converted to the molality 
basis in terms of moles of mesityl oxide per kilogram of 
solvent by multiplying by the ratio of c/m values for the two 
solutions. The c/m values for the salt solutions studied 
are given in Table I .

Discussion
Deviation from Henry’s Law.—Pressman, 

Brewer and Lucas6 have determined the activity 
coefficient of mesityl oxide in sodium perchlorate 
and sodium nitrate solutions by means of distri
bution experiments between carbon tetrachloride 
and the aqueous salt solutions. They have ascribed 
the variation of the distribution ratio of mesityl 
oxide between water and carbon tetrachloride with 
the mesityl oxide concentration to deviation from 
Henry’s law in the carbon tetrachloride. This 
deviation becomes substantial for mesityl oxide con
centrations in the CCh greater than 0 . 2  mole/liter. 
Thus, the aqueous concentration must be kept 
below 0.0076 mole/liter to avoid corrections for 
deviations from Henry’s law in the CC14 phase. 
By use of the vapor phase distribution method one 
need not apply any corrections for deviations 
from Henry’s law until one has attained much 
higher concentrations. The ratio of the fugacity 
of mesityl oxide to its aqueous molality is 7% 
smaller in a 0 . 1  ili solution and 2 0 %  smaller in a 
saturated solution of mesityl oxide (0.304 M  or 
0.302 mole/1. at 25°) than in very dilute solutions.

The activity coefficient of mesityl oxide (com
ponent 3) relative to the hypothetical solute 
standard state in water (component 1 ) can be 
expressed as a function of both salt (component 2 ) 
and mesityl oxide molality

log 7 3  =  h m i  +  hm a  ( 1)

was found to hold rather well. The fc33 term 
represents the deviation from Henry’s law. The 
deviation from Henry’s law may be found readily 
by use of the vapor phase distribution apparatus. 
If mesityl oxide is distributed between water and 
a salt solution and the distribution repeated at 
several mesityl oxide molalities, it is found that the 
mesityl oxide molality in the water to that in the 
salt solution increases as the mesityl oxide molality 
rises since the deviation from Henry’s law changes 
more rapidly in water than in the salt solution. 
This is due to the smaller mesityl oxide molality 
in the salt solution than in the water. Thus the 
ratio of the mesityl oxide molalities in the solution 
at equilibrium does not give the activity coefficient

of mesityl oxide relative to the hypothetical solute 
standard state in pure water unless one corrects 
for the deviation from Henry’s law. The value 
of —0.3 which was found for fc3 3 of equation 1 
allows one to make this correction. If 7 * = 
(M O)w/(M O)s is the observed distribution ratio 
between water and a salt solution when there is 
a molality (MO)w in the water bulb and a molality 
(MO)s in the salt solution, the error in log 7 * 
due to deviation from Henry’s law is — 0.30- 
[(MO)w — (MO)s] =  — 0.30(MO)w (1 — 1 / 7 *). 
Thus

log 7  =  log 7 * -  0.30(M O )w(l -  1 / 7 *) (2)

gives the relationship between the distribution 
coefficient, 7 , obtained at low mesityl oxide molality 
and the coefficient, 7 *, obtained at high mesityl 
oxide molality for a given salt solution.

These corrections are illustrated in Table II where 
the results of three experiments at approximately 
the same salt molality but with different mesityl 
oxide molalities are presented. The quantities 
ft3 2 and /c* 3 2 were obtained by dividing the respective 
log 7 * and log 7  values by the sodium chloride 
molality. Because sodium chloride molalities were 
not quite the same, one must compare k  values 
rather than 7  values to reduce the observations to 
the same sodium chloride molality.

T a b l e  I I

E ff e c t  o f  H ig h  M e s it y l  O x id e  M o l a l it y  u po n  D is 
t r ib u t io n  b e t w e e n  W a t e r  a n d  Sa l t  S o lu tio ns

WNaCl ry k*Z2 (MO)w
0.30(MO)W- 
(1 -  1/t *) log y 7 ka

1.467 1.873 0.186 0.133 0.0186 0.2539 1.795 0.173
1.517 1.941 .190 .162 .0236 .2648 1.840 .1745
1.619 2.060 .194 .209 .0323 .2816 1.912 .174

A series of experiments of the type illustrated in 
Table II indicated that log 7  =  — 0.30mMo or the 
second term of eq. 1  appears to adequately represent 
the variation of the mesityl oxide activity coef
ficient as a function of mesityl oxide molality for 
both water and salt solutions of mesityl oxide. 
It is of interest to compare the value of ¿ 3 3  =  —0.30 
±  0.005 with the value of /c3,da  =  —0.07 ±  0.01 
obtained from the data of Pressman, Brewer 
and Lucas6 for the effect of diacetone alcohol 
upon the activity coefficient of mesityl oxide in 
aqueous solution.

It will be noted that k *  varied by 0.008 cor
responding to a 3% variation in 7 * and that k *  
at the highest (MO)w differs from k by 0 . 0 2 0  cor
responding to a 7% error in 7 * due to the deviation 
from Henry’s law. The average deviation from 
the mean value of /c3 2 is only 0.0005 corresponding
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T a b l e  III
Sa l t in g - ou t  C o e f f ic ie n t  fc32 f o r  M e s it y l  O x id e  a t  25.00°

m NaAc KAc NaCl KC1
0 .2 5 0 .19 0 0 .17 6 0 .19 0 0 .15 8
0 .5 . 19 1 0 .17 9 .180 .15 9
1 .18 0 .17 4 .149
1 . 5 .17 3
2 .168 .17 0
2 .5 .16 4 .16 9 5
4 .5 .1648
5 .5 .16 38

NaBr KBr NaNOj Nal NaCIO,

0 . 1 1 7 0.056 0 .0 3
0 .10 2 ( .08) 0.024 0.022

.10 4 .074 .025

.10 5 ( .082) .033

to 0.2% deviation in y. Thus, it is seen that the 
use of eq. 1 and a value of 7c33 =  —0.3 allows an 
accurate correction for deviation from Henry’s 
law. The correction for (MO)w =  0.0015 M  is 
0.1%  and for (MO)w =  0.015 M, the correction is 
1%. As mesityl oxide solutions of the order of 
0.015 M  can be analyzed with an accuracy of 0.1%, 
activity coefficients accurate to 0.1%  can be ob
tained if the 1% Henry’s law correction is applied.

It is of interest to note that the linear dependence 
of log 73 upon m3 can be derived as a limiting equa
tion from the regular solution equation7 log 7°3 = 
(B/RT)xi2 where y3 is the activity coefficient of 
mesityl oxide relative to the pure mesityl oxide 
standard state and xx is the mole fraction of water. 
The derivation consists of transforming mole frac
tion to molality, changing the standard states and 
neglecting higher powers of molality. One can 
make some generalizations about the deviations 
from Henry’s law that might be expected for the 
two homogeneous portions of a liquid system with 
a miscibility gap. One finds that the regular solu
tion equation predicts an increasing deviation 
from Henry’s law at a given concentration of 
solute if mixtures of liquids of increasing differ
ences of internal pressure are examined. On the 
other hand, the maximum concentration of solute 
increases as the internal pressure difference de
creases. If one compares the deviations from 
Henry’s law for various solutes in their saturated 
solutions, one finds that the deviations increase as 
the internal pressure differences decrease and reach 
a maximum when the miscibility gap has just 
closed. For a two liquid mixture just below the 
critical mixing temperature one would predict a 
deviation from Henry’s law of about a factor of 
two in the saturated solutions.

Salting-out of Mesityl Oxide.— In Table III the 
distribution data at 25° are presented in terms of 
the 7c32 values at rounded values of the salt molality. 
The correction for deviation from Henry’s law has 
been applied. The N aN 03 values in parentheses 
are from Pressman, Brewer and Lucas.6 The 
variation of the k32 values with molality is small. 
The maximum variation is 0.03 even up to 5 M. 
Interpolated values may be obtained readily within 
0.002. A change in k32 of 0.002 for a 1 M  salt 
solution corresponds to 0.5% change in 73. The 
activity coefficients of mesityl oxide which are 
calculated from eq. 1 by use of the values of k32 

obtained by interpolation in Table III together 
with use of the value of k33 =  —0.30 are activity

(7) J. H. Hildebrand and R. L. Scott, “ The Solubility of Nonelec
trolytes,”  Third Edition, Reinhold Publ. Corp., New York, N. Y., 1950.

coefficients taken with respect to the solute stand
ard state of mesityl oxide in pure water with 
molality units used throughout. A solution 
designated as 0.1 M  MO and 1 M  NaCl will con
tain 0.1 mole of MO and 1 mole of NaCl per 1000 
grams of solvent (990.2 g. of H20  and 9.8 g. of 
MO). The data of Table III can be converted to 
volumetric units by use of the c/m values of 
Table I.

For NaCl below 2 M  the k32 values at 20° are 
0.001 higher than those at 25°. The 1.003 ratio 
of 720/ 726, corresponding to an enthalpy of transfer 
of 100 cal./mole, is just slightly larger than the 
experimental uncertainty. Between 4.5 and 5 M, 
720/726 =  1.02, which corresponds to AH  =  690 
±  200 cal./mole for MO(H20) =  MO(5 M  NaCl) 
with the same mesityl oxide molality in each solu
tion. Pressman, Brewer and Lucas6 obtained one 
determination of 7mo at 30° in 1 M  NaC104 and 
one in 1 M  NaN03 which indicated a 3.5 to 4% 
reduction of 7mo upon heating from 25 to 30°, 
corresponding to a AH  of transfer of around 1400 
cal./mole. Comparison with the present determi
nations indicates that their 1 M  N aN 03 value at 
25° is 2%  high. As the change of 7 with tempera
ture is close to the limit of their CCL distribution 
method, there is some question whether salt solu
tions such as 1 M  NaClO* and 1 M  NaNOa with 
low salting-out coefficients really do display ap
preciable temperature coefficients in contrast to 
the low temperature coefficient observed here for 
1 M  NaCl.

Combination of our results with those of Press
man, Brewer and Lucas6 yields the following order 
of decreasing salting-out coefficients: A c- , Cl- , 
Br- , N O r, I ” , C104-  and Na+, K+ and H+. 
This is in general agreement with order reported 
in the literature8 for other substances. Comparison 
of the k values of mesityl oxide in salt solutions 
with the k values of the related diacetone alcohol 
as determined by Akerlof9 shows that the k values 
of diacetone alcohol in NaCl, KC1, NaBr and KI 
are about 75% of the corresponding lc values of 
mesityl oxide.

Haugen and Friedman10 have verified experi
mentally for nitromethane solutions the theo
retical relationship between the coefficient k32 

which characterizes the effect of an electrolyte 2
(8) Pressman, Brewer and Lucas5 present a summary of literature 

references in their footnotes 6 and 7. F. A. Long and W. F. McDevit, 
Chem. Revs., 51, 119 (1952), have reviewed later work.

(9) G. Akerlof, J. Am. Chem. Soc., 51, 984 (1929).
(10) G. R. Haugen and H. L. Friedman, J. Phys. Chem., 60, 1363 

(1956).
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upon 73 and the coefficient k23 which characterizes 
the effect of component 3 upon 72, the mean 
activity coefficient of the electrolyte. The appli
cation of the cross differentiation equation11 

/ d log 7A _   ̂ / d log tA
V~ \  dm3 / m i \ in n i ) m3

to eq. 1 yields 2(d log y2/c) m3)m, =  fc32 or log 72 =  
for those 1-1 electrolyte solutions for which 

ki3 and ki2 are essentially independent of m2. 
For those solutions which show appreciable varia
tion of fc32 with m2, it is necessary to express fc32 
as a power series in m2 before differentiating eq. 1.

We may now apply this result to predict the 
effect of mesityl oxide upon the activity coefficient 
of electrolytes. For a 2 M  NaCl solution, we cal
culate that the addition of 0.1 M  mesityl oxide 
increases the mean activity coefficient of NaCl 
by 2%. Similar results may be obtained for the 
other salt solutions.

Iodine Distributions.—-To illustrate the use of the 
equilibrator for distribution between two im
miscible solvents, the distribution of iodine between 
water and carbon tetrachloride was measured as 
a function of iodine concentration. This distri
bution has been studied directly by many observers. 
Most of them have noted an increase of the distri
bution ratio or ratio of concentration in carbon 
tetrachloride to concentration in water as the 
iodine concentration was increased. Winther12 
attributed this trend to formation of 1+ in dilute 
solutions. Hildebrand and Scott7 have pointed 
out that such an effect can be expected on the basis 
of expected deviation from Henry’s law in the 
carbon tetrachloride phase. Using the internal 
pressures given by Hildebrand and Scott, one can 
calculate that 
In 7  =  2(59)2(5.6)2(0 .0 114 7)/

(97) (1.987) (298) (0.9885) =  0.0435

where 7 is the activity coefficient of I2 in a saturated 
CCI4 solution, xi, =  0.01147, at 25° relative to the 
hypothetical solute standard state of I2 in CCff. 
Thus, the regular solution equation would predict 
a 4.4% increase in the distribution constant as the 
iodine concentration is increased from low values 
to saturation. Winther and others had observed 
variations of 7 to 10%. A possible explanation 
that one should consider is the possibility of varying 
emulsification of some of the CCff phase in the 
aqueous phase. The vapor phase equilibrator 
provides all of the same conditions of direct con
tact of the two phases in that both phases are satu
rated with respect to water and CC14, but it is im
possible for any of the CC14 phase to appear in the 
water bulb as long as there is no temperature 
gradient. Thus one can check the emulsification 
theory.

Table IV presents the results of such a check.13 
The values in parentheses are calculated from 
solubility measurements.14 These distribution ratios

(11) H. A. C. McKay, Trans. Faraday Soc., 49, 237 (1953).
(12) C. Winther, Z. physik. Chem., B3, 299 (1929).
(13) These determinations were made by Thomas L. Allen for an 

undergraduate special problem. The aqueous solutions were made 
10-6 N in H2SO4 to inhibit hydrolysis.

are considerably higher than most determi
nations in the literature. Only the data of Lin- 
hart16 (after correction for hydrolysis) and the data 
of Davies and Gwynne16 yield distribution ratios 
over 90 and some values in the literature range as 
low as 80. This would clearly seem to indicate 
that the aqueous phases did contain appreciable 
amounts of the CCff phase in all determinations 
other than the two mentioned. The trend to 
higher values of the distribution ratio with in
creasing iodine reported here and also that re
ported by Davies and Gwynne16 is in fair agree
ment with the 4%  increase predicted above on the 
basis of a regular solution equation calculation.

T a b l e  IV
Distribution o p  I2 between CC1< and H20  at 25°

Iz in CCU (moles/1.) Distribution ratio
0.013 

.045 

.054 

.065 

.073 
( .119)

89.8
90.6
91.6
93.1
91.1 

(91.0)

Keefer and Allen17 and DeMaine18 have observed 
the spectrum of I4 in CC14. The stability of the 
spectrally characterized I4 is much too small to 
account for the trend of distribution ratio with 
iodine concentration. Davies and Gwynne16 state 
that Hildebrand and Scott7 explain the variation of 
distribution ratio by an association of the iodine 
in the carbon tetrachloride. The use of the term 
“ association”  is most unfortunate here and is 
certainly not in the spirit of Hildebrand’s regular 
solution treatment. The regular solution treat
ment is based upon the unbalance of weak London 
forces and it would not be profitable for most pur
poses to describe these weak interactions in terms 
of associated molecules. There also would not 
appear to be any basis for Winther’s contention 
that the trend of distribution ratios is due to I + 
formation in the aqueous solutions. The regular 
solution treatment is more than adequate to 
account for the entire observed effect.

The two examples of distribution of mesityl 
oxide and of iodine illustrate the wide possibilities 
for the use of the vapor phase equilibrator for 
distribution of solutes between miscible or immis
cible phases. The apparatus is particularly valu
able for the high accuracy of the data and for its 
ability to yield more nearly complete thermody
namic data for multicomponent systems than can 
be obtained easily by other methods.

(14) Values in the literature of the solubility of It in CCU vary over a 
range of 4%. The value chosen here is that of Jakowkin, which was 
accepted by Hildebrand and Scott7 in their Table I on page 208 as the 
best value. The recent determination of the solubility of iodine in 
water by L. I .  Katzin and E. Gebert, J. Am. Chem. Soc., 7 7 , 5814 
(1955) was used to obtain the distribution ratio. The solubility of 
iodine in both dry and wet CC1* must be accurately determined before 
an accurate comparison with the distribution data can be made.

(15) G. A. Linhart, J. Am. Chem. Soc., 40, 158 (1918).
(16) M. Davies and E. Gwynne, ibid., 74 , 2748 (1952).
(17) R. M. Keefer and T. L. Allen, J. Chem. Phys., 25, 1059 (1956).
(18) P. A. D. DeMaine, Can. J. Phys., 35, 573 (1957).
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The three compounds listed in the title above were carefully purified and the boiling points, densities, refractive indices 
and dielectric constants were determined. The dipole moments of these compounds in the pure liquid state and in benzene 
solution at 25° were calculated according to different methods.

Introduction
The present study is concerned with the dipole 

moments of the three substances cyclohexanethiol, 
a-toluenethiol and benzenethiol. Due to the posi
tion of the thiol group in these molecules, it was 
thought that an examination of the dipole moments 
of these compounds might disclose some interesting 
aspects related to their molecular structure. Deter
minations of dipole moments for the first two com
pounds were not found in the literature and, as far 
as the benzenethiol is concerned, the two values that 
have been reported are somewhat divergent.

In the present work the three substances were 
carefully purified and the pertinent physical prop
erties measured. Following the same line as in a 
previous work,1 the three equations of Debye,2 On- 
sager3 and Yasumi and Komooka4 5 for the deter
mination of the dipole moment from data in the 
liquid state were applied and the results compared 
among themselves and with the values, obtained in 
benzene solution. Such comparisons are valuable as 
they allow the testing of the relative validity of such 
equations.

Experimental Part
Preparation and Purification of Substances.—Cyclo

hexanethiol was prepared according to the method described 
by Stanek, 6 by condensation of cyclohexyl bromide with 
thiourea in amyl alcohol solution, separation of the thiuro- 
nium salt, and subsequent saponification of this product with 
an alcoholic solution of sodium hydroxide.

The preliminary purification was made by changing it into 
the lead mercaptide and liberating the thiol by decomposition 
of the mercaptide with dilute hydrochloric acid according to 
the method described by Borgstrom, Ellis and Reid.6

The final purification was done by submitting the dried 
thiol to successive fractional distillations in a column ac
cording to the method described in a previous work.7

«-Toluenethiol and benzenethiol were commercial prod
ucts supplied by Eastman Kodak Company. They were 
first distilled under reduced pressure in a Claisen apparatus 
and then, after drying over calcium chloride, submitted to 
successive fractional distillations as previously described.

The benzene used for the preparation of the solutions was 
kept for many days over phosphorus pentoxide and then dis
tilled through a fractionating column. Absence of thiophene 
was tested with ninhydrin,8 b.p. 77.2° at 698.1 mm., n25d 
1.4979. The benzene was stored over phosphorus pentoxide 
and small portions distilled when necessary.

(1) S. Mathias and E. Carvalho Filho, J. Phys. Chem., 62, 1427 
(1958).

(2) P. Debye, "P olar Molecules,”  The Chemical Catalog Co., Inc., 
New York, N. Y ., 1929.

(3) L. Onsager, J .  Am. Chem. Soc., 58, 1480 (1930).
(4) M . Yasumi and H. Kom ooka, Bull. Chem. Soc. Japan, 29, 407 

(1956).
(5) J. Stanek, Chem. Listy. 46, 383 (1952); C. A., 47, 4296 (1953).
(6) P. Borgstrom, L. M . Ellis, Jr., and E. E. Reid, J. Am. Chem. Soc., 

51, 3649 (1929).
(7) S, Mathias, ibid.. 72, 1897 (1950).
(8) F. FeigI, "Spot Tests in Organic Analysis," Elsevier Publishing

C o., Amsterdam, 1956, fifth edition, p. 427.

Determination of Physical Properties.—The determina
tion of the boiling temperatures and the degree of purity
Af of the substances studied in the present work were done 
according to the ebulliometrie method of Swietoslawski as 
recently described. 1

Density and refractive index measurements were per
formed as reported in a previous work.7

For the determination of the dielectric constants of the 
pure liquids an apparatus based on the heterodyne beat 
method1 was used. The dielectric constants of the solutions 
were measured with a resonance apparatus9 -10 which has 
been in use for many years in this Laboratory. A slight 
modification was introduced in order to improve its stability 
and protect the instrument from outside electrical influences, 
by introducing between the input of the high potential and 
the ground a 0.1 /nF. capacitor. The apparatus, including 
the dielectric cell and its connections, was completely and 
rigidly screened. The dielectric cell, similar to the one de
scribed in a recent paper, 1 had a replaceable capacity, when 
filled with dry air, of about 98 mF.

The estimated error in the dielectric constant measure
ments with the heterodyne beat apparatus was lower than 
0.04%; with the resonance apparatus, lower than 0.1%.

Results and Discussion
The physical properties of cyclohexanethiol, a - 

toluenethiol and benzenethiol are reported in 
Tables I and II.

Table I
P h y s i c a l  P r o p e r t i e s  o f  C y c l o h e x a n e t h i o l , ,« - T o l u e n e -

t h i o l  a n d  B e n z e n e t h i o l

,---- B.-•>.——■■> At,
Substance °C. Mm. °C. d254 n 25D 625

Cyclohexanethiol 78.0 57.0 0.03 0.94393 1.49105 5.420
tt-Toluenethiol 195.9 699.9 .02 1.05088 1.57372 4.705
Benzenethiol 1G5.4 698.4 .02 1.07264 1..58718 4.382

T a b l e  II
Refractive I n d i c e s  a t  25° o f  C y c l o h e x a n e t h i o l , a -

T o l u e n e t h i o l  a n d  B e n z e n e t h i o l

Wave
length, Cyclohexane- a-Toluene- Benzene

Â. thiol thiol thiol
CO (1.47554) (1.54658) (1.55633)

6678 1.48746 1.56720 1.57959
5893 1.49099 1.57357 1.58696
5876 1.49105 1.57372 1.58718
5016 1.49711 1.58500 1.C0042
4713 1 .50008 1.59079 1.60733
4471 1.50311 1.59653 1,61430

Comparable values for the first two compounds 
were not found in the literature. In the case of 
benzenethiol, the values listed in Table I, with the 
exception of the dielectric constant, agree with the 
ones reported by Timmermans11 and Rossini, et

(9) S. Mathias, J. Phys. Chem., 57, 344 (1953).
(10) K. E. Calderbank and R. J. W. LeFèvre, J. Chem. Soc., 1951 

(1948); R. J. W. LeFèvre, “Dipole Moments,” Methuen & Company, 
Limited, London, 1953, third edition, p. 47.
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a l.12 The boiling point, calculated from the tables 
of Stull, 13 is 0.6° lower than the value indicated in 
Table I. The refractive indices at 25° for a number 
of wave lengths, required for the calculation of n„, 
are listed in Table II. The compounds studied in 
the present work were obtained in a satisfactory 
degree of purity as indicated by the values of At in 
Table I.

The results of the measurements in benzene solu
tion at 25° are summarized in Table III.

Table III
Dielectric Constant and Specific Volume of Benzene 
Solutions of Cyclohexanethiol, ch-Toluenethiol and 

Benzenethiol at 25°
W 2 ei2

Cyclohexanethiol
V12

0 . 0 0 0 0 0 0 (2.276) (1.14460)
.009586 2.301 1.14394
.021376 2.238 1.14301
.030286 2.360 1.14232
.039813 2.389 1.14157
.046157 2.404

ffl-Toluenethiol
1.14108

0 . 0 0 0 0 0 0 (2.271) (1.14465)
.010438 2.292 1.14267
.020409 2.310 1.14073
.029639 2.330 1.13892
.040366 2.350 1.13685
.049704 2.369

Benzenethiol
1.13500

0 . 0 0 0 0 0 0 (2.274) (1.14470)
.019663 2.307 1.14047
.029826 2.325 1.13828
.038777 2.338 1.13636
.048619 2.356 1.13425
.057564 2.371 1.13232

The three columns show, respectively, the weight 
fraction of the solute w2, the dielectric constant of 
the solution «12, and the specific volume of the 
solution Vj2- The numbers in parenthesis are 
extrapolated values.

Table IV  contains the values of molar polariza
tions at infinite dilution P2, calculated according to 
the method of Halverstadt and Kumler14; the 
molar refractivities for the sodium-D line R d ; the 
electronic polarizations P e, taken as equal to the 
molar refractivity for infinite wave length R  
the sum of the atomic plus orientation polarization 
Pa+ o, and the apparent dipole moments in ben
zene solution of the three compounds studied. 
For the calculation of the apparent dipole moments 
the values of Rr> were used.

From the three substances studied in the present 
work, benzenethiol is the only one that has been

(11) J. Timmermans, “Physico-Chemical Constants of Pure Or
ganic Compounds,” Elsevier Publishing Co., Inc., New York, N. Y., 
1950.

(12) F. D. Rossini, K. S. Pitzer, R. L. Arnett, R. M. Braun and
G. C. Pimentel, “Selected Values of Physical and Thermodynamic 
Properties of Hydrocarbons and Related Compounds,” Carnegie 
Press, Carnegie Institute of Technology, Pittsburgh, Pennsylvania, 
1953.

(13) D. R. Stull, Ind. Eng. Chem., 39, 517 (1947).
(14) I. F. Halverstadt and W. D. Kumler, J. Am. Chem. Soc., 64, 

2988 (1942).

measured in benzene solution by Hunter and 
Partington16 and by Lumbroso and Marschalk.16 
The value reported by the former authors is 1.33 D  
and by the latter authors 1.19 D .

Table IV
Molar Polarizations (in Mole) and Apparent Dipole 
Moments (in D) in Benzene Solutions of Cyclohexane- 

thiol, a-TOLUENETHIOL AND BENZENETHIOL AT 25°
Substance Pi Rd Pe P a +  o

Cyclohexanethiol 98.38 35.66 34.70 63.68 1 .73
a-Toluenethiol 81.14 38.97 37.46 43.68 1 .44
Benzenethiol 65.36 34.52 33.03 32.33 1 .23

The dipole moments of these compounds, cal
culated from the dielectric constant of the pure 
liquids according to the equations of Debye,2 
Onsager3 and Yasumi and Komooka,4 are listed in 
Table V.

Table V
Dipole Moments (in D) of Cyclohexanethiol, a- 
Toluenethiol and Benzenethiol in the Liquid State

AT 25°
Yasumi-

Substance Debye Onaager Komooka
Cyclohexanethiol 1.38 1.64 1.73
a-Toluenethiol 1.17 1.32 1.41
Benzenethiol 1 . 0 2 1.13 1.23

As in the case of the alkanethiols,1 these results 
show that the dipole moments calculated by De
bye’s equation are lower and by Yasum i-Ko- 
mooka’s eqùation higher than the values obtained 
by Onsager’s equation.

An examination of the values for the dipole mo
ments listed in Tables IV and V  shows an agree
ment between the solution values and the ones ob
tained in the pure liquid state by applying Yasumi 
and Komooka’s equation.

It is interesting to point out that, while the 
apparent dipole moment of cyclohexanethiol in 
benzene solution (1.73 D )  is higher than the cor
responding values for 2-propanethiol (1.55 D )  and 
for 1-methyl-l-propanethiol (1.57 D ), where the 
SH group is linked to a secondary carbon atom, the 
values obtained in the pure liquid state for cyclo
hexanethiol (1.38, 1.64 and 1.73 D )  show a very 
close agreement with the corresponding values for 
2-propanethiol (1.32, 1.64 and 1.74 D )  and for 1- 
methyl-l-propanethiol (1.36, 1.65 and 1.75 D ).'

From the results obtained both in benzene solu
tion and in the pure liquid state, one can see that the 
dipole moments decrease in the order cyclohexane
thiol, a-toluenethiol and benzenethiol. The same 
gradation is observed in the values of the dipole 
moments in benzene solution of analogous com
pounds, where the SH group is replaced by OH, Cl 
or Br, as shown by the results joined in Table VI.

The lower values of the dipole moments when the 
polar groups are directly bound to the benzene ring 
are in accord with the shorter internuclear distances 
of the C-X_bonds (Table VII).

While it is possible to understand, at least quali
tatively, why the dipole moment should decrease in

(15) E. C. E. Hunter and J. R. Partington, J. Chem. Soc., 2812 
(1932).

(16) H. Lumbroso and C. Marschalk, J. chim. phys., 49, 385 (1952).
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Table VI
Apparent Dipole Moments of Some Alcohols, Chlo

rides and Bromides in Benzene Solution 
X = OH Cl Br

C6HuX 1.7-1.9D* 2.1-2.3D« 2.1-2.3D “
C6H6CH2X 1.67* 1.82-1.85« 1.85-1.87«
C6H5X 1.45* 1.57-1.60“ 1.51-1.56«

“ L. G. Wesson, “ Tables of Electric Dipole Moments,” 
The Technology Press, Massachusetts Institute of Tech
nology, Cambridge, Mass., 1948. b A. H. Boud, D. Clever- 
don, G. B. Collins and J. W. Smith, J . Chem. S oc., 3793 
(1955).

the order cyclohexanethiol, a-toluenethiol and 
benzenethiol,17 an attempt to interpret the experi-

(17) See for instance G. I. Brown, ‘An Introduction to Electronic 
Theories of Organic Chemistry,” Longmans, Green and Co., London, 
1958.

Table VII
Interntjclear Distances of C-X Bonds (in Â.)«
X = s 0 F Cl Br

Paraffinic 1.81 1.43 1.38 1.77 1.94
Aromatic 1.36 1.30 1.70 1.85
“ “ Tables of Interatomic Distances and Configuration in 

Molecules and Ions,”  Special Publication No. 1 1 , The 
Chemical Society, London, 1958.
mental results reported in the present work by 
applying methods and approximations afforded by 
the molecular orbital theory may lead to a more 
satisfactory approach.
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Partial specific volumes and specific refractive index increments of proteins and polyelectrolytes in aqueous solution with 
a simple salt are discussed in relation to possible definitions of independent thermodynamic components. As suggested 
elsewhere, it is sometimes useful to define components by equating inner and outer salt concentrations in a dialysis equi
librium experiment and assigning any excess or deficiency of salt ions in the three-component phase as part of the macro- 
molecular component. Since by need or by custom, protein solutions may be dialyzed against the solvent, volume and re
fractive index changes corresponding to addition of the non-diffusible component are often measured in a way relating di
rectly to such a definition of components: that is, as the protein concentration is changed the chemical potential of the salt 
component is held at least approximately constant. A consideration of available data indicates that in some three-com
ponent systems thermodynamic interaction between salt and the macromolecular species is great enough for volume and 
refractive index changes to be significantly affected. It is important, therefore, that the partial volumes and refractive 
index increments applied in thermodynamic analysis of ultracentrifuge and light scattering data be defined and interpreted 
in consistent fashion. An earlier discussion of sedimentation equilibrium is extended to the special case of sedimentation in a 
density gradient produced by the distribution of a heavy salt. It is shown how an unambiguous molecular weight for the 
polymeric species can be obtained from equilibrium measurements without explicitly evaluating the interaction with the 
supporting electrolyte.

Introduction
The usefulness of ultracentrifugation and light 

scattering as techniques for the physicochemical 
investigation of macromolecular solutes depends in 
great part on the independent measurement of the 
partial specific volume and the specific refractive 
index increment. Aside from their intrinsic interest 
as physical properties, both enter into the interpre
tation of centrifuge measurements while the deter
mination of the refractive increment makes possible 
absolute determinations of molecular weight by 
light scattering. In two-component solutions (one 
solute and one solvent) the definition of these quan
tities is subject to no ambiguity. In multicom
ponent systems, on the other hand, the definition of 
independent components to be used in thermody
namic formulations is largely a matter of conven
ience2'3 ; but whatever the conventions chosen, it is 
essential that all the experimental quantities in
volved and the relations used be consistent with

(1) This study was supported by a grant (NSF-G7608) of the Na
tional Science Foundation.

(2) G. Scatchard, J. Am. Chem. Soc., 68, 2315 (1946).
(3) E. F, Casassa and H. Eisenberg, J. Phys. Chem., 64, 753 (1960).

them. These considerations give rise to some 
rather subtle problems that have not always been 
fully appreciated. In some circumstances the un
critical acceptance of simple relations established 
for two-component systems may lead to serious er
rors in interpretation of experimental data or some
times to failure to discern small effects that can 
furnish information about thermodynamic inter
actions in complex systems.

These remarks apply with particular force to 
studies of materials of biological interest since the 
systems encountered almost always contain at 
least three components. Aqueous protein solutions, 
for example, are frequently buffered or at least may 
contain an added salt. A  further complication is 
the fact that preparative procedures often involve 
dialysis against the solvent medium with consequent 
redistribution of diffusible species across the mem
brane. As we have pointed out elsewhere3 this 
circumstance, when its implications are understood 
correctly, actually becomes an advantage in simpli
fying the analysis of light scattering and ultracen
trifugal measurements.

Rather full discussions of the question of defining
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components in interpreting light scattering from 
dialyzed solutions have been given recently in a 
paper by Scatchard and Bregman4 and in reference
3. Here, after considering the partial volume and 
refractive increment of a macromolecular solute in 
relation to useful definitions of components, we 
apply our conclusions in carrying further the dis
cussion of sedimentation equilibrium given in ref
erence 3. As in the earlier paper, we are concerned 
with a system of three components, of which one is 
non-diffusible: specifically the solution comprises 
water (component 1), a protein or polyelectrolyte 
(component 2), and a uni-univalent salt (compo
nent 3).

Partial Specific Volume
In measurements of partial specific volume of 

a solute one usually compares solution and solvent 
densities and thus obtains directly the apparent 
partial volume cj> of solute from the change pro
duced by a finite concentration increment. Con
ceptually one visualizes adding the solute com
ponent 2 in some completely definite, and possibly 
actually available, form (dry isoionic protein or the 
stoichiometric composition X z  P of an alkali metal 
salt of the polyacid HzP, for example) to the sol
vent mixture consisting of components 1 and 3. 
Upon addition of g2 grams of component 2 to g3 
grams of solvent of density ps, the volume of the 
system changes by AF and the density by Ap. 
The apparent partial specific volume of component 
2 in these terms is

i?2Ps /
(1 -fi 7ra3M3/1000)Ap~j .j.

W2Ps J
where w 2 is the solute concentration in grams per 
gram of water, to3 is the molality of the salt, and 
M z  is its formula weight. By substituting into 
equation 1 the weight fraction z =  q2/(gs +  g2), one 
obtains an alternative form

l ( 1 - 4 ^ =  l- ( !  _
Pa \ zp ) Ps \ c )

in which c is the concentration of component 2 in 
grams per milliliter of solution.

If the common laboratory practice of dialyzing 
solutions against the solvent has been adopted, it 
must be recognized that the distribution of small 
ions between solution and dialysate is affected by 
the presence of the macromolecular species. In the 
thermodynamic formalism for experiments carried 
out in this way, it is useful3’4 to equate the m olality  
of salt in the dialysate with that in the solution and 
to assign any excess (or deficiency) or diffusible ions 
to component 2. If component 2*, as we shall 
designate the component defined in this way, were 
added to the solution at osmotic equilibrium there 
would occur no redistribution of diffusible species 
across the membrane. This convention is generally 
useful only if the numbers of diffusible ions included 
are independent of the concentration of the macro
molecular species over a fairly wide concentration 
range and are also independent of pressure. Fortu-

(4) G. Scatchard and J. Bregman, J. Am. Chem. Soc., 81, 6095 
(1959).

nately these requirements hold to a good approxi
mation in the few systems6-7 adequately studied, 
and one may therefore discuss a partial specific 
volume for component 2 * in a concentration series 
equilibrated by dialysis, or equivalently prepared by 
dilution with dialysate.3'4 Thus, conceptually one 
can add to the solution at constant pressure, g2* 
grams of component 2 *, the new mass being related 
to g2 by

g2* =  02(1 4 t) = 02(1 H- i/Mz — X vaM i/M i)

The numbers of moles of diffusible ions of molecular 
weight M i included by each definition in one mole 
of the macromolecular component are designated 
*»2i, va* > and g2/ M 2 is the number of moles, the 
same in both cases, added to the system. For 
component 2 *, equations 1 and 2 are still valid in 
terms of the corresponding density change A *p and 
the weight concentrations w2*, c*

A  _  (1 +  m3M3/1000)A*/>1 =
P* L W2*ps J

»
Since the volumes 4> and 4>* have been defined in the 
usual fashion for apparent extensive properties, the 
true partial volume v2 is given by v2 =  4> +  w2 (d<j>/ 
dvh) , and the analogous relation holds for </>*.

In the two procedures just described densities and 
concentrations are treated consistently. Sometimes 
however, though the solution is dialyzed and its 
density compared with that of dialysate, the weight 
concentration arbitrarily used in calculations does 
not correspond to component 2.* For example, in 
protein studies, concentrations are often based on 
nitrogen content multiplied by a factor to give a 
protein concentration corresponding presumably to 
the salt-free isoionic species, which we can regard 
as the component 2 to which equation 1 applied. 
Hence, the apparent partial volume calculated is

which corresponds neither to nor to </>*.
The relation between <f>' and 4>* is obtained by 

substituting c* =  c(l +  £) in equation 4 and elim
inating A*p/c2* by equation 3

= <t>* -  £(l/p« -  <t>*) (5)
The expression of 4>* or 4>' in terms of 0  involves 

the volume corresponding to the fractional mass 
increment £; and therefore the partial volume of 
the ions (taken in neutral combinations) contribut
ing to £ is required. To use an example cited above, 
we consider component 2 as the completely ionized 
salt X zP  of the anion V ~ z . Component 3 is the 
salt X Y ; v2x  =  Z ; v2y  =  0 ;  and v2x *  — vix  =  
£M2/M 3. Then, adding g2* grams of component 2* 
to the solvent is equivalent to adding g2 grams of 
X zP  and £<?2 grams (or %g2/ M 3 moles) of X Y . If the 
partial specific volume of X Y  in the three-compo
nent system is v3, the corresponding volume change is 
AF +  £z%g2 if v3 is independent of the change in salt 
concentration. It follows that

(5) G. Scatchard, A. C. Batchelder and A. Brown, ibid., 68, 2320
(1946).

(6) U. P. Strauss and P. Ander, ibid., 80, 494 (1958).
(7) H. Eisenberg and E, F. Casassa, J. Polymer Sei., in press.
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T a b l e  I

System
NHiPVS in 0.5 M b NH4C1 
KPVS in 0.1 M b KCl 
BSAinO.l M h NaCl

P a r t i a l  S p e c i f i c  V o l u m e s “  at  2 5 °
Concn. A*P X 10“ {X  10“

0.1036 equiv.“/I. 5.67 -87 .6
0.1124 equiv.'/l. 8.77 —76.5

58.3 g./kg. H20 + 2 . 6 7

0

0.534
.411
.7343

0 * 0 ' 
0.518 0.560

.413 .457

.7331 .7324
“ The meaning of symbols and procedures for calculation are given in the text. b The solvent composition refers to dialy- 

sate. c Equivalents of sulfonate groups per liter.
A V +  ÌvsQì _  <j> +  £¿¡3

£7 2 ( 1  +  £) 1 +  £ (6 )

By combining equations 5 and 6 , we obtain

(?)

For a protein system we might designate the 
isoionic protein as component 2 ; but in defining 
components by osmotic equilibrium with a solution 
of the salt X Y , we would not generally have equal 
numbers of moles of X + and Y ~  included in the 
electrically neutral components 2 * because the pro
tein may “ bind” protons or hydroxyl ions as well as 
the salt ions. To be in equilibrium with a protein 
component of specified composition, the dialysate 
must in general contain the acid H Y  or base X O H  
in addition to the salt; and the system then in
cludes four components if one wishes to consider 
varying independently the concentration of acid or 
base.4

Ordinarily, the concentration variable most easily 
measured is c; and though c*  is for many solutions 
determinable in principle by comparing weights of 
dried residues of solution and dialysate, practical 
difficulties might sometimes make the procedure 
unsatisfactory. For instance, in a protein system 
the loss of the volatile acid H Y  from the protein 
component might have to be considered even 
though no acid has been added. The apparent 
volumes <f> or <f>' are therefore the quantities ob
tained directly from most density measurements, 
but <t>* may be a primary result if concentrations 
are based on dry weights.

In order to convey some idea of the magnitude of 
the differences which may exist among the three par
tial volume quantities defined here, experimental and 
calculated values for several systems are collected 
in Table I. The ammonium and potassium salts of 
poly-(vinyl sulfonic) acid (denoted as N H 4PVS 
and KPVS) have been studied in this Laboratory.7 
Values of <f>' listed in the table for these salts were 
determined from density measurements in pycnom
eters. Then with these results and £ from data on 
the distribution of chloride ion at dialysis equilib
rium, equations 5 and 7 were used to calculate <f> 
and 4>*. For bovine serum albumin (BSA) at ca. 
5 %  concentration in 0.1 M  sodium chloride, <j> was 
taken as 0.7343, the value found in water by Day- 
hoff, Perlmann and Maclnnes8; and <f>' and 4>* were 
calculated by equations 6 and 7. The value of £ 
was obtained from membrane equilibrium measure
ments of Scatchard, et al,,6 at the pH corresponding 
to a protein species of zero valence; that is, under 
such conditions that equal numbers of moles of Na+  
and C l-  are included in component 2*. For iso
ionic albumin of the molecular weight 69,000, found

(8) M. O. Dayhoff, G. E. Perlmann and D. A. Maclnnes, J. Am. 
Chem. Soc., 74, 2515 (1952).

by Scatchard, et al., this amount of binding cor
responds to 3.2 moles of sodium chloride per mole of 
protein. Partial specific volumes of salts and den
sities of salt solutions required in calculations for 
Table I were obtained from equations and pa
rameters given by Harned and Owen.9

The tabulated apparent volumes exemplify a 
variety of circumstances that may be encountered 
in practice. In the case of serum albumin £ is 
positive, and the solution density is close to unity 
while c/> is smaller and of the order of twice z/3. It 
follows that the partial volumes should fall in the 
order >  <j>* >  <j>'. If £ is negative, so that salt is 
rejected by the macromolecular species, the order is 
reversed as in the case of the KPVS solution in 
potassium chloride. For N H 4PVS in ammonium 
chloride, £ is also negative; but the order of partial 
volumes is 0 * <  <f> <  <f>', the interchange of <t>* and 
c/V being a reflection of the fact that the partial 
specific volume of ammonium chloride (0.701) is 
greater than that of the polymer salt.

It is clear that in protein solutions in rather dilute 
salt, the differences among <f>, 4>* and 4>' are likely 
to be of the order of only a few tenths of a per cent., 
indistinguishable or nearly so as compared with 
absolute uncertainties of concentration determina
tions. It is possible though that comparative 
measurements attain a level of precision at which 
these differences become significant. Since ion 
binding to proteins is a mass-action phenomenon, 
increasing the salt concentration increases the 
effect; and in 1 M  sodium chloride, the values of 
the partial volumes for serum albumin would ex
hibit differences of the order of a per cent. The 
tabulated values provide some indication of the 
possibility of determining £ from the densities of 
dialyzed and undialyzed solutions.

In the comparisons made here, we have assumed 
that 4> is the same in water and in salt solution. 
In the work of Chari wood10 on proteins no sig
nificant difference is evident, but accurate measure
ments have been made only in rather dilute salt. 
For proteins, <f> does generally increase markedly as 
the pH is varied away from the isoelectric point.10

Refractive Index Increment
Specific and molar refractive index increments in 

a multicomponent system may be defined by con
siderations analogous to those utilized above: for 
example, by adding a mass of component 2 , defined 
in any convenient way, to a system at constant 
temperature and pressure, we obtain the derivative 
^  =  (bn/dw 2)p,T.m =  'S'i/Mz or more precisely in 
practice, the apparent value An/w2, where An is the

(9) G. S. Harned and B. B. Owen, “The Physical Chemistry ot 
Electrolytic Solutions," Reinhold Publ. Corp., New York, N. Y., Third 
edition, 1958, Chapter 8.

(10) P. A. Chari wood, J. Am. Chem. Soc., 79, 770 (1957).
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increment in refractive index relative to the solvent 
system. Alternatively we could add component 2 
at constant chemical potential ¡x of the other com
ponents, considered as diffusible, to obtain î 2' =  
{b n fd w 2)T,n —  4r2* /M 2. These refractive incre
ments are easily related by expressing the refrac
tive index as a function of pressure, temperature 
and masses of all the other components in a fixed 
mass of the principal solvent, conveniently one kilo
gram of water

W e then calculate the derivative with respect 
to m2 at constant temperature and potential of the 
other components. The first term of the result 
(dn/dP)r,m (dP/dm2) t ,» depends on the isothermal 
compressibility of the system and the osmotic pres
sure, but we shall assume it to be negligible. Ac
cordingly for the three-component system we write

*■’  -  *■ +  *■ ( £ ) „ , r  ®
where (dm3/ dra2) i s  the number of moles of 
component 3 which we include in the formulation of 
component 2*3. Putting this expression in terms of 
the specific increments ^ and recalling that M 2* =  
M i  (1 +  £), we obtain the relation

to*
/  dn \ _  \f>2 +  3
\ b w 2 * jT ,w  1  +  1

This will be recognized as analogous to equation 6 
for the partial specific volume. 11 In studies of pro
teins and synthetic polymers it is usually conven
ient to use the specific increment for the macro- 
molecular component but the molar quantity for 
component 3. In these terms equation 8 gives

and

to *
'i' 2 +
i +

t o '  — t o  +  f 'P  (9)

where £ =  (dm 3/dw2) m =  t,/M3.
As we showed in reference 3, the light scattering 

equation for a three-component system reverts 
formally to the simpler relation for two components 
when expressed in terms of M 2*, w2*, \J/2*, that is, in 
terms of component 2* (cf. also Stigter12 and Vrij13). 
Since these quantities appear in the combination 
M i* { ¡A2*)2W2* =  M i (fc 'Y w i, knowledge of £ is not 
required for determining M 2.

In practice it is usual to employ specific refractive 
index increments An/c in terms of volume concen
trations. One reason for doing this, aside from 
custom and the ease of measurement, is that em
pirically the specific increment in this form appears to 
be independent of c to quite high concentrations in

(11) Although we chose to use a physical argument in discussing 
the partial specific volume in order to arrive at equations 1 to 4 for 
the apparent values, relations among W and vz* of the form of equa
tions 5, 6 and 7, could equally well have been obtained by reasoning 
like that leading to equation 8. It must be noted, however, that 
vi' = U2*(l -{-£) — |/p, as determined by density changes and equation 
4, is not the same as i~dV/bwz)ixz — V2*(l +  £)•

(12) D. Stigter, / .  Phys. Chem., 64, 842 (1960).
(13) A. Vrij, Thesis, Utrecht, 1959, as quoted by Stigter.12

solutions of proteins and organic polymers.14 This 
observation implies that to a good approximation 
the refractive index of a mixture is a linear function 
of the composition by volume

n  — n\ViC\
¿ = 1,2,3

Since we consider only solutions rather dilute in 
components 2 and 3, the constants n 2, n 3, need not 
correspond to the refractive indices of pure com
ponents. If the Vi are independent of concentra
tions and if variations of c2 =  c are made without 
varying the relative proportions of components 1 
and 3; that is, at constant molality of salt, it can 
be shown15 that

toe =  = " 2  ( + 2  — n ‘ ) (1 0 )

where n s =  (ŵ iCi +  n m c j) / {v\Ci +  v3c3) is the 
refractive index of the solvent. It follows that if 
the refractive index increment in one solvent a is 
known, it can be calculated for another solvent b 
from equation 10 and a measurement of n sb — n s&. 
In particular if the specific increment ( d n / d c ) 0 in 
water is available, that in salt solution is

too = ~  »«(«• ~  nd (11)

For proteins in water \p is positive; hence increasing 
the salt concentration, and thus n s, should decrease 
h e - 16

The most careful determinations of refractive 
increments for proteins are perhaps those of Perl- 
mann and Longsworth17 who employed a differen
tial prism method for direct measurements of 
small differences of refractive index. It is therefore 
of interest to examine some of their data in light of 
the discussion just given.

In two series of experiments these workers added 
successive small amounts of sodium hydroxide to 
solutions of bovine serum albumin and ovalbumin 
in water and followed the change in A n  with respect 
to pure water at a wave length of 5780 A. and tem
perature of 0.5°. They found A n /c , c being the 
concentration in weight of isoionic protein, to in
crease linearly with the amount of added base in 
identical fashion for both proteins according to the 
relation

T  "  ( f ) „ c (1 +  o »45“*»

where u  is the molarity of the base. They inter
preted this as indicating a variation of the refrac
tive increment with the charge of the protein ion. 
In advancing a different interpretation we can 
ignore the fact of chemical reaction between protein 
and base and regard the system as a mixture of 
three components— water, protein, sodium hydrox-

(14) In the case of solutions of simple salts, An/c exhibits a linear 
dependence on c1/* to much higher concentration than does An/w 
with respect to wV*. Here, where we are concerned with dilute solu
tions of component 2, any variation in salt concentration attending 
variation in C2 is much too small for the square-root term to contribute 
to the variation in the refraction due to the salt.

(15) E. F. Casassa, /, Phys. Chem., 60, 926 (1956).
(16) Equation 11 cannot be regarded as universally valid. In poly

phosphates [U. P. Strauss and P. L. Wineman. J. Am. Chem. Soc., 80, 
2366 (1958)] \f/20 decreases with increasing salt concentration qualita
tively as predicted, but the observed effec.t seems much too great.

(17) G. E. Perlmann and L. G. Longsworth, ibid., 70 , 2719 (1948).
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ide. If we know the total refractive increment 
An  with reference to water and that for a solution of 
sodium hydroxide of the same m olality, we can cal
culate the specific increment for protein as

i'io = (A n — AriNaOH )/c

This expression implies no theory; it is simply a 
definition of ^2c for the process of adding isoionic 
protein to sodium hydroxide solution. Then for 
comparison we can calculate ^2c by substituting the 
measured value in water into equation 11. The 
results are exhibited in Table II. The experi
mental values of ^2c in the fourth column are now 
independent of sodium hydroxide concentration, 
except possibly at the highest concentrations; and 
the calculated values in the fifth column confirm 
that the concentration of sodium hydroxide is never 
great enough to cause a sensible decrease in ^2c 
through narrowing of the refractive index difference 
between protein and the solvent mixture.

Alternatively we can regard these systems as 
containing two components, water and a sodium 
protein salt to which, denoting the isoionic pro
tein by Pr, we could assign formulas such as 
Pr-(NaOH),, or Pr-(NaOH)„ — lyffiO with the 
composition given by the amount of base added. 
Using the experimental values of An  and multiply
ing c for Pr by 1 +  0.040 u/c to obtain the weight 
concentration of Pr-(NaOH)„, we have calculated 
ip2c for this component as given in the sixth column 
of Table II. It so happens, as is evident from the 
empirical result of Perlmann and Longsworth, that 
with the component defined in this way, \pz appears 
to be independent of the composition y . This cal
culation is like that of Perlmann and Longsworth 
except that while they included the contribution of 
NaOH to An, they did not include its corresponding 
contribution to the weight concentration. Had we 
chosen, on the other hand, to regard the solute as 
Pr-(NaOH)„ — ?/H20  and increased c by the factor 
1 +  0.22  u/c, we would have obtained a \p2c in
creasing linearly with the NaOH content at about 
half the rate reported by Perlmann and Longs
worth.

In carrying through the calculations on the sys
tems containing base we estimated the molar re
fractive increment of sodium hydroxide in water as
10.1 X  10-3  1. mole-1 . This figure was obtained 
from the limiting value at infinite dilution, 9.50 X  
10-3  for the Nan line at 15°.18 The Gladstone- 
Dale rule and partial molar volumes calculated from 
data given by Harned and Owen9 were used to con
vert to 0 .5 ° ;  but the wave length dispersion cor
rection was omitted as unimportant.

Perlmann and Longsworth also measured refrac
tive increments against dialysate for solutions of 
ovalbumin, bovine serum albumin and human 
serum albumin, in sodium chloride, and compared 
the results with solutions dialyzed against water. 
Averaged values of fa /  =  (5n / dc)^  that they ob
tained are reproduced in the second column of 
Table III. From equation 11 and the experimental 
\p2 in water, we have calculated ^2c in salt and thence 
from equation 9, (neglecting the distinction between 
\p2 and f ie )  the moles of salt f  bound per gram of

(18) C. Ch£neveau, Compl. rend., 138, 1483 (1904).

Table II
Effect of Added Sodium Hydroxide on the Refractive 

Increments of Proteins in Aqueous Solution“
Protein 
concn., 
g. ml.-1 
X 10*

NaOH 
added, 

mole 1. 
X 10*

An
X 10* 

(vs. HüO)
2̂C

protein

2̂c
protein 
(caled., 
eq. 11)

2̂C
Na pro- 
teinate

Ovalbumin
6.461 0 12.106 0.18766
5.951 7.754 11.234 .1875 0.1876 0.1878
5.739 11.065 1 0 . 8 6 8 .1875 .1876 .1879
5.545 14.073 10.523 .1873 .1876 .1879
5.334 17.426 10.187 .1878 .1875 .1885
5.128 21.69 9.77 .1864 .1875 .1874
5.025 22.41 9.593 .1865 .1875 .1876

BSA
4.740 0 9.015 0.19019
4.340 8.502 8.239 .1905 0.1901 0.1904
4.077 10.041 7.885 .1909 .1901 .1908
3.782 20.302 7.35 .1904 .1900 .1903
3.606 23.349 7.036 .1905 .1900 .1909
3.525 25.722 6.978 .1927 .1900 .1923
“ From data of Perlmann and Longsworth. 17

protein. Multiplication by the molecular weight of 
the protein— we used 67,000 for the serum albumins 
and 45,000 for ovalbumin— then gives the number 
of moles of salt bound per mole of protein as shown 
in the last column of Table III. In calculating the 
refractive increment of NaCl for the experimental 
conditions, 5780 A. and 0.5°, we employed the ex
tensive refractive index data at 25° of Kruis19 inter
polating to the desired wave length. Then with the 
aid of a value for the temperature dependence given 
by Perlmann and Longsworth, we obtained finally

= 11.36 -  1.17m1/*
at 0.5°. In converting molarities at 0.5° to molal
ities we again used partial volumes calculated from 
the parameters given by Harned and Owen.

Table III
Specific Refractive Index Increments for Proteins in 

Aqueous Solution“

System
fac', ml. g. toe i'Ms

Ovalbumin:
in H20 0.1871 0.1871
in 0 . 1  M  NaCl .1874 .1863 4.5

BSA:
in ILO .1921 .1921
in 0.1 M  NaCl .1938 . 1913 5
in 0.5 AT NaCl .1948 .1881 26

Human serum albumin:
in H20 .1887 . 1887
in 0.5 M  NaCl .1918 .1847 26

“ From data of Perlmann and Longsworth. 17

At best, the binding calculated from these re
fraction determinations can be regarded as reveal
ing no more than an order of magnitude. The re
sults depend on very small differences and there are 
some unexplained variations in the measurements. 
Also, we assumed the protein species to be un
charged so that the binding involves only sodium

(19) A. Kruis, Z. physik. Chem., 34B, 13 (1936).
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chloride. Considering these uncertainties, the 
agreement with membrane distribution data and 
other measurements of Scatchard and co-workers6'20 
on serum albumin is gratifying. Perlmann and 
Longsworth remarked correctly that the binding of 
the salt by serum albumin is reflected in an increase 
in ip2c' when sodium chloride is added to the protein 
in water. Independence of ipic' of the concentration 
of salt (as in the case of ovalbumin) does not, on the 
other hand, indicate that there is no binding since in 
the absence of interaction fc c ' is equal to \p2c, and 
decreases with increasing amounts of salt, at least 
if the assumptions imp bed by equation 11 are valid.

Application to Sedimentation Equilibrium
In reference 3, we pointed out that the entity 

designated here as component 2 *, to a good approxi
mation sediments independently of component 3 in 
an ultracentrifuge experiment; hence the equilib
rium distribution in the centrifugal field depends 
on the molecular weight M 2*. Formulated in 
terms of this component (homogeneous in molecular 
weight and density) the expression for sedimenta
tion equilibrium reverts to the simple form appli
cable in a two-component system: i.e.

1  +  m 2 (Xv2i* 2/n u  +  f a * )  (1 2 )
where 1m, to2 are molalities of species and com
ponents, M i*  is the molecular weight of component 
2 *, @22* is the derivative of the logarithm of its 
activity coefficient with respect to m 2, x  is the 
distance from the center of rotation, and co is the 
angular speed of the rotor.

The correct measurement of M 2* in the centrifuge 
requires an accurate value of v2* (or of </>*) the 
determination of which in turn requires, in addition 
to density measurements, data on distribution of 
diffusible species across an osmotic membrane or 
equivalent information. It is easy to show, how
ever, that a meaningful molecular weight for the 
macromolecular component can be obtained, even 
without knowledge of the r2,*. Let us suppose 
that a protein is dialyzed against the supporting 
electrolyte and the density of solution and dialysate 
is measured. Then by some means of analysis 
(e.g., optical density, nitrogen content) the weight 
concentration corresponding to salt-free protein is 
determined and used to calculate the apparent par
tial volume. In other words, <j>' is calculated. The 
substitution of this value in equation 12 to deter
mine an unknown molecular weight leads in fact to 
the molecular weight of the isoionic protein. To see 
this, we need merely use equation 5 and the relation 
M *  =  M i  (1 +  |) to find that

M i* {  1 -  <h*P) =  M A I  +  f) [ l  -  (<#>' +  £ ) ]
= M ill  +  t  (1 — P/Pa) — <t>'p]

In the limit as m2 approaches zero, p/ps approaches 
unity and

M i * ( l  -  v2 *P) = M i d  ~  4>’ p) (13)
It may be mentioned that the many discussions of 

“ hydration” in two-component systems, in which it 
is shown that

(20) G. Scatchard and E. S. Black, J. Phys. Chem., 53, 88 (1949).

4ih(l — Shp) =  M i { l  ~  Vip)
the subscript h denoting the hydrated species, are 
not pertinent to the present problem. Whether it is 
based on a physical model21 or a thermodynamic 
argument,22 the simple reasoning which leads to the 
conclusion that sedimentation is unaffected by 
hydration involves the assumption that the density 
of the adsorbed hydration layer is the same as that 
of the solvent in bulk. Obviously this assumption 
cannot apply in a multicomponent system in which 
the macromolecular solute interacts selectively with 
other species.

Equilibrium Sedimentation in a Density Gradient
Ordinarily, equilibrium centrifugation experi

ments are carried out at speeds of rotation so low 
that ordinary salts do not sediment appreciably; 
hence the concentration of component 3 remains 
uniform in spite of the redistribution of component 
2*. Interpretation is then simplified because M  * 
and v2* are constant throughout the solution 
column if our thermodynamic approximations3 are 
valid and if hydrostatic pressure effects can be 
neglected. Recently, however, Meselson, Stahl 
and Vinograd23'24 have studied sedimentation of 
nucleic acids in the presence of concentrated cesium 
chloride. At a fairly high speed of rotation this 
heavy salt forms a density gradient, at some point 
of which the centrifugal and bouyant forces acting 
on the macromolecular species are in balance. 
The studies of the equilibrium distribution in the 
gradient have provided important information 
about these substances which, owing to their ex
tremely high molecular weights, cannot be investi
gated by the ordinary equilibrium method.

For the three-component system, the ideas pre
sented here concerning partial volumes and refrac
tive index increments are readily applied in inter
preting data obtained by this important new tech
nique. With components defined by osmotic equi
librium, the distribution of component 2 * does not 
affect the distribution of the diffusible salt com 
pon ent; but the vu* depend on the salt concentra
tion and therefore vary with position in the cell. 
Although equation 12 is still valid at any position x, 
this means that M 2*, v2* and p are also functions of 
x . It is still possible to use equation 13, however, in 
determining the molecular weight M 2, which of 
course does not vary with x .  Three independent 
sets of observations are required for a complete 
analysis of results: (a) the sedimentation experi
ment on the polymeric material to measure its dis
tribution in the dense electrolyte at equilibrium, (b) 
the sedimentation of the salt alone to determine its 
distribution in the centrifuge cell, and (c) measure
ment of density difference between solutions of the 
polymer and dialysate as a function of salt con
centration in the dialysate in order to determine the 
apparent partial volume <// as a function of x .

If we can presume that it is possible to use such a
(21) J. T. Edsall in “The Proteins,” Academic Press, Inc., New 

York, N. Y., 1953, Voi. IB, Chapter 7.
(22) H. K. Schaehmann, “Ultracentrifugation in Biochemistry,” 

Academic Press, New York, N. Y., 1959.
(23) M. Meselson, F. W. Stahl and J. Vinograd, Proc. Nad. Acad. 

Sci., U. S., 43, 581 (1957).
(24) M. Meselson and F. W. Stahl, ibid., 44, 671 (1958).



March, 1961 Countercurrent D istribution of Chemically R eacting Systems 433

low polymer concentration that the concentration 
dependent term on the right-hand side of equation 
12 is negligible, the only problem remaining is that 
of evaluating the quantity

(dm2/dx2)ni2~1 = (du^/dx2)“ ^-1 «  (dc/dx2)c_I

in equation 12. The last equality becomes exact in 
the limit of small c. When light absorption by the 
polymer species can be measured, c can be deter
mined directly as a function of x . If the datum 
obtained is the difference in refractive index between 
the solution and the reference solvent at the same 
level x  (e.g., as by interferometry) the concentration 
is obtained from this difference An, by An  =  \p'2w2 
=  ^ 2a'c where fa ' and fa c' are now functions of x  
through their dependence on salt concentration. 
It is thus necessary to measure the refractive incre
ment of polymer solution referred to dialysate as a 
function of salt concentration. If the refractive 
index gradients rather than indices are measured, 
as is the case for the schlieren optical system, the 
concentration profile in the centrifuge can be ob
tained if fa ' or together with or Tt-sc, are 
known, but in general a numerical integration is 
required.

We conclude, therefore, that even though the 
analysis of sedimentation equilibrium in a density 
gradient is complicated by the variation of salt 
concentration through the cell and therefore by the 
variation in interaction between salt and polymeric

component, it is still possible to determine a molec
ular weight unambiguously without explicit know
ledge of the amount of salt bound. The above re
marks are confined to the case of a single m acro- 
m olecular com ponent. For a macromolecular solute 
heterogeneous in molecular mass, the expressions 
for sedimentation equilibrium in terms of the starred 
components assume the form22 -25 applicable to a 
mixture of species of uniform partial volume in a 
single solvent, provided v* is the same for all 
solute components. The question of heterogeneity 
with respect to partial volume, which does arise in 
the case of nucleic acids, has been discussed recently 
by Baldwin.

N ote A dded in P roof.—It is pertinent to make note 
here of two emendations to the previous paper, reference 3 .

First, the indicated derivation of the osmotic relation, 
equation 5, is faulty in not including the effect of pressure 
on the potential of component 2. The result given is cor
rect, however, as a limiting law for dilute solutions (which 
is all we actually require). As well as yielding the proper 
limit for n/m 2 when m2 is zero, it gives the second virial 
coefficient correctly except for a term smaller than errors of 
measurement in protein solutions.

Finally, equation 8  of the same paper should read
f d n  ) 2 H 'V mM * c *  = / A n y  H 'V mM c  =
\A c*)  m i R T A t  \ d c ) v ,  I iV  A t  25 26

(25) R. J. Goldberg, J. Phys. Chem., 57, 194 (1953).
(26) R. L. Baldwin, Proc. NaÜ. Acad. Sri., 45, 939 (1959).
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Although the simple extraction behavior of systems undergoing chemical reactions has been widely studied, general 
quantitative predictions of the expected behavior of such systems during countercurrent distribution experiments have been 
lacking. The recent theories of Gilbert and Gilbert and Jenkins for the separation of schlieren peaks in ultracentrifugation 
and electrophoresis, assuming instantaneous chemical re-equilibration between species, have suggested the possibility of 
hitherto unexpected behavior in countercurrent distribution experiments as well. The present study, involving the use of a 
high speed digital computer to solve the material balance equations involved, serves to predict the expected behavior of cer
tain polymerizing systems over a wide range of the parameters governing the equilibria. One prediction is that a system 
undergoing trimerization may show quite different behavior from that of a dimerizing system.

Introduction
Most interpretations of the concentration vs. 

tube number patterns obtained from the process 
of countercurrent distribution have been based 
upon the assumption of constant partition ratios, 
which should be expected to hold for dilute solu
tions of solutes not undergoing chemical reac
tions.2-6 One quantitative calculation,6 showing 
the possible effect of dimerization upon the distri-

(1) Submitted by J. L. Bethune to the Faculty of Clark University 
in partial fulfillment of the requirements for the degree of Doctor of 
Philosophy, June, 1961.

(2) S. Stene, Arkiv Kemi, Mineral. Geol., A18, No. 18 (1944).
(3) B. Williamson and L. C. Craig, J. Biol. Chem., 168, 687 (1947).
(4) R. M. Bock, J. Am. Chem. Soc., 72, 4269 (1950).
(5) L. C. Craig and D. Craig in A. Weissberger, “Technique of 

Organic Chemistry,” Vol. Ill, Interscience Publ., New York, N. Y., 
1950.

(6) W. R. Boon, Analyst, 73, 202 (1948).

bution of penicillins, has been reported briefly. 
The results of this calculation, done for 24 trans
fers, indicated that the position of the individual 
penicillins in a countercurrent distribution train 
could not be predicted by the use of a partition 
ratio measured by simple extraction at a single 
concentration. Calculations have also been done,7 
with the aid of an analog computer, for cases of 
continuous countercurrent extraction, in which the 
effective partition ratio may be represented by a 
power series in concentration. Note has also 
been made of the effects on countercurrent distri
bution behavior of non-linear partition isotherms6 
as well as of such possible reactions as X aYb <=* 
a X  -f- 6Y .8 For non-linear partition isotherms

(7) A. Acrivos and N. R. Amundson, Ind. Eng. C h e m 45, 467 
(1953).

(8) E. H. Ahrens and L. C. Craig, J. Biol. Chem., 195, 763 (1952).
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some qualitative conclusions have been drawn as 
to the shapes of the countercurrent distribution 
patterns, and in the case of the chemically reacting 
system, it was concluded that the reactants X  and 
Y  could be separated after a sufficient number of 
transfers, provided that they possessed different 
partition ratios. In the determination of distri
bution functions for polyglycol systems9 by counter- 
current distribution, the possibility of association 
between molecules of different molecular weights 
was investigated by distributing separately and in 
mixtures two polyglycol fractions which differed 
in number-average molecular weights. Since the 
sum of the individual curves agreed with the curve 
for the mixture, it was concluded that no inter
action existed.

Simple extraction, as opposed to countercurrent 
distribution, has been widely used in inorganic 
chemistry for the interpretation of equilibria in 
complex systems.10-12 Even in the case of a 
system in which chemical equilibrium has not been 
attained, the experimental results have been used 
to elucidate the relationships between the different 
species appearing in the system. 13 The mathe
matical relationships developed in this field are, 
however, not of a type useful in the calculation of 
countercurrent distribution patterns. The rela
tionships are developed in terms of the extract- 
ability of the metal of interest.

Recent theoretical findings of Gilbert14-16 and 
Gilbert and Jenkins17-18 quantitatively predict the 
previously denied possibility of schlieren peak sepa
rations in electrophoresis and ultracentrifugation 
of systems undergoing instantaneous chemical re
equilibration. Countercurrent distribution experi
ments may usually be expected to reach chemical 
equilibrium at each stage prior to transfer,2-6 
and as previous publications have suggested the 
parallels between countercurrent distribution ex
periments and convective heat flow2 and diffusion 
with forced convection,2-6 as well as between 
chromatography2 and moving boundary electro
phoresis or sedimentation, 14 it was suspected that 
certain of the predictions14-18 for reacting systems 
would find qualitative similarities in the field of 
countercurrent distribution.

In the present study, calculations are reported 
for the predicted countercurrent distribution be
havior of solute systems undergoing polymeriza
tion to dimers or to trimers in both of the two 
phases.

Calculation Procedure
In considering the relationships involved in the

(9) K . E. Almin and R . Lundberg, Acta Chem. Scand., 13, 1274 
(1959).

(10) H. Irving, Quart. Rev., 5, 200 (1951).
(11) H. Irving, F. J. C. Rossotti and R . J. P. Williams, J. Chem. Soc., 

1955 (1906).
(12) A . E. Martell and M. Calvin, “ Chemistry of the Metal Chelate 

Compounds,”  Prentice-Hall, Inc., New York, N. Y ., 1952, p. 451 if.
(13) G. Rudstam, Acta Chem. Scand., 13, 1481 (1959).
(14) G. A . Gilbert, Disc. Faraday Soc., 13, 239 (1953).
(15) G. A. Gilbert, ibid., 20, 68 (1955).
(16) G. A . Gilbert, Proc. Roy. Soc. (London), A250, 377 (1959).
(17) G. A . Gilbert and R. C. LI. Jenkins, Nature, Lond., 177, 853 

(1956).
(18) G. A. Gilbert and R . C. LI. Jenkins, Proc. Roy. Soc. (London), 

A253, 420 (1959).

equilibration of chemically reacting solute systems 
between two phases, the following prior assumptions 
have been made: (1) the solvents are immiscible,
(2 ) no volume changes occur as a result of either 
extraction or chemical re-equilibration of the 
solutes, (3) all solutions are thermodynamically 
ideal when described in terms of the proper re
acting species, (4) in polymerization reactions, the 
monomer and only a single polymer species co
exist at equilibrium, and (5) before a transfer, 
there is chemical as well as transport equilibrium.

For polymerization the following equilibria 
must then hold

_ t
Y

• 1
h  — * Y

where Mu and Pu represent, respectively, monomer 
and polymer in the upper phase of volume V>> 
and M l and Pl represent, respectively, monomer 
and polymer in the lower phase of volume V l  and 
j  is an integer.

Equations 2 and 3 below then serve to describe 
the corresponding homogeneous equilibria, and 
equations 4 and 5 describe the phase distribution 
equilibria in terms of constants on the mass per 
unit volume scale

Ku  =  [P]u/[M]uj (2)
K l  =  [P]l/[M ]lj (3)
K p  =  [P]u/[P ]l (4)
K m  = [M]u/[M ]l (5)

In these expressions all concentrations, indicated 
by brackets, are in mass per unit volume.

For any single equilibration stage, it is also 
possible to write an effective partition coefficient 
K n j* as

K  * l[M]u,n,r +  [P] P.n.r} V  U
i[M]LlI1,r +  [PjL.n.rlFL W

where the subscripts refer to the upper and lower 
phases of the rth tube after n  transfers. This may 
be re-written, using equations 2, 4, 5 and assuming 
Fu =  V l ,  in the form

X  *  —  K m K p { \  +  ■Ku[M]u.n.i,i~1)
K P +  K v K M [ M h ,D,t’ - l  U'

When j  =  1, that is, isomerization, K nJ* is a con
stant for all n  and r  and, if both chemical equilib
rium and distribution equilibrium are attained 
before transfer according to assumption 5 , the 
solute will distribute binomially as a single band 
with a partition ratio

X *  _  K m K p Q l +  K y )  

K p  +  K u K u
(8 )

If, however, j  is greater than one, 2Tn,r* depends upon 
the total mass of solute in the tube, ar.d since this 
depends upon every previous transfer which has 
changed the mass of solute in the tube, it is im
possible to predict the shape of the pattern ob
tained after n  transfers by use of the binomial 
expansion or any other form of mathematical
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representation which is based upon a constant 
partition ratio.

Of the constants defined by equations 2 to 5 one 
is redundant, for

K l
K tjK m ’

K f
(9)

As a result, in the calculations to follow, values are 
assigned only to Kps, K p  and K m - The calculations 
were done by solution of the appropriate form of 
the material balance equation which, assuming 
for convenience a unit volume of each phase, is

1 X [M]u,n,r +  1 X [M]L,u,r +  1 X [PJn.n.r +
1 X [P] L.n.r — C D,T (10)

where (7n r is the total mass of solute in the rth 
tube after n  transfers. By use of relations 2, 4 
and 5, equation 10 may be re-written in the form

(An + Au/Ap)Mu.n.r»' + ( 1  +
l /A M)Mu.n.r -Cn.T =  0 (11)

Equation 11 now relates the mass of monomer in 
the upper phase of a single tube, after equilibration 
between phases, to all the independent equilibrium 
constants. Provided that Cn,r has first been 
assigned, this quadratic (for dimerization, j  =
2) or cubic (for trimerization, j  =  3) equation can 
be solved for Mu,n,r and from (2), (4) and (5) the 
equilibrium concentrations of Pu.n.r, PL,n,r and 
ML,n,r are then obtained. The solution begins 
for n  =  r  =  0 , since here Cn,r is the amount placed 
in the first tube of the train, and, if solute is intro
duced only once, Co,o corresponds to the total 
amount of solute to be distributed. After calcula
tion for n  =  r =  0 , the total mass of solute in the 
upper phase, (Mu,o,o +  Pu.o.o), is moved to tube 
number one and the total mass of solute in the 
lower phase, (M L,o,o +  Pl .o.o), remains behind 
in tube zero. This constitutes the first transfer 
and after it has been completed

C i,0 — Ml,0 , 0 +  Pl.0, 0 (12)

Cl.l =  Mu.0.0 +  Pu.o.o (13)

for only fresh solvent is introduced into tube zero 
and there was only solute-free lower phase in tube 
one. This calculation according to the suitable 
form of equation 11 is then repeated for the C i,o 
and C\,i values of equations 12 and 13 and consti
tutes the equilibration preceding the transfer de
noted by n  =  2. Next, three new values C2,o, 
(72,1 and C2.2 can be computed in the same way. 
By repetition of this process, the entire counter- 
current distribution patterns are obtained for 
every transfer up to n  =  n.

In part II of this series an expression for the 
equilibrium constant which governs the total 
concentrations of individual species in a single 
equilibration stage will be developed in terms of 
the species partition coefficients and upper phase 
equilibrium constant for a reacting system of the 
type A  +  B C. If an over-all equilibrium 
constant, A t , for a polymerization reaction of 
the type considered in this paper is derived by the 
same formal procedure, in terms of the individual 
equilibria

Fig. 1.—Flow diagram for Fortran programs.
Au(l +  AP)g Mf 

(1 +  K i i ) ’K p

where K t  is the equilibrium constant

K t
P t

I t'

(14)

(15)

in which Pt and M t are the masses of polymer and 
monomer in any one equilibration stage. This 
constant is useful in the comparison of any one 
set of the parameters K\j, K m  and K p  with another.

Any one set of values of the parameters A’u, 
K p , K m  and Co,o for a single distribution experi
ment of n  transfers involves the solution of approxi
mately n (n  +  l ) / 2  quadratic or cubic equations. 
To investigate the behavior of different systems 
involving many different values of the parameters 
is impossible without the use of a high-speed com
puter.

The general structure of the programs which 
were written using the Fortran coding system 
before machine compilation on an I.B .M . 704 com
puter is shown in Fig. 1. Most of the results given 
in this paper were computed using programs of this 
type taking 2.5 minutes of machine time to com
pute and record the results for 50 transfers. Pro
grams which result in the use of less computer time 
are being developed. All root extractions and ex
ponentiations involved in the calculations were 
accomplished using an M .I.T . Computation Cen
ter library subroutine.

These programs were checked by three methods. 
The first check involved a comparison of results 
from the computer with desk calculator computa
tions for six different sets of values of K m , K p , 
7yu and <70,o for a small number of transfers. 
The desk calculator computations were done only 
to five significant figures and in no case did they 
differ from the computer values by more than 1 in 
the last place. The second check involved com-



436 J. L. Bethune and Gerson K egeles VoL 65

Fig. 2.—Countercurrent distribution patterns (below) 
and partition isotherms (above) for dimerizing systems. 
W u—weight in upper phase; W l —weight in lower phase.

Fig. 3.—Countercurrent distribution patterns for a tri- 
imerizing system: the effect of concentration.

puter calculation of thirteen different cases, in 
which K u  took on the values of 1.0 X  104, 10 and
1.0 X  10“ 2, and in which K m  =  K p  and K p  took 
on values of 15.0, 1.5 and 0.15. These calcula
tions, for any given K p , for both dimerization and 
trimerization, give patterns which should agree 
with the pattern obtained by a binomial expansion

for a single solute with a partition ratio K p, for, 
from (7), if K m  =  K p

jr * _  K p 2(l  +  K u l M l v . n , ’ - ' )  JS
~  KP(1 +  Ku[M]u.n.r'-1) ~  P

For purposes of comparison, tables of T n r, where

T  nl K ln,r (» -  r)l r\ ( K  +  1)»
were computed from K  =  0.1 to K  =  4.0 in steps 
of 0.005 for different numbers of transfers. The 
greatest deviation from the binomial expression 
was 6 parts in 105 when the concentration in a 
given tube reached a significant level, greater than 
6 X  10~6.

The third check involved summation, in the 
computer calculations, of all of the amounts of 
solute in all of the tubes after an equilibration and 
before a transfer. This sum should be constant 
and equal to Co,o. The results were printed to 
seven decimal places and never differed, in any 
reported case, from Co.o by more than 1 part in 
106.

Results and Discussion
In all plots of distribution patterns the ordinate 

is the total weight per tube and the abscissas are 
tube numbers in terms of the reduced coordinate, 
r/n, where r  is the tube number and n  is the num
ber of transfers. Plots in terms of this coordinate 
are useful in detection of abnormalities in distri
bution behavior, for in the ideal case the maximum 
in the pattern should occur always at the same 
value of r/n, and, with this plot, small shifts in 
the position of the maximum are easily detectable, 
as are changes in the over-all shape of the pattern. 
One effect of this type of plot should be noted. 
The area under the curve, as plotted, decreases 
as the number of transfers increases. If the area 
under the curve is 1 when n — 25, it is 0.5 when n — 
50. Since the abscissal units are reduced coordi
nates, however, involving 1/n, both areas represent 
the same total concentration in the apparatus.

In the following discussion, if a system 1 has 
parameters the values of which are /Cmu), K p m , 
K xjh) and K p a )  and a system 2  has parameters 
FTm ® , K p(t), K\](2) and K p m , then system 1 will 
be called the inverse of system 2 if

K  M(l) =  Kp(!)
Kp(l) = K m (2)

■Kuo) ^ K p m  
K r a )  =

Dimerization.— Calculations have been done for 
eighteen different sets of the parameters, with 
K m  ranging from 0.15 to 100.0, K p  from 0.1 to 15.0 
and K\j from 1.0 to 1.0 X  104. The results con
form to those predicted qualitatively from the 
shape of the partition isotherm.6'19 Resulting 
distribution patterns are shown in Fig. 2, in which 
both patterns are for n  =  50.

In Fig. 2 pattern a is for a system in which K m  =
15.0, K p  =  0.15, K\j — 10.0 and K p  =  1.1 X  
102. Pattern b is for a system in which K m  — 
0.15, K p  =  15.0, K v  =  1.0 X  104 and K p  =  1.8 X  
102. The partition isotherms are shown above each

(19) D. DeVault, J .  A m . Chem. Soc., 65. 532 (1943).
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pattern. That for pattern a is concave upward; 
that for b is concave downward, as is to be ex
pected.5 System b is very nearly the inverse of 
system a.

The results may be generalized, for these and 
all other cases where the polymer is present in 
significant amounts, in the following statement. 
When that edge of the pattern which lies in higher 
numbered tubes than the tube number of the 
maximum is hypersharpened, the polymer has a 
partition coefficient higher than that of the mono
mer, whereas if the edge lying in tubes of lower 
number than that of the maximum is hyper
sharpened, the polymer has a partition coefficient 
which is lower than that of the monomer

It should be noted that the trailing edge in both 
patterns, in contrast to analogous cases in trimeri- 
zation, shown below, fall smoothly and only a 
single inflection point appears at each side of the 
curve.

Trimerization.— Calculations have been done for 
fifty-six sets of the parameters, with K m  ranging 
from 1.0 to 5.0 X  104, K p  ranging from 1.0 X  
10~ 13 to 100.0 and K v  ranging from 1.0 X  10~ 12 to
1.0 X 108. The patterns resulting from many of 
these trimerization calculations are virtually in
distinguishable from those in dimerization, at 
least in the limited range of transfer numbers con
sidered here, if account is taken of the fact that 
in trimerization the polymer dilutes out more 
rapidly than in dimerization.

The generalization made for dimerization re
lating the appearance of the pattern to the parti
tion coefficients also applies, and Fig. 3 illustrates 
the necessity of the qualification that the polymer 
must be present in significant amounts for the 
hypersharpening to be apparent. In both pattern 
a and pattern b of Fig. 3, n  =  25, K m  =  0.2, 
K p  =  5.0 X  104 and K u =  10.0. In pattern a, 
Co,o =  1.0 and in pattern b, Co, a =  100.0  weight 
units. For the system shown in a, after 25 trans
fers, in the entire train only 0.119%  of the solute 
is in the form of trimer, while in the system shown 
in b, 41.78%  is in the form of trimer, and here 
there is enough polymer present to hypersharpen 
the edge at higher tube numbers.

Figure 4 illustrates the effect of varying K\j 
while keeping K m , K p  and C o,o constant. Here 
K m  =  15.0, K p =  0.15, C0,o =  1.0 and n  =  17. 
In pattern a, K v  =  1-0 X  104, in b, K v  =  10.0 
and in c, K v  =  1.0 X  10~2. Here, as K v  decreases, 
more of the solute is in the monomeric form and, 
since K m  is larger than K p , the maximum appears 
at higher tube numbers and the edge of the pat
tern at lower tube numbers is hypersharpened. 
The great difference from the results in dimeriza
tion is shown in pattern b, in which a third in
flection point occurs at ~ 0 .7 7  on the r/n  axis. 
If this pattern is compared with that of Fig. 2, a, 
where the parameters have the same values, the 
difference between the patterns which may be 
obtained from a trimerizing and a dimerizing 
system is seen. In Fig. 5, a, b and c, patterns for 
system b of Fig. 4 are given for n  =  17, 25 and 50. 
It is apparent that the effect persists, but even when 
the number of transfers is increased, no resolution

r /n .
Fig. 4.-—Countercurrent distribution patterns for trimerizing 

systems: the effect of varying K p .

0 0.2 0.4 0.6 0.8 1.0
r /n .

Fig. 5.—Countercurrent distribution patterns for tri
merizing systems: the effect of varying n (a, b and c) and 
the inverse system (d).

is accomplished. Pattern d is for a 50 transfer 
distribution of a system having K m  =  0.15, K p  =
15.0 and K v  =  1.0 X  104. K t  for this system is 
therefore 31.3, which is approximately the inverse 
of the system of patterns a, b and c, for which K t  =
61.3. The system of pattern d has the same values 
of the parameters as the dimerizing system in Fig. 
2, b, to which it should be compared. The third 
inflection point in d is not as obvious as in a to c, 
but is present, at r/n  ~  0.15.

Figure 6 illustrates the influence of the associa
tion constant K v  upon the shape of the pattern for 
systems in which K m , K p  and Co,o remain con
stant. Here n  =  50, K m  — 100.0, K p  =  0.1 and 
Co,c =  1 0  In pattern a, K v  =  1000.0, in b,
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8 . 0

0 0.2 0.4 0.6 0.8 1.0
r /n .

Fig. 6 .—Partition ratio vs. tube number (above, for c) 
and countercurrent distribution patterns for trimerizing 
systems (below). The effect of varying K v  and an illustra
tion of the diagnostic value of determining partition ratios 
across a zone.

K u  =  100 .0 , in c, K u  =  10 .0 , in d, K u  =  4.0, 
in e, K u  =  2 .0 , in f, K u  = 1.0 and in g, K u  =  0 .1. 
In every pattern except g, the third inflection point 
is present, and, if the system for g were subjected 
to a larger number of transfers, it would appear here 
also.

These examples show that caution is necessary 
in the interpretation of patterns in countercurrent 
distribution experiments in which resolution is

apparently beginning. For example, Fig. 6 , c 
might be interpreted as being composed of a large 
amount of a component with a partition ratio of 
about 1.0 , and a smaller amount of another com
ponent with a partition ratio of about 4.0, but no 
matter how many transfers are applied, no resolu
tion will occur. On the other hand, first differences 
of these patterns would show a clean distinction 
between patterns, e.g., 2 ,b for dimerization and 
6 ,c for trimerization.

In the third paper of this series it will be shown 
that it is possible to obtain more information about 
such a system by the production of a front in the 
countercurrent distribution train, of the type 
formed in a cell during ultracentrifugation or 
moving boundary electrophoresis followed by an 
interpretation of the first-difference curve of this 
front, this curve corresponding to the schlieren 
pattern obtained from the ultracentrifuge or moving 
boundary electrophoresis equipment.

These results in general show that it is possible 
to arrive at a reasonable explanation of many 
bizarre countercurrent distribution patterns upon 
the basis of molecular associations which may take 
place during the distribution, rather than on the 
basis of thermodynamic non-ideality of individual 
constituents at concentrations where such non
ideality could not reasonably be expected.

Since countercurrent distribution is only one of 
a number of techniques which may be characterized 
as zone separation processes, similar results may be 
expected from these techniques when rapid re
versible associations occur. So far these have not 
been predicted in any theory of, for example, 
chromatography,19 although here, if a partition 
isotherm could be determined experimentally to 
a high enough degree of accuracy, the same type of 
pattern should result.
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The path difference function defined by Kegeles and Gosting4 has been computed in an electronic computer and is pre
sented with steps of 0.0001 and 0.001 over different ranges of /(z). The table will allow greater use of the Gouy method for 
the measurement of diffusion coefficients in the liquid state.

During the past fifteen years there has been con
siderable interest in the study of diffusion in the 
liquid state. 1 Three basic experimental techniques 
have been developed. The conductimetric method 
perfected by Harned and his co-workers2 is capable

(1) P. A. Johnson and A. L. Babb, Chem. Revs., 56, 387 (1956).
(2) H. S. Harned and R. L. Nuttall, J. Am. Chem. Soc., 71, 1460 

(1949).

of precision measurement of the diffusion coefficient 
in dilute solutions. This region is of the greatest 
theoretical importance when considering electro
lytes. The radioactive method is important for the 
measurement of self-diffusion coefficients. The 
third technique is based on optical interference and 
is known as the Gouy method.3

(3) G. L. Gouy, Compt. rend., 90, 307 (1880).
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m 0 l 2 3 4 s 6 7 8 9
0 . 0 0 1 0.98792 0.98713 0.98637 0.98562 0.98489 0.98418 0.98349 0.98281 0.98214 0.98149

. 0 0 2 .98085 .98021 .97959 .97898 .97837 .97778 .97719 .97661 .97604 .97547

.003 .97491 .97436 .97381 .97327 .97274 .97221 .97168 .97116 .97065 .97013

.004 .96963 .96913 .96863 .96813 .96764 .96716 .96667 .96619 .96572 .96524

.005 .96477 .96431 .96384 .96338 .96293 .96247 .96202 .96157 .96112 .96068

.006 .96024 .95980 .95936 .95893 .95850 .95807 .95764 .95722 .95679 .95637

.007 .95596 .95554 .95512 .95471 .95430 .95389 .95349 .95308 .95268 .95228

.008 .95188 .95148 .95108 .95069 .95029 .94990 .94951 .94912 .94873 .94835

.009 .94797 .94758 .94720 .94682 .94644 .94607 .94569 .94532 .94494 .94457

. 0 1 0 .94420 .94383 .94346 .94310 .94273 .94237 .94200 .94164 .94128 .94092

. 0 1 1 .94056 .94021 .93985 .93949 .93914 .93879 .93843 .93808 .93773 .93738

. 0 1 2 .93704 .93669 .93634 .93600 .93565 .93531 .93497 .93463 .93429 .93395

.013 .93361 .93327 .93293 .93260 .93226 .93193 .93160 .93126 .93093 .93060

.014 .93027 .92994 .92961 .92929 .92896 .92863 .92831 .92798 .92766 .92734

.015 .92701 .92669 .92637 .92605 .92573 .92541 .92510 .92478 .92446 .92415

.016 .92383 .92352 .92320 .92289 .92258 .92226 .92195 .92164 .92133 .92102

.017 .92071 .92041 .92010 .91979 .91949 .91918 .91888 .91857 .91827 .91796

.018 .91766 .91736 .91706 .91676 .91646 .91616 .91586 .91556 .91526 .91496

.019 .91467 .91437 .91407 .91378 .91348 .91319 .91290 .91260 .91231 .91202

. 0 2 0 .91173 .91143 .91114 .91085 .91056 .91027 .90999 .90970 .90941 .90912

. 0 2 1 .90884 .90855 .90826 .90798 .90769 .90741 .90712 .90684 .90656 .90627

. 0 2 2 .90599 .90571 .90543 .90515 .90487 .90459 .90431 .90403 .90375 .90347

.023 .90319 .90292 .90264 .90236 .90209 .90181 ,90153 .90126 .90098 .90071

.024 .90044 .90016 .89989 .89962 .89934 .89907 .89880 .89853 .89826 .89799

.025 .89772 .89745 .89718 .89691 .89664 .89638 .89611 .89584 .89557 .89531

.026 .89504 .89477 .89451 .89424 .89398 .89371 .89345 .89319 .89292 .89266

.027 .89240 .89213 .89187 .89161 .89135 .89109 .89083 .89057 .89031 .89005

.028 .88979 .88953 .88927 .88901 .88875 .88849 .88824 .88798 .88772 .88747

.029 .88721 .88695 .88670 .88644 .88619 .88593 .88568 .88542 .88517 .88402

.030 .88466 .88441 .88416 .88390 .88365 .88340 .88315 .88290 .88265 .88240

In the Gouy method, monochromatic light is 
used to illuminate a fine slit, which is focussed by a 
lens through a diffusion boundary onto a photo
graphic plate. As the diffusion proceeds from an 
initially sharp interface, the interference pattern 
seen on the plate slowly contracts. The method is 
particularly important as it allows measurements 
to be made in very small time intervals (minutes) 
as compared with the large intervals (days), re
quired by the conductimetric and radioactive 
methods. The analysis of the interference pattern 
obtained with the Gouy method was first presented 
by Kegeles and Gosting4 and almost simultaneously 
by Coulson, et a l,6 It was later refined by Gosting 
and Onsager.6 The theory relates the spacing and 
intensity of the pattern to the diffusion coefficient. 
To make full use of the method one requires values 
of the path difference function f ( z )  which is defined 
as

/O) = f V B2dB -  - 4 - Z e 2 2  (l)
V *  JO -\A

Tables of this function were first presented by 
Kegeles and Gosting4 with large unequal steps in 
f(z). Robinson and Stokes7 attempted to over
come the difficulty of interpolation by plotting the 
Function, and recording the results with coarse equal

(4) G. Kegeles and L. J. Gosting, J. Am. Chem. Soc., 69, 2516 (1947).
(5) C. A. Coulson, J. T. Cox, A. G. Ogston and J. S. Philpot, Proc. 

Roy. Soc. (London). 192A, 386 (1948).
(6) C. J. Gosting and L. Onsager, .7. Am. Chem. Soc., 74, 6066 

(1952).
(7) R. A. Robinson and R. H. Stokes, “Electrolyte Solutions,” 

Butterworths Scientific Publications, London, 1955.

steps in f ( z ) .  They recommended that for f ( z )  >  
0.03, linear interpolation could be used.

The table presented below gives values of f ( z )  in 
the working range 0.001 <  f ( z )  <  0.250. In the 
range 0.001 <  f ( z )  <  0.030 the steps are equal at 
0.0001, but in the range 0.030 <  f ( z )  <  0.250 the 
steps are equal at 0.001. Linear interpolation can 
be used throughout both ranges. It is not usually 
required to operate at values of f ( z )  >  0.250 and 
the table has been restricted for this reason. The 
complete table giving values of f ( z )  within the range 
0.001 <  f ( z )  <  0.250 and with steps of 0.0001 is 
given by Furzer.8

The diffusion coefficient is calculated from the 
table of the path difference function and the rel
evant equation quoted from Kegeles and Gosting4 
and Gosting and Morris.9

n Ím2X2í>2 
CtH

(2 )

r  -  Yi 
e r z 2

(3)

r? _ 1

2  (D t y /t
(4)

/O)
j  -L C¿l/4

= -——;-----— for maxima
3 M (5)

M
j  _L CÜ. s/

= ----- ;-----— for minima (6 )JM
The value of the constants which are l/.\ and s/ 4

(8) I. Furzer, Ph.D. Thesis, University of London, 1960.
(9) L. J. Gosting and M. S. Morris, J. Am. Chem. Soc., 71, 1998 

(1949).
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m 0 /(*) 0 m 0 /(«) 0

0.050 0.83868 0 . 1 0 0 0.74663 0.150 0.67107 0 . 2 0 0 0.60496
.051 .83658 . 1 0 1 .74499 .151 .66967 . 2 0 1 .60371
.052 .83449 . 1 0 2 .74336 .152 .66827 . 2 0 2 .60247
.053 .83241 .103 .74174 .153 .66687 .203 .60122
.054 .83035 .104 .74012 .154 .66540 .204 .59998
.055 .82830 .105 .73851 .155 .66410 .205 .59874
.056 .82626 .106 .73690 .156 .66271 .206 .59751
.057 .82424 .107 .73530 .157 .66133 .207 .59628
.058 .82223 .108 .73370 .158 .65996 .208 .59504
.059 .82024 .109 .73211 .159 .65858 .209 .59381
.060 .81825 . 1 1 0 .73053 .160 .65721 . 2 1 0 .59259
.061 .81628 . 1 1 1 .72895 .161 .65585 . 2 1 1 .59136
.062 .81432 . 1 1 2 .72738 .162 .65449 . 2 1 2 .59014
.063 .81237 .113 .72581 .163 .65313 .213 .58892
.064 .81043 .114 .72425 .164 .65177 .214 .58771
.065 .80850 .115 .72269 .165 .65042 .215 .58649
.066 .80658 .116 .72114 .166 .64907 .216 .58528
.067 .80468 .117 .71959 .167 .64772 .217 .58407
.068 .80278 .118 .71805 .168 .64638 .218 .58286
.069 .80090 .119 .71651 .169 .64504 .219 .58166
.070 .79902 . 1 2 0 .71498 .170 .64370 . 2 2 0 .58046
.071 .79715 . 1 2 1 .71345 .171 .64237 . 2 2 1 .57926
.072 .79530 . 1 2 2 .71193 .172 .64104 . 2 2 2 .57806
.073 .79345 .123 .71041 .173 .63971 .223 .57686
.074 .79161 .124 .70889 .174 .63838 .224 .57567
.075 .78978 .125 .70739 .175 .63706 .225 .57448
.076 .78796 .126 .70588 .176 .63574 .226 .57329
.077 .78615 .127 .70438 .177 .63443 .227 .57210
.078 .78435 .128 .70289 .178 .63312 .228 .57091
.079 .78256 .129 .70140 .179 .63181 .229 .56973
.080 .78077 .130 .69991 .180 .63050 .230 .56855
.081 .77899 .131 .69843 .181 .62920 .231 .56737
.082 .77722 .132 .69695 .182 .62790 .232 .56620
.083 .77546 .133 .69548 .183 .62660 .233 .56502
.084 .77371 .1.34 .69401 .184 .62531 .234 .56385
.085 .77196 .135 .69255 .185 .62401 .235 .56268
.086 .77023 .136 .69109 .186 .62272 .236 .56151
.087 .76849 .137 .68963 .187 .62144 .237 .56035
.088 .76677 .138 .68818 .188 .62015 .238 .55919
.089 .76506 .139 .68673 .189 .61887 .239 .55802
.090 .76335 .140 .68529 .190 .61760 .240 .55686
.091 .76164 .141 .68385 .191 .61632 .241 .55571
.092 .75995 .142 .68241 .192 .61505 .242 .55455
.093 .75826 .143 .68098 .193 .61378 .243 .55340
.094 .75658 .144 .67955 .194 .61251 .244 .55225
.095 .75491 .145 .67813 .195 .61125 .245 .55110
.096 .75324 .146 .67671 .196 .60998 .266 .54995
.097 .75158 .147 .67529 .197 .60873 .247 .54881
.098 .74992 .148 .67388 .198 .60747 .248 .54766
.099 .74827 .149 .67247 .199 .60621 .249 .54652

in eq. 5 and 6 vary with the fringe number and are 
given exactly by Gosting and Morris.9

The table has been checked at a number of points 
with standard probability tables, and the fifth 
significant figure is accurate to ± 1  integer unit. 
The variation is due to the round-off error in the 
computer programme.

The Ferranti Mercury Computer used, was pro
grammed on the Auto-Code System. 10 Details of 
the prepared programme are given by Furzer.8
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Nomenclature
x  Distance along the axis in direction of diffusion 
D  diffusion coefficient 
t time
Z  reduced height as defined by eq. 4 
j m total number of fringes 
j  fringe number 
X wave length 
6  optical distance
Y  distance of fringe numbered j  from slit image
Ft defined by eq. 3
ffz) defined by eq. 5 and 6
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The fluoride complexing of Y + 3  in perchlorate solution was studied potentiometricallv by measuring the effect on the known 
ferric fluoride equilibria using the ferrous-ferric electrode. At 25° and an ionic strength of 0.5 M  the equilibrium quotients 
for the reactions Y + 3  +  HF = YF + 2  -f- H+, YF + 2 +  HF = YF2+ +  H+, and YF2-  +  HF = YF,,.,, +  H+ are 10.0, 2 
and 2, respectively. Equilibrium quotients are also given at 15 and 35°. The stability of the yttrium fluoride com
plexes is compared with that of other trivalent ions. The decrease in stability of successive fluoride complexes of Y + 3  is 
less than that for other trivalent ions.

March, 1961 Fluoride Complexing op Yttrium(III) in A queous Solution 441

During the past decade there has been accumu
lating a vast amount of quantitative and qualita
tive data pertaining to the complexing of metal 
ions with various ligands. The lanthanide ions 
have been fairly well studied in this respect, but 
little data is available concerning the complexing 
tendencies of other Group IIIB  metal ions.

Complexing of Y +3 with organic ligands1 has 
been studied more extensively than with inorganic 
ligands. Complexing with inorganic ligands has 
been limited to an estimation2 of the hydrolysis 
constant, a study of sulfate complexing,3 and a 
report that there is no evidence of chloride com
plexing from anion-exchange studies.4

The recent study6 of the fluoride complexing of 
Sc+3 which reported that scandium fluoride com
plexes are more stable than those of other trivalent 
ions of similar radius led to the present study. 
Besides adding to the sparse complexing data 
available for Y +3, it was felt that the study would 
answer the question of whether Y +3, whose elec
tronic structure is similar to Sc+3, also exhibited 
the tendency of forming exceptionally stable 
fluoride complexes.

The complexing was studied potentiometrically 
by measuring the effect on the known ferric fluoride 
equilibria using the ferrous-ferric electrode ac
cording to the method first described by Brosset 
and Orring6 and later successfully used by other 
workers.7-9

Experimental
Apparatus.—The electrodes, measuring apparatus and 

general procedure are similar to those described elsewhere. 7 - 9  

The half-cells were made from 200-ml. three-necked Pyrex 
flasks. The center neck contained a rubber stopper fitted 
with a stirrer. A two-hole rubber stopper accommodating 
the salt bridges occupied the second opening. The third 
opening also contained a two-hole rubber stopper, one hole 
of which provided the entrance for N2 to prevent oxidation, 
and the other provided the inlet for the NaF solution.

The temperature of the thermostat was controlled 
to ± 0 .1 °. 1 2 3 4 5 6 7 8 9

(1) J. Bjerrum, G. Schwarzenbach and L. G. Sillen, “Stability Con
stants of Metal-ion Complexes, with Solubility Products of Inorganic 
Substances. Part 1: Organic Ligands," The Chemical Society,
London, 1957.

(2) T. Moeller, J. Phya. Chem., 50, 242 (1946).
(3) F. H. Spedding and S. Jaffe, J. Am. Chem. Soc., 76, 882 (1954).
(4) K. A. Kraus, F. Nelson and G. W. Smith, ./. Phya. Chem., 58, 11 

(1954).
(5) J. W. Kury. A. D. Paul, L. G. Hepler and R E. Connick, J. Am. 

Chem. Soc., 81, 4185 (1959).
(6) C. Brosset and G. Orring, Svensk. Kem. Tid., 55, 101 (1943).
(7) H. W. Dodgen and G. K. Rollefson, J. Am. Chem. Soc., 71, 2600 

(1949).
(8) R. E. Connick and M. Tsao, ibid., 76, 5311 (1954).
(9) L. G. Hepler, J. W. Kury and Z. Z. Hugus, Jr., J. Phya. Chem., 

58, 26 (1954).

Procedure.—Three half-cells, A, B and C contained the 
same initial concentrations of Fe(C104)2, Fe(C104 ) 3 and 
HCIO4 . Half-cell A contained in addition a known 
concentration of Y(C104)3. The ionic strength in each half
cell was adjusted to 0.50 M  with NaC104 and the volumes 
in each half-cell were equal. Half-cells A and C and half
cells B and C were connected by sodium perchlorate-agar 
agar salt bridges.

After the initial zero potentials (about 0.2 mv.) became 
constant, aliquots of 0.5 M  NaF were added from a cali
brated micropipet to half-cells A and B. The potentials of 
cells A-C and B-C were measured after each addition. 
The fluoride additions were continued until the YF3 pre
cipitated, at which point the potential of cell A-C began to 
drift rapidly downward.

Solutions.—A solution of Y(CI04 )3-HC104 was prepared 
by dissolving 99.9% Y20 3 obtained from the Fielding Chemi
cal Co. in a known quantity of HC104. The yttrium con
centration calculated from the weight of Y20 3 dissolved 
agreed with that obtained by precipitating Y + 3  as Y(OH ) 3 

and weighing as Y 20 3. The acidity was determined by 
precipitating Y + 3  as YF3 and titrating with standard NaOH 
to the phenolphthalein end-point.

The preparation and standardization of solutions of 
HC104, NaC104, NaF and Fe(C104 ).r-Fe(C104 )3-HC104 

is described elsewhere. 7 - 9

Data and Calculations
Three experiments were performed at 15 and 

25° and two at 35°. At each temperature the 
Y +3 concentration was varied approximately five
fold and the acidity a little more than threefold. 
Table I summarizes the initial conditions for each 
experiment. Typical data for a titration are pre
sented in Table II together with calculated values 
of n and (H F )/(H +).

Table I
Initial Experimental Conditions

1 5 ° ,  2 5 ° ,  3 5 °  1 5 ° ,  2 5 ° 1 5 ' 2 5 ° ,  3 5 '

Y(C104)3, M  X 10‘ 9.869 19.55 47.47
HC104, M  X 102 1.814 6.262 6.384
NaC104, M 0.4726 0.4224 0.4045
Fe(C104)2, M  X 10* 3.752 3.725 3.619
Fe( C104)3, M  X 104 3.663 3.627 3.524
Highest (SF- ), M  X 1C3 2.953 7.246 9.346

The equilibria to be considered are
Y + 3 +  HF = YF + 2 +  H + Qi (1 )
YF + 2 4- HF = YF2+ +  H + Q* (2 )
YF2+ +  HF := YFjfaq, +  H + Ch (3)
Fe+ 3  +  HF == FeF+ 2 +  H + Q4 (4)
FeF+ 2 +  HF = FeF2+ +  H+ Qs (5)
FeF2+ +  HF = FeF3(ag, +  H + Qg (6 )
Fe+ 3 +  H20 = FeOH+ 2 +  H + Qh (7)
HF = H+ +  F - <3h f  ( 8 )

Moeller’s2 estimate of 1 X  10-7  for the hydrolysis 
constant of Y +3 allows one to neglect the species 
Y O H +2 at the acidities used. The Q ’s above are
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Fig. 1.—Fluoride complexing of Y(III) at 25°: Q, initial 
conditions given in first column of Table I; •, initial con
dition given in second column of Table I; A, initial con
ditions given in third column of Table I.

Table II
D a t a  f o r  T y p i c a l  E x p e r i m e n t  a t  2 5 °

Initial concentrations are those in first column of Table I. 
Initial volume =  1 0 1 .0 0  ml.; NaF =  0 . 5 0 0 0  M

M I . N a F  a d d e d  
t o  c e lls  A  a n d  B

S a -C
(m v .)

A’ b . c
(m v .) n

( H F ) / H + ) ,  
M X  102

0 . 0 4 9 8 1 7 . 6 7 2 2 . 9 5 0 . 0 7 0 9 0 . 5 6 2

. 0 9 9 6 3 2 . 0 8 4 0 . 3 8 . 1 2 1 7 1 . 3 1 6

. 1 4 9 4 4 3 . 5 7 5 4 . 7 3 . 2 1 3 1 2 . 1 8 1

. 1 9 9 2 5 3 . 7 1 6 6 . 0 7 . 2 7 3 2 3 . 1 9 4

. 2 4 9 0 6 3 . 2 1 7 6 . 4 1 . 3 2 5 0 4 . 3 9 3

. 2 9 8 8 6 9 . 9 4 8 5 . 1 8 . 3 8 6 1 5 . 4 1 7

. 3 4 8 6 7 6 . 6 7 9 2 . 2 2 . 4 9 8 2 6 . 5 9 5

. 3 9 9 4 8 2 . 9 3 9 9 . 1 9 . 5 7 9 8 7 . 8 5 0

. 4 4 8 2 8 8 . 2 0 1 0 5 . 5 5 . 6 4 1 2 9 . 0 3 6

. 4 9 8 0 9 3 . 1 8 1 1 0 . 0 7 . 7 1 2 8 1 0 . 2 7

. 5 4 7 8 9 7 . 8 6 1 1 3 . 7 8 . 7 9 4 7 1 1 . 5 4

. 5 9 7 6 1 0 1 . 7 7 1 1 6 . 6 0 . 9 9 8 8 1 2 . 7 0

equilibrium quotients expressed in concentrations 
(not activities). Values of Q4, Q6, Q6, Qh and QHf 
used in these calculations are given by Connick, 
et a l. 10

The method for calculating Qu Q-, and Q3 paral
lels that given in ref. 5. The average number 
of fluoride_ions held by each yttrium ion is repre
sented by n.

n
A(ZF~)
(2Sc+3) (9)

The quantity (H F )/(H +) can be calculated from 
the equation
(l +  (Qh) / (E .+ ){e™ 'RT -  1) =  Q4(H F)/(H +) +

Q4Q5 (HF)7(H + ) 2 +  Q4Q6Q6 (HF)7(H+p  (10) 
The relation between n, (H F )/(H +) and Qu 
Q2 and Q:t is given by
n =
Q: (H F)/(H+) +  2Q1Q2(HF)V(H+)3 +  3Q1Q2Q3(HF)V(H+)3 
1 +  Qi(HF)/(H+) +  Q,Q2(H F)7 (H+)s +  QiQ2Q3(H F)7(H+)3

(1 1 )
From a plot of n vs. (H F )/(H +), Qu Q2 and Q3 
were obtained by a process of curve fitting.

Figure 1 represents a plot of n vs. (H F )/(H +)  
for the experiments at 25°. The solid curve was 
calculated using the Q’s listed in Table III. All

(10) R. E. Connick, L. G. Hepler, Z. Z. Hugus, Jr., J. W. Kury, 
W. M. Latimer and M- Tsao, J. Am. Chem. Soc., 78, 1827 (1956).

of the experimental points fall very close to the 
theoretical curve. The uncertainties in Table 
III represent the extent to which the Q’s can be 
varied without moving the curve more than 0.02 
n  unit. When Q2 and Q3 are of the same order of 
magnitude a rather wide variation is possible in 
fitting the curve and hence the uncertainties in Q2 
and Qs are larger than in other similar studies.

Results
Table III lists the values obtained at p =  0.50 M  

for Qi, Q2 and Q3 at 15, 25 and 35°.

Table III
Equilibrium Quotients at ^  =  0 . 5  M

T e m p . ,  ° C . Qi <32 Q2

1 5 1 0 . 5  ±  0 . 3 1 . 0  ±  0 . 5 1 ±  1

2 5 1 0 . 0  db  0 . 3 2  ±  1 2  ±  1

3 5 9 . 5  ±  0 . 3 5  ±  2 3  ±  1

Equilibrium quotients for reactions written in 
terms of F ~ rather than HF were obtained by 
dividing Qi, Q2 and Q3 by the ionization constant 
of HF at p =  0.5 .10 These values together with 
the true equilibrium constants at p =  0 are pre
sented in Table IV . The latter values were cal
culated using the empirical relations for activity 
coefficient corrections given by Rabinowitch and 
Stockmayer11 and Nasanen.12

Table IV
Equiiibrium Quotients at 2 5 °  for Reactions Written 

in Terms of Fluoride Ion
Reaction

Y+3 -j- p -  =  YF + 2  

YF + 2  -f F " = YF2 + 
YF2+ +  F - = YF!M

Q' (n = 0.5)
8.5 X 103

1.6 X 10s
1.6 X 103

K  0 * = 0 ) 
6.5 X 10« 
5.4 X 10* 
4.0 X 103

The free energy, heat and entropy changes for 
reaction 1 were calculated and found to be — 1.36 
±  0.01 kcal./mole, — 0.93 ±  0.55 kcal./mole 
and 1 ±  2 e.u., respectively. The rather large 
uncertainties in Q2 and Q3 prevent the calculation 
of meaningful thermodynamic quantities for re
actions 2 and 3.

In addition to the equilibrium quotients pre
sented in Table III, Q for the reaction Y F 3(aq) +  
HF =  Y F 4-  +  H + was estimated to be about 10. 
It was necessary to take this reaction into considera
tion in order to fit only the last 3 or 4 points on the 
curve in Fig. 1. The uncertainty in these points is 
comparatively large since they represent measure
ments close to the precipitation point of Y F 3. 
Hence the value of 10 should be considered only 
as a rough approximation.

Discussion
If one assumes fluoride complexes to be purely 

ionic, their stability should be roughly proportional 
to the ionic radii, provided the ionic charges are 
equal. The ionic radii of Y +s and In+3 are both 
0.95 A .13 Comparison of stability constants at 
n =  0 shows that K  for the formation of Y F + 2 
is 6.5 X  104 while that for InF+2 is 4.3 X  104.9 
Considering the first fluoride complex only, these

(11) E. Rabinowitch and W. H. Stockmayer, ibid., 64, 335 (1942).
(12) R. Nasanen, Acta Chem. Scand., 4, 140, 816 (1950).
(13) R. W. G. Wyckoff, “Crystal Structure,’* Interscience Pub

lishers, Inc., New York, N. Y., 1951.
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data are in good agreement with the ionic interpre
tation.

However if one compares the stability of the 
second and third fluoride complexes of Y +3 as 
given in Table III with corresponding data for 
other trivalent ions as given in Table V, an unusual

T able  V
Equilibrium Quotients for Trivalent Fluorides at 

2 5 °  and it = 0 . 5
Reaction Q Ref.

Fe+ 3 +  HF = FeF+ 2  +  H + 184 1 0

FeF+ 2 +  HF = FeFH +  H + 10.3 1 0

FeF2+ T  HF = FcFg (aq) T  H 1 1 . 0 1 0

A1+ 3 +  HF = A1F+ 2 +  H + 1720 14
A1F+ 2 +  HF = A1F2+ +  H + 131 14
AIF2 "1" A HF = AlFs(aq) A H + 8.5 14
Al F3 (aq) +  HF = A1F4-  A H + 0.7 14
Sc+ 3  +  HF = ScF+ 2 +  H + 1910 5
ScF+ 2 +  HF = ScF2 + +  H + 233 5
ScF,+ +  HF = ScFs(aq) +  H + 14.6 5
ScFataq) +  HF = ScF4-  +  H+ 0.85 5
In+ 3 +  HF = InF+ 2 +  H + 6.9 9
I1 T + 2 +  HF = InF2+ +  H + 0.5 9

trend becomes apparent. From Table V  it can be 
seen that the stability of successive complexes of 
Fe+3, A1+3, Sc+3 and In +3 decreases by a factor 
of approximately 10. For the yttrium fluoride 
complexes, the decrease in stability of successive 
complexes is much less than this. As can be seen 
from Table III, the second and third fluoride com
plexes of Y +3 are of almost equal stability, and if 
Q for the reaction Y F 3(aq> +  HF =  Y F 4~ +  H +

has any significance at all, Y F 4~ is more stable 
than either Y F 3Caq) or Y F 2+.

It appears that the tendency exhibited by 
Sc+3 for forming exceptionally stable fluoride com
plexes is also shown by Y +s to some extent, particu
larly after one or two fluoride ions have been com- 
plexed.

The explanation of these discrepancies is not 
apparent. The crystal structure of Y F 316 shows 
each yttrium atom to have 8 fluorine neighbors at
2.3 and another at 2.60 Â. The structure of Y -  
(OH) 316 shows yttrium in the center of a regular 
trigonal prism with oxygen in the six corners and 
three more oxygens adjacent to the lateral faces of 
the prism. Assuming the radius of F~ to be 1.36
A . ,13 the radius ratio for Y + 3 to F~ is 0.70, which is 
close to the minimum radius ratio of 0.732 proposed 
by Pauling17 for coordination numbers 8 or 9. 
The crystal structures of Y F 3 and Y (O H ) 3 indicate 
that a coordination number of 9 exists even though 
the minimum radius ratio has not been satisfied. 
However when the larger water molecules surround 
the yttrium ions, perhaps the coordination sphere 
may become somewhat strained and hence replace
ment of water molecules by the smaller fluoride 
ions should relieve the strain and enhance the sta
bility of the fluoride complexes. For yttrium ion, 
this apparently does not occur until at least two 
water molecules have been replaced.

(14) W. M. Latimer and W. L. Jolly, J. Am. Chem. Soc., 75, 1548 
(1953).

(15) A. Zalkin and D. H. Templeton, ibid., 7 5 ,  2453 (1953).
(16) K. Schubert and A. Seitz, Z. anorg. Chem., 254, 116 (1947).
(17) L. Pauling, “The Nature of the Chemical Bond,” Cornell Uni

versity Press, Ithaca, N. Y., 1945, p. 382.

INFRARED EXTINCTION COEFFICIENTS OF KETONES ADSORBED ON 
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Infrared spectra of one- and two-layer complexes of 2,5-hexanedione and 2,5,8-nonanetrione with calcium-montmoril- 
lonite were studied. The extinction coefficients for the absorptions of the adsorbed ketones were determined by a differential 
technique: The weight loss of a sample upon heating was related to the corresponding decrease in absorbance. The organic 
content and surface coverages of the clay-organic complexes were then determined using the extinction coefficients. The 
relation of the X-ray diffraction patterns to the surface coverage is discussed. The surfacecoverage at which the two-layer 
complex starts to form can be used as a relative measure of surface mobility. The extinction coefficients of the 1404, 1365 
and 1312 (1325) cm. - 1  vibrations and that of the 0 = 0  stretching vibration decrease with increasing surface coverage. At 
values of the surface coverage approximating those at which the two-layer complex appears, there is a change in the observed 
rate of decrease. The rate of decrease and its inflection point are discussed in terms of decreasing clay-organic interaction. 
The use of these observations to arrive at a site energy distribution for the adsorption is discussed.

Introduction
In previous studies,2'3 adsorption isotherms for 

neutral aliphatic molecules adsorbed on clay sur
faces from aqueous solutions have been determined

(1) Part III: L. G. Tensmeyer, R. W. Hoffmann and G. W. Brind
ley, J. Phys. Chem., 64, 1655 (1960).

(2) G. W. Brindley and M. Rustom, Am. Mineralogist, 43, 627 
(1958).

(3) R. W. Hoffmann and G. W. Brindley, Geochim. et Cosmochim. 
Acta, 20, 15 (1960).

by measuring the depletion of the organic solutions. 
It is difficult to remove the clay from the liquid 
medium without altering the equilibrium amount of 
organic material adsorbed on the clay surface, 
since any washing or drying treatment of the clay 
causes a change in the organic content.

One of the objectives of these investigations has 
been to study the properties of clays in relation to 
the amount of organic material adsorbed, such as
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for example the maximum amount of organic 
material contained in a one-layer complex, which 
could be used as a qualitative measure of the degree 
of packing and of the surface mobility of the ad
sorbed molecules. In order to study this it be
comes essential to measure directly the amount of 
organic material retained by the clay after drying.

Infrared absorption spectroscopy provides an 
instrumental method for measuring quantitatively 
the amount of an organic material associated with a 
clay without destroying the sample. However, it 
is essential that a vibration be used whose extinc
tion coefficient is independent of the amount 
adsorbed. The present investigation was con
cerned with 2,5-hexanedione and 2,5,8-nonanetrione 
as in previous work.1 The extinction coefficients of 
the symmetrical methylene stretching vibration of 
these substances appear to be independent of the 
amount adsorbed, making this approach feasible.

There is however the experimental problem of 
establishing quantitatively the amount of organic 
material on the clay in order to measure the extinc
tion coefficients in the first place. To solve this, a 
differential technique has been developed by which 
the extinction coefficients of the symmetrical 
methylene stretching vibrations were determined. 
The extinction coefficients of other vibrations, 
which are not obscured by the clay itself, are found 
to vary with the amount adsorbed, the significance 
of which will be considered.

Experimental
I. Materials.—(a) 2,5-Hexanedione was obtained from

Aldrich Chemicals Co. and was redistilled before use; b.p. 
82.2-82.7° (17 mm.) (b) 2,5,8-Nonanetrione was prepared 
in this Laboratory1; m.p. 55°. (c) The preparation of the
clay suspension containing 30 mg. of Ca-montmorillonite per 
ml. has been described previously.®

II. Spectra.—All spectra were recorded on a Perkin- 
Elmer Model 2 1  Spectrophotometer with NaCl optics using 
a resolution setting of 925. The spectra were recorded from 
2 to 8.5 fi. The wave length drive was run very slowly 
often in the range of 1-2 n per hour. The absorption fre
quencies were determined in a previous study, 1 where typical 
spectra are reproduced.

One- and two-layer complexes of the ketones with cal
cium montmorillonite were prepared by mixing 2  ml. of Ca- 
montmorillonite suspension (30 mg./ml.) and 0.5 ml. of a 
ketone solution of appropriate concentration in water. Two 
1 -ml. samples of the resulting suspension were dried on two 
glass slides. Teflon washers, with an open area of 3.75 cm.2, 
held the evaporating suspensions and fixed the shape of the 
resultant films which were dried together over P205. One 
slide was reserved for X-ray examination, the film of the 
other slide was carefully split off with a razor blade. For 
clay-organic complexes with low organic content a Teflon 
sheet instead of the glass slide was used to facilitate the 
separation of the clay film. The film was protected from 
atmospheric moisture by being placed between AgCl and 
NaCl windows separated by a Teflon spacer. The whole 
system was held tightly in a lucite sample holder.

For the reference beam a similar assembly was prepared 
containing either an AgCl window alone or an AgCl window 
with a film of pure Ca-montmorillonite.

III. Determination of Extinction Coefficients.—Pre
liminary experiments with complexes of 2,5,8-nonanetrione 
showed considerable changes in the extinction coefficients 
with different organic contents of the complexes: Clay 
organic films were prepared by drying suspensions on AgCl 
windows and apparent molar extinction coefficients were 
calculated by assuming that all the organic material in the 
initial suspension was incorporated in the resultant film. 
The extinction coefficients so obtained are definitely too 
small since some of the organic material fails to be incorpo
rated in the final complex; this is particularly true for

complexes of 2,5-hexanedione, which evaporates partly 
during the drying process.

Whereas the extinction coefficients of most vibrations 
seem to vary with the amount of organic material on the 
clay, that of the symmetrical methylene stretching vibration 
at 2913 cm . - 1  showed only statistical variations over a wide 
range of complex compositions. It is assumed that its value 
is essentially constant and independent of the surface cover
age or type of complex. This assumption is supported by 
the fact that this vibration is largely independent of the 
particular environment. Its frequency is not changed by 
transition from solution to the solid state (in case of 2,5,8- 
nonanetrione) or to the adsorbed state, whereas other fre
quencies show significant changes. 1 The extinction co
efficient of this vibration may be used to determine quanti
tatively the amounts adsorbed as soon as the extinction co
efficient is once determined.

Extinction coefficients can be determined by the following 
differential method: A clay-organic film loses some of its 
adsorbed material by heating. The weight loss can be 
related to the corresponding decrease in absorption intensity 
to arrive at the extinction coefficient

A A S M  
* A W

where A A  is the decrease in absorbance A  = log T 0/ T ,  S  
is the area of the film in cm.2, M  is the molecular weight and 
A W  is the weight loss in mg. T a and T  are the intensity of 
the incident and transmitted light, respectively. The di
mensions of « are therefore cm. 2 per millimole. The weight 
loss has to be corrected first for the weight loss due to water 
which is derived from the decrease in the H20  deformation 
vibration at 1625 cm.-1. The extinction coefficient of this 
vibration has been determined by the same method using a 
pure Ca-montmorillonite film.

The spectra of adsorbed water were recorded against an 
empty cell in the reference beam, those of the adsorbed 
organic compound against a film of Ca-montmorillonite thus 
balancing to some extent the absorption due to the clay and 
the adsorbed water. This permitted a more accurate meas
urement of the absorption of the symmetrical methylene 
stretching vibration as it is no longer a shoulder on the 
strong absorption of the OH stretching vibrations.

The following experimental procedure was employed: 
After the spectra of the adsorbed ketone and the adsorbed 
water were recorded the sample cell was transferred into a 
dry-box, the atmosphere of which was swept with nitrogen 
dried over a column of Linde molecular sieve A4 and sub
sequently over P205. The clay film and the windows of the 
cell were heated overnight in a small oven to 120°. Im
mediately before and after heating, the film (weighing be
tween 10 and 20 mg.) was weighed to ±0.01 mg. on a Cahn 
electrobalance M 10. All these operations were carried out 
in the dry-box to prevent any uncontrolled changes in the 
water content of the sample. Since rehydration of the clay 
film occurs rapidly, immediately after reweighing the ab
sorbance of the adsorbed water is recorded on the instrument 
already pre-set to 1625 cm.-1. The spectrum of the ad
sorbed ketone is subsequently determined.

The extinction coefficient of the adsorbed water is cal
culated from the measurements of pure Ca-montmorillo
nite films. It is used to correct the weight loss of the clay- 
organic complexes for the loss of water. The weight loss 
due to evaporation of the organic compound together with 
the decrease in the methylene absorption enable the extinc
tion coefficient to be derived. The extinction coefficients of 
other vibrations of the adsorbed molecule are now cal
culated by comparison of the relative intensities. Un
fortunately the extinction coefficient of the symmetrical 
methylene stretching vibration is small compared with those 
of the other vibrations, and this limits its usefulness regard
ing the determination of the latter.

All the given extinction coefficients are apparent ones since 
they are not corrected for finite resolution of the spec
trometer. 4

IV. Calculation of Surface Coverage.—The adsorption 
of the ketones on the clay surface takes place when the Ca- 
montmorillonite is completely dispersed in suspension and 
during the drying process. It is assumed therefore that the 
total area (800 m.2 /g.) derived from the dimensions of the 
unit cell of the crystal lattice is available for adsorption.

(4) D. A. Ramsay, J. Am. Chem. S o c 74, 72 (1952).
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The area occupied by one ketone molecule is calculated 
from a drawing using the interatomic distances and van der 
Waals radii of Pauling6 and considering an orientation of 
the ketone molecules with the plane of their carbon chain 
parallel to the clay surface. 8 The areas thus obtained are 
50.2 and 71.5 A . 8 for 2,5-hexanedione and 2,5,8-nonane- 
trione, respectively.

The amount of ketones adsorbed is determined by the 
absorbance of the symmetrical methylene stretching vibra
tion (see preceding paragraph). The amount of clay is cal
culated from the total weight of the film by subtracting the 
amount of organic material and the amount of water, the 
determinations of which are given above.

Surface coverage is derived by considering a clay-organic 
contact on one side only of the organic molecule so 
that a 50% coverage corresponds to a complete one-layer 
complex, 1 0 0 % to a complete two-layer complex, provided 
that the molecules are completely mobile on the silicate sur
faces.6

V. X-Ray Measurements.—From the clay film on the 
glass slide an X-ray diffraction pattern was obtained with a 
Philips Norelco diffractometer with filtered Cu Ka radiation 
at 40 kv., 15 ma. During the X-ray measurement the 
sample was kept under an atmosphere dried over P20 6 at 
0 °.

Results
I. Extinction Coefficient for the H20  Deforma

tion Vibration (1625-1655 cm.-1).— The extinction 
coefficient of the H20  deformation vibration at 1625 
cm. -1  for adsorbed water was determined as 38.5 
± 5 .  A  more accurate determination of this value 
was considered to be unrealistic, because the vibra
tional frequency of this absorption shifts toward 
higher frequencies up to 1655 cm . “ 1 with increasing 
surface coverage of the clay by the ketones and is 
probably also accompanied by a change in the ex
tinction coefficient. A  similar frequency increase 
with increasing surface coverage has been observed 
by Benesi and Jones7 for water adsorbed on silica gel. 
The uncertainty in the extinction coefficient of 
adsorbed water is not critical with regard to the 
determination of the extinction coefficients of the 
adsorbed organic material so long as the weight loss 
due to water is small compared with the total 
weight loss.

However it is more critical with regard to the 
determination of the surface coverage. Fortunately 
in the samples with low organic and high water con
tent, the absorption of the H20  deformation vibra
tion is close to 1625 cm.-1 , where the determined 
extinction coefficient should be appropriate.

II. Extinction Coefficient for the Vibrations of 
the Adsorbed Ketones.— The extinction coef
ficients for the symmetrical methylene stretching 
vibration (2913 cm.“ 1) were determined as 18.6 
(mean of 4 values, standard deviation 0.9) for 2,5- 
hexanedione and to 37.3 (mean of 3 values, stand
ard deviation 0.4) for 2,5,8-nonanetrione. These 
values are regarded as accurate to ± 7 %  as the 
weight loss due to water was usually less than 15%  
of the total weight loss. Since the ratio of the 
methylene groups in the two molecules is 1 : 2 , these 
values agree excellently. The extinction coefficients 
for the same vibrations in solution are in a similar 
close agreement, 27.4 and 54, respectively. 1

The heating treatment did not result in major 
spectral changes of the adsorbed ketones. Conden-

(5) L. Pauling, “The Nature of the Chemical Bond,” Third edi
tion, Cornell University Press, Ithaca, N. Y.t 1960.

(6) Compare J. W. Jordan, J. Phys. Colloid. Chem., 53, 296 (1949).
(7) H. A. Benesi and A. C. Jones, ibid., 63, 179 (1959).

sation to l-methyl-cyclopentenone-3 and its deriva
tives or polycondensation may occur to a small ex
tent since the sample turns slightly brownish and 
the spectra of the heated samples reveal a small 
sharp absorption at 1608 cm. “ 1 in 2,5-hexanedione 
and 1621 cm . “ 1 in 2,5,8-nonanetrione, values which 
lie in the range of C =  C stretching vibrations in con
jugated cyclic ketones.8’9 M . Fétizon10 reported 
the same frequency (1621 cm .“ 1) for l-methyl- 
cyclopentenone-3 which he found as a major con
taminant in his 2,5-hexanedione.

This condensation is neglected in the determina
tion of the extinction coefficients, as it does not 
change the number of the methylene groups at all 
for 2,5-hexanedione or only slightly for 2,5,8-non
anetrione.

The extinction coefficients of the 1404, 1365 and 
the 1312 cm. “ 1 (1325 cm.-1 , respectively) vibra
tions of adsorbed 2,5-hexanedione and 2,5,8-no
nanetrione are plotted against surface coverage in 
Figs. 1 and 2, these being the only extinction co
efficients which could be measured with sufficient 
accuracy. The organic content of the clay-organic 
complex had to be adjusted so that the 2913 cm. “ 1 
absorption could be measured accurately to deter
mine the amount of ketone present. Inevitably 
the absorbance of the carbonyl stretching vibrations 
at 1705 and 1690 cm.“ 1, having much higher 
extinction coefficients, were far too large to be 
measured meaningfully. The absorptions between 
1200 and 1300 cm. “ 1 could be measured but in this 
case the base line had to be drawn rather arbitrarily 
so that their extinction coefficients have only a 
qualitative value. Several examples of the extinc
tion coefficients are given in Tables I and II.

Table I
E x t i n c t i o n  C o e f f i c i e n t s  o f  D i f f e r e n t  C o m p l e x e s  o f  

2 , 5 - H e x a n e d i o n e  w i t h  C e - M o n t m o r i l l o n i t e

v (cm. •) ' 6 26 -------- «(%)-46 64 92
2990 7 15
2913 18.6 18.6 18.6 18.6 18.6
1704 468 >275 >260 >230
1690 1 0 2 0 540 >360 >260 >230
1404 322 208 158 141 118
1365 423 297 2 0 2 204 205
1312 353 191 125 95 64
1275 33 32 39 35 33
1243 34 28 34
1 2 0 2 34 7 18
X-ray One One One One Two “I*

(+  two) one

m . X-Ray Data.—-The spacings of the one- and
two-layer complexes wrere reported earlier.3 The 
amount of each type of complex present is estimated 
from the X-ray diffraction patterns, as described by 
Greenland. 11 In Figs. 1 and 2 these data are com
pared with the surface coverage determinations for 
2,5-hexanedione and 2,5,8-nonanetrione, respec-

(8) R. N. Jones, P. Humphries, E. Packard and K. Dobriner, J. 
Am. Chem. Soc., 72, 86 (1950).

(9) R. F. Furchgott, H. Rosenkrantz and E. Shorr, J. Biol. Chem., 
163, 375 (1946).

(10) M. Fétizon, H. Fritel and P. Baranger, Compt. rend., 238, 2542 
(1954).

(11) D. J. Greenland, J. Soil Sci., 7, 319 (1956).



446 R einhard W. Hoffman and G. W. Brindley Vol. 65

Surface coverage 0, % .
Fig. 1.-—The dependence of extinction coefficients of ad

sorbed 2,5-hexanedione on surface coverage and type of 
complex.

Surface coverage 0, %.
Fig. 2.-—The dependence of extinction coefficients of ad

sorbed 2,5,8-nonanetrione on surface coverage and type of 
complex.
tively. The first appearance of the two-layer com
plex cannot be assigned precisely to a certain value 
of surface coverage, as only the presence of a larger 
amount of two-layer complex can be detected in

Table II
Extinction Coefficients of Different Complexes of 

2,5,8-NONANETRIONE WITH Ca-MONTMORILLONITE 
„ —---------------------- o(%)-------------------------------

(cm. x) 7 30 43 70 95
2913 37.3 37.3 37.3 37.3 37.3
1704 500 >670 >330 >390
1690 1400 730 >670 >330 >390
1406 422 287 235 178 173
1365 498 341 302 287 304
1325 338 234 130 80 61
1268 Shoulder Shoulder 67 Shoulder Shoulder
1244 37 71 57 50
X-ray One One One Two + Two

one

the X-ray diffraction pattern. It can be assumed 
that traces of two-layer complex exist at lower sur
face coverage; only the observed phase region of 
the two-layer complex is marked in the figures.

The two-layer complex appears at 4 0 %  surface 
coverage for 2,5,8-nonanetrione and between 50 and 
60%  for 2,5-hexanedione. The latter value, by the 
definition of the surface coverage, (see Experimental 
section IV) is too high, as well as a surface coverage 
of 110% for a two-layer complex of 2,5,8-nonane
trione which shows no presence of free ketone in the 
X-ray pattern.

Therefore the surface coverage calculated in the 
manner described is probably too small by about 
10% , which in turn may be due to an error in the 
calculated molecular cross-sections or to the uncer
tainty in the determination of the amount of water 
present.

Discussion
I. Layer Structure and Surface Coverage.—

If two clay plates, each having a surface coverage 
of 50% , settle out in contact with each other, 
they will form a one-layer complex only if the 
adsorbed molecules are completely mobile and able 
to key into each other. This is illustrated by Jor
dan6 who reports for the n-alkylammcs a transition 
from a one-layer complex to a two-layer complex at 
approximately 5 0%  surface coverage. The appear
ance of two-layer complexes at lower surface cover
ages is an indication of a restriction of surface 
mobility.

For the adsorption of the ester of oleic acid and 
polyethylene glycol on Ca-Montmorillonite a value 
of 3 0%  was found for the surface coverage at which 
a two-layer complex starts to form.2 Comparing 
this with the above values of 4 0%  for 2,5,8-nonane
trione and 50 -6 0 %  for 2,5-hexanedione, it seems 
reasonable on the basis of the additivity of the 
Van der Waals forces that smaller molecules which 
are attached to the clay at fewer contact points 
should show a higher surface mobility. In the 
preceding study1 it was concluded that the ketone 
molecules are not adsorbed in a random fashion, 
but that once a few molecules are adsorbed as nuclei, 
succeeding molecules are adsorbed in a manner 
similar to a crystallization process. Accordingly, a 
stage will be reached in the process of forming a 
one-layer complex, where the ketone-“crystallites” 
adsorbed on either side of the settling clay plates 
overlap to give an arrangement similar to a two- 
layer complex. The pressure exerted on the crys
tallites at the overlapping points will cause the
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molecules to move until the crystallites key into 
each other and the final one-layer complex is formed. 
This motion can be thought of in either of two ways:
(i) Single molecules may “jump” from one crystal
lite to the next one while the nuclei of the crystal
lites remain on the sites of high adsorption energy.
(ii) Small crystallites may slide over sites of high 
adsorption energy by replacement of one molecule 
by its neighbor. In the second case again crystal
lites of large molecules will be more restricted in 
motion than those of short chain molecules.

II. Infrared Absorption Intensities and Surface 
Coverage.—The qualitative changes in the infra
red spectra of the adsorbed ketones have already 
been discussed.1 Both increases and decreases of 
extinction coefficients with different surface cover
ages are occasionally reported in the literature, 
mainly in recent years.

Eischens and co-workers12 observed that desorp
tion or oxidation of CO chemisorbed on Pt-surfaces 
lead to a non-linear decrease in the CO-absorbance, 
i.e., to a change in the extinction coefficient. L. H. 
Little13 reported a decrease in the extinction co
efficient of ethylene chemisorbed on NiO and an 
increase after chemisorption on CuO with increasing 
surface coverage. Studies with many aromatic 
compounds and with butynediol adsorbed on Agl 
by Karagounis and Peter14'15 have shown non
linear changes in relative intensities with changing 
surface coverage. They considered16 the influence 
of the surface field on the aromatic ring adsorbed 
flat on the surface and concluded in agreement with 
their findings that the intensity of vibrations in the 
plane of the ring should be enhanced whereas out 
of plane vibrations should decrease.

De Boer16 quotes that the ultraviolet absorption 
intensity of the first molecules of I2 adsorbed on 
CaF2 is up to 100 times larger compared with that 
of subsequently adsorbed molecules. He attributes 
this to adsorption on sites with electrostatic effects 
compared to subsequent adsorption due to van 
der Waals forces only. Folman and Yates17 studied 
the adsorption of N H 3, (CH3)2CO and CH 2C12 on 
porous glass. They observed exponential decreases 
in the extinction coefficient of the N -H  stretching 
vibration and increase in that of the C -H  stretching 
vibration with increasing surface coverage, and at
tributed these effects in accordance with De Boer16 
to asymmetric electric surface fields which polarize 
the adsorbed molecules leading to a different dipole 
change in the vibration, the square of which is pro
portional to the extinction coefficient. Molecules 
adsorbed at low surface coverages are adsorbed on 
the sites of highest adsorption energy, and therefore 
show the highest perturbation. Molecules ad
sorbed subsequently on sites of lower adsorption 
energy are less perturbed and have a smaller 
extinction coefficient. The resultant molar extinc

(12) R. P. Eischens, S. A. Francis and W. A. Pliskin, J. Phys. Chem., 
60, 194 (1956).

(13) L. H. Little, ibid., 63, 1616 (1959).
(14) G. Karagounis and O. Peter, Z. Elektrochem., 61, 827 (1957).
(15) G. Karagounis and O. Peter, ibid., 61, 1094 (1957).
(16) J. B. De Boer, “Advances in Colloid Science,” Interscience 

Publ. New York, N. Y., Vol. Ill, 1950, p. 1—66.
(17) M. Folman and D. J. C. Yates, J. Phys. Chem., 63, 183

(1959).

tion coefficient is then the average over all molecular 
extinction coefficients.

This explanation given by Folman and Yates fits 
very well in the present situation since a similar ex
ponential decrease in the extinction coefficient is 
found. Changes in the molecular arrangement 
should lead to a break in the log e(0)-function (6 =  
surface coverage). The observed breaks (see 
Figs. 1 and 2) agree reasonably well with the ap
pearance of the two-layer complex. The changes in 
slope of the log e(0)-function are as expected: In the 
one-layer complex the adsorbed molecule is per
turbed by two clay-organic contacts; changes in 
adsorption energy lead to larger changes in the 
extinction coefficient than in the two-layer complex 
where the molecule is perturbed by only one clay- 
organic contact. The log «(^-function has there
fore a smaller slope in the two-layer complex.

The approach of Folman and Yates17 does not 
consider the orientation of the vibration with re
gard to the surface. If it is assumed that the 
ketones are adsorbed with the plane of their ali
phatic chain parallel to the clay surface, 3 then the 
vibrational vectors of the C -H  deformation vibra
tions which are considered here, are also parallel to 
the surface. The decrease in extinction coefficient 
with increasing surface coverage shows that the 
highest perturbation leads to the highest absorption 
intensity. On the assumption that the vector of 
the electric surface field is perpendicular to the sur
face, these findings do not agree with the approach 
of Karagounis and Peter18 who calculated the inten
sity change of an oscillator in an inhomogeneous 
electric field. They predict that vibrations with the 
vector of dipole change parallel to the surface 
should decrease in intensity with increasing field 
strength (in our case according to De Boer16 with 
decreasing surface coverage) and that vibrations 
with their vector oriented perpendicular to the sur
face should increase, respectively.

The picture of Folman and Yates17 indicates that 
the extinction coefficient is a function of the adsorb
ate-adsorbent interaction. The dependence of 
the extinction coefficient on the surface coverage 
could be used to derive a qualitative site energy 
distribution of the surface however resulting in a 
different site energy distribution for each vibration, 
according to how each vibration “ sees”  the ad
sorbent. This would be of particular interest in the 
clay-organic field because the best approach to de
termine site energy distributions— heat of wetting 
measurements19— is of limited application to clay- 
minerals, because of their large heat of swelling.20 
The approach based on extinction coefficients is 
very similar to that of heat of wetting measure
ments. If we define 3  as the apparent molar ex
tinction coefficient of a molecule adsorbed on a sur
face element at a surface coverage of between 8 
and 9 +  dO, it is analogous to the differential heat of 
wetting which gives the heat of wetting of the same 
surface element. The integral heat of wetting is the 
sum over all “molecular” heats of wetting, whereas 
the observed extinction coefficient e is the mean

(18) G. Karagounis and O. Peter, Z. Elektrochem., 63, 1120 (1959).
(19) A. C. Zettlemoyer, Chem. Revs., 59, 974 (1959).
(20) J. J. Chessick and A. C. Zettlemoyer, “Advances in Catalysis,” 

Vol. XI, Academic Press, New York, N. Y., 1959, pp. 263—299.
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value of all “molecular”  extinction coefficients ei 
over 9. Multiplying e with 9 therefore leads to an 
expression which corresponds to the integral heat of 
wetting but differs from it insofar as ed is a function 
of the covered surface, whereas the heat of wetting is 
a measure of the uncovered surface. Just as dif
ferentiation of the integral heat of wetting with re
gard to 9 leads to the differential heat of wetting, so 
does differentiation of the expression ed yield the 
individual “ molecular” extinction coefficient «j: 
€i =  e +  0(de/dd). A  plot of e, vs. 9 should be an 
indication of the site energy distribution as is an 
analogous plot of the differential heat of wetting.20

Chessick and Zettlemoyer20 attribute an exponen
tial decrease in heat of wetting to a heterogeneous 
surface. Our observed exponential decrease in the 
extinction coefficients seems to indicate the same.

The observed decrease in the extinction coeffi
cients is in some cases so large that the calculation of 
ej in the described manner leads to negative values 
which of course have no physical meaning. The

derivation of ei requires the same conditions as the 
determination of the site energy distribution from 
heat measurements.21 The change in e should be 
due only to the different interaction of the adsorb
ate with the surface and not to any adsorbate- 
adsorbate interaction. Furthermore the adsorbed 
molecules should be distributed over the sites only 
according to the distribution of the adsorption 
energy. In our case where there is organic-organic 
interaction manifest in the spectra1 it is probable 
that this causes a decrease of the ei values by an 
unknown amount.
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SYNERGISTIC SURFACE TENSION EFFECTS FROM MIXTURES OF 
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Aqueous solutions of any single, conventional hydrocarbon-derivative have surface tensions which never go below 26-27 
dynes/cm., but certain synergistic mixtures of such wetting agents will depress the surface tension of water to around 22-24 
dynes/cm. _ This investigation has demonstrated that small quantities of highly fluorinated insoluble alcohols, when added 
to conventional wetting agents, become solubilized in the micelles of the latter and can thus lower the surface tension of 
water well below any value obtainable by any mixture of unfluorinated compounds. These low surface tension values repre
sent the closest possible packing of the fluorinated alcohol when adsorbed at the water-air interface. Where the solubilizing 
agent is not sufficiently water soluble, an increase in the solvent power of the continuous phase can be effected by adding a 
mutual solvent; the fiuoro alcohol can then be solubilized to become effective in generating low surface tensions. Under 
the best conditions synergistic systems were produced having surface tensions of 15.2 dynes/cm. at 25° if a perfluoroalcohol 
was used, and 19.9 dynes/cm. if a w-monohydroperfluoroalkyl alcohol was used.

Introduction
No single, pure, conventional wetting agent can 

lower the surface tension of its aqueous solution at 
25° below 26 to 27 dynes/cm.2 However, Miles 
and Shedlovsky8 have shown that the surface 
tension of sodium dodecyl sulfate can be depressed 
considerably by the addition of small concentra
tions of dodecyl alcohol. Shedlovsky, Ross and 
Jacob4 later reported a synergistic minimum surface 
tension of 22.6 dynes/cm. at 27° in a series of 
sodium dodecyl sulfonate solutions to which 0 .5%  
dodecanol had been added. Burcik and Newman6 
found a minimum of 22.1 dynes/cm. at 25° when 
7 %  dodecanol was present in solutions of sodium 
dodecyl sulfate.

Jarvis and Zisman,6 in reviewing these and re-
(1) Presented before the Division of Colloid Chemistry, American 

Chemical Society, at the 137th National Meeting in Cleveland, Ohio, 
April 11-14, I960.

(2) E. K. Fischer and D. M. Gans, Ann. N. Y. Acad. Sci., 46, 373
(1946).

(3) G. D. Miles and L. Shedlovsky, J. Phys. Chem., 48, 57 (1944).
(4) L. Shedlovsky, J. Ross and C. W. Jacob, J. Colloid Sci., 4, 25 

(1949).
(5) E. J. Burcik and R. C. Newman, ibid., 9, 498 (1954).

lated investigations,7-16 pointed out that the mini
mum surface tension at 25° obtainable by a mixture 
of a conventional wetting agent and a n-alkyl 
alcohol always falls between 22 and 24 dynes/cm. 
They explained the origin of this common syner
gistic minimum surface tension as follows: the
sodium dodecyl sulfate is able to solubilize the in
soluble dodecyl alcohol within its micelles; dif
fusion of the alcohol molecules from the micellar 
environment to the water-air interface results in an 
insoluble oriented monolayer consisting prin
cipally of dodecyl alcohol. The reported syner-

(6) N. L. Jarvis and W. A. Zisman, “The Stability and Surface Ten
sion of Teflon Dispersions in Water,” presented before Div. of Col
loid Chemistry, A. C. S. Meeting, Atlantic City, Sept. 1959. NRL 
Report 5306, May 1959 (to be published).

(7) G. D. Miles, J. Phys. Chem., 49, 71 (1945).
(8) G. Nilsson and O. Lamm, Acta Chem. Scand., 6, 1175 (1952).
(9) O. Harva, Rec. trav. chim., 75, 101 (1956).
(10) A. Wilson, M. B. Epstein and J. Ross, J. Colloid Sci., 12, 345 

(1957).
(11) J. Ross and M. B. Epstein, J. Phys. Chem., 62, 533 (1958).
(12) G. Nilsson, ibid., 61, 1135 (1957).
(13) W. M. Sawyer and G. M. Fowkes, ibid., 62, 159 (1958).
(14) A. N. Bose and V. K. Dixit, Kolloid Z., 162, 114 (1959).
(15) S. P. Harrold, J. Phys. Chem., 63, 317 (1959).
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gistic minimum surface tension of from 22 to 24 
dynes/cm. corresponds to the closest packing of 
the adsorbed monolayer of n-dodecyl alcohol. 
Jarvis and Zisman6 pointed out that this minimum 
value should equal the free surface energy of any 
surface covered with close-packed n-alkyl chains, 
and showed it was equal to the critical surface ten
sion of wetting (yc) of a solid surface whose outer
most composition consists of closely packed methyl 
groups.

A  recent investigation by Bernett and Zisman16 
revealed that perfluoroparaffinic compounds having 
a hydrophilic terminal group adsorb from aqueous 
solution on clean polyethylene and, to a lesser ex
tent, on polytetrafluoroethylene. This led them to 
propose that such fluorinated compounds, when 
added in low concentrations to an aqueous solution 
of a soluble aliphatic surface-active agent (such as 
sodium lauryl sulfate) would adsorb on the aliphatic 
chains of the polar molecules in the micelles formed 
by the latter compound and so would be solubilized. 
Some of these adsorbed fluorinated molecules would 
leave the micelles to diffuse into the liquid-air 
interface and thus lower the surface tension greatly. 
If the fluorinated molecule were a n-perfluoro 
alkanol, and if a high enough concentration of the 
fluorinated compound could in this way adsorb as a 
close-packed monolayer at the water-air interface, 
the minimum surface tension attainable would be 
expected to approximate the free surface energy of a 
close-packed film of perfluoromethyl groups. Since 
the value of y c of close-packed perfluoromethyl 
groups is approximately 6 to 8 dynes/cm.,17 this 
would be the limiting synergistic minimum surface 
tension. If instead the compound were an w- 
monohydroperfluoroalkyl alcohol, the minimum 
surface tension would be expected to be around 15 
dynes/cm.18

In this investigation the attempt was made to 
solubilize nearly insoluble surface-active perfluoro 
and co-monohydroperfluoro alcohols in micelles of a 
conventional, water-soluble, surface-active agent 
and to ascertain the minimum surface tension ob
tainable. The fluorinated alcohol (present in minor 
concentration) will hereafter be referred to briefly 
as the “wetting agent”  and the conventional sur
face-active compound (the major additive agent) 
as the “ solubilizing agent.”

Materials and Experimental Procedures
All but four of the pure solubilizing agents used have been 

described in a previous investigation. 19 The sodium myris- 
tyl sulfate and sodium cetyl sulfate used were specially pre
pared research samples free from any unsulfated alcohols 
which had been donated by L. Shedlovsky of the Colgate- 
Palmolive Company. The sulfosuccinates were specially 
purified research samples made available by J. K. Dixon of 
the American Cyanamid Company. The fluorinated polar 
compounds used have been described elsewhere by Ravner 
and co-workers20 * and by Bernett and Zisman. 16 In ac
cordance with the established nomenclature, 20 the perfluoro

(16) M. K. Bernett and W. A. Zisman, J. Phys. Chem,, 63, 1911 
(1959).

(17) E. F. Hare, E. G. Shafrin and W. A. Zisman, ibid., 58, 236 
(1954).

(18) A. H. Ellison, H. W. Fox and W. A. Zisman, ibid., 57, 622 
(1953).

(19) M. K. Bernett and W. A. Zisman, ibid., 63, 1241 (1959).
(20) P. D. Faurote, C. M. Henderson, C. M. Murphy, J. G. O’Rear

and H. Ravner, Ind. Eng. Chem., 48, 445 (1956).

alcohols will be denoted as <t> '-alcohols and the w-monohydro- 
perfluoro alcohols as ^'-alcohols. Not previously used was 
the perfluoro n-decanol which was donated by J. W. Copen- 
haver of the Minnesota Mining and Manufacturing Com
pany.

The aqueous solutions were prepared from water which had 
been triply distilled in a quartz still and had a conductivity 
when in equilibrium with the CO2 in the air of 1.0 X 10 
ohm“1. In order to dissolve the solute, it was found neces
sary in most instances to warm the solvent. When this 
measure did not suffice, a minor proportion of a mutual sol
vent such as methanol or isopropyl alcohol was added. The 
procedure employed by McBain and co-workers21 of sub
sequently removing the alcohol solvent by evaporation or 
freeze-drying was tried but was not found advantageous. 
Instead, the small quantity of alcohol solvent was allowed to 
remain because the added surface tension depression of the 
dilute solutions used was insignificant. Where a combina
tion of long chain solutes was employed, a mixture of water 
and methanol in a 1 : 1  ratio was used as solvent so as to in
crease the solvent power of the water.

Surface tensions were measured at 25° by the ring method 
using the Harkins and Jordan correction tables. 22 Since it 
was thought possible that metal ions from the platinum ring 
might react with the adsorbed monolayer formed by the 
fluorinated alcohols, which act as weak acids, the surface 
tensions of some solutions were also measured by the 
maximum bubble pressure method with the Cassel Tensi
ometer using glass tips6; results with the two methods dif
fered by no more than ± 1 %.

Experimental Results and Discussion
Table I shows the experimental data obtained 

with combinations employing sodium di-n-octyl

T a b l e  I
S u r f a c e  T e n s io n s  o f  A q u e o u s  S o l u t io n s  o f  Na-di-n- 

OCTYL SULFOSUCCINATE AND HIGHLY FLUORINATED
A l c o h o l s  a t  25°

Concentration Surface tension,
Fluo- dynes/cm.

Fluo- Total
rinated 
alcohol. 

% of Syner-
Soin.
con

taining
rinated solutes, total gistic only
alcohol wt. % solutes soin. NaOSS Remarks
\p'-C 7 0.25 30.7 22.2 25.9
ip'-Ci .25 18.2 23.3 25.9
ip'-Ci .25 11.0 24.2 25.9

-Ci .50 10.0 19.9 24.3
\p'-Ci .25 18.6 20.2 25.9
\pr-Ci .25 14.5 20.6 25.9
ip'-Ci .25 10.0 20.8 25.9
ip'-Cv .25 4.6 23.0 25.9
\p'-C h .25 9.8 24.0 25.9 Some undissolved ale.

.40 10.1 22.2 25.0 Some undissolved ale.
(p'-Ct .25 9.8 21.7 25.9 7  drifts up with time

N o te: C.m.c. of NaOSS =  0.30 g./l . 23

sulfosuccinate (NaOSS) as the solubilizing agent 
and either of the two classes of fluorinated alcohols 
as the less soluble wetting agent. Table II gives the 
data obtained on using sodium lauryl sulfate 
(NaLS) as the solubilizing agent. Column 2 gives 
the sum of the concentrations of the solubilizing 
agent and the fluorinated wetting agent. Column 3 
gives the concentration of the fluorinated additive 
expressed in weight per cent, of the total solutes. 
Columns 4 and 5 give the surface tension of the 
resulting solution and also that of the solution 
containing only the solubilizing agent in the same 
concentration as the total given in the second 
column. Comparison of these last two columns

(21) A. G. Brown, W. C. Thuman and J . W. McBain, J. Colloid 
Set., 8, 491 (1953).

(22) W. D. Harkins and H. F. Jordan, J. Am .Chem. Soc., 52, 1751 
(1930).

(23) E. F. Williams, N. T. Woodberry and J. K. Dixon, J. Colloid 
Sd., 12, 452 (1957).
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Fig. 1.—Surface tensions of aqueous solutions of either 
sodium lauryl sulfate or sodium di-n-octyl sulfosuccinate 
containing i//-nonyl alcohol.

Fig. 2 .—Surface tensions of co-monobydroperfluoro alcohols 
in aqueous solutions.

makes evident the surface tension depression ef
fect of replacing some of the solubilizing agent by 
the fluorinated alcohol.

Table I I
Surface Tensions of Aqueous Solutions of Na Lauryl 
Sulfate and Highly Fluorinated Alcohols at 25° 

----- Concentration------■>

Fluorinated
alcohol

Total 
solutes, 
wt. %

Pluorinated
alcohol,

% of 
total 

solutes

Surface tension, 
dynes/cm. 

Syner- Soin, 
gistic containing 
soin. only NaLS

Re
marks

\L-Cg 1 . 0 1 0 .1 2 0 .3 3 6 .4
f-C * 0 .5 10 .1 2 1 .6 3 6 .4
lA'-Cg .25 10 .1 2 4 .5 3 7 .0
ip'-Cu .5 1 0 .7 2 7 .0 3 6 .4 a

r-C n .5 5 .9 2 7 .7 3 6 .4 a

t'-Cn .25 1 1 .1 3 2 .7 3 7 .0 a

4 > '-0 & 1 . 0 1 0 .3 2 6 .3 3 6 .4 a

0 .5 1 0 .3 3 0 .7 3 6 .4 a

0 '-C8 1 . 0 7 .0 2 1 .8 3 6 .4 a

1 . 0 5 .0 2 3 .1 3 6 .4 a

t p ' - C s 0 .5 5 .0 2 6 .2 3 6 .4 a

4>'~ Cio 0 .5 1 0 .3 3 0 .2 3 6 .4 a

a 7  drifts up with time.

It can be seen that the ^'-nonanol(^'-C9 alcohol), 
when used with either NaOSS or NaLS, is an ef
fective surface tension depressant. When added 
in a concentration as small as 0 .05%  by weight 
(10%  of the total solutes), it depressed the sur

face tension below 20 dynes/cm., which is below the 
lowest value ever reported by any combination of 
conventional wetting agents alone. Figure 1 
compares the curve of the surface tension of the 
aqueous solutions of NaOSS in which 10%  of the 
total solute had been replaced by \p '-C $ alcohol 
and makes evident the large surface tension de
crease caused by the added fluorinated alcohol. 
Combinations with NaLS as the solubilizing agent 
also prove that the i^'-Cg alcohol, when added in a 
concentration only one-tenth that of the total sol
utes, depressed the surface tension from 36.6 dynes/ 
cm. to 20.3 dynes/cm. Figure 1 compares the 
synergistic depression in the surface tension vs. 
concentration curve of pure NaLS and NaOSS re
sulting from the addition of a minor concentration 
of \p'-C 9 alcohol. It is seen that the synergistic 
effect begins at a concentration somewhat below 
the critical micelle concentration of the solubilizing 
agent. The c.m.c. of the mixed wetting agents is 
less sharply defined, which indicates that the c.m.c. 
of the solubilizing agent is altered by the addition 
of the fluorinated agent. Similar observations 
on the change of the c.m.c. by addition of paraffinic 
alcohols have been made previously.24

Since the ^ '-C 9 alcohol showed such promise as a 
synergistic surface tension depressant, measure
ments were made of the surface tensions of a series 
of pure ^'-alcohols in aqueous solutions in various 
concentrations. Graphs are given in Fig. 2 of the 
surface tension vs. concentration for the first four 
members of the family of i/-'-alcohols; the ^ '-C 9 
alcohol is too insoluble in water at 25° to lower the 
surface tension significantly. Because of the low 
solubility of the higher homologs and the fact that 
each solution had been prepared by warming the 
water to form a clear solution, these surface ten
sion values at 25° drifted upwards with time of 
aging each solution. The time drift was particu
larly evident with the ^ '-C 9 and ’¿'-C? alcohols ex
cept when observing the most dilute solutions. 
The rate of drift was smaller with the solutions of 
the yp'-Ci, alcohol than with the higher homologs 
and it was almost negligible with the xp'-Cz alcohol 
solutions since this short-chain alcohol is the least 
adsorptive of them all, although some evaporation 
of its monolayer at the water-air interface does 
occur. (xp'-Cz alcohol is miscible with water in all 
proportions.) The lowest values of the surface 
tension recorded in Fig. 2 are therefore for initial 
values obtained on metastable solutions at 25°. 
These curves demonstrate the important fact that 
no pure ^'-alcohol is soluble enough in water at 
25° to depress the surface tension below 28 dynes/ 
cm.; the solutions of xf/'-Cj alcohol and ^'-Cg 
alcohol do not even reach values below 35 and 45 
dynes/cm., respectively.

Inspection of Tables I and II shows that per- 
fluoro n-octanol (<£'-Cs alcohol) is another effective 
synergistic surface tension depressing agent. Al
though the addition of this compound to each 
solubilizing agent caused the surface tension value 
of the resulting solution to drop considerably, it 
gradually drifted upwards until, after varying times

(24) S. H. Herzfeld, M. L. Corrin and W. D. Harkins, J. Phys.
Chem., 54, 271 (1950).
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according to the solution concentration, it ap
peared to be approaching the value exhibited by a 
solution containing only the solubilizing agent. 
Similar behavior was observed with and
^ '-C ig alcohols also, so that it is not believed that 
the time drift is caused by the tendency for the 
¡¿/-alcohol to separate from mixed micelles to form 
alcohol homomicelles. This drift is illustrated in 
Fig. 3 which shows the behavior of a series of 
aqueous solutions of NaLS in various concentra
tions in which 5 %  by weight of the sulfate was 
replaced by (¿>'-C8 alcohol.

By changing the functional group of the fluori- 
nated wetting agent from an alcohol to a carboxylic 
acid, the time drift in surface tension was elimi
nated; however, the change of functional group is a 
radical one since the perfluoro acids are very strong 
and are more soluble in water than the analogous 
perfluoro alcohols. Although the use of the <f>-C8 
acid as wetting agent in combination with either 
NaLS or NaOSS produced stable clear solutions, 
the resulting surface tension depression was only 5 
compared to 15 dynes/cm. obtained with 4>'-Cs 
alcohol. Previous investigations16'26'26 have shown 
that the pure <p acids in aqueous solution are soluble 
enough to be powerful surface tension depressants 
and form micelles in low concentrations. How
ever, Elevens and Raison26 found that a large pro
portion of the <f>-C8 acid, at least 25%  of the total 
solutes, was needed to appreciably lower the sur
face tension of solutions of NaLS. The co-mono- 
hydroperfluoro acids and their ammonium salts 
have also been shown previously16'27 to be efficient 
surface tension depressants in aqueous solution 
and to form micelles at 20 and 25°. In mixed solu
tions of these compounds with the various solu
bilizing agents described here, only minor syner
gistic surface tension effects were observed. There
fore, it is concluded that such strong, fluorinated 
acids and their ammonium salts are not solubilized 
within the micelles of the solubilizing agents studied 
here, and no further studies of such compounds will 
be presented here.

Assuming a model in which the solubilizing agent 
(above its critical micelle concentration), forms 
spherical micelles with the polar groups outermost, 
it is possible that the fluorinated wetting agent is 
associated with the solubilizing agent to form 
spherical heteromicelles as indicated in Fig. 4. 
It had been established that the ^ '-C n alcohol is 
not as efficient a surface tension depressant as the 
i//-C 9 alcohol for either NaOSS or NaLS (Tables 
I and II). This was unexpected for it had seemed 
that the nearly equal chain lengths of the Cn al
cohol and the C12 solubilizing agent would provide 
the best conditions for the adlineation of aliphatic 
chains in the spherical micelles. Since the if/'-Cs 
alcohol or \p'~C? alcohol proved to be more effective, 
it would appear that a compromise is required for 
an optimum effect between obtaining maximum 
association by the chains adlineating between solu
bilizing and wetting agents and obtaining sufficient 
solubility of the wetting agent to allow mixed

(25) H. B. Klevens and M. Raison, J. chim. phys., 51, 1 (1954).
(26) H. M. Scholberg, R. A. Guenthner and R. I. Coon, J. Phys. 

Chem., 57, 923 (1953).
(27) C. II. Arrington and G. D. Patterson, ibid., 57, 247 (1953).

Fig. 3.—Surface tensions of aqueous solutions of sodium 
lauryl sulfate containing <£'-octyl alcohol.

•  = SOLUBILIZING AGENT

O = FLUORINATED WETTING 
AGENT

Fig. 4.—Model of mixed micelle.

micelles to form at all. Since \p'-C7 alcohol is the 
more soluble, it had to be added in larger propor
tions to be effective. Therefore, 1/ / -C 9 alcohol is 
the most efficient surface tension depressant in 
this particular homologous series of alcohols.

The mechanism just described assumes that the 
solubilizing agent is present in a concentration 
higher than its c.m.c., since the micelles must be 
present in order to solubilize the fluorinated wetting 
agent. If the c.m.c. is too low, i.e., if a given com
pound is too insoluble in water, it would not make a 
good solubilizing agent for the fluorinated agent 
because too few micelles would be present to have a 
significant effect in the solubility of the fluoroalco- 
hol. Conversely, if the c.m.c. is too high, the quan
tity necessary to solubilize the fluoroalcohol would 
be so large as to become uneconomical. These 
points are exemplified in Table III. A  homologous 
series of sulfosuccinates is used, from the di-n- 
lauryl to the di-n-butyl derivative. It can be 
seen that the higher homologs such as the di-n- 
lauryl and di-n-decyl sulfosuccinates are too in
soluble at 25° to be useful.

The use of the more soluble lower homologs, how
ever, proved to be very successful: by being able to 
solubilize enough fluorinated alcohol, they were 
capable of producing the lowest surface tensions 
achieved in this study. Thus, using NaBSS and 
<p'~C8 alcohol, the lowest value obtained was 15.2 
dynes/cm. Although shortening the alkyl chains 
of the sulfosuccinate caused a lowering of the 
synergistic surface tension, the concentration of 
solubilizing agent required to produce this effect 
ultimately became very large; this high concen
tration in turn also necessitated the presence of a



452 M a r i a n n e  K. B e r n e t t  a n d  W. A. Z i s m a n Vol. 65

Table III
Surface Tensions of Aqueous Solutions of Other Aliphatic Solubilizing Agents and Highly Fluorinated

Alcohols at 25°
,-----------Soli
Solubilizing

agent
S.A.

ition------------
Fluorinated

alcohol

y---- Coni
Total 

solutes, wt. %

oentration---- -
Fluorinated 

alcohol, % of 
total solutes

Surface tensic
Synergistic

soln.

>n, dynes/cm, 
Soln.

containing 
only S.A. Remarks

NaMS“ r - C n 0 . 2 0 2 0 . 0 27.5 3 7 . 3 Some solid residue: 7  drifts up with time
NaMS“ 1p'-Cn . 2 0 2 0 . 2 23.7 3 7 . 3 Some solid residue; 7  drifts up with time
NaLSS' iA'-Cii .0125 1 0 . 0 40.7 4 5 . 4 Cloudy (both soln.)
NaDSS' r - C n .0125 27.4 24.9 29.2 Ppt. forms on standing (both soln.)
NaEHSS1" 0'-C8 1.0 22.9 17.6 26.3 7  drifts up with time
NaEHSS" <p'-Ca 1.0 27.8 17.6 26.3 7  drifts up slowly with time
NaHSS' 4>'-Ca 1.0 24.3 16.7 28.8 7  drifts up very slowly
NaASS' <f>'-Cs 4.0 19.5 15.4 29.8
NaBSS« 8.0 17.8 15.2 33.2

“ NaMS = Na myristyl sulfate. 6 NaLSS = Na di-n-lauryl-sulfosuccinate. '  NaDSS = Na di-n-deeyl-sulfosuccinate. 
" NaEHSS = Na di-(ethyl-hexyl)-sulfosuccinate (c.m.c. = 1.12 g./l.23). 'NaHSS = Na-di-n-hexyl sulfosuccinate (c.m.c. = 
4.8 g./l.23). f  NaASS = Na di-n-amyl-sulfosuccinate (c.m.c. = 19.2 g./l.23). « NaBSS = Na di-n-butyl-sulfosuccinate 
(c m c. = 67 g./l.23).

Fig. 5.—Surface tension of a 4 %  aqueous solution of so
dium di-n-amyl sulfosuccinate containing various concentra
tions of <t>'-octyl alcohol.

comparatively large concentration of the flucri- 
nated alcohol. Figure 5 demonstrates the depend
ence of the synergistic surface tension lowering 
on the concentration of the fluorinated alcohol 
present. By holding constant the concentration 
of total solutes and varying only the concentration 
of 4>'-C8 alcohol replacing part of the NaASS, suc
cessively lower surface tensions were obtained, 
until a minimum value of 15.4 dynes/cm. was 
reached. However, the total concentration neces
sary to produce this lowest value was 4 % , and 
about 20%  of this amount, i.e ., 2.25 X  10-2  moles/
1., consisted of the <j>'-C8 alcohol.

A  study was also made of the combination of 
NaASS and (¡>'-Cw alcohol in which the <f>'-Cio alco
hol concentration was held constant and the con
centration of NaASS was varied. In order to 
solubilize the proper amount of Cw alcohol neces
sary to effect a sizable surface tension depression, 
a large amount of NaASS had to be used, as can be 
seen in the last row of Table V.

On comparing the results obtained with the vari

ous sulfosuccinates combined with <f>'-C8 alcohol 
(Table III) , it becomes evident that if one wishes to 
depress the surface tension to not less than 17 
dynes/cm., the most efficient combinations in 
terms of the concentration of both solubilizing and 
wetting agent are those involving either NaHSS 
or NaEHSS. When the same considerations are 
applied to the alkyl sulfate series, the most ef
ficient combinations are provided by the NaLS. 
Where it is necessary to decrease the surface ten
sion to its lowest possible value (about 15.2 dynes/ 
cm.), a more soluble micelle-forming agent is re
quired, such as NaASS. However, solutions have 
to be prepared in higher concentrations of the 
solubilizer, and the attendant concentrations of the 
fluorinated alcohols are also necessarily higher.

Inspection of Table III shows that combinations 
of higher homologs of the solubilizing agent with a 
W-Cn alcohol were not effective. Either the 
solubilizing agent or the wetting agent, or both, 
did not dissolve completely. Therefore, addition 
of a few per cent, by volume of a mutual solvent, 
methanol, was used to bring both addition agents 
into intimate molecular contact before adding 
water. The resulting solutions were clear and 
free of any precipitate or colloidal dispersions. 
Various combinations prepared by this procedure 
are given in Table IV. It can be seen that under 
such circumstances the \p'-Cn alcohol is about as 
efficient a synergist as the i^'-Cg alcohol when 
added to sodium myristyl sulfate (NaMS). The 
above is in good agreement with the suggested 
model of a spherical mixed micelle in which the 
molecules of the aliphatic solubilizing agent should 
be effective if sufficiently soluble in the aqueous 
solution. Table IV also shows that the addition of 
methanol or isopropyl alcohol as a mutual solvent 
resulted in lower surface tensions with NaLS and 
NaOSS in synergistic combinations. Thus, a value 
of 18.4 dynes/cm. was observed with the combina
tion of NaOSS, 4>'-Cs alcohol, and CH3OH and 19.1 
dynes/cm. with the combination of NaLS, 4>'-Gs 
alcohol and CH 3OII. However, an increase in 
surface tension with time was always obtained 
with any combinations involving the <f>'-C8 alcohol 
except when it was present in very high concentra-
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T able  IV
Surface T ensions of A queous Solutions of Solubilizing  A gents and  H ighly F luorinated  A lcohols Prepared  w ith

M utual  Solvent at  25°

Solubilizing
------Solution— ■ /-----Coni

Total centration--- -
Fluorinated

Surface tension, dynes/cm.
Fluorinated Mutual solutes, alcohol, % of Synergistic containingagent, S.A. alcohol solvent wt. % total solutes soln. only S.A. Remarks

NaCS« x lz '-C s CH,OH 0 . 1 15.0 30.2 36.5 Ppts., 7  drifts up with time
NaCS« x p '-G n c h 3o h .05 15.0 32.5 36.5 Ppts.
NaCS« CH3 0 H .2 20.0 32.4 36.5 Ppts., 7  drifts up with time
NaCS« 4>'- C10 CH3 0 H .1 18.2 32.4 36.5 Ppts., 7  drifts up with time
NaMS6 r-c* CH3 0 H .20 21.2 22.9 37.3 7  drifts up with time
NaMS6 r - C x x CH3 0 H .20 18.2 23.5 37.3 Surface detaches slowly
NaMS" xp'-Cii CH3 0 H .20 9.8 24.9 37.3 Surface detaches slowly
NaMS6 <#>'-Cg CHaOH .20 19.5 24.6 37.3 7  drifts up with time
NaMS6 <t>'- C10 CH3OH .20 19.2 27.3 37.3 7  drifts up with time
NaLS' f - C n CH3OH .50 22.8 24.1 36.4 Surface detaches slowly
NaLS' r - C u Isoprop. .50 21.6 23.0 36.4 Surface detaches slowly
NaLS' <£'-Cs CH3OH .50 21.6 19.1 36.4 7  drifts up with time
NaLS' <t>‘-  c8 Isoprop. .50 18.2 21.1 36.4 7  drifts up with time
NaLS' 0'-Cs 4 >'-C2 ale. .50 19.7 22.1 36.4 7  drifts up with time
NaOSS11 <t>- ̂ 8 CH3OH .50 18.7 18.4 24.3 7  drifts up with time

“ NaCS = Na cetyl sulfate. b Same as a in Table III. c NaLS = Na lauryl sulfate. d NaOSS = Na di-n-octyl 
sulfosucclnate.

T able  V
Surface  T ensions of A queous Solutions of Solubilizing  A gents and  H ighly  F luorinated  A lcohols P repared

w ith  L arge A mounts of M utual  Solvent  at  25“
Solvent: H2O: CH 3OH = 1 : 1  ( 7  = 34.2 dynes /cm.)

.------ Solll
Solubilizing

agent,
S.A.

ition---------- '
Fluorinated

alcohol

<-----Con
Total 

solutes, 
wt. %

centration---- *
Fluorinated 

alcohol, % of 
total solutes

Surface tensic
Synergisticsoln.

>n, dynes/cm. Soln.
containing 
only S.A. Remarks

NaCS“ (¿/-Cio 0 . 1 2 1 . 7 23.6 3 4 . 2

NaCS“ <t>’~ Cjo . 1 25.3 20.3 3 4 . 2 Gelatinous ppt. on long storage
NaCS“ ^'-Cu . 1 16.6 22.8 3 4 . 2

NaCS“ r - Cn . 1 26.2 22.8 3 4 . 2

NaMS* 4>'-C 10 . 2 24.7 17.1 3 4 . 2 Gelatinous ppt. on long storage
NaMS* iA'-Ch . 2 16.6 23.2 3 4 . 2

NaMS* . 2 25.9 23.2 3 4 . 2

NaLS' . 5 12.1 22.1 3 3 . 5

NaLS' <*.'-C,„ . 5 22.2 19.5 3 3 . 5

NaASS11 6 . 0 3.6 16.8 28.8 Gelatinous ppt. on long storage
N o t e : Surface tensions of all solutions rise with time, because of C H 3OH evaporation.

« Same as a in Table IV. b Same as a in Table III. '  Same as c in Table IV. « Same as /  in Table III.
tions. (The cause will later be identified as evap
oration of the 4>'-Cs alcohol.)

Since it had been demonstrated that synergistic 
combinations of higher homologs were made pos
sible by increasing the solvent power of the con
tinuous phase, an even greater increase was effected 
by using a solvent consisting of water and meth
anol in a volume ratio of 1 : 1. Table V  shows the 
surface tensions thus obtained. The surface ten
sion of the solvent mixture by itself is 34.2 dynes/ 
cm. at 25°, and the surface tensions of the pure 
solubilizing agents quoted in column 6 were meas
ured in this same medium. The data show that 
very low surface tensions could thus be obtained 
using long-chain hydrocarbon derivatives which were 
too insoluble in pure water. Again <f/-Ci0 alcohol 
proved to be very effective; it could depress the 
surface tension of a long-chain hydrocarbon, Na- 
MS, to a low value of 17.1 dynes/cm. and that of a 
short chain one, NaASS, to 16.8 dynes/cm. After 
long storage, a gelatinous phase separated out at the 
bottom of each solution; however, this phase could 
be redissolved by gently reheating the mixture.

The upward drift in surface tension with time dur
ing the measurements in all of these synergistic 
combinations was shown to result from the evapora
tion of the methanol from the solvent phase.

Using solutions containing only water as the 
solvent phase, the following experiments were 
intended to ascertain if the upward time drift in 
the surface tension with solutions of $ '-C 8 alcohol 
mentioned earlier was caused by evaporation of 
adsorbed <f>’- C8 alcohol molecules from the water- 
air interface. The <£'-C8 alcohol has a significantly 
higher vapor pressure than that of either x/z'-Cs 
alcohol or xp'-C7 alcohol. This was demonstrated 
by suspending one crystal of i/'-Cg alcohol or a 
drop of either xp'-C7 or <j>'-Cs alcohols close to but 
above the clean surface of water in a hydrophil 
tray. By using fine particles of Teflon powder to 
serve as “ indicator powder” instead of the usual 
talc or lycopodium powder, the adsorptivity of 
each fluorinated alcohol vapor on the water and the 
resulting spreading of the adsorbed film was readily 
observed. It thus appears probable that because 
of its much higher vapor pressure, the 4>'-Cs alcohol
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monolayer evaporates faster from the surface of 
the water than the monolayers of the lp'-C? or i '̂-CL 
alcohols. In agreement with this interference, the 
solution which lost its synergistic decrease in sur
face tension earliest was the one containing the 
lowest concentration of the perfluoroalkanol.

Accordingly, the storage stability of solutions 
containing various synergistic combinations was 
investigated. Surface tension measurements were 
made on several apparently stable solutions which 
had been stored in closed Pyrex flasks for 6 months 
at 20 to 25°. The surface tensions of these solu
tions did not change with aging under these condi
tions. Upon then leaving these flasks open to the 
atmosphere, the solutions which had reached 
equilibrium immediately, such as combinations of 
NaLS or NaOSS with the 0'-Cg and if/'-C7 alcohol, 
still acted the same; however, solutions which 
had originally exhibited time drifts, such as com
binations containing the 0 '-C 6 and 0 '-C 8 alcohols, 
again exhibited time drifts which started at essen
tially the same low values as freshly prepared 
solutions. Therefore, all solutions prepared with 
these synergistic combinations were stable when 
kept in closed vessels, and the time drifts in sur
face tension observed with the solutions containing 
the perfluoroalkyl alcohol were caused by the 
evaporation of adsorbed perfluoro alcohol film from 
the surface of the water.

The lowest synergistic surface tension in the 
entire investigation (15.2) was attained with the 
0 '-C 8 alcohol. Such a surface tension should 
correspond to that of water covered with an ad
sorbed monolayer of 4>'-C8 alcohol in its closest 
possible packing. However, a stable monolayer 
of a liquid compound cannot be compressed below 
the equilibrium spreading pressure (e.s.p.). There
fore, the lowest steady-state surface tension at
tainable should be equal to the surface tension of 
pure water minus the value of the equilibrium 
spreading pressure of the <j>'-C8 alcohol at 25°. 
In order to verify this hypothesis, the equilibrium 
spreading pressure of <j>'-C8 alcohol and 0 '-C6 alcohol 
each were measured by the method of Washburn 
and Keim28 on a Langmuir-Adam film balance of 
Pyrex glass using a substrate of triply distilled 
water adjusted to p H  2 with sulfuric acid. A  
monolayer of eicosyl alcohol was used as the “pis
ton film.”  For the <t>'-C6 alcohol the e.s.p. deter
mined at 25° is 46.2 djmes/cm. Using 72.0 dynes/ 
cm. as the surface tension of water, a minimum sur
face tension of 25.8 dynes/cm. is obtained for 0 '-C6 
alcohol, in good agreement with the minimum sur
face tension of 26.3 dynes/cm., observed from the 
aqueous solution in which 0 '-C 6 alcohol was added 
as the wetting agent (see Table II). The e.s.p. 
value of (¡>'-Cs alcohol was more difficult to deter
mine because of the necessary high collapse pres
sure of the piston film and the semi-solid state of the 
0 ,-Cs alcohol. However, the calculated minimum 
surface tensions, 14-17 dynes/cm. are close to the 
observed values of 15.2-15.4 dynes/cm. Thus, it 
can be inferred that the synergistic minima found 
represent the lowest values theoretically attain-

(28) E. R. Washburn and C. P. Keim, J. Am, Chem. Soc., 62, 1747 
(1940).

able in an aqueous system by the adsorption of the 
respective fluoroalkanol.

A  saturated aqueous solution of 0 '-C s alcohol 
had a surface tension at 25° only a few dynes/cm. 
lower than that of pure water. However, when a 
drop of pure 0 '-C 8 alcohol was spread on the sur
face of this solution, the surface tension was lowered 
to 21.3 dynes/cm. It will be noted that the 
surface tension did not go as low as 15.4 
dynes/cm., the lowest synergistic surface ten
sion reported in Fig. 5, because the evaporation of 
the fluorinated alcohol from the surface of the water 
was not being compensated for by the adsorption of 
0 '-C 8 alcohol molecules from the solution phase; 
hence, a less closely packed film resulted. When 
the surface of a solution containing a synergistic 
combination of NaLS and 0 '-C 8 alcohol was scraped 
clean with sliding Teflon barriers in a Teflon hydro- 
phil tray and the surface tension was measured 
immediately thereafter, the resulting value was 23 
dynes/cm. which is not far from the minimum of
21.8 given in Table II. Repetition of the process of 
scraping the water surface clean of any adsorbed 
film always resulted in the same surface tension. 
Therefore, it is concluded that in an open system 
the rate at which the 0 '-C 8 alcohol molecules were 
able to be released from the mixed micelle and dif
fuse to and adsorb at the water-air interface could 
not compensate enough for the <f>'-C8 alcohol mole
cules lost from the surface phase by evaporation to 
allow a steady-state equivalent to that of an ad
sorbed film at the equilibrium spreading pressure.

Some exploratory experiments were carried out 
with solubilizing compounds other than aliphatic 
anionic agents. Representative compounds ex
amined were the cationic wetting agent, cetyl tri- 
methylammonium bromide and the non-ionic wet
ting agent, nonylphenoxy polyoxyethylene-ethanol 
(Igepal CO-850). In addition the aromatic anionic 
agents, sodium p-decyl benzene sulfonate and so
dium dinonylnaphthalene sulfonate, were also ex
amined. The surface tension depressions through 
addition of fluorinated alcohols to any of these 
solubilizing agents were only a few dynes/cm. in 
each instance and thus did not compare favorably 
with those obtained by the NaLS or NaOSS; ob
viously further investigation of other homologs or 
compounds is required.

Instead of a conventional surface-active com
pound as the solubilizing agent, an amphipathic 
fluorinated compound can be used. A  combination 
of the ammonium salt of the 0 -C 9 acid used with 
0'-C# alcohol was quite effective as a synergistic 
combination for lowering the surface tension, but 
was too insoluble for optimum use. The 0 '-C 7 al
cohol was more soluble and proved to be equally 
efficient. Unfortunately, both combinations were 
not sufficiently soluble and eventually they formed 
gelatinous precipitates.

These studies have resulted in the following con
clusions: (a) the nearly insoluble fluorinated al
cohols can be solubilized in micelles of a conven
tional wetting agent, (b) Surface tension values 
much below 22 dynes/cm. can be obtained by addi
tion of small concentrations of fluorinated alcohols



March, 1961 Cobaltous Acetate in Acetic A cid 455

to an aliphatic anionic wetting agent, the minimum 
surface tension obtainable with the synergistic 
combinations studied being 15.2 dynes/cm. (c) 
The lowest values represent the closest possible 
packing of the fluorinated alcohol when adsorbed at 
the water-air interface under their equilibrium 
spreading pressures, (d) The transitory low values 
of the cj) '-alcohols observed in open vessels, espe
cially when low concentrations are used, are caused

by the evaporation of the fluorinated monolayer 
adsorbed at the water-air interface. In closed 
systems, the synergistic surface tensions are not 
transitory, (e) In cases where the anionic solu
bilizing agent is not sufficiently soluble in water, 
increasing the solvent power of the continuous 
phase by adding a mutual solvent makes it possible 
to solubilize the fluoroalcohols and so to obtain 
synergistic surface tension depressions.

SPECIES OF COBALT(II) IN ACETIC ACID. PART I. COBALTOUS 
ACETATE IN THE PRESENCE OF WATER AND OF SODIUM ACETATE

By P. J. Proll, L. H. Sutcliffe and J. W alkley

Department o f Inorganic and Physical Chemistry, University o f Liverpool, Liverpool, England
Received August 29, 1960

The reversible variations of the visible spectrum of cobaltous acetate in anhydrous acetic acid with temperature and the 
effect of sodium acetate and of water have been studied over the temperature range 25 to 64°. From ion migration and 
spectrophotometric measurements the ionic species present under these conditions are postulated to be CoOAc+, Co(OAc)2, 
Co(OAc)3~, Co(OAc)41 2“, the latter pair being favored by the addition of sodium acetate and increase of temperature while 
the former pair are favored by the addition of water. Evidence is put forward for solvated Co(OAc) 2 or Co(OAe)42_ being 
the reactive species in reactions in which cobaltous acetate is used as a catalyst.

Introduction
It has previously been reported that several oxi

dation-reduction reactions between metal acetates 
in anhydrous acetic acid occur at measurable 
rates.1 Two of these, namely, the cerous acetate- 
plumbic acetate2 and the cobaltous acetate- 
plumbic acetate3 reactions have been reported in 
detail. During the investigation of the latter an 
interesting postulation was necessary to explain 
the kinetic scheme, namely that a dimeric form 
of cobaltous acetate is present. In addition, the 
observations were made that (a) the kinetics of the 
reaction were affected by sodium acetate and by 
water, and (b) during the addition of sodium ace
tate or on heating the anhydrous solutions the pink- 
red color turned to blue— the heating effect being 
reversible.

Cobaltous acetate has been used by many work
ers in the field of autooxidation reactions as an im
portant catalyst. However, little attention has 
been directed to the detailed role of this catalyst.4 
It was therefore decided to make a complete 
spectrophotometric investigation of cobaltous ace
tate in acetic acid under as wide a variety of condi
tions as possible. This first paper of the series 
deals with the solutions of the salt alone and in the 
presence of water and of sodium acetate. Future 
papers will deal with the effect of lithium bromide 
and chloride to this system since cobaltous bromide 
is an important autooxidation catalyst.

Experimental
Acetic Acid.—Analytical reagent (A.R.) quality acetic 

acid was purified by refluxing with finely divided A.R. 
chromium trioxide along with a calculated amount of A.R.

(1) L. H. Sutcliffe and J. Walkley, Nature, 178, 999 (1956).
(2) D. Benson and L. H. Sutcliffe, Trans. Faraday Soc., 56, 246 

(1960).
(3) D. Benson, P. J. Proll, L. H. Sutcliffe and J. Walkley, Disc. 

Faraday Soc., 29, 60 (1960).
(4) H. S. Blanchard, J. Am. Chem. Soc., 82, 2014 (1960).

acetic anhydride to remove the water, this amount being 
estimated from freezing point measurements. 6 After 
distillation, any excess water or acetic anhydride was 
determined by a spectrophotometric method6 and removed. 
The acetic acid was then refluxed with commercial cobaltous 
acetate and fractionated with a column packed with Fenske 
helices.

Cobaltous Acetate.—Solutions of known concentrations 
were made by refluxing 99.95% pure cobalt sponge (John
son Matthey Ltd.) with acetic acid purified as described 
above.

Sodium Acetate.—A.R. quality sodium acetate was re
crystallized twice from anhydrous acetic acid and then 
dried under a vacuum for 24 hours at 100°.

Ion Migration Experiments.—The migration cell consisted 
of a W-shaped vessel having three compartments isolated 
from one another by sintered glass discs. The solution 
under investigation was placed in the central compartment 
and the solvent in the outer compartments. Five hundred 
v.d.c. was applied to platinum foil electrodes situated in 
the two outer limbs of the cell. Current was passed for 
2 0  hours and then the polarity reversed, and current passed 
for a further 20 hours. The cobalt(II) concentrations in 
the anode and cathode compartments were determined 
speetrophotometrically.

Spectrophotometry.—All measurements were made by 
means of a Unicam S.P. 500 spectrophotometer fitted with 
a thermostated cell compartment enabling temperatures of 
all the solutions to be maintained to within ±0.05°.

Results and Discussion
Ion Migration.— Ion migration experiments on 

cobaltous acetate solutions8 led to the conclusion 
that there are four likely species, namely, CoOAc+, 
Co(OAc)2, Co(OAc)3~, Co(OAc)42_ - The first being 
favored by the addition of water and the last two 
by the addition of acetates or the application of 
heat.

Spectrophotometry.— The spectrum of cobaltous 
acetate in anhydrous acetic acid is shown in Fig. 1, 
at five temperatures in the range 25 to 64°. As 
can be seen it has a d-e-d transition band (526 
to 538 mfi) in the visible region and a charge trans
fer band (310 mju) in the ultraviolet region. The

(5) De Visser, Rec. trav. ch im 12, 101 (1893).
(6) S. Bruckenstein, J. Am. Chem. Soc., 78, 1921 (1956).
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Wave length, m u.
Fig. 1.—The absorption spectrum of cobaltous acetate in 

anhydrous acetic acid at the temperatures: A, 25.0°; B, 
38.0°; C, 47.8°; D, 58.7°; E, 64.0°.

Beer-Lambert law is obeyed over the whole spec
trum to within ± 1 %  over the concentration range 
5 X  10 ~3 to 5 X  10~2 M . It was noticed, how
ever, that different samples of cobaltous acetate 
did not always have the same maximum to mini
mum ratio; this ratio being variable from 5 :1  
to 10:1 depending on the method of purification of 
the salt. Commercial Co(OAc)2 recrystallized at 
least three times had a large value of this ratio, as 
do crystals taken after refluxing cobalt metal sponge 
with acetic acid. These crystals are distinct 
from a powdery “ sludge”  which also appears in 
both cases. X -R ay photographs obtained by the 
Debye-Scherrer powder method show marked 
differences. The “sludge” photographs have the 
“ crystal” photograph lines as well as some new 
ones. The line spacing does not appear to fit any 
regular shape and, in agreement with other workers’ 
results for Co(OAc)2-4H20 , are consistent with a 
monoclinic structure.7 We have therefore as
sumed that the “ sludge” contains a different form 
of cobaltous acetate which may be a dimer or higher 
polymer in support of the kinetic evidence obtained 
previously.3 It is interesting to note that varia
tions in autooxidation rates of cumene depend on 
the mode of preparation of the cobaltous acetate 
catalyst used.4 W e also concluded that the dimer 
(higher aggregates may also be present) is formed 
on heating, and is affected in the same way as the 
monomer by heating or by the addition of sodium

(7) J. N. van Niekerk and F. R. L. Schoening, Acta Cryst., 6, 613 
(1953).

Fig. 2.—The absorption spectrum of cobaltous acetate in 
anhydrous acetic acid at 25° with sodium acetate at the 
concentrations: A, 0.000 M ;  B, 0.03131 M ;  C, 0.0625 M ;  
D, 0.125 M ;  E, 0.185 M ;  F, 0.250 M ;  G, 0.368 M ;  H, 
0.500 M .

acetate. The kinetic results suggest3 that the 
dimer does not predominate and is in rapid equi
librium with the monomer.

Separate experiments show that although maxi
mum to minimum ratio varies the value of the 
molar extinction coefficient at the absorption 
maximum emax does not: the value i mm changes 
over the range 350 to 450 m|t. The results that 
follow are for a cobaltous acetate solution having 
a maximum to minimum ratio of ~ 5 :1 ; solutions 
with a ratio of 10:1 also showed the same effects, 
and give the same values of the extinction coeffi
cient over all parts of the spectrum except in the 
vicinity of the minimum.

The Effect of Sodium Acetate.— The effect of 
added sodium acetate on the spectrum at 25° is 
shown in Fig. 2. In Fig. 3 a graph of vs-
sodium acetate concentration is shown at five 
temperatures between 25 and 64°. It can be seen 
from these two figures that there is a wave length 
shift from 526 to 565 npt, this latter wave length 
being the limit to which the absorption maximum 
moves. Thus the new species of cobaltous formed 
by the addition of sodium acetate has a maximum 
intensity of absorption at 565 mu. It may be noted 
here that heating the cobaltous acetate solution 
alone had the similar but less pronounced effect as 
the addition of sodium acetate, i.e ., the absorp-
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Sodium acetate concn., M.
Fig. 3.— The plot of esss mix against the concentration of 

sodium acetate at five temperatures: A, 25.0°; B, 38.0°; 
C, 47.8°; D, 58.7°; E, 64.0°.

tion  in ten sity  was increased and th e  m axim u m  was 
sh ifted  to  lon ger w ave  lengths. In  b o th  cases 
the fo llow in g  equ ilibria  are lik e ly  to  be  op erative

a 2
Co(OAc)2 +  OAc- < > Co (OAc),, “ (2)

K ,
Co(OAc)3-  +  OAc- Co(OAc)42- (3)

from  w h ich  it can  b e  show n  th at th e  m olar extinc
tion  coefficient e a t an y  w ave  length  is g iven  b y  

<= =  <=2 +  e3X 2[ OAc-] +  etK,Kt [O Ac-]2 

w here e2, e3 an d  e4 are th e  ex tin ction  coefficients o f  
C o (O A c) 2, C o  (O A c) 3”  an d  C o (O A c )42 -) ,  respec
tive ly , at a g iven  w ave  length . In  th e  case o f  the 
sod ium  aceta te  ad d ition  w e have

e =  e2 +  «3i?2 A aVj [NaO A c] '/» +  eiiAKHCdNaOAc]
w here K a  is th e  d issociation  constan t o f  sodium  
aceta te  in  a ce tic  a c id 8 w h ich  has a va lu e (2.63 ±  
0.12) X  10~7 a t 25 °. In  th e  derivation  o f  the 
a b ov e  equ ation  th e  plausib le assum ption  is re
qu ired th at A 2[O A c - ] ( l  +  K s) « l .  T h e  fa ct 
th at the p lo t o f  against sod ium  aceta te  co n 
centration  (F ig. 3) is linear in d icates th at the 
term  in vo lv in g  [N a O A c] ‘/! is n o t im portan t. 
H en ce it m a y  be con clu ded  th at C o  (O A c) 3-  is n ot 
present to  an y  ap preciab le  exten t, or else th at it 
has an ab sorp tion  sp ectru m  a lm ost iden tica l w ith  
th at o f  C o  (O A c) 2. I t  can  be  seen th at eJC tK iK A

(8) I. M. Kolthoff and S. Bruckenstein, J. Am. Chem. Soc.f 78, 2974 
(1956).

is g iven  b y  the slope o f  F ig. 3 w h ich  has a value
83.2 at 25 °. A ssum ing e4 to  h ave a value o f 1700 
M ~ l cm .-1  (estim ated b y  ex trapola tion  to  high 
sod ium  aceta te  concentration s from  data sim ilar 
to  th at show n in Fig. 3) and K a  =  2.63 X  10~7 at 
th is tem perature, then  a value o f  1.9 X  105 is 
obta in ed  fo r  K 2K S. T h e  free energy change cal
cu la ted  from  this com bin ed  equ ilibrium  constan t is
— 7.2 kcal. m o le -1 , thus indicating th at th e  sug
gested equilibria are likely  to  occur.

T h e  predom inance o f C o (O A c )42 - over C o (O A c )3-  
is n ot u n expected  since th e  experim ental da ta  sug
gest th a t th e  form er species is o f  the stable tetra 
hedral ty p e , being b lue co lored  (Xmax is 565 m/x), 
w hile all th e  rem aining C o  (I I )  species are p rob a b ly  
o f  th e  stable red octahedral ty p e  (Xmax is 526 npi). 
F rom  ligand field  th eory  Xmax (tetrahedral) is 
greater than  Xmax (octah edral) since th e  ligand 
field splitting fo r  th e  tetrahedral configu ration  is 
less th an  that o f  th e  octah edral configuration . 
F urtherm ore, coba lt (I I )  is likely  to  form  som e 
tetrahedral com plexes since th e  stabilization  energy 
is n ot la rge .9 T h e  en th a lpy  associated w ith  the 
com bin ed  term  K ?K J Z a  is obta in ed  from  a p lo t o f  
logio u K 2K ?K a against 1 /T ° A .  as show n in Fig. 
4 A ; the va lu e obta in ed  w as 1.8 ± 0 . 1  kcal. m o le -1 . 
In  the case o f  coba ltou s aceta te  in  pure anhydrous 
acetic  acid , th e  expression  fo r  th e  observed  extinc
tion  coefficient, neglecting  the aceta te  ions released 
b y  th e  cobaltou s aceta te  ( ^ 1 0 -2M ) ,  becom es

€ =  e2 +  63Z 2( Z 'Ao)>A +  uKlKiK'A  0

because th e  acetic acid  con cen tra tion  rem ains con 
stan t: w here K 'Ao =  K a c [H O A c] and K ac is the 
d issociation  constan t o f  a cetic  acid. A g a in  the 
second  term  on  th e  right-hand side appears to  be 
negligible. T h e  heat change o f th e  com bin ed  term  
K 2K ?,K 'Ac is obta in ed  from  a graph o f  log  (e665 mu
— e2) against 1 /T ° A .  (see F ig . 4 B ). e2 w as as
sum ed to  have a va lu e o f  8 .5  M _ 1  c m .-1  a t 565 m /i 
w hich  is th e  value obta in ed  w ith  2 %  w ater present 
to  reduce the con tribu tion  o f the tetrahedral form  
to  negligible proportion s. T h e  valu e obta in ed  was
5.6 ±  0.2 kcal. m o le -1 . T h e  procedu re  outlined  
a b ov e  clearly  p rov ides a m eans o f  obta in in g  
the dissociation  constants and heats o f  d issociation  
o f  m etal acetates in  acetic  acid  b y  their e ffect on  
the spectru m  o f coba ltou s acetate , p rov id in g  one 
such constan t is a lready  know n. T h e  relative 
heats o f  d issociation  m a y  also be determ ined  b y  
this m eth od ; th is w ill b e  th e  su b ject o f  a fu tu re 
p a p er .10

T h e  E ffect o f  th e  A dd ition  o f  W a ter .— A n  ex
p lora tory  stu d y  o f th e  changes brou gh t a b ou t b y  
th e  ad d ition  o f  w ater has been  m ade b y  D ean  and 
S k irrow .11 W e  h ave m ade a  m ore  detailed  inves
tiga tion  and h ave  in terpreted  th e  changes in  term s 
o f a d ielectric  effect. N o  e lectro ly tes are strongly  
d issociated  in  acetic  a c id ; therefore , it is reason
able to  assum e th at th e  absorption  m axim u m  o f  
coba ltou s aceta te  in  anhydrous acetic  acid  at 526 
m^i (see F ig . 1 at 2 5 °) is due to  the entity  C o (O A c )2. 
W h en  5 0 %  v . / v .  w ater is present th e  ex tin ction

(9) L . E . Orgel, Solvay Conference, Brussels, 1956.
(10) P. J. Proll and L. H . Sutcliffe, Trans. Faraday Soc., in press»
(11) M . H . Dean and G. Skirrow, ibid., 54, 849 (1958).
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to  an appreciable  concen tra tion  o f C o O A c +. T rom  
the a b ov e  da ta  one m ay  con clu de  th at th e  la tter 
species has an absorption  spectrum  in th e  visib le  
region  sim ilar to  th at o f  C o 2+aq  and th at the 
on ly  equ ilibrium  affected  b y  th e  change o f  d i
e lectric con stan t is

K,
C o (O A c)2 !

I t  can  be  show n th at

CoOAc + -)- OAc" (1)

K, = [O A c-](*i -  e) 
(« — «0

3.1 3.2
l/T  X  10“ 3.

Fig. 4A.— The plot of log uKtK3K\ against l/T  “A. for centration  o f  acetate  ions p rodu ced  b y  the a b ove  
* ' " J! B> the dependence of log eq u iiibrium j and  is g iven  b y

w here e, e, and e2 are th e  observed  extin ction  c o 
efficient and th e  extin ction  coefficients o f  C o O A c + 
and C o  ( 0 A c ) 2, respectively . [O A c~ ] is th e  con -

the addition of sodium acetate; 
(«565 — 62) on l/T°A.

[OAc-] = cfe  — <9
(«î — «1)

400 600 800
Wave length, m/j.

Fig. 5.— The effect of water on the spectrum of cobaltous 
acetate in acetic acid at 25°. The concentration of Co(II) 
= 1.96 X  10~2 M. Water concentrations: A, 0.00%
v ./v . ; B, 2.00% v ./v .; C, 6.25% v ./v .; D, 12.5% v ./v .; 
E, 25.0% v ./v .; F, 50.0% v ./v .; G, 100.0% v ./v .

coefficient drops fr o m l 7.0 to  6.6  M -1  c m .-1  and 
the absorption  m axim um  o f  coba ltou s acetate  
shifts slightly  to  515 m /i. T h e  absorption  m axi
m u m  o f  coba ltou s perch lorate  in  w ater lies at 510 
mja and has an  extin ction  coefficient o f  4 .9  M ~ x 
cm .-1 . I t  has been  show n th at coba ltou s acetate  
is n o t com p le te ly  d issociated  in w ater ,12 g iv ing  rise

(12) S. Bardan and Si Aditya, J. Indian* Chem. S o c 32 , 109 
(1955).

w here c is the to ta l c o b a lt (I I )  con cen tra tion . 
T h erefore

K  ____ c(e2 -  e)2

1 ( «  -  «0(« -  <0

In  deriv ing  th is expression  it  has been  assum ed 
th at th e  con cen tra tion  o f  aceta te  ions originating 
from  th e  acetic  acid  is n eglig ib le .18 K j  w ill be  
a ffected  b y  th e  d ielectric  constan t D  a ccord in g  to  
the relationsh ip14

, 7 7 " , j .  j .  e^Z^Z-BIn Ki 1 =  constant-----,kTDr

w here e  is th e  electron ic  charge, k  is th e  B oltzm an n  
constan t, r  is radius o f  so lva ted  C o (O A c )2 an d  Z  a 
an d  Z b  are th e  charges on  th e  tw o  ions p rodu ced . 
T a b le  I  lists th e  da ta  calcu lated  from  th e  extin c
tion  coefficient observed  at th e  fixed  w ave  length  
o f  510 m/i, th e  position  o f the m axim u m  absorp 
tion  in  pure w ater. V alues o f  the d ielectric  con 
stants o f  th e  m ixtures w ere ca lcu lated  from  those 
o f  acetic  acid  and w ater obta in ed  b y  Sm yth  and 
R og ers15 and b y  L ange and R o b in so n ,16 respectively . 
T h e  final colum n  show s the g ood  linear depen den ce 
o f log  K i~ l on  D -1 . T h e  average va lu e at 2 5 ° fo r  
A log K i ~ 1/ A (D  ’ ) is 21 .2 w hich  correspon ds to  a 
rather h igh  value o f  12 A . fo r  the radius o f  C o  (O A c) 2 
w hen  the p rod u ct Z aZ b is taken  to  b e  — 1. In  
app ly ing  th is th eory , the con tribu tion  o f th e  tetra 
hedral form , nam ely, C o  (O A c) 42“ , has been  neglected 
since a t 2 5 °, th e  con centration  is the order o f  0 .1 %  
and even  a t 6 4 °, it  w ill be  less than  0 .5 %  in an h y
drous acetic  acid . A lso , as w ill b e  seen later, the 
add ition  o f w ater reduces the am oun t o f  C o  (O A c) 42 - . 
T h e  increase in  concen tra tion  o f the tetrahedral 
form  w ith  increase in tem perature p ro b a b ly  ac
cou n ts fo r  th e  larger dev iation  at th e  h igher tem 
peratures in th e  va lu e  o f  A log K i -1 / A ( D -1 ). 
T h e  com p lex ity  o f th e  system  preven ts an expres-

(13) H. S. Harned and G. L. Kazanjian, J. A m . Chem. Soc., 58, 1912 
(1936).

(14) S. Glasstone, K . J. Laidler and H. Eyring, “ The Theory of 
Rate Processes,”  M cG raw -H ill Book Co., New York. N . Y ., first edi
tion, 1930, p . 430.

(15) C. P. Smyth and H . E . Rogers, J . A m . Chem. Soc., 52, 1824 
(1930).

(16) E . Lange and A. L. Robinson, ibid., 52, 2811 (1930).
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Temp., H jO %  log Ki ' ■ /
° c . V. V. €510 m/i K h M - 1 Ki "* D - ' A (D -l )

0 .0 0 15 .60 0 .1620
2 .0 8 14 .22 3 .7 3  X 10 " 4 3 .4 2 8 .1300
4 .1 7 13 .20 1 .0 6  X 10 " 3 2 .9 7 4 .1090 2 1 .4
6 .2 5 12 .70 1 .97  X 10~3 2 .7 0 6 .0945 2 0 .0

2 5 .0 1 2 .5 10 .53 8 .3 2  X 10 ” 8 2 .0 8 0 .0667 2 1 .2
2 5 .0 8 .41 2 .6 9  X 10"2 1.570 .0412 2 0 .8
5 0 .0 6 .5 0 9 .4 4  X 10-2 1 .250 .0236 2 2 .4
7 4 .0 6 .3 7 1 .0 6  X 1 0 " 1 0 .9 7 7 .0169 2 1 .6

100.0 4 .9 0 .0127

0 .0 0 16.37 .1600
2 .0 8 14.57 5 .6 9  X 10 “4 3 .2 4 5 .1305
6 .2 5 12.90 2 .5 6  X 10 " 3 2 .592 .0953 1 8 .5

3 8 .0 1 2 .5 10.74 9 .2 0  X 10 “8 2 .0 5 6 .0679 19.2
2 5 .0 8 .5 4 2 .8 6  X 10"2 1.544 .0431 19.2
5 0 .0 6 .6 2 9 .1 7  X IO "2 1.028 .0245 2 0 .8

1 00 .0 4 .9 0 .0136

0 .0 0 1 6 .85 .1580
2 .0 8 14 .85 6 .5 8  X 10 " 4 3 .182 .1310
6 .2 5 13.20 2 .6 0  X IO "3 2 .5 8 6 .0966 17.3

4 7 .8 12 .50 10.99 9 .2 3  X 10~3 2 .0 3 5 .0696 1 8 .8
2 5 .0 0 8 .8 5 2 .6 5  X IO“ 2 1.578 .0447 18.9
50 .00 6 .7 5 9 .3 4  X IO“ 3 1 .030 .0260 2 0 .4

100.00 4 .9 0 .0142

0 .0 0 17 .78 .1550
2 .0 8 15.54 7 .1 5  X 1 0 “ 4 3 .1 4 6 .1290
6 .2 5 14.06 2 .2 9  X 10"3 2 .640 .0978 16.2

5 8 .7 12 .50 11.81 7 .8 3  X IO "3 2 .107 .0710 1 7 .8
25 .00 9 .31 2 .4 7  X IO-2 1 .608 .0461 1 8 .2
5 0 .0 0 6 .9 0 9 .0 0  X IO "2 1.046 .0277 2 0 .4

100.00 4 .9 0 .0148

0 .0 0 18 .30 .1540
2 .0 8 15.96 7 .8 3  X 1 0 -“ 3 .1 0 7 .1295
6 .2 5 14.47 2 .2 4  X 10-3 2 .6 5 0 .0995 15.2

6 4 .0 12.50 1 2 .12 7 .7 1  X IO "3 2 .113 .0722 17.3
25 .00 9 .6 1 2 .3 5  X IO“ 2 1.630 .0475 1 8 .0
50 .00 7 .0 0 8 .8 7  X 10-2 1.051 .0279 2 0 .2

100.00 4 .9 0 .0253

Av. values of A log Ki V A(D 0  
at 2 5 .0 °  =  21 ±  1 
at 3 8 .0 °  =  20 d= 1 
at 4 7 .8 °  =  19 =b 2 
at 5 8 .7 °  =  18 ±  2 
at 6 4 .0 °  =  18 db 3

sion from  b e in g  d eveloped  w hich  takes in to  ac
cou n t th e  p resen ce o f  th e  tetrahedral form .

F rom  th e  results, it  is ev id en t th at sm all co n 
centrations o f  w ater d o  n o t cause preferential 
so lva tion  o f th e  C o  (I I )  species unless the absorp 
tion  spectra  o f  say  C o (O A c )2-4H 20 and C o (O A c )2- 
4 H O A c are iden tica l in  acetic  acid . S ince chem i
cal rea ctiv ity  d ifferences betw een  these species 
m igh t b e  greater th an  op tica l d ifferences w e ex
am ined k in etic  da ta  obta in ed  prev iou sly  b o th  b y  
ourselves3 and b y  o th er w ork ers .11'17 T h e  e ffect 
o f  w ater on  th e  n on -ca ta ly tic  reaction  betw een  
coba ltou s a ceta te  an d  p lu m b ic  aceta te  cou ld  
be  represented  as a  d ielectric e ffect and d id  n o t 
suggest specific so lva tion .3 S ystem s in  w hich  
coba ltou s aceta te  w as em p loyed  as a  cata lyst 
should be even  m ore  sensitive to  w ater addition . 
D ean  and S k irrow 11 and B aw n , P en n ington  and 
T ip p e r17 h ave  stud ied  th e  coba ltou s cata lyzed  
decom position  o f ¿-butyl h ydroperox id e  and the 
aerobic ox idation  o f tr im eth ylethy len e, respec
tive ly , in  acetic  a c id  w ith  the ad d ition  o f w ater. 
W e h ave treated  th e  add ition  o f  w ater as causing 
a change o f  d ielectric  constan t in both  cases. T h e

(17) C. E. H. Bawn, A . A . Pennington and C. F. H. Tipper, Disc. 
Faraday S o c ., 10, 282 (1951)*

Fig. 6.—The results of (A) Dean and Skirrow11 obtained 
at 55° and (B) Bawn, Pennington and Tipper11 obtained 
at 40.5°, plotted as dielectric effects.

Sodium acetate concn., M.
Fig. 7.— The dependence of the observed extinction coef

ficient at 565 m/i on the sodium acetate concentration in the 
presence of water at 25.0°. Water concentrations: A,
2.08% v ./v .; B, 6.25% v ./v .; C, 12.5% v ./v .; D, 25.0% 
v ./v .

tw o  sets o f  data  are show n in F ig . 6 : it  has been  
assum ed th at the organic substrate does n o t m ake 
a significant con tribu tion  to  th e  d ielectric constant.
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I t  can be  seen from  Fig. 6 th a t a g ood  stra ight line 
is obta in ed  in  b o th  cases and h ence  w e con clu de  
th at n o  specific e ffects o ccu r  on  th e  ad d ition  o f 
w ater. T h erefore , the reactive ca ta ly tic  species o f  
coba ltou s  aceta te  in these system s is m ost likely  
to  b e  C o (O A c )2 or C o (O A c )42~. T h e  la tter  species 
is p rob a b ly  th e  m ore  reactive  since th e  ad d ition  o f 
sod ium  aceta te  can  increase th e  rate o f  reaction .3

Our findings are som ew hat opposed  to  th ose  o f  
K atz in  and G e b e rt18 w h o stud ied th e  e ffect o f  
w ater on  th e  absorption  spectra  o f  solutions o f  
coba ltou s n itrate in  ¿-butyl a lcoh ol, a ceton e  and 
d ioxane. T h e y  consider th at in  their system  the 
specific aqu ation  e ffect is m ore  im portan t th an  the 
d ielectric  effect. U n fortun ately , th e  experim ental 
da ta  qu oted  in their p aper is in adequate fo r  the 
ap p lica tion  o f our treatm ent.

T h e  C o m b in e d  E ffect o f  S od iu m  A ceta te  an d  
W a ter .— Since th e  m ain  e ffect o f  w ater on  th e  
sp ectru m  o f coba ltou s aceta te  in  a cetic  a c id  is 
caused b y  the dielectric  e ffect on  the equ ilibrium  

K ,
Co(OAc)2 CoOAc+ +  O A c- (1)

it w as decided  to  test if the second  equ ilibrium  o f 
the pair

K2
Co(OAc)2 +  O A c- ;^Z7 Co(OAc)3-  (2)

K s
Co(OAc)3~ +  O A c- ^ Z t  C o (O A cy - (3)

was a ffected  b y  w ater in the sam e m anner. T o  
this end sod ium  acetate  u p  to  0 .5 M  an d  w ater 
u p  to  2 5 %  v . /v .  w ere added  to  coba ltou s acetate 
in anhydrous acetate  acid . T h e  fo rm  o f  th e  d e 
pen den ce  o f  th e  observed  extin ction  coefficient 
on  the sod ium  acetate  con cen tra tion  w as fou n d  to  
be  unchanged  b y  w ater in d icating  th at equilibria
(2) and (3) w ere still operative. T h e  experim ents 
w ere carried ou t at three tem peratures in the range 
25 to  4 7 .8 ° ; F ig. 7 show s th e  results at 25 °. T a b le  
I I  lists the da ta  ca lcu lated  from  the slopes o f  the 
p lots  o f  th e  observed  extin ction  coefficients at 
565 m/u against sod ium  aceta te  concentration s 
fo r  each fixed w ater concen tra tion  at tem pera
tures o f 25.0, 38 .0 an d  4 7 .8°.

V alues o f  the d ielectric constan t at these tem 
peratures fo r  acetic acid  an d  w ater w ere obta in ed  
from  the results o f  S m yth  and R o g e rs16 an d  L ange 
and R o b in so n ,18 respective ly , b y  graph ica l ex
trapolation .

I t  can  be seen from  T a b le  I I , th a t increase in  
tem perature decreases th e  value o f  A log  e^K r  
K-iK a / M D _1) slightly. T h is  w ou ld  be  expected  
from  an increase in the ion ic  radius due to  the 
larger v ibration a l energy o f th e  ligands o f  C o - 
(O A c )42~ and its so lva tion  shell. I t  is interesting 
to  note  th at in  this case Z a Z b is o f  oppos ite  sign 
to  th at w hen  on ly  w ater is added  to  coba ltou s 
acetate. T h is is expected  since a d ielectric  
constan t change in the present case on ly  affects 
equilibrium  3 w hich  in volves tw o  negative ly

(18) L. I. Katzin and E . Gebert, J. Am. Chem. Soc., 72, 5455 
(1950).

T a b l e  I I

Tem p., H 2O %  
°C. v. v. «X jX.Xa

logt.Ki KA" a £>-■
A Log t,K,K.K\/ 

A (£>-■)

0.00 83.2 1.920 0.162
2.08 31.6 1.500 .130 13.1

25.0 6.25 11.4 1.052 .0945 12.8
12.50 4 .4 0.644 .0667 13.3
25.00 2.1 0.322 .0412 13.2

0.00 95.0 1.978 .160
2.08 42.6 1.630 .1305 11.7

38.0 6.25 17.0 1.230 .0953 11.6
12.50 6.7 0.826 .0679 12.5
25.00 3.55 0.550 .0431 12.2

0.00 103.6 2.015 .158
2.08 52.8 1.720 .131 10.9

47 .S 6.25 21.4 1.330 .0966 11.1
12.50 9.5 0.978 .0696 11.7
25.00 4 .7 0.672 .0447 11.7

Av. values of A  log 6.K2K sK a/A (D -')
at 25.0° = 13.0 ±  0.3
at 38.0° = 12.0 ±  0.5
at 47.8° = 11.4 ±  0.5

charged  ions, w hile in  th e  case o f  th e  ad d ition  o f 
w ater on ly  equ ilibrium  1 is concern ed . T h e  fa c t  
th a t th e  slope is less in th e  presen t case th an  in 
th e  form er case at th e  sam e tem peratu re m a y  
m ean  th a t th e  radius o f  so lva ted  C o (O A c )42~ 
is greater th an  th at o f  so lva ted  C o (O A c) 2. T h e  
p ro d u ct K 2K 3 can n ot b e  evalu ated  becau se K a  
h as n o t been  determ ined  fo r  sod iu m  aceta te  d is
so lved  in a cetic  a c id -w a te r  m ixtures. In  passing, 
it shou ld  be  m en tion ed  th a t th e  d ie lectric  e ffect 
on  th e  d issociation  o f  sod ium  aceta te  is in  th e  
op p os ite  d irection  com pa red  w ith  th a t on  equ i
librium  3. T h is  fa c t  elim inates th e  possib ility  
th a t th e  add ition  o f w ater t o  a cetic  a c id  solu tion s 
o f  coba ltou s aceta te  and sod iu m  aceta te  increases 
th e  con cen tra tion  o f  C o (O A c) 42~ m erely  b y  th e  
p rov ision  o f  m ore  acetate  ions.

C on clu sion s
T h e  m ain  conclusions th at h ave  been  reached  

in  th is w ork  are th at cob a lt (I I )  exists t o  a slight 
exten t in a polyn u clear  fo rm  in an h ydrou s acetic  
acid  and th at a tetrahedral form , n am ely , C o -  
(OAc)42- h av in g  an  ab sorp tion  m axim u m  at 565 
m /j, is an  im portan t ion ic  species in  a ce tic  acid . 
T h e  in fluence o f  w ater on  th e  spectru m  o f  c o 
ba ltou s aceta te  u nder various con d ition s has been 
fou n d  to  be  a ttribu tab le  to  th e  change o f  d ielectric  
con stan t and an y  specific so lva tion  effects, if th ey  
are present, m u st be  m asked. A  v a lu e  fo r  the 
p rod u ct o f  th e  equ ilibrium  constan ts K 2 an d  K 3 

fo r  th e  change fro m  the octah edra l fo rm  (so lva ted  
C o  (O A c) 2) t o  th e  tetrahedral fo rm  (so lva ted  
Co(OAc)42~) a t 2 5 °  is fou n d  to  b e  1.9 X  106 co r 
respon d in g  to  a  free en ergy  change o f  — 7.2 kcal. 
m o le -1 .

T h e  authors w ish to  th an k  M iss J. M . S ilcock  o f 
th is U n iversity  fo r  obta in in g  th e  X -r a y  p h o to 
graphs and fo r  advising  us on  their in terpretation .
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COMPLEX IONS IN FUSED SALTS. SILVER HALIDES1
B y  F . R . D u k e  a n d  H . M . G a r f in k e l

Institute for Atomic Research and Department of Chemistry, Iowa State University, Ames, Iowa
Received September 8, 1960

The system A gN O j-K X in sodium-potassium nitrate eutectic solvent has been investigated by following the electromotive 
force as a function of the concentration of either chloride or bromide ion. Since the silver nitrate electrode shows Nernst 
behavior, the deviations from such behavior have been ascribed to complex ion formation. Several determinations have 
been made at various temperatures and equilibrium constants and standard heats of reaction have been tabulated for the 
different species postulated.

In troduction
T h e  existence o f  com p lex  ions in  fused salts 

has been  postu la ted  b y  m a n y  in vestigators and 
indeed seem s to  be  fa irly  w ell su bstantiated  b y  
their studies. T h ese  include freezing p o in t  de
pression ,2 sp ectrop h otom etry 3 an d  so lu b ility  d a ta .4

V an  A rtsdalen5 has show n b y  cry oscop ic  m eas
urem ents th at N a C l beh aves idea lly  in N a N 0 3 
up to  a b ou t 6 m ole %  o f  N a C l and sim ilarly it has 
been show n th at the K C 1 -K N 0 3 system  behaves 
idea lly .6 M o re o v e r  the a p p lica b ility  o f  th e  N ernst 
equ ation  to  s ilver-silver n itrate electrodes has 
been  dem onstrated  b y  F lengas and R id ea l7 in 
m olten  N a N 0 3- K N 0 3. L a ity 8 has show n in a 
th erm odynam ic analysis th a t fo r  solutions h aving  
the tran sport properties o f  the A g N 0 3- N a N 0 3 
system  the ju n ctio n  p oten tia l term s van ish  from  
the expression  fo r  the e .m .f. and the system  A g N 0 3-  
N a N 0 3 is a  regular solution . In  th is stu d y  a eu 
tectic  m ixture o f  N aN O s and K N 0 3 w as used as the 
solvent. T h e  e lectrom otive  force  o f  a con cen tra 
tion  cell w as fo llow ed  as a fu n ction  o f  the con cen tra 
tion  o f  the halide ion  em p loyed . T h is  w as done 
at v ariou s in itial silver ion  con cen tra tion s and 
several tem peratures.

E xperim en ta l
ACS reagent grade chemicals were used. NaNO, and 

KNO, were recrystallized from redistilled water.
The e.m.f. measurements were made on the concentra

tion cell

A g ° AgNO, (m'Ag+)
NaNO,-KNO, (eutectic)

A g N O a  ( ota*+ )
K X  (m r )
NaNOr KNCh (eutectic)

A g °

where m is the molality of the ion indicated by the subscript 
and X  is either chloride or bromide. The cell consisted of 
a Pyrex tube 10-in. long and 2.5-in. wide, fitted with a 300- 
ml. flask on the bottom and a 60/50 ground glass joint on 
top. The top of the cell had wells used to position the 
reference (left hand) half-cell, the indicator electrode, the 
thermocouple, the addition tube and the motor-driven 
Pyrex stirrer. The reference half-cell was a tube with a 
fine Pyrex-fitted disc, 10 mm. in diameter, partially fused to 
reduce diffusion. The electrodes were prepared by taking 
equal lengths of #22 gauge platinum wire and spot welding 
short pieces of #22 gauge silver wire (99.99+%  pure) to 
each. The silver wire in turn was wound into a loose helix.

(1) Contribution No. 923. Work was performed in the Ames 
Laboratory of the TJ. S. Atomic Energy Commission.

(2) E. R. Van Artsdalen, J. Phys, Chem., 60, 172 (1956).
(3) (a) D. M. Gruen, J. Inory. Nuclear Chem., 4, 74 (1957); (b) 

D. M. Gruen and R. L. McBeth, J. Phys. Chem., 63, 393 (1959).
(4) F. R. Duke and M. L. Iverson, ibid., 62, 417 (1958).
(5) E. R. Van Artsdalen, J. Tenu. Acad. Sci„ 29, No. 2 (1954).
(6) E. Kordes, W. Bergman and W. Vogel, Z. Electrochem., 65, COO 

(1951).
(7) S. N. Flengas and E. K. Rideal, Proc. Roy. Soc, (London), 233A, 

443 (1956).
(8) R. W. Laity, J. Am. Chem. Soc., 79, 1849 (1957).

Then these electrodes were sealed into 3 mm. Pyrex tubing 
to position the electrodes.

When assembled this cell was positioned in a fused alkali 
nitrate bath. The bath was insulated on the side with suc
cessive layers of insulating materials and on top with a 1-in. 
transite cover with opening for the cell and other equipment. 
Temperatures were measured with a calibrated chromel- 
alumel thermocouple and were maintained at least ± 1 °  
during a series of measurements. All e.m.f. measurements 
were made with a Type K  Leeds and Northrup potentiom
eter.

R esu lts
F o r  a  con cen tra tion  cell o f  the ty p e

Ag° I AgNO, (to'ak+1 II AgNO, (otae+) I Ag°
I NaNO,-KNO, || NaNO,-KNO, I

in w hich  the solute con cen tra tion  is so low  that 
essentially  all the current is carried  b y  the sol
v e n t the e .m .f. is g iven  b y

£ = “ lo g ?M 2 L  (1)
P a AgNO,

w here a ' is the a c t iv ity  o f  the solute in the reference 
half-cell. I f  the ratio o f  the p ractica l a c t iv ity  
coefficient w hich  are defined b y

VAgNOa =
flAgNQ,

TOAg’-WNOa- (2)

is constan t as show n b y  F lengas an d  R id ea l7 
then  eq. 1 becom es

E  = 2.30RT  , mAg+
- P - I0g^ (3)

T h is  equ ation  w as tested  w ith  the e lectrodes and 
set up as described  a b ov e  at 3 6 6°. T h e  slope o f  the 
line in  the a b ov e  p lo t is 0 .124 and the N ernst 
slope is 0.126.

H ow ever  as KC1 or  K B r  w as added  to  the right- 
han d com partm ent, and mAg+ m x -  w as o f the 
order o f  10~6, dev iation s from  eq. 3 w ere n oted  
th at cou ld  n o t be accou n ted  fo r  sim ply  b y  dilution . 
T h ese  dev iation s w ere ascribed  to  com p lex  ion  
form ation .

C onsider the stepw ise reactions
A g + +  X - ^  AgX (4)

and
A g x  +  X - : . AgX2 (5)

I t  is apparent th at the to ta l silver ion  can  be 
expressed as a sum.

T Ag+ =  [Ag+] +  [AgX] +  [AgX2-] =  wi'Ag+ (6)
I t  T Agr «  T x - t h e n

v  _  [AgX] _  J A g X , l _  
Kl ~  [Ag+][Tx-]’ A2 [AgX][Tx-l (7)

Su bstitu tin g  fo r  A g X  and A g X 2-  in to  eq . 6 one 
obta in s
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Fig. 1.— Plot to show linearity of the derived equation
. 10" EF/2.3RT -  1 „  . r  v  m r •,6 = ---------- ------------------- =  h i  +  K iK 2Tc\ for the silver m-

1 ci
trate system when KC1 is added.

Fig. 2.— Plot to show linearity of the derived equation 
Ki =  K iK 2Tbi for the silver nitrate system when KBr is 
added.

~  = 1 +  K ,T X-  +  K tK tT x -*  (8 )rriAg+
S u bstitu tin g  fo r  the le ft-h an d  side o f  eq. 8 , then

— A EF
102.30«r =  j +  K iT x _ +  K iK tT u r*  =  ß  (9)

w here AE  is equ a l to  the difference o f  the N ernst 
p oten tia l from  th at w hen  KC1 is added. Som e 
ty p ica l da ta  fo r  these system s w ith  brom ide  or 
ch loride are show n in T a b le  I.

NOW if  10 -AEF/2.3BT js p lo tted  vs. T x -  
then  lim  dß/dTx~ = K h- and ( 10 - * ef/2 .3 Rt _
T x -  p lo tte d  vs. T x -  should  y ie ld  a straight line 
w ith  K i  equ al to  the in tercep t and K i/ K 2 equal to  
the slope. Som e ty p ica l p lo ts  are show n in Figs. 
1 and 2 w here the m eth od  o f averages9 w as used 
to  get the best stra ight line. T h ese  constan ts 
cou ld  also be extracted  b y  graph ica lly  d ifferentiat-

(9) R. Livingston, “ Physieo Chemical Experiments,” The Mac
millan Co., New York, N. Y., 1948, p. 40.

T able  I

E lectromotive F orce as F unction  of H alid e  I on 
A. Chloride

t = 333° t - 367° t =  374°
TOAg+ =

0.838 X  10-3  
TC\-

X  102 - A  E(v.)

m\E+ —
0.579 X  10-=  
T a -

X  102 - A  E(y.)

m\z +
0.845 X  

Tci- 
X  io 2

1 0 -  =

- A  E(v.)

0.248 0.0045 0.264 0.0043 0.267 0.0039
.533 .0095 .643 .0101 0.57 .0083
.846 .0148 .845 .0133 1.02 .0148

1.17 .0202 .994 .0155 1.41 .0201
1.55 .0262 1.31 .0199 1.76 .0249
1.98 .0330 1.74 .0257 2.2 .0309
2.50 .0408 2.04 .0297 2.75 .0373

.277 .0444 2.54 .0360 3.18 .0423
3.15 .0495 3.06 .0424 3.52 .0462
3.45 .0532 3.63 .0489 4.16 .0532
3.92 .0589 3.92 .0522 4.07 .0585
4.27 .0631 4.23 .0555 5.00 .0619
4.80 .0691 4.50 .0582 5.32 .0649
5.15 .0729 4.80 .0613 5.78 .0694
5.64 .0781 5.15 .0648 6.34 .0743

5.50 .0682 6.92 .0794
5.88 .0718 7.52 .0842
6.25 .0754 8.24 .0900
6.64 .0787 9.03 .0960
7.06 .0824 9.75 .1012
7.36 .0848
7.85 .0885

B. Bromide
t = 375° t = 376° t = 414°
m Ag+ =

0.737 X 10-3 
Tbt-
X  103 — Ai?(v.)

WAg-t- =
1.04 X 10-3  

T  Br—
X 103 - A  E{v.)

m\z+ 
0.562 X 

Tb r- 
X 10=

IO“2

- A  A(v.)

1.26 0.0066 1.05 0.0054 0.170 0.0070
2.07 .0107 2.16 .0109 .335 .0136
2.91 .0148 2.90 .0146 .485 .0191
3.78 .0190 3.93 .0195 .619 .0239
4.53 .0225 4.94 .0241 .784 .0295
5.41 .0264 5.62 .0272 .935 .0346
6 . IS .0298 6.14 .0294 1.10 .0399
7.00 .0333 6.65 .0315 1.26 .0441

1.40 .0481
1.54 .0527

ing the p lo t o f  \q - ^ f/2 .zrt vs_ y x _ w ith  a 
tangentm eter at a  series o f  halide ion  con cen tra 
tions. T h e  p lo t o f  the slope vs. Tx- shou ld  y ie ld  
a stra ight line w ith  in tercept K\ and slope 2 K\Kz.

T h e data  com piled  b y  B lan der10'11 and explained  
on  the basis o f  the quasi-lattice m od el w ere treated 
in  a  sim ilar m anner. T h e  constan ts calcu lated  
from  his da ta  are in cluded  in T a b le  I I  a long  w ith  
those o f  th is investigation . B y  m eans o f the v a n ’ t 
H o ff equ ation  A H  fo r  the various reactions was 
ca lcu lated  and the values are ta bu la ted  (T ab le
I I I ) .  T h e  valu es in parentheses w ere ca lcu lated  
from  tw o po in ts on ly . I t  is estim ated th at K i  is 
determ ined  w ith  a precision  o f a b ou t 3 %  an d  K 2 

w ith  a  precision  o f  a b ou t 1 5 %  a lth ough  the un 
certa in ty  in K 2 in the brom ide  system  is som ew h at 
larger.

I t  is interesting to  n ote  the large decrease in 
to ta l com plex in g  as one goes from  pure K N 0 3

(10) M. Blander, F. F. Blankenship and R. F. Newton, J, Phys. 
Chem., 63, 1259 (1959).

(11) M. Blander, ibid.. 63, 1262 (1959).
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T able  II T able  III
Stab ility  C onstants (M o la l -1 ) H eats of R eaction

Solvent
Temp., K i KiK, K, - AH

System °C. x  io-i X 10-2 X 10-1 Reaction Solvent (kcal./mole)
K N 03a A g+, C l- 370 5.00 8.60 1.70 Ag+ +  C l-  =  AgCl K N (V 7.96

436 2.80 3.33 1.19 AgCl +  Cl-  =  AgCl2- 4.92
Na-KNOs A g+, C l- 333 3.53 4.72 1.34 Ag+ +  C l-  =  AgCl NaN 03-K N 0 3 4.40

374 2.80 2.50 0.893 AgCl +  C l-  = AgCl2- 7.73
Na-KNOs Ag+, Br- 376 9.33 31.1 3.33 A g+ +  B r-  =  AgBr N aN 03-K N 0 3 5.94

414 7.23 13.3 1.84 AgBr +  B r - =  AgBr2- 13.9
° Constants calculated from data of Blander, et al. “ Heats calculated from data of Blander, et al.

as so lven t to  a eu tectic  m ixture o f  N aN C b K N O j be  further in vestigated  as a fu n ction  o f the solven t 
as show n b y  the p ro d u ct K iK 2. T h is  trend w ill cation .

HYDROLYSIS OF ALKYL ACETATES IN A 
PHOSPHATE-BUFFERED AQUEOUS MEDIUM

B y  J o h n  M . H o l l a n d  a n d  J o h n  G . M i l l e r

Department of Chemistry of the University of Pennsylvania, Philadelphia, Penna.
Received September 8, 1960

The hydrolyses of methyl and ethyl acetates have been studied at 30° in aqueous medium maintained in the pH range of 
6.2 to 6.9 by sodium phosphate buffer. The hydrolyses occurred at a measurable rate; the reaction was found to be first 
order in both ester and phosphate dianion. The specific rate constant for ethyl acetate hydrolysis, determined at seven 
different concentrations of ester and phosphate dianion, and at a total ionic strength of 1.6, was 1.00 ±  0.10 X  10~31. mole-1 
hr.-1. The rate constant extrapolated to zero ionic strength was approximately 1.8 ±  0.1 X  10- 3 1. mole-1 hr.-1. For 
methyl acetate the hydrolytic rate constant, determined at three different concentrations of reactants and a total ionic 
strength of 1.5, was 1.75 ±  0.05 X 10- 3 1. mole-1 hr.-1. The course of the reaction was followed by titrimetric determina
tions of increasing concentration of phosphate monoanion. A mechanism has been proposed which includes a rate-deter
mining nucleophilic attack by phosphate dianion on the carbonyl carbon of the ester followed by a relatively rapid hydrolytic 
decomposition of the intermediate acetyl phosphate monoanion into acetate and phosphate monoanions.

Several years ago during  an in vestigation  o f  the 
effects o f  various solven ts on  the alkaline hydrolysis 
esters, it w as fou n d  in  th is L a b ora tory  th at p h os
p h ate-bu ffered  h yd ro ly ses  o f  several form ates and 
acetates p roceed ed  at a m easurable rate in aqu eou s 
d ioxan e solution  and in  th e  p H  range 7.6 to  8 .8 .1 5 
A lth ou gh  the w ork  w as o f a sem iqu antita tive nature, 
the results cou ld  be  equ ated  to  a secon d-order rate 
expression  in v o lv in g  ester and ph osph ate dianion  
concentra tion s. T h is  presen t stu d y  w as u nder
taken  to  dem onstrate  th a t ester h ydrolysis  does 
occu r w ith  reprodu cib le  secon d -order k inetics in a 
neutral ph osph ate-bu ffered  aqueou s m edium , w here 
the ca ta ly tic  effects o f  h ydron iu m  and h y d ro x y l ions 
are m inim al.

T h e  exclusion  o f organic so lven ts lim ited  this 
w ork  to  th ose  a lk yl acetates w ith  sufficient w ater- 
so lu b ility  to  ensure h om og en e ity ; i.e., m eth y l and 
e th y l acetates. T h e  h ydrolyses o f  p h en y l an d  p -  
n itroph en y l acetates in ph osph ate buffers, bu t 
oth erw ise u n cata lyzed , has been reported  recen tly  
b y  several in vestigators ,2a-e and in tw o  o f  these 
stud ies20'6 k in etic  m easurem ents o f  p -n itrop h en y l 
aceta te  h ydrolysis  in ph osph ate bu ffer h ave been  
reported . In  each  case the reaction  w as fo llow ed  
b y  determ in ing  either the d isappearance o f ester2d

(1) G. A. Gallagher, Dissertation, Univ. of Pa., 1954; C.A., 48, 
104135 (1954).

(2) (a) T. C. Bruice and G. L. Schmir, J. Am. Chem. Soc., 79, 1663 
(1957); (b) T. C. Bruice and G. L. Schmir, ibid., 80, 148 (1958); (c)
T. C. Bruice and R. Lapinski, ibid., 80, 2265 (1958); (d) W. P. Jencks 
and J. Carriuolo, ibid., 82, 675 (1960); (e) W. P. Jencks and J. Car- 
riuolo, ibid., 82, 1778 (1960).

or the appearance of hydrolysis products.2ab'ce 
In the investigation reported here, we have followed 
the course of the hydrolyses through the alteration 
of the phosphate buffer content.

E xperim en ta l
Reagents: Ethyl Acetate.— J. T . Baker Reagent Grade 

ethyl acetate was treated by the method of Fieser.3 A 
sample of the distilled material had an wd25 of 1.3700 (lit. 
value4 » d2S-2 1.37012). Examination of a sample by gas 
chromatography uncovered no impurities.

Methyl Acetate.—Fisher-Certified methyl acetate was 
treated by the method of Hurd and Strong,6 reD25 of sample, 
1.3589 (best literature values are 1.358860 and 1.359386b). 
Gas chromatography indicated the presence of impurities in 
both reagent and redistilled materials, with reduction in 
peaks with the latter.

An approximately 2.5 M  solution of NaH2P 04 was made 
up and stored in a 250-ml. volumetric flask using freshly 
opened Mallinekrodt granular NaH2P 04.H 20  and freshly- 
boiled distilled water.

Anhydrous dibasic sodium phosphate, NazPlPO,, B. & A. 
Reagent Grade, and Mallinekrodt, granular, Analytical 
Reagent, was dried to constant weight at 105° and weighed 
amounts made up in a calibrated 500-ml. volumetric flask 
with freshly-boiled distilled water. The molarity of this 
solution was calculated {ca.Q .bM ).

Sodium hydroxide was made up in a liter Pyrex bottle in 
concentrated (50 wt. % ) solution with freshly-boiled distilled 
water to which was added a small amount of barium hy
droxide. Dilute solutions (0.05 to 0.1 N  ) were prepared 
periodically from this stock solution and kept in a Pyrex

(3) L. F. Fieser, “Experiments in Organic Chemistry,” 3rd Ed., 
D. C. Heath and Co., Boston, Mass., 1955, p. 287.

(4) Zawidski, Z. physik. Chem., 35, 140 (1900).
(5) C. D. Hurd and J. S. Strong, Anal. Chem., 23, 542 (1951).
(6) (a) J. C. Munch, J. Am. Chem. Soc., 4 8 ,  994 (1926); (b) I. J. 

Krchma and J. W . Williams, ibid., 4 9 ,  2408 (1927).
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bottle equipped with a drying tube containing Ascarite. 
Each fresh solution was standardized with reagent grade 
potassium acid phthalate.

Reagent grade sodium chloride was dried at about 110° for 
30 minutes before weighed amounts were transferred to reac
tion flasks.

Procedure.— The homogeneous reaction solution was 
made up by transferring by calibrated delivery pipets both 
phosphate solutions, freshly-boiled distilled water, and ester, 
and then distilled water to the mark of the 100-ml. volu
metric flask. For each series of runs a blank solution con
taining all but the ester was also made up. All of these 
transfers were carried out in a thermostat which was main
tained at 30.00 ±  0.1°. In those runs requiring the addi
tion of sodium chloride to maintain the desired ionic strength, 
the salt was weighed into each volumetric flask before any 
solution was added.

When transfer was completed, the flasks were shaken 
vigorously for about 30 seconds and returned to the bath. 
Ten-ml. aliquots were then withdrawn from reaction and 
blank solutions and the NaH2P 0 4 content of each deter
mined by titration with sodium hydroxide using a Leeds & 
Northrup, Model 7664, pH meter.

Ten-ml. aliquots of the reaction solution were then 
pipetted into 18 mm. Pyrex tubes partially immersed in 
salt-ice water. The tubes were immediately corked to pre
vent evaporation of ester until they were sealed. After 
sealing they were placed in the bath and were removed at 
recorded times for determination of NaH2P 04 content. 
The blank solution was kept in the stoppered volumetric 
flask, and aliquots were removed from time to time during 
the run for determination of NaH2P 04 content. In no in
stance did this value vary by more than 0.5% ; an average of 
these values was used as a base point in calculating the 
steady increase in NaH2P 0 4 content found in the reaction 
aliquots. _ Before each titration the pH meter was stand
ardized with NBS phosphate buffer in the pH 6.8-G.9 region. 
A set of three samples was usually analyzed consecutively; 
the readjustment required after each was quite small, less 
than 0.05 pH unit.

Whether the buffered reaction solution is affected to any 
degree by being in contact with Pyrex glass over an extended 
period of time (some of the samples remained in the bath for 
nine months) is not known. The reaction is sensitive, how
ever, to traces of strong acid, since an almost instantaneous 
increase of 2 to 5%  in phosphate monoanion content was 
noted in preliminary runs where volumetric flasks and de
livery pipets had been cleaned with chromic acid and then 
rinsed a dozen times with distilled water. Subsequently, 
volumetric flasks were cleaned with a nonionic detergent 
(Triton X-100). Chromic acid rinse of delivery pipets was 
followed by one in alcoholic KOH and then a dozen rinses 
with distilled water. This revision in procedure eliminated 
the initial upsurge in monoanion content. The Pyrex tubes 
were simply rinsed about a dozen times with water.

Calculations.— Equating increase in phosphate mono
anion, which is measured, to consumption of dianion and 
ester, the second-order rate expression has been used to plot 
the course of the reaction. In Table I data for Run 6 are 
listed.

n oted  th at the p H  values listed  take in to  considera
tion  the dilu tion  e ffect on  ph osph ate buffer solu tion s; 
i.e., these estim ated  values are a b ou t 0.2 p H  unit 
low er th an  th ose  m easured fo r  10-m l. a liqu ots 
d ilu ted  to  a b o u t 100 m l.

A n  a ttem p t w as m ade to  m easure ester h ydrolysis  
in w ater a lone at a  neutral pH , bu t in the absen ce o f  
bu ffer th e  m ed ium  gradually  becam e acid ic  and 
triggered  acid -ca ta lyzed  hydrolysis . I t  w as fou n d , 
h ow ever, th at during th e  first tw o  w eeks o f  this 
b lan k  run on ly  a b ou t 0 .4 %  o f th e  ester h ad  h y d ro 
lyzed  ; thereafter the rate accelerated  rap id ly .

D iscu ss io n
T h e  k  values listed  in T a b le  I I  fo r  the h ydrolysis  

o f  e th y l aceta te  in solutions w ith  a  to ta l ion ic  
strength  o f 1.6 are constan t w ith in  the range o f  ex 
perim ental error. T h ese  constan ts h ave  b een  o b 
ta in ed  w ith  vary in g  con cen tra tion s o f  reactants. 
E qu im olar am oun ts o f  each  ph osph ate  h ave  been  
em p loyed  excep t in on e case, run 13, w here the 
ratio o f  d i- to  m on oan ion  w as 2, and the in itial p H  o f 
the reaction  solution  w as a b ou t 6.9, rather than
6 .6 -6 .7  fo r  the oth er runs. T h is  varia tion  in  ph os
ph ate  ratio  had n o  n oticeab le  e ffect on  th e  rate. 
C lose agreem ent in rate constan ts has been  fou n d  
w ith  the three m eth y l aceta te  h ydrolysis  runs.

T h e  reaction  m echanism  w hich  best fits these ■ 
data is be lieved  to  be  a  tw o-stage  one, in vo lv in g  ( 1) 
nucleoph ilic  a tta ck  b y  ph osph ate d ian ion  on  the 
partia lly  polarized  carbon y l carbon  o f  th e  ester, 
fo llow ed  b y  a  sp litting  off o f  a lkoxide ion  an d  the 
form ation  o f the relatively  stable acety l ph osph ate 
m on oan ion . In  the second  step, a ce ty l ph osph ate 
m on oan ion  is h yd ro ly zed  w ith  P — O  b o n d  fission 
and the form ation  o f acetate  and m on ov a len t p h os
ph ate  anions and alcoh ol

5-
r o
v il

0
1 h

CHa— C—OR + - o — p —o h  ; z ±
5+

6 -
k -i

r  o -
! O 0

CH, O— OR 0 hi Il 1
1 1 ---- >- CH3-- C — O— P - -O il +

O P OH
A -

-O R

0 - (1)
T able  I

T he H ydrolysis of E th yl  A cetate in  A queous Phos
phate B uffer at 30°

U hr. xa ¿(1. mole ~J hr. “ >)

0.3 0.00072
54.9 .00281 0.00130

335.8 .01099 .00088
674.2 .02082 .00089
968.6 .02881 .00091

1399.3 .03834 .00091
2094.3 .05115 .00092

“ The x values are equal to the increments in [NaH2P 04l 
in mole l ._1.

R esu lts
R u n  data  and results are listed  in T a b le  II . 

R u n s 11 and 12 w ere m ade to  determ ine the e ffect o f 
ion ic  strength  on  the rate  o f  reaction . I t  shou ld  be

O O H

CH3— C—O- -P— OH +  0  +  -O R

o- II
0  o
Il I

CH3— C— O - +  HO—P— OH +  HOR (2)
I

o -
assuming ki «  Æ_ i <5C fo, k$; then rate =  ki [ester] [HPCL"]

Step ( 1) : P h osph oric  a c id  and in organ ic p h os
phates h ave  been  reacted  w ith  a ce ty l ch lor id e ,7 
w ith  isoprop en y l a ce ta te ,8 and w ith  a ce tic  an h y 
dride .9 In  each  case one o f the p rod u cts  w as the 
m ixed  an h ydride, a ce ty l ph osph ate. T h e  ad d ition

(7) F . Lipmann and L. C . Tuttle, J. Biol. Chem., 153, 571 (1944).
(8) E . R . Stadtmann and F. Lipmann, ibid., 185, 549 (1950).
(9) A . W . D . Avison, J. Chem. Soc., 732 (1955).
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T able  II

H ydrolysis of A lk yl  A cetates at  30° in  Phosphate B uffers

Run no.
*---------Approximate initial
NazHPCU NaHaPO*

concn. (mole/1.)- 
Ester NaCl

Initial
ionic

strength

k X 103, 
1. mole-1 

hr. ~l
%

reaction

Approx. pH 
of medium 

at start

Approx. pH 
of last 
sample

i 0.1 0.1
Ethyl acetate hydrolysis 

0.1 None 0.4 1.81 37 6.70 6.35
2 , i .1 .1 1.2 1.6 1.02 41 6.60 6.30
3 .05 .05 .1 1.4 1.6 1.10 38 6.60 6.30
4 .1 .1 .05 1.2 1.6 1.01 46 6.65 6.45
5 .1 .1 .05 1.2 1.6 1.06 45 6.60 6.40
6 .1 .1 .4 1.2 1.6 0.92 51 6.60 6.10
7 .1 .1 .4 1.2 1.6 .87 70 6.60 6.00
8 .25 .25 .1 0.6 1.6 .95 42 6.60 6.45
9 .25 .25 .1 0.6 1.6 .95 39 6.60 6.50

10 .4 .4 .1 None 1.6 1.06 58 6.65 6.50
11 .1 .1 .1 0.8 1.2 1.13 23 6.60 6.45
12 .1 .1 .1 .4 0.8 1.35 25 6.70 6.50
13 .4 2 .1 .2 1.6 1.11 45 6.90 6.75

14 .125 .125
Methyl acetate hydrolysis 

.125 1.0 1.5 1.72 38 6.70 6.40
15 .125 .125 .375 1.0 1.5 1.75 58 6.70 6.10
16 .375 .375 .125 None 1.5 1.73 73 6.65 6.45

o f ph osph ate d ian ion  to  a saturated a lk yl acetate  
w ou ld  occu r  less read ily  th an  an y  o f these reac
tions, and th is has been  confirm ed b y  th is study. 
A s an exam ple o f  the extrem e slowness o f  the reac
tions, run 4 (T a b le  I I )  requ ired  7000 hours to  reach 
4 6 %  com pletion .

The postulated mechanism is similar to that pro
posed by Bruice and Lapinski20 for general base 
catalysis of p-nitrophenyl acetate by nucleophilic 
reagents, including HP04”, AcO~, CN and others, 
although the base catalyst was assumed to be re
generated after hydrolysis of the intermediate.

Step (2 ) :  K osh la n d 10 has stud ied k in etica lly  the 
h ydrolysis o f  a ce ty l ph osph ate  in aqueou s solution  
ov er  a w ide  p H  range and has reported  th at at a 
p H  o f 7.2 (ph osph ate buffer) a b ou t 8 0 %  w as h y 
d rolyzed  w ith in  six hours a t a tem perature o f  39°, 
and th at the rate o f  d isappearance o f a ce ty l ph os
p h ate  w as first order and alm ost steady  in the p H  
region  5 -1 0 . Iso top ic  experim ents have d e m o n 
strated  th at h y d ro ly tic  cleavage o f acety l ph osph ate 
takes p lace at th e  P - 0  b on d  in th is reg ion ,11'12 a 
finding verified  b y  B u n ton  and co -w ork ers13 w ho 
con d u cted  an extensive k in etic and isotop ic  stu d y  
o f the h ydrolysis o f  organic d ih ydrogen  phosphates. 
T h e y  a ttr ibu ted  the rapid  h ydrolysis o f  the ph os
phate m on oan ion  to  its special ab ility  to  form  com 
plexes w ith  w ater through  h ydrogen  bon d in g . A l
th ou gh  a ce ty l ph osph ate w as n o t exam ined, their 
findings in d icated  th at the rate o f  h ydrolysis  w as 
little  a ffected  b y  the nature o f  the organic group.

N o  search w as m ade fo r  an accum ulation  o f an 
appreciable  am ou n t o f  th e  p ostu lated  a ce ty l ph os
phate an ion  in v iew  o f  the findings o f  K osh la n d 10 
and B u n to n 13 th a t the rate o f  h ydrolysis  (k 3 in our 
schem e) is far m ore  rapid  than  the rate o f  form ation  
w hich  w e h ave m easured (ki). F urtherm ore, B u n 
to n 13 reported  th at th e  presence o f  strong  n ucleo-

(10) D. E. Koshland, Jr., J. Am. Chem. Soc., 74, 2280 (1952).
(11) R. Bentley, ibid.. 71, 2765 (1949).
(12) J. H. Park and D. E. Koshland, Jr., J. Biol. Chem., 2S3, 986 

(1958).
(13) C. A. Bunton, et al., J. Chem. Soc., 3574 (1958).

philes, such as halide ions, m ark ed ly  increased the 
h ydrolysis  rates o f  organic d ih ydrogen  phosphates. 
Large concentra tion s o f  N a C l h ave been  em p loyed  
in  ou r stu d y  to  m aintain  the high  ion ic  strength  of 
the m ed ium , a fa c to r  w h ich  w ou ld  fu rther reduce 
the stab ility  o f  a ce ty l ph osph ate in the reaction  
solution .

T h e  gradual d r ift tow ard  a low er p H  as the 
reaction  proceeds (T ab le  I I )  is an in d ication  o f  the 
changing  ph osph ate bu ffer ratio as d ian ion  is co n 
sum ed and additiona l m on oan ion  generated. S p ot 
ca lcu lations were m ade a t po in ts  in several o f  the 
runs. T h e y  show  th at th e  decreases in p H  m eas
ured experim entally  c lose ly  parallel ( ±  0 .0 5 -0 .1 0  
p H  units) th ose fou n d  b y  ap p ly in g  th e  equilibrium  
constan t

L ittle  or  no general acid  or  specific h ydron iu m  ion 
cata lysis is ind icated  in  our results. Such  cata lysis 
w ou ld  require a dependence o f reaction  rate on  co n 
centrations o f  ph osph ate m on oan ion  and h y d ro 
nium  ion . C om parison  o f  the observed  rate for  run 
10 w ith  th at for  run 13, w here in itial concentration s 
o f  m on oan ion  and h ydron iu m  ion  (as ca lcu lated  
from  the in itial p H  o f the reaction  solution ) w ere 
redu ced  b y  5 0 %  (T ab le  I I ) ,  show s n o  difference 
w ith in  the lim its o f  experim ental error. F urther
m ore, the m eth od  w e em p loyed  fo r  fo llow in g  the 
course o f  the reaction  dem onstrated  th at the con 
centration s o f  these :ons increased steadily  as h yd ro l
ysis proceeded , w hile the reaction  rate rem ained 
constan t. R ecen t investigations b y  B ru ice20 and 
J en ck s14 h ave d isclosed  th at h ydrolysis rates o f 
p -n itroph en y l aceta te  in ph osph ate-bu ffered  solu 
tions w ere first order in b oth  ester and ph osph ate 
dianion.

E ffect o f  Ion ic  Strength  on  R e a ctio n  R a te s .—
B ecau se th is reaction  is extrem ely  slow , it  has been

(14) W. P. Jencks and J. Carriuolo, J. Am. Chem. Soc., 82, 1778
(1960).
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necessary to  use re la tive ly  large am oun ts o f  ph os
p h ate  buffers and th e  ion ic  strength  has been  m ain 
ta in ed  a t a  v ery  high level. A t  an ion ic  strength  
o f th is m agn itude one m igh t exp ect the reaction  
rate to  b e  affected , and th is e ffect has been  m easured 
b y  m aking single studies at ion ic strengths o f 0.4, 
0 .8  and 1.2 (runs 1, 12 and 11, resp ., T a b le  I I ) .  
F indings p o in t to  a defin ite retardation  o f  the 
reaction  rate  w ith  increasing ion ic strength  o f the

m edium . A  linear ex trapola tion  o f these da ta  y ields 
th e  value o f  1.8 X  10 - 31. m o le -1  h r . -1  fo r  the reac
tion  rate at zero ion ic  strength. I t  shou ld  b e  n oted  
th at th e  decrease in  ion ic strength  o v er  th e  course 
o f  a run is qu ite sm all. T h e  ca lcu lated  decrease in 
the ion ic strength o f the m ore ligh tly  bu ffered  run 7 
after 7 0 %  com p letion  am ounts to  0.1 u n it (ab ou t 
6% ) ;  fo r  the h ea v ily  bu ffered  run 10 after 5 8 %  
com p letion  it is 0.05 units or a b ou t 3 % .

THE THERMAL DECOMPOSITION OF n-PROPYLCYCLOBUTANE12
B y  S. M . E . K e l l n e r  a n d  W . D . W a l t e r s

Department of Chemistry of the University of Rochester, Rochester, N. Y.
Received September 9, 1960

The thermal decomposition of n-propylcyclobutane has been studied in the temperature range 400-456° and at initial pres
sures from 5.4^495 mm. The products in the early stages of the reaction are almost exclusively ethylene and 1-pentene. The 
decomposition is a homogeneous first-order reaction which is not inhibited by nitric oxide, propylene or toluene. The tem
perature dependence of experiments with 5.4-117 mm. initial pressure gave an activation energy of 61.6 ±  0.6 kcal./mole for 
the decomposition. The first-order rate constant can be expressed as k =  3.4 X  1016e-61'60lvflI' sec.-1.

Introduction
T h e  saturated aliphatic h yd roca rb on s are know n 

to  decom pose  to  a large exten t b y  free rad ica l p ro c 
esses,3 w hereas the m em bers o f  the cyc lob u ta n e  
series studied so far have been  fo u n d 4'5 to  u n dergo  a 
single ring cleavage reaction  to  g ive  eth ylene and a 
su bstitu ted  ethylene. T h e  d ecom position s o f  the 
cyclobu ta n es  are o f  first order and are n o t inh ibited  
b y  the ad d ition  o f p ropylene, to luen e or n itric oxide. 
I t  w as o f  in terest to  stu d y  the therm al decom p osi
tion  o f n -p rop y lcyc lob u ta n e  to  see w hether w ith  the 
increased length  o f  the aliphatic side chain  th e  m ole 
cu le w ou ld  undergo the sim ple ring cleavage o f the 
sm aller cyc lobu ta n es  or w ou ld  decom pose  in a 
m anner sim ilar to  that o f  the saturated aliphatic 
h yd rocarbon s. In  the form er case it w as h op ed  
th at further da ta  cou ld  be obta in ed  regarding  the 
e ffect o f  the size and nature o f  the side chain  con 
stituent on  the rate  o f  decom position  o f  the c y c lo -  
bu tan e ring.

Experimental
Materials and Apparatus.—The n-propylcyclobutane. was 

prepared from ethyl cyclobutyl ketone by a Wolff-Kishner 
reduction as modified by Huang-Minlon.6 The ethyl cyclo
butyl ketone was prepared from cyclobutane-carboxylic 
acid and propionic acid by a catalytic procedure similar to 
that of Zelinskii and Kazanskil.7 The n-propylcyclobutane 
was fractionated in a 75 cm. Lecky-Ewell column at a reflux 
ratio greater than 7:1 . Fractions III, IV  and VI were used 
for kinetic studies. The boiling points at 749 mm. pressure

(1) This work was supported by a grant from the National Science 
Foundation.

(2) Abstracted from the Ph.D. Thesis submitted by S. M. E. Kell
ner, who held an E. H. Hooker fellowship during 1958-1959.

(3) E. W. R. Steacie, “Atomic and Free Radical Reactions," 2nd 
edition, Reinhold Publ. Corp., New York, N. Y., 1954, Chapter IV.

(4) C. T. Genaux, F. Kern and W. D. W aiters,A m . Chem. Soc., 75, 
6196 (1953).

(5) (a) M. N. Das and W. D. Walters, Z. physik. Chem., 15, Bon- 
hoeffer Gedenkband, 22 (1958); (b) R. E. Wellman and W. D. Walters, 
J. Am. Chem. Soc., 79, 1542 (1957).

(6) (a) Huang-Minlon, ibid., 68, 2487 (1946); (b) D. Todd in
"Organic Reactions,” Vol. 4, John Wiley and Sons, Inc., New York, 
N. Y„ 1948, p. 378.

(7) N. Zelinskii and B. A. Kazanskil, Ber., 60, 1101 (1927).

were: III, 99.8°; IV, 99.8°; VI, 100.1° (literature value7 
99 to 100° at 736.2 mm.). Carbon-hydrogen analysis8 
yielded the following percentages: IV, C =  85.6, H =  14.3; 
VI, C =  85.3, H =  14.7 (theoretical, C =  85.63, H =  
14.37). The refractive indices nmD were: IV , 1.412; VI,
I. 412 (lit.7 n 19d 1.4119). The density of VI was d194 0.746 
(lit.7 d194 0.7440). Minimum mole per cent, purities deter
mined by gas chromatography were: III, 99.9; IV, 99.2; 
VI, 99.9. The infrared absorption curves for III, IV and 
VI, which showed strong absorption peaks at 3.50 and 6.85 
/u and medium peaks at 7.24, 7.44, 7.56, 7.83, 7.98,10.98 and
II . 36 fi, were essentially identical and gave no evidence of 
impurities. The samples were usually dried over anhydrous 
CaS04 before use. As a further check on the possible effects 
of trace impurities on the kinetic results, special treatments 
were given the samples for some experiments, as described 
later.

The cyclobutane, methylcyclobutane, and part of the 
ethylcyclobutane from earlier investigations4'5 were purified 
further for the present study by gas chromatography.

A sample of 1-pentene (N .B.S.) with a stated purity of
99.3 ± 0 . 4  mole %  was used without further purification. 
Samples of propylene (Ohio, 99.5%), ethylene (Ohio, 
99.5%), ethylene oxide (Dow Chemical, specially purified), 
and nitric oxide (Matheson, 98.7%) were purified by re
peated low temperature vacuum distillation, end fractions 
being discarded. Toluene (Brothers Chemical, reagent 
grade) was dried over anhydrous CaS()4. All samples were 
degassed immediately before use.

The vacuum system and the apparatus for temperature 
control were similar to those used in a previous study.8 9 
Pressure measurements for pressures above 32 mm. were 
made with a heated 3 mm. bore capillary mercury manom
eter. For the low pressure measurements a 20 mm. bore 
mercury manometer read with a Gaertner cathetometer was 
used. Most of the experiments were carried out in an un
packed 360 ml. cylindrical Pyrex reaction vessel (U ), but a 
110-ml. spherical Pyrex vessel (SU) was used for the majority 
of the experiments above 175 mm. The effect of the nature 
of the surface was tested by the use of a 330-ml. cylindrical 
unpacked Pyrex vessel (UC) with the inside walls coated 
with KC1. A packed vessel (P) which was filled with thin- 
walled Pyrex glass tubes had a surface-to-volume ratio 30 
times greater than the plain 360-ml. vessel. The tempera
ture was measured with a platinum, platinum-13% rhodium 
thermocouple connected to a Leeds and Northrup type K-2 
potentiometer. The thermocouple was standardized repeat

(8) Performed by W. Manser, “Mikroanalytisches Laboratorium,“
E. T. H., Zürich, Switzerland.

(9) E. R. Johnson and W. D. Walters, J. Am. Chem. Soc., 76, 6266 
(1954).
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edly at the melting point of zinc (419.5°) obtained from the 
National Bureau of Standards.

Analysis of Reaction Products.— The reaction products 
were separated on the basis of volatility and analyzed 
by infrared absorption spectrometry, mass spectrometry, 
absorption in sulfuric acid and gas chromatography. The 
fraction volatile at —196° was very small (less than 1% 
of the total products) and was shown mass spectrometrically 
to be mostly methane.10 The fraction volatile at —115° 
gave an infrared absorption curve with peaks at 3.28, 5.25, 
5.31, 5.38, 6.84, 6.94, 7.10 and 10.75 and marked absorp
tion between 9.3 and 11.9 ¿i. The spectrum agreed well with 
one obtained for pure ethylene on the same instrument 
(Perkin-Elmer model 21 with a 1 meter gas cell) in this 
Laboratory and with infrared curves for ethylene in the 
literature.11 The infrared absorption spectrum of the frac
tion volatile at —65° was in good agreement with our spec
trum of pure 1-pentene and with spectra in the literature,11 
(showing principal peaks at 3.28, 3.41-3.47, 6.09, 6.86,
10.04 and 10.98 n) but different from those of cis- and trans- 
2-pentene.11 _ The infrared curve of the fraction condensable 
at —65° was identical with that of w-propylcyclobutane.

The composition of the separated fractions of reaction 
products was determined by gas chromatography by com
parison with standard synthetic mixtures. It was found 
that on an average 98% of the fraction volatile at —115° 
corresponded to ethylene. This identification was confirmed 
by the absorbability of 95% of this fraction in activated sul
furic acid.12 Of the fraction volatile at —65°, 98% was 
found by gas chromatography to be pentene-1. The 
chromatograms of the fraction condensable at —65° showed 
that it consisted of w-propylcyelobutane with not more than 
2% of other components. The ethylene and n-propylcyclo- 
butane fractions contained small amounts of 1-pentene; the 
pentene fraction contained traces of ethylene and n-pro- 
pyleyclobutane. The retention times of small peaks on the 
chromatograms indicated the presence of small percentages 
of propylene and 1-butene in the ethylene and pentene 
fractions.

Gas buret measurements were used in conjunction with 
the quantitative gas-chromatographic analyses of the 
separated fractions to obtain a mass balance. The results 
for several typical experiments calculated as millimeters of 
pressure in the reaction vessel at the reaction temperature 
are shown in Table I. The data indicate that the only im
portant reaction taking place is represented by

CH2— CH— c h 2— CH2— CHs

CH2— CH2 ^
CH2= C H — CHa— CH2—CH, (1)

+
c h 2= c h 2

For the experiments shown in Table 1,1-butene, propylene 
and non-condensables averaged only 0.008, 0.019 and 0.014 
times the corresponding pressure increases. These trace 
products are probably attributable to the slight secondary 
decomposition of 1-pentene. Less than 2%  of a pure sam
ple of 1-pentene decomposed when kept in the reaction vessel 
for a time equivalent to 35% decomposition of n-propylcyclo- 
butane.

The products and stoichiometry of the thermal decom
position of n-propylcyclobutane do not seem to be affected by 
the reaction temperature, the surface-to-volume ratio, or 
the initial pressure of reactant over the range, experimental 
conditions studied. The pressure increase is very nearly 
equal to the pressure of ethylene formed, which in turn is 
about equal to the pressure of pentene-1 in the products. 
It appears, therefore, that the pressure increase is a good 
measure of the rate of the reaction.

(10) The mass-spectrometrie analysis Was kindly supplied by M r. 
R . C . Wilkerson of the Celanese Corporation of America.

(11) Infrared Spectral Data, American Petroleum Institute Re
search Project 44, Carnegie Institute of Technology, Pittsburgh, Penn
sylvania; Curves 18 and 530 for ethylene, curves 24, 145 and 356 for 
1-pentene, curves 357 and 814 for cis-2-pentene, and curves 
358 and 817 for írans-2-pentene.

(12) W . J. Gooderham, J. Soc. Chem. Ind. (London), 57, 388T
(1938).

T a ble  I
C omparison of the  Pressure C hange  in  the D ecomposi
tion  of w-P ropylcyclobutane w it h  the  Pressures of 

the Products

Vessel“
Po,h
mm.

AP, e
mm .

PE,d
mm.

Pe, <2 
mm.

P p c b , <2 
m m .

Temp., 450°
Ü 9.73 3.32 3.36 3.32
u 78.9 29.5 26.8 26.2 53.6
IT 88.1 30.5 29.1 28.0 59.1
P 123.8 42.8 41.9 37.5
P 143.3 49.5 52.4 53.3
SU 457 149 150' 148' 300

Temp., 440°
p 173.2 57.7 59.1 ' 56.0* 116

Temp., 410°
p 95.6 33.0 33.0 33.2
p 152.6 41.7 41.7 38.0
° Vessel P is a 300-ml. packed bulb with surface to volume 

ratio thirty times that of U which is a 360-ml. unpacked 
Pyrex vessel. SU is a 110 ml. unpacked bulb. b P 0 is the 
initial pressure of ra-propylcyclobutane. '  AP is the meas
ured pressure increase in the reaction bulb, corrected for dead 
space. d P e, Pp and Ppcb stand for the pressures of ethylene, 
1-pentene, and unreacted ra-propylcyclobutane in the re
action mixture. '  The pressures of the products given are 
those of the separated fractions as measured in the gas buret.

R e su lts  and D iscu ss ion
H o m o g e n e ity  an d  O rd er  o f  th e  R e a ctio n .— In

v iew  o f th e  da ta  m en tion ed  a b ov e , pressu re-tim e 
curves w ere used to  determ ine th e  rates o f  reaction  
u nder various cond ition s. T h e  p ressu re-tim e 
curves exh ib ited  n o  in d u ction  p eriod  and h ad  the 
general appearance exp ected  fo r  a first-order reac
tion . Several ty p es  o f  ev iden ce  established a first- 
order beh av ior  fo r  th e  pyrolysis. A  n in ety -fo ld  
change in  the in itial pressure d id  n o t a ffect sig
n ifican tly  the tim e fo r  2 5 %  d ecom p osition  (L /,). 
S om e ty p ica l values at 450° are g iven  in  T a b le  II . 
P lo ts  o f log  (Po/{2P 0—P t)) vs. tim e w ere linear up 
to  2 0 -2 5 %  d ecom position . T h e  ratio  o f  quarter 
tim e to  e ighth-tim e (b /4/ b / 8) fo r  51 experim ents 
averaged  2 .12, w h ich  is close to  th e  th eoretica l value 
o f  2 .15 for  a first-order reaction s .13

T h e  rate  o f  the decom p osition  is ap paren tly  n ot 
in fluenced  b y  the nature or the am oun t o f  th e  sur
fa ce  o f  the reaction  vessel since neither coa tin g  the 
w alls w ith  KC1 n or pack in g  the vessel changed  the 
quarter-tim e (see T a b le  I I ) .  T h e  decom position , 
therefore , seem s to  be  a h om ogen eou s gas-phase 
reaction .

In  order to  test w hether an y  trace  im purities 
w ere influencing the rate o f  the decom position , ex
perim ents w ere carried ou t w ith  different fraction s 
from  the original d istillation  o f the n -p ro p y lcy c lo - 
bu tan e and also w ith  sam ples su b jected  to  various 
ad d ition a l treatm en ts as in d icated  in the representa
tive  experim ents show n in T a b le  I I . N o  significant 
d ifferences in  the rates w ere observed  for  th e  d if
ferent sam ples.

In flu en ce  o f  T em p era tu re .— T h e  tem perature 
depen den ce  o f the pyrolysis  w as stud ied  in an un-

(13) The slight deviations from linearity beyond 2 0 %  in the plots 
of log (Po(2Po — Pt)) vs. time and of the ratio (tx/i/tx/i) from the 
theoretical value of 2.15 can be explained on the basis of the slight de
composition of 1-pentene.
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1.37 1.41 1.45 1.49
iooo/:T.

Fig. 1.—Temperature dependence of the first-order rate 
constant for the pyrolysis of n-propylcyclobutane: A, un
packed vessel, initial pressure 65-117 mm.; B, unpacked 
vessel, initial pressure 5-11 mm., curve displaced upwards 
0.2 log unit; C, packed vessel, initial pressure 50-175 mm., 
curve displaced upwards 0.4 log unit.

T able  II
D ecomposition of /¡.-Pbopylcyclobutane  at 450° under

D ifferent  E xper im ental  C onditions

Do, <1/4, Pa, ¡1/4,
mm. min. Sample" mm. min. Sample"

Unpacked reaction vessel
5.45 6.1 VI 1786 5.9 VI
9.61 5.8 VI(1) 197 5.8 III

11.2 5.7 VI 257 5.8 VI(5)
77 6.0 VI 3046 5.6 VI
80 5.9 IV 335 5.6 VI

103 5.9 IV 4956 5.8 VI(4)
1236 5.7 VI(4)

Packed reaction vessel (P )‘5
32 5.9 HI(2) 87 5.8 IH(3)
55 6.1 IV 107 6.1 III
71 5.7 n i(2 ) 143 5.7 VI
85 5.8 i n

KC1 coated vessel (UC)
54-108 6 .O'1 IV

° Numbers in parentheses indicate the treatments of n- 
propyl-cyclobutane prior to decomposition: (1) treated with 
sodium; (2) purified by gas chromatography; (3) KOH; 
(4) pre-pyrolyzed; (5) treated with Linde molecular sieve 
4A. b Experiment performed in a 110-ml. spherical vessel; 
in other cases, an unpacked 360-ml. cylindrical vessel was 
ordinarily used. The 257 mm. experiment was performed 
in a 320-ml. vessel in a second reaction system. c For de
scription see the Experimental section. d Value at 450° 
obtained from graph of data of experiments from 449 to 
453°. The other experiments were within 0.5° of 450°, but 
small corrections were applied whenever necessary.

pa ck ed  P yrex  vessel betw een  410 an d  456° in the 
range 4.7-11.2 m m . in itial pressure an d  betw een  
4 0 0 ° and 456° in  the range 6 5 -1 1 7  m m . R a te  
constan ts w ere ca lcu lated  from  quarter-tim es and 
eighth -tim es using the in tegrated  first-order equ a 
tion , and in a few  instances rate  constan ts w ere o b 
ta in ed  from  th e  slopes o f  graphs o f log  (P 0/ (2 P 0- 
P t) )  vs. tim e. T h e  experim ental data, w h ich  are 
show n in  F ig . 1, w ere used to  determ ine th e  a cti
v a tion  en ergy  from  the A rrhenius equ ation  k  =  A  
exp ( —E / R T )  in tw o  w a y s: (1) b y  graphica l deter
m in ation  o f the slope o f th e  best stra ight line 
th rough  th e  po in ts o f  a p lo t o f  log  k vs. x/ T ;  (2) b y  
least squares analysis o f  th e  experim ental p o in ts  on  
an  I .B .M . m od el 650 electron ic com pu ter. S im i
larly  th e  a ctiva tion  en ergy  w as obta in ed  fo r  the 
experim ents in  the pa ck ed  vessel betw een  410 and 
4 5 0° ov er  a range o f  in itial pressures from  5 0 -1 7 5  
m m . T h e  values o f  the activa tion  en ergy  deter
m ined  b y  th e  tw o  m ethods w ere in g o o d  agreem ent. 
T h e  slopes o f  the graphs in F ig . 1 fo r  th e  three d if
feren t series o f  experim ents are p ractica lly  identica l. 
T h e  average value o f  the a ctiva tion  en ergy  in the 
u n pack ed  vessel w as fou n d  to  b e  61.6 ±  0.6  k c a l . /  
m ole. U sing th is a ctiva tion  en ergy  and k n ow n  rate 
constants, th e  freq u en cy  fa c to r  w as calcu lated . 
T h e  first-order rate  constan t cou ld  thus b e  expressed 
as

k =  3.4 X  1015 exp( — 61,600//2r) sec.-1

T h e  fa c t th a t the a ctiva tion  energies fo r  the de
com p osition  o f n -p rop y lcyc lob u ta n e  in  th e  p a ck ed  
and u n pack ed  vessels agree w ith in  1 k ca l./m o le  
p rov id es som e add itiona l in d ication  th at th e  d e 
com p osition  in the u npack ed  vessel is hom ogeneou s. 
I f  an  appreciable  fraction  o f th e  d ecom p osition  o c 
curred b y  a heterogeneous reaction  o f low er a ctiv a 
tion  energy, th e  a ctiva tion  en ergy  observed  in the 
pa ck ed  b u lb  w ou ld  be  exp ected  to  be  low er than  
th at in the u n pack ed  vessel.

E ffect o f  Added S u b sta n ces.— P ropy len e , to lu 
ene an d  n itric  ox ide  are k n ow n  to  in h ib it m a n y  free 
rad ica l chain  reaction s ,14 w hereas eth ylene ox id e  in 
som e cases leads to  rad ica l-induced  reaction s .16 
E xperim en ts w ere carried ou t w ith  each  o f  these 
substances added  separately  to  the reaction  system . 
T h e  da ta  are sum m arized in T a b le  I I I .  I t  is ev i
den t from  th e  last co lu m n  o f  the ta b le  th at the 
rate is ap prox im a te ly  th e  sam e in  the presence o f 
rad ical chain  inhibitors an d  rad ica l sources. T hus, 
there is n o  in d ication  o f  the occu rren ce  o f  a  d ecom 
position  in vo lv in g  lon g  chains.

D iscu ss io n .— O n the basis o f  the p rod u cts 
form ed , th e  first-order character, th e  h om ogen eity , 
an d  the lack  o f ev iden ce  fo r  a  cha in  m echan ism  
the d ecom position  o f  re-propylcyclobutane resem bles 
the d ecom position s o f  th e  a lk y lcy clob u tan es  pre
v iou s ly  stud ied  and it m a y  b e  another exam ple o f  a 
unim olecu lar reaction . E fforts  to  obta in  ev iden ce  
fo r  a  b irad ica l in term ediate in  the decom position  
w ere unsuccessfu l. N o  isom erization  p ro d u ct o f

(14) (a) F. O. Rice and O. L. Polly, J. Chem. Phys., 6, 273 (1938); 
(b) L. A. K. Staveley and C. N. Hinshelwood, Proc. Boy. Soc., 
{London), 154A, 335 (1936); (c) M. Swzarc, J. Chem. Phys., 17, 431 
(1949).

(15) C. J. M. Fletcher and G. K. Rollefson, J. Am. Chem. Soc., 58, 
2135 (1936).
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T a ble  III

E ffect of A dded Substances upon  the  D ecomposition 
of ti-P ropylcyclobutane at  4 5 0  ±  0 .2 °

Ppcb, mm.° Added gas Pa, mm.& ti/i, min.
1 0 5 .6 Propylene 5 1 .6 6.1
1 0 0 .9 Toluene 3 1 .3 6.0
69.1 Nitric oxide 0 .5 5 .6
8 8 .3 Nitric oxide 2 .0 5 .6

6.52 Ethylene oxide 0 .1 6 5 . 7 - 5 . 8
7 0 -1 0 7 None 5.9°

° P pcb means initial pressure of ra-propylcyclobutane. 
6 Pa  means pressure of added gas. c Average of 11 experi
ments.

n -p rop y lcy c lob u ta n e  cou ld  b e  d e tected  and n o  in d i
ca tion  o f  th e  fo rm a tion  o f  ox im es or n itroso co m 
pou n d s b y  ad d ition  o f n itric ox id e  to  an in term edi
ate  radical or  b irad ica l w as fou n d .

T h e  fre q u e n cy  fa c to r  fo r  a unim olecu lar reaction  
can  b e  expressed as

A  =  Ke(kT/h) exp(AS±/R)

w here k is th e  transm ission  coefficient and AS  *  is 
the en trop y  o f  a ctiv a tio n .16 T ak in g  k as un ity , 
AS  *  can  b e  ca lcu lated  from  experim ental values o f
A . T h e  va lu e  o f  AiS^ ca lcu lated  fo r  the d ecom 
position  o f  n -p rop y lcy c lob u ta n e  at 450° is 8 .9  c a l . /  
deg. m ole. T h e  p os itiv e  va lu e o f  AS  *  seem s reas
on able  fo r  a ring  break ing  reaction  in vo lv in g  the 
loosening  o f  som e o f  th e  b on d s in  the form ation  o f 
th e  activa ted  com plex .

T h e  valu es fo r  th e  a ctiva tion  en ergy  and en
tr o p y  o f  a ctiva tion  fo r  the d ecom p osition  o f n - 
p rop y lcy clob u ta n e  are sim ilar to  th e  corresponding  
quantities fo r  cyc lob u ta n e  and the a lk yl c y c lo 
bu tanes stud ied  earlier4’6 (2?aot =  6 1 .2 -6 2 .5  k c a l . /  
m ole, A iS* =  8 -9  e .u .) an d  suggest a sim ilarity  in 
th e  m echan ism  o f d ecom position . T h e  relative 
rates at 450° fo r  cyc lobu ta n e , m eth y lcyclob u tan e , 
e th y lcy c lob u ta n e  and n -p rop y lcyc lob u ta n e  as deter
m ined  in th e  presen t stu d y  u nder iden tica l experi
m en ta l con d ition s in  th e  sam e apparatus are in the 
ratios 1 .00 :1 .54 :1 .24 :1 .57 . T h ese  values w hich  
confirm  th e  ratios obta in ed  p rev iou s ly 4'5 fo r  
th e  first three com p ou n d s in d icate  th at the d if
feren ce  in rate  p rod u ced  b y  th e  substitu tion  o f an 
a lk y l grou p  fo r  a h yd rogen  on  the ring is relatively  
sm all. T h e  resu lts fo r  the first three a lk yl-su b -

(16) S. Glasstone, K. J. Laidler and H. Eyring, “The Theory of 
Rate Processes,” McGraw-Hill Book Co., New York, N. Y., 1941, p. 
295.

stitu ted  cyclob u ta n es  show  an  alternation  rather 
th an  a  m on oton ic  change in rate w ith  increase in 
size o f  the side chain  and in dicate  th at m ore than  a 
single fa ctor  is in vo lved . In  these reaction s a m ole
cu le o f  an a lk ylethy len e is p rod u ced  along  w ith  a 
m olecu le  o f  ethylene. T h erm od yn a m ic  da ta  seem  
to  in d icate  th at the enthalpies (and free energies) 
o f  h ydrogen a tion  o f eth y lene  and th e  low er sub
stitu ted  ethylenes m a y  alternate to  som e ex ten t in 
th e  sam e w a y  as the rates o f  decom p osition  o f  the 
correspon d in g  cy c lob u ta n es .17 T o  determ ine 
w hether a  B a k er-N a th a n  order (H  <  (C H 3> C 2H 5 
> f - C 3H 7> <  — CiHg}-] m a y  exist fo r  a lk yl substit
u ents ,18 th e  decom position  o f  isop rop y lcyclob u tan e  
w ill be  investigated.

I t  is o f  in terest th a t substitu tion  fo r  a h ydrogen  
atom  on  the cyc lob u ta n e  ring b y  a m ethyl, e th y l or 
n -p rop y l grou p  has a v e ry  m u ch  sm aller e ffect on  
th e  rate  o f  decom p osition  o f  cyc lob u ta n e  th an  the 
in fluence o f  a -m eth y l substitu tion  in th e  elim ina
tion  o f  h ydrogen  halides from  alkyl halides or  in 
th e  elim ination  o f  olefins from  esters .19

N o  fa ll-o ff in th e  first-order rate con stan t fo r  the 
therm al d ecom position  o f  n -p rop y lcyc lob u ta n e  w as 
observed  a t the low est in itial pressure reached  in 
th is stu d y  (5 m m .) a lth ough  th e  rate con stan t for  
cy c lob u ta n e  at 5 m m . in itial pressure is 1 2 -1 5 %  
b e low  its h igh  pressure value. T h is  d ifference in be 
h av ior  is n ot u nexpected . B o th  the R ice -R a m s p e r - 
g er-K a sse l th eory  and the Slater th e o ry  o f  u n im o
lecular reaction s p red ict th at w ith  o th er fa ctors  held 
con stan t the first-order rate  con stan t fo r  th e  m ore 
com p lex  m olecu le  w ill sh ow  a m ore  gradual fa ll-o ff 
beg in n ing  a t a  low er pressure .20

A ck n ow led g m en t.— T h e  authors w ish  to  th an k  
th e  E sso  F ou n d a tion  fo r  the grant to  the D e p a rt
m en t o f C h em istry  w h ich  p ro v id e d  th e  gas ch ro 
m a togra p h  used in th is w ork . T h e y  also w ish  
to  th an k  M r. C arl W h item an , Jr., fo r  assistance in 
m ak in g  the in frared  m easurem ents an d  in  setting  
u p  the least squares com p u ter  program .

(17) R. W. Taft, Jr., and M. M. Kreevoy, J. Am. Chem. Soc., 79, 
4011 (1957); E. J. Prosen and F. D. Rossini, J. Research Natl. Bur. 
Standards, 36, 269 (1946).

(18) Recent spectroscopic data for aliphatic carbonyl derivatives 
seem to show a Baker-Nathan order. See C. N. R. Rao, J. Rainachan- 
dran and G. K. Goldman, Tetrahedron Letters, No. 2, 1 (1960).

(19) A. Maccoll, "Theoretical Organic Chemistry, The Kekul6 
Symposium,” Butterworths, London, 1959, p. 230.

(20) For a comparison of methylcyclopropane with cyclopropane, 
see J. P. Chesick, J. Am. Chem. Soc., 82, 3277 (1960).
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The thermal decomposition of anhydrous uranyl nitrate followed first-order kinetics in vacuo at temperatures from 250 
to 450°. Amorphous uranium trioxide was the only non-volatile product of decomposition. No intermediate compounds 
were observed. The thermal decomposition of uranyl nitrate dihydrate occurred as two independent reactions following 
first-order kinetics: dehydration to form anhydrous uranyl nitrate and denitration to form uranium trioxide. The de
composition was studied both in vacuo and at atmospheric pressure under nitrogen, at temperatures from 250 to 400°. In
termediate and final decomposition products were identified. The specific reaction rate constants were measured for the 
dehydration and denitration reactions. From these data, the heats and entropies of activation were calculated.

In troduction
N orm a lly , uranium  from  spent reactor fuels is 

processed  to  form  u ranyl n itrate hexahydrate, w h ich  
is th erm ally  d ecom posed  in a  com p lex  series o f  
reaction s2 to  y ie ld  uranium  triox ide. T h e  triox ide 
is redu ced  w ith  h ydrogen  to  uranium  d iox ide  and 
then  h ydroflu orin ated  to  uranium  tetrafluoride. 
C on d ition s o f  therm al decom position  a ffect the 
re a ctiv ity  o f  the triox ide and hence the effic ien cy  o f  
the redu ction  and hydroflu orination .

T a b le  I  show s the p rod u cts  possib le  from  the 
th erm al d ecom p osition  o f  u ran y l n itrate  hexa
h ydrate.

T able  I
U r aniu m  T rio xide  and  its H ydrates

a-U 03
/3-U03
t - U 0 3

a-uOa
e-U03

“ Amorphous.

U 0 3(A)“
U O .-V Ä O

o-UO,-H20
/?-U03 H20
y-U 0 3 H20
S-U03H20

a -U 03-2H20
|3-U03-2H20

T h e nom en clatu re u sed  for  the a llotropes o f  ura
n ium  triox ide was th at suggested b y  H oek stra  and 
S iegel.3 O ther n otation s h ave been  used b y  vari
ous au th ors .4-7 In  H oek stra  and S iegel’ s system , 
7U O 3 is D a w son ’s4 U 0 3(I ) ,  and <5-U03 is D a w so n ’s 
cu b ic  phase, U 0 3( I I ) .  T h e  a -U 0 3 is iden tica l to  
U 0 3(I) described  b y  K a tz  and R a b in o w itch .6 T h e  
a -  and /3-m onohydrates correspond, respectively , to  
D aw son ’s U O 3.O.8H 2O and U 0 3-H 20 .  T h ere  is no 
varia tion  in  the nom enclature for 7 -  and 5 -m ono
hydrates. In frared  da ta  in d icate  th at the d ih y 
drates h ave o n ly  one true w ater o f  h ydration , w hile 
the m on o - and hem ihydrates p rob a b ly  are n ot true 
h yd rates .8’9

(1) The information contained in this article was developed during 
the course of work under contract AT(07-2)-l with the U. S. Atomic 
Energy Commission. Presented to the Boston Meeting of the Ameri
can Chemical Society, April 1959.

(2) B. A. J. Lister and R. J. Richardson, “The Preparation of Ura
nium Trioxide by Thermal Decomposition of Uranyl Nitrate.” Atomic 
Energy Research Establishment, Harwell, AERE C/R  1874, October 
18, 1954.

(3) H. R. Hoekstra and S. Siegel, Proc. U. N. Intern. Conf. Peaceful
Uses Atomic Energy, 2nd, Geneva, 28, 231 (1958). P/1548.

(4) J. K. Dawson, E. Wait, K. Alcock and D. R. Chilton, J. Chem. 
Soc., 3531 (1956).

(5) J. J. Katz and E. Rabinowitch, "The Chemistry of Uranium,” 
Natl. Nuclear Energy Ser., Div. VIII, Vol. 5, McGraw-Hill Book 
Co., New York, N. Y., 1951, pp. 277^285.

(6) P. Perio, Bull, soĉ  chim. France, 776 (1953).
(7) J* J. Kata and D, Mt Gfuen, Amt Ghemt Seen 74* 2106 (1949);

T h ese ox ides are usually  prepared  b y  various 
treatm ents o f  u ran y l n itrate or  its  h ydrates, in fer
ring th at the m echan ism  o f  the therm al d ecom p os i
tion  is extrem ely  com plex . T h e  usual p ro d u ct  o f  
the therm al decom position  o f  U 0 2( N 0 3) 2 ■ 6H 20  is
7 -U 0 3, w h ich  has variable redu ction  characteristics 
w ith  H 2.l° A  better  understanding o f  th e  m ech a 
nism  o f  decom p osition  cou ld  lead to  a pred iction  o f  
the process con d ition s necessary to  p rod u ce  U 0 3 
th at w ou ld  be reduced  consistently  u nder a  g iven  
set o f  cond ition s.

E xperim ental
Anhydrous uranyl nitrate was synthesized from uranium 

trioxide and nitrogen dioxide by the method of Gibson and 
Katz.11 The product was analyzed for nitrogen by the 
Devarda modification of the Kjeldahl procedure. The 
nitrogen content of the product varied from 6.4-6.7 weight 
%  corresponding to 90-95 weight %  anhydrous uranyl 
nitrate. The remainder of the material consisted of un
reacted uranium trioxide.

Uranyl nitrate dihydrate was prepared from reagent- 
grade uranyl nitrate hexahydrate that was placed in a 
vacuum desiccator over sulfuric acid for a minimum of 48 
hours.12’13 Analysis of the dihydrate showed the salt con
tained 55.3 weight %  uranium which agreed with the theo
retical value of 55.4 weight % . X -R ay diffraction showed 
only the dihydrate in the product.

The thermal decompositions were carried out in an all
glass system. Approximately 10-gram samples of each salt 
were heated in a reaction tube immersed in a molten metal 
bath. Two runs were made at each of four temperature 
levels over the range of 250-400°. In addition, one run 
with anhydrous uranyl nitrate was made at 450°. Gaseous 
products from the reactions were condensed in traps cooled 
with liquid nitrogen.

The condensed gaseous products taken periodically during 
the thermal decomposition were transferred to a storage 
bulb, weighed and the pressures measured at room tempera
ture with a high sensitivity Bourdon gauge.14 The samples 
were analyzed by infrared and mass spectroscopy. The 
liquid from hydrated samples remaining in the trap was 
weighed and titrated for acid content. The water of hydra
tion was calculated from the liquid weight and acid content.

Decomposition at atmospheric pressure was carried out by 
flushing the system at a rate of 30 m l./min. with dried nitro
gen. Under these conditions the gaseous products were not

(8) J. J. Katz and E. Rabinowitch, “Chemistry of Uranium,’ 
Natl. Nuclear Energy Ser. Div. VIII, Vol. 7, McGraw-Hill Book Co., 
New York, N. Y., 1951, p. 746.

(9) R. E. DeMarco, National Lead Co., private communication.
(10) C. W. Kuhlman, Jr., and B. A. Swinehart, Ind. Eng. Chem., 50, 

1774 (1958).
(11) G. Gibson and J. J. Katz, J. Am. Chem. Soc., 73, 5436 (1951).
(12) A. J. King, R. Pfeiffer and W. Zeek, "Thermal Stability of the 

Hydrates of Uranyl Nitrate,” Syracuse University, New York, N. Y., 
NYO 6313, August 1, 1957.

(13) J. J. Katz and G. T. Seaborg, “The Chemistry of the Actinide 
Elements,” John Wiley and Sons, New York, N. Y., 1957, p. 193,

(14) Ri A, Wi Hill and R. A. Hamilton, Research, 7, S55 (1954).
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removed from the reaction area immediately, so as to simu
late the conditions normally found in the production of 
uranium trioxide. The pressure above the reaction re
mained within a few mm. of atmospheric pressure.

R esu lts
In  the v a cu u m  den itration  o f  U 0 2(N 0 3)2 the 

num ber o f  m oles o f  th is com p ou n d  rem aining at 
tim e t w as derived  from  analyses o f  the gaseous 
p rod u cts as show n in T a b le  I I .

T able  II
T hermal D ecomposition of U 02(N 0 3)2 under  V acuum

-------- - Run I------------ - -------------Run II --------------- >

Temp.,
°C.

Reaction
time,
min.

-log  [UO2- 
(NOa)i]a

Reaction
time,
min.

-log [UO2- 
(N O3) 2 ]a

250 0 1.85 0 1.55
20 1.96 30 1.77
60 2.12 90 1.95

180 2.52 150 2.14
360 3.26 210 2.42

330 2.64
300 0 1.52 0 1.48

10 1.60 10 1.52
20 1.72 20 1.62
30 1.85 30 1.72
60 1.85 60 1.98

120 2.68 122 2.52
350 0 1.42 0 1.45

6 1.53 6 1.55
10 1.68 16 1.81
17 1.90 30 2.09
30 2.20 48 2.35
60 2.72

450 0 1.46
14 2.10
23 2.76
40 3.40

° Quantity of compound is expressed in moles.

U ran yl n itrate d ih ydrate w as th erm ally  d ecom 
posed  under v acu u m  and u nder n itrogen  at one 
atm osphere. F rom  the analyses o f  the condensed  
gaseous products, the n um ber o f  m oles o f  w ater and 
u ranyl n itrate present at an y  g iven  tim e w ere cal
cu la ted  as show n in T ab le  I I I .

L east squares analyses w ere m ade on  each  set o f  
da ta  in T ab les I I —III . T h e  slopes o f  the lines were 
used to  ca lcu late  the specific reaction  rate con 
stants show n in T a b le  IV . T h e  den itration  reac
tions o f  b o th  uranyl n itrate and u ranyl n itrate d i
h ydrate  fo llow  apparent first-order k inetics as does 
the d eh ydration  o f  the d ih ydrate. T h e  over-a ll 
therm al decom p osition  o f  uranium  nitrate d ih y 
drate proceeds b y  w a y  o f  tw o  first-order m ech an ism s: 
the first, deh ydration  to  the an h ydrou s n itrate ; the 
second, den itration  to  the am orphou s trioxide.

T h e  da ta  in  T a b le  I V  show  th at the reaction  rates 
at atm ospheric pressure are m u ch  greater th an  those 
under vacu u m . G aseous decom position  prod u cts 
are p ro b a b ly  rem oved  u nder v acu u m  as rap id ly  as 
produ ced . A t  atm ospheric pressure som e o f  the 
gaseous prod u cts are n ot rem oved  im m edia te ly  and 
m a y  be  acting  as ca ta ly tic  agents.

Since the A rrhenius equ ation  is an em pirica l 
relationship o f  the reaction  rate con sta n t-tem p era 
ture dependence, the da ta  in  T ab le  I V  were p lo tted

Fig. 1.— Thermal decomposition of uranyl nitrate and uranyl 
nitrate dihydrate.

T able  III
T hermal D ecomposition of U 0 2(N03)2-2H20

-Run I--------— r-----------Run II-
Reac Reac
tion ■log tion -log

Pres Temp., time, — log ÍUO2- time, log [U02-
sure °C. min. m ¡01“ (NOs),]a min. fH20]« (NO,),]'

Vacuum 250 0 1 .21 1 .58 0 1. 25 1.56
20 1 .43 1 .59 20 1. 80 1.60
60 1 .95 1 .66 60 2. 82 1.66

120 1 .72 120 1.72
180 1..79 180 1.75
240 1..86 240 1.93
300 1..89 300 1.99

300 0 1 .24 1. 36 0 1. 32 1.38
15 1. 61 1.

00CO 15 1. 84 1.42
30 2 . 10 1 .46 30 2. 34 1.54
45 1 .59 45 1.70
75 1..74 75 1.87

350 0 1 .31 1 .61 0 1. 34 1.60
10 1.95 1 .70 10 2. 16 1.71
20 2 .92 1 .78 20 3. 03 1.82
30 1 .96 30 1.97
60 2 .44 60 2.35

400 0 1 .20 1 .45 0 1..23 1.50
7 1 .65 1 .66 5 1 .52 1.63

18 2 .92 2 .10 12 2. 37 1.70
24 2 .34 18 1.90

Atmos 250 0 1. 12 1 .42 0 1. 40 1.40
pheric 10 1.87 1 .73 10 1. 81 1.69

15 2 .31 2 .00 16 2 .02 1.90
25 3 .16 2 .52 24 2 .77 2.32

300 0 1 .18 1 .61 0 1 .18 1.48
4 1 .55 1 .80 3 1 .32 1.56
8 2 .12 2 .60 6 1.85 2.13

15 2 .60 2.61
350 0 1 .38 1 .62 0 1 .44 1.64

3 2 .36 1 .99 3 1 .89 1.90
6 2 .82 2 .43 6 2 C

O C
O 2.24

400 0 0
3 1 .70 1.71 3 1 .51 1.69
4 2 .11 1 .89 5 2 .16 2.25
6 2 .82 2 .38 7 2 .42 2.70

° Quantity of compound is expressed in moles.

accord in g  to  absolute  reaction  rate th e o ry  on  the 
basis o f  equ ation  1
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k' =  e-(A R * -T A S*)/RT (1)
h

P lo ttin g  log  lc'/*T  vs. l/ T  as show n in F ig . 1, 
the slopes o f  the lines are — A iP /2 .3 0 f? ,  w ith  the 
in tercep ts equal to  A<S*/2.30R +  4.48. T h e

T ari.e IV

Specific R eaction  R ates of U r anyl  N itrate

Temp.,
°C.

,------------------- k
Vac.,

anhydrous
, mm. 1------

Vac.,
dihydrate

Atm.,
dihydrate

Denitration 250 0.0083 0.0028 0.11
300 .021 .014 .22
350 .048 .032 .28
400 .068 .55
450 .12 . .

Dehydration 250 .044 .18
300 .074 .25
350 .19 .45
400 .22 .69

equ ation s o f  the lines in F ig . 1 w ere ca lcu lated  b y
the least squares m eth od  and the heats and en tro 
pies o f  activa tion  w ere calcu lated  from  them . T hese 
values are show n in T a b le  V .

T able  V

H eats and  E ntropies of A ctivation  
a h *.

Process
Hydration

state
kcal./mole 

Vac. Atm.
AS*, e.u. 

Vac. Atm.
Denitration Anhydrous 23.5 7.0 . . .
Denitration Dihydrate 33.4 14.8 22.0 - 0 . 3
Dehydration Dihydrate 18.6 12.8 3.1 - 2 . 5

T h e  least reliable data are those derived  from  the 
vacu u m  denitrations. T h e estim ated  a ccu ra cy  o f  
the values for AH *  in T a b le  V  is ± 1 5 % .  T h e 
calcu lated  standard dev iation  o f  the p lo tted  poin ts 
affects AS*  b y  5 to  10 % .

P rod u cts  and In term ed ia tes .— T h e  effects o f 
tem perature and pressure on  the final p rod u cts  o f 
the therm al d ecom position  o f an h ydrou s uranyl 
n itrate and u ranyl n itrate d ih ydrate  are sum m a
rized  in T a b le  V I .

T able V I
F in al  D enitration  Products

Salt
Temp.,

"C. Pressure Product
U 02(N 0 3)2 250-450 Vac. U 03(A)

500 Vac. U 03(A) +  U A
U 02(N 0 3)2’2H ,0 250 Vac. U 03(A) +  a-UO;

300-400 Vac. U 03(A)
U 02(N 0 3)2’2H20 250-450 Atm. 7-UOa

500 Atm. 7-UO3 +  jS-UOs

T h e salts th a t w ere d ecom posed  at atm ospheric 
pressure w ere b lan keted  w ith  n itrogen. T h e  final 
p rod u cts  w ere identified from  established X -r a y  d if
fraction  pattern s ,4’16’16 in frared analyses , 17 and 
chem ica l analyses o f  the com p lete ly  am orphou s (A ) 
com pou nds.

T y p ica l chem ical analyses o f  the am orphous 
p rod u cts  w ere 83.0, 83.1 and 83.1 w eight %  ura-

(15) ASTM X-Ray Powder Data, File Card No. 2-0276.
(16) J. R. Bridge, C. W. Melton, C. M. Schwartz and D. A. 

Vaughan, Battelle Memorial Institute, BMI-1110, July 12, 1956.
(17) J. W. Nehls— Savannah River Laboratory, Aiken, S. C., private 

communication.

nium . U ranium  triox ide is 83.2 w eigh t %  uranium . 
Sm all am oun ts o f  occlu ded  n itrates detectab le  b y  
K je ld a h l determ inations caused th e  low  experi
m ental values.

A lp h a -U 0 3 is the n orm al end p ro d u ct o f  the de
h ydration  o f  the hem ihydrate o f  uranium  triox ide. 
S ince the hem ih ydrate is n o t form ed a b ove  2 5 0 °, a 
substantial p ortion  o f  the den itration  m u st have 
occu rred  b e low  th is tem perature. H eatin g  at an 
increased rate w ou ld  m inim ize the in itial form ation  
o f  the h em ihydrate.

R ea ction s  accou n tin g  for the d ecom position  o f  
an h ydrou s uranyl n itrate u nder v acu u m  are show n 
in f a b l e  V I I .

T able  VII
D ecomposition R eactions A nhydrous U r anyl  N itrate  

under  V acuum

250-450° U 02(N 0 3)2 —  U 03(A) +  2N 02 +  V 20 2
>500° U 02(N 0 3)2 — U 03(A) +  2N 02 +  V20 2

3U 02(N 0 3)2 - *  U3Os +  GNOa +  202

T h e  vacu u m  den itration  o f  u ranyl n itrate d ih y 
drate p rod u ced  a com p ou n d  w ith  d istin ct X -r a y  
d iffraction  and infrared absorption  patterns n ot 
identifiable from  data  in the literature.

F rom  previou s experim ental w ork  an d  oth er 
da ta , 18 the com p ou n d  w as assum ed to  be  a u ranyl 
h yd roxyn itrate . T o  confirm  th is identification , 
uranyl h ydroxyn itra te  w as synthesized b y  add in g  
“ a ctiv e ”  am orphou s uranium  tr iox id e11 to  an aque
ous solution  o f  uranyl n itrate. V a cu u m  deh ydra 
tion  a t 3 0 -3 5 °  o f  the solution  p rod u ced  a com p ou n d  
w ith  the sam e X -r a y  d iffraction  pattern  as the 
interm ediate in denitration . T h e  synthesized  p ro d 
u ct had a  rh om bic structure. A nalysis show ed 
th at titratable  h yd roxy l grou ps w ere present. 
W a ter o f  crysta llization  w as determ ined  b y  the 
K a rl F isher R ea gen t m eth od  and uranium  b y  igni
tio n ; analysis show ed 12 w eigh t %  w ater and 58.4 
w eigh t %  U  vs. 12 w eight %  w ater and 59.1 w eight 
%  U  for a tr ih ydrate o f  uranyl h yd roxyn itrate . 
D eh y d ration  o f  this com p ou n d  u nder v a cu u m  at 
room  tem perature p rod u ced  a com p ou n d  th at w as 
am orphou s to  X -r a y  diffraction , bu t sh ow ed an 
infrared pattern , w ith  h y d rox y l groupings, n o t  pre
v iou s ly  reported  in the literature. H y d ra tion  o f  
the d eh ydrated  com p ou n d  at room  tem peratu re 
changed  the d iffraction  pattern  from  th at o f  the 
trih ydrate. T h e  w ater so lub ility  o f the com pou n d s 
form ed  p roved  the various allotropes o f  uranium  
triox ide w ere absent. T h is  final com p ou n d  w as 
analyzed  fo r  w ater and uranium , f h e  results 
agreed reason ab ly  w ell w ith  the va lu es fo r  uranyl 
h ydroxyn itra te  tetrah ydrate : uranium , 56.0 w eight 
%  vs. 56.5 w eight % ;  w ater, 16 w eigh t %  vs. 
17 w eight % .  L isted in T ab le  V I I I  are the m ain 
d iffraction  lines o f  these h ydrates and their relative 
intensities, p lus the infrared absorption  pattern s for  
the h ydrates and the anhydrous com pou n d .

D ifferen tiation  is n o t m ade betw een  the h ydrates 
on  the in frared pattern  because the on ly  varia tion  is 
a  slight increase in the size o f  the 3390 an d  1626

(18) R. H. Moore, “ Factors Affecting the Reactivity of Uranium 
Trioxide,” Interim Progress Report, Hanford Works HW-31G70, April 
29, 1954.
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T able  VIII
X -R a y  D iffraction  and  I nfrared  A bsorption Patterns 

of U r anyl  H ydroxynitrates

Tetrahydrate 
d I/Io

Trihydrate 
d I/Io

✓--- Hydrate----s
Wave
no., Charac- 

cm.-1 teristic

/--- Anhydrous----•
Wave
no., Charac- 

cm._1 teristic
7.15 70 6.33 55 3390 s,b
6.52 60 5.68 55 1626 m
6.30 85 5.58 100 1613 s 1613 s
5.19 35 5.28 80 1515 vs 1515 vs
4.70 45 5.20 75 1381 s,sp 1381 s,sp
4.49 40 5.01 70 1266 s 1266 s
4.33 100 4.81 70 1026 s 1026 8
3.83 35 4.08 70 943 vs 943 VS
3.56 35 3.75 70 845 vs 845 VS
3.24 70 3.52 75 803 s,sp 803 s,sp
2.16 50 749 w 749 w

742 m,sp 742 m,sp

bands fo r  the tetrah ydrate  as com pared  to  the tri
hydrate.

T h e  trihydrate, an h ydrou s u ranyl h ydroxyn itra te  
and «-u ran iu m  triox ide  m on oh yd rate  w ere iden ti
fied b y  in frared an d  X -r a y  d iffraction  as interm e
diates in the den itration  o f  u ranyl n itrate d ih ydrate 
u nder vacu u m . E q u a tion s  th at accou n t for  these 
reactions are show n in T a b le  I X .

T able  IX
D ecomposition R eactions-U r anyl  N itrate  D ihydrate  

under  V acuum  
250° Primary Reactions

U02 (N0 3)r 2H20  U02 (N0 3 ) 2 +  2H20
U0 2 (N0 3 ) 2  — UOs(A +  a) +  2N02 +  V2 O1

Secondary Reactions
U02(N03)î-2H20  — U02 (0H)N0 3  +  H20  +  

HNO3

U02(0H)N03 -I 3H20  — U02(0H)N0,-3H20  
U0 2(OH) NOs-3H20  a-U03-H20  +  2H20  +

HNOs
«-UCVIRO UOa(A) +  H20  

300-400° U 02(N 0 3)2-2H20  —  U 02(N 0 3)2 +  2H20  
U 02(N 0 3)2 - r  UOs(A) +  2N 02 +  'A 0 2

T h erm al decom p osition  o f  u ran y l n itrate d ih y 
drate at atm ospheric pressure p rod u ced  either 7 -U O 3 
betw een  250 and 4 0 0° or  7  +  /?-U0 3 at 500° as the 
final p rod u ct. F rom  525 to  5 5 0° the final p rod u ct 
w as j8 -U 0 3. A m orph ou s an h ydrou s u ranyl h y 
d roxyn itrate  w as fou nd  as the on ly  interm ediate. 
T h e  equ ation s in T a b le  X  sum m arize the reactions 
o f  u ranyl n itrate d ih ydra te  at atm ospheric pres
sure.

T able  X
D ecomposition R eactions U r anyl  N itrate  D ihydrate  

at  A tmospheric Pressure 
250° U02(N 03)2-2H20  - »  U02(N 03)2 +  2H20

U02(N 03)2 —*■ 7-U03 -f- 2N02 -f- 1/ 20 2 
U02(N 03)2-2H20  -*  U02(0H )N 03 -I- II20  +  

HNOs
U02(0H )N 03 -> 7-UOs +  HN03 

300-450° U02(N 03)2-2H20  — U02(N 03)2 +  2H20  
U02(N 03)2 —- 7-U03 -f- 2N02 -f- 1/ 202 

500° U02(N 03)2-2H20  -*  U03(7 +  18) +  2N02 +  V2-
02 -f* 2H20

525-550° U02(N 03)2-2H20  — (3-UOs +  2N02 +  >/20 2 +  
2H20

T h e results presented sh ow  th at b y  p rop er  ch oice  
o f  con d ition s the therm al decom position  o f  uranyl 
n itrate d ih ydrate w ill p rod u ce  a p rod u ct th a t is 
prim arily  18-UO3, 7-UO3 or  am orphou s uranium  
triox ide. T h e  (3-phase is p rod u ced  b y  th e  rapid  
d ecom position  o f  the d ih ydrate  at tem peratures 
a b ov e  500° at atm ospheric pressure, 7 -phase ov er  
the tem perature range o f  2 5 0 -4 5 0 ° . D ecom p osi
tion  o f  the d ih ydrate in the tem perature range o f  
3 0 0 -4 5 0 °  under v acu u m  alw ays produ ces am or
p h ou s uranium  triox ide. A b o v e  5 0 0° the p ro d u ct is 
con tam in ated  w ith  U 30 8. B elow  300° som e a- 
phase uranium  triox ide is form ed.

A ck n ow led gm en t.— T h e  au th ors are in d ebted  to  
D rs . C . H . Ice  an d  R . C . M ilh am  fo r  tech n ica l ad 
v ice , D rs. W . R . C orn m an  and J. W . N eh ls fo r  X -  
ray  d iffraction  an d  infrared ab sorp tion  patterns, 
an d  M rs. B . S. R ussell fo r  chem ica l analyses.

DIFFUSION TO A PLANE WITH LANGMUIRIAN ADSORPTION
B y  W . H . R e in m u t h

Department of Chemistry of Columbia University, New York, N. Y. 
Received September IS, 1960

A theoretical treatment is given of semi-infinite linear diffusion to a stationary plane with Langmuirian adsorption at the 
boundary. The fraction of the surface covered is a function of two variables C*/a and a2Dt/Im2 where C* is the solution 
concentration of surfactant, a is the solution concentration which would correspond to half coverage, r m is the surface con
centration of surfactant at full coverage, D, the diffusion coefficient of the surfactant and t, time. Comparisons of exact 
theory with approximate treatments are given and discussed. A formal solution to the same problem at an expanding plane 
is included.

M a n y  w orkers h ave con cern ed  th em selves w ith  
the effects o f  surface active  agents on  e lectrode  p roc 
esses.1 D e lah ay  and T ra ch ten b erg2 in particu lar

(1) For a review see: W. H. Reinmuth in C. N. Reilley, ed., “Re
cent Advances in Analytical Chemistry and Instrumentation,” Inter
science Publishers, Inc., New York, N. Y., 1960.

(2) P. Delahay and I. Trachtenberg, J. Am. Chem. Soc., 79, 2355 
(1957); 80, 2094 (1958).

em phasized the influence o f  the rate o f  diffusion  o f  
these species on  the observed  results. D e lah ay  
and F ik e3 later a ttem p ted  to  solve the d ifferentia l 
equations describing  sem i-infin ite linear d iffusion  
to  a plane bou n d a ry  w ith  L angm uirian  ad sorp tion  
b y  an unstated  m eth od  w ith  the aid o f  an e lectron ic

(3) P. Delahay and C. T. Fike, ibid., 80, 2628 (1958).
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Fig. 1.— Fractional coverage of the boundary as a func
tion of time for representative values of i/'- r „ is surface 
concentration at equilibrium.

com pu ter. H ow ever, the form  o f  their solutions, as 
w e m en tion ed ,1 in d icated  th at their m eth od  w as in 
valid . T esta  and R e in m u th 4 also m ade a num erical 
solution . M o re  recen tly , in the course o f  other 
w ork, w e h ave  applied  a m eth od  w h ich  g ives solu
tions in  series form . T h e purpose o f  the present 
paper is to  describe th at m eth od  and som e o f  the 
results ach ieved  b y  its app lication . F o r  th e  sake o f  
com pleteness the form al solution  at an expanding  
plane is included , although  n o  ca lcu lations have 
been perform ed  for th is case.

T h e o ry
I t  is assum ed th at th e  adsorbing  species obey s 

F ick ’s laws o f  linear d iffusion  and has a  constan t 
diffusion  coefficient, D ;  further, th at the in itial 
concen tra tion  o f  the species in solution , C*, is 
hom ogeneous. I t  can  then  be show n read ily  from  
D u h am el’ s th eorem 6 th a t at the electrode  surface

C =  C* -  {D/irYh (dC/dx)(l -  r ) - ‘Adr (1)

w here C  is the solu tion  con cen tra tion  at th e  bou n d 
ary  a t an y  tim e t ; x  is the d istance from  the bou n d 
a ry ; and r  is an in tegration  variable. I t  is assum ed 
th at at the b ou n d a ry  L an gm u ir ’s isotherm  is o b ey ed  
in the form

T t /  r m =  C /(C  +  a ) (2)

w here Tt is the instantaneous surface concen tra tion  
corresponding  to  solution  con cen tra tion  C, a is the 
isotherm  constan t, and F m is the surface con cen 
tration  correspon d in g  to  com plete  coverage.

(4) A. C. Testa and W. H. Reinmuth, unpublished work.
(5) H. S. Carlslaw and J. C. Jaeger, “Conduction of Heat in Solids,” 

Oxford University Press, London, 1947, p. 57.

I t  is also assum ed th at the adsorbed  species d oes 
n ot react at the bou n d ary  or pass th rough  it so th at 
the m aterial flux at the bou n d ary  equals the rate o f  
adsorption

d iy d i  =  D{bC/ cuffs = 0 (3)
E q u a tion s  1, 2 and 3 can be  com bin ed  to  g ive  an 

integral equ ation  for  Ft in the form  
a r t/ ( r m -  r t ) =  c *  -  (% D ) ~ v >

( d r r / d r ) ( i  -  r ) - 'A  d r  (4)

I t  is con ven ien t to  define three dim ension less p a 
ram eters

u =  r t/rm; t  =  C*/a; e =  4:VaWt/Vm2 (5)
E qu a tion  4  can  then  be w ritten  in  the form

m/(1  — m) =  'P — 2 (d,u/dp)(0 — p)-1/ 2 dp (6)

B ecau se equ ation  6 conta in s o n ly  tw o  param eters 
in ad d ition  to  g, it is apparent th at its solution  m u st 
be  o f  the form

fi =  (7)
H ow ever, D e lah ay  and F ik e3 present th eoretica l 
results in th e  form

A =  U t,t ,D / T m) (8)

T h e  fu nction al depen den ce o f  their results m u st be  
in correct a priori  because n o  com bin a tion  o f  their 
stated  variab les can y ie ld  a dim ensionless pi. S ince 
these authors g ive  n o  in d ication  o f  their m eth od  o f  
solution , it is unclear w hether the d ifficu lty  cou ld  
be resolved  b y  redefin ition  o f  their variables. 
T h e  results g iven  b y  th e  sam e authors for  the ex 
panding p lane e lectrode are in va lid  for  the sam e 
reason.

T h e  m eth od  o f  solution  o f  equ ation  6 is g iven  in 
A p p en d ix  I.

In  princip le, the solution  for an expan din g  plane 
electrode, the com m on ly  used ap prox im ation  o f  the 
dropp in g  m ercu ry  electrode, fo llow s the sam e lines 
as th at for the stationary  plane, w ith  the m od ifica 
tion  th at a different form  o f  F ic k ’s law  m ust be  
applied . T h e  details for th is case are g iven  in 
A p p en d ix  I I .

R esu lts  an d  D iscu ss ion
T h e  series solu tion  converges rap id ly  for  sm all 

values o f  9. R esu lts for  three representative va lu es 
o f  ip are g iven  in F ig . 1. T h e y  w ere all ca lcu lated  
w ith  the aid o f  a ten  term  expansion . A s  m igh t be 
expected , the rate o f  atta inm ent o f  equ ilibrium  is 
m ore  rapid  as \p, the m otiv a tin g  force  to  adsorption , 
becom es larger. R esults com p u ted  b y  the present 
m eth od  w ere w ith in  calcu lationa l error o f  those o b 
ta in ed  b y  num erical solu tion  o f  equ ation  6.4

T h e fraction al coverage  o f  the surface a t equ ilib 
rium  depends on  \p. F or  g iven  equ ilibrium  cover 
age, h ow ever, the tim e required to  reach an  appreci
ab le fraction  o f  th at coverage is inversely  p rop or 
tiona l to  the bu lk  solution  con cen tra tion  o f  the sur
factant. F or  exam ple, assum ing \p =  1 i.e., (h a lf 
coverage  at equ ilibriu m ), 17A.2 as the area o f  an 
adsorbed  m olecu le, and 5 X  10 -6 cm .2/s e c .  as the 
diffusion  coefficient, the tim es required to  reach 
qu arter coverage  for  10-3 , 10-4 , 10“ 5 and 10 “ eM  
solutions are 2 X  10-2 , 2, 2 X  102, and 2 X  104 sec.,



March, 1961 D i f f u s i o n  t o  a  P l a n e  w i t h  L a n g m u i r i a n  A d s o r p t i o n 475

respectively . T h e  extrem e tim es required at low  
concentration s are determ ined  largely  b y  the rate o f  
diffusion to  the e lectrode rather than  b y  the adsorp
tion  equilibrium . T h is  m a y  be  show n b y  assum ing 
the sam e m olecu lar area and diffusion  coefficient as 
a b ov e  bu t assum ing a  =  0. T h e  tim e required 
for  quarter coverage  w ith  a 10 -6M  solution  is still 
1 X  104 sec.

I t  is o f  in terest t o  com pa re  the results o f  exact 
th eory  w ith  those obta in ed  b y  approx im ate m eth 
ods. W h en  equ ilibriu m  stron g ly  favors the ad
sorbed form , the solu tion  concen tra tion  o f  the sur
factan t a t the b o u n d a ry  is redu ced  n early  to  zero 
until the surface is com p lete ly  coated . B y  substi
tu ting  for  equ ation  2 the con d ition

C(i=o) =  0 (9)
and solvin g  the resu lting set o f  equ ation s 3, 4, 9 it 
can be show n th at in th is lim iting case

H =  xf/8l/*/ir ( 1 0 )

T h is is the sam e as the first term  in the expansion  
for the case in w hich  L an gm u ir ’s isotherm  is obeyed . 
In  F ig . 2, cu rve  A  exact th eory  (solid  line) is com 
pared w ith  the ap prox im a tion  o f  equ ation  10 
(dashed line) for the con d ition  =  10. T h e  agree
m ent is excellent u p  to  a b ou t h alf-coverage. T h e 
ap prox im ation  b ecom es even  better  as \f/ becom es 
larger, and, even  for sm aller \p, indicates the initial 
slope o f  the coverage  vs. tim e relation.

F or  sm all va lu es o f  tp L an gm u ir ’s isotherm  can be 
replaced b y  a linear approx im ation

r / r m =  C/a ( l i )
T h e solu tion  to  the prob lem  u nder th is con d ition  
has been  g iven  b y  D e la h a y  and T ra ch ten b erg .2 
In  the n ota tion  o f  the present w ork  their result is 

¡i =  xp — vi,exp(e/47r)erfc(9/4x)1A (12)

In  F ig . 2 cu rve  B  exact th e o ry  (solid  line) is 
com pared  w ith  th is ap prox im a tion  (dashed line) 
fo r  th e  con d ition  \p =  0 .1 . A gain  th e  agreem ent is 
excellent at short tim es and d iscrepancy  becom es 
appreciable on ly  at abou t 5 0 %  o f equ ilibrium  cover 
age. F or  sm aller \p th e  ap prox im a tion  is im proved . 
I t  should  b e  n oted  th a t there is som e am bigu ity  
in vo lved  in  th e  ch o ice  o f  constan ts w hen  ap p rox i
m ating L angm uirian  ad sorp tion  w ith  a linear 
isotherm . In  th e  present case, fo r  exam ple, w ith  tp 
chosen  equal t o  0.1 fo r  each  isoth erm  th e  pred icted  
equ ilibrium  coverage  b ecom es 0.091 fo r  L angm uir
ian adsorption  b u t 0.1 fo r  linear adsorption . A s 
Fig. 2 ind icates th is leads to  d iscrepancies betw een  
the tw o  at lon g  tim es. I f  th e  \p’s are so chosen  that 
the lim iting  values are equal, th en  th e  d iscrepancy  
show s u p  a t short tim es. A p p rop ria te  ch o ice  o f 
param eters fo r  ap p rox im a tion  is th erefore  d icta ted  
b y  w here th e  error is o f  lesser im portan ce.

M eth od s fo r  experim en tally  ach ieving  th e  m ath e
m a tica lly  assum ed con d ition s m erit som e discus
sion. I t  w ou ld  b e  a d ifficu lt op eration  at best to  
in trodu ce an  in itia lly  clean  surface in to  a so lu tion  o f 
surfactant w ith ou t in trodu cin g  con v ection . H o w 
ever, if th e  surface is a con d u ctor, th e  sam e effect 
can  o ften  be  ach ieved  b y  a p p ly in g  a large an od ic  or 
ca th od ic  poten tia l to  th e  e lectrode  until tim e zero. 
U nder such  con d ition s  desorp tion  occu rs in  th e  pres
en ce o f  e lectro ly tes due to  preferentia l adsorption

Fig. 2.— Comparison of exact theory with approximate 
methods. Curve A: solid line, exact theory; dashed line, 
complete adsorption; both for xp =  10. Curve B: solid 
line, exact theory; dashed line, linear isotherm; both for 
xp =  0.1.

o f  th e  la tter  on  th e  surface. I f  desorption  is n o t 
com p lete  at accessible potentials , th is can be  taken 
in to  accou n t th eoretica lly  b y  ap propria te  selection  
o f a» fo r  th e  expansion  (see A p p en d ix  I ) .

T h e  m ath em atica l treatm en t g iven  here can  be 
readily  ad apted  to  cases in w h ich  th e  adsorbate 
undergoes chem ica l or e lectroch em ica l reaction  at 
the b ou n d a ry  or  th e  ad sorp tion  process itself is 
slow . P relim inary  results fo r  these cases6 in d icate  
that th e  con vergen ce  o f  th e  series is m u ch  less 
rapid , how ever. D eta iled  discussion  w ill be  g iven  
elsewhere.

A ppendix  I
Stationary P la n e .— E q u a tion  6 o f the text can 

be  so lved  b y  assum ing the so lu tion  to  be  o f  the form

m = E  ®i0’72 = E  (a u
0

F rom  th is it fo llow s th at
CO

dja/dfl =  (20)- 1 E i ^ ’72 (A2)

S u bstitu tin g  equ ation s A1 and A 2  in to  equ ation  6 
and defin ing th e  new  in tegration  variable, v =  
p /0, g ives

(6) P. Levy and W. H. Reinmuth, unpublished work»
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B u t

S o v’ n~l 6  — ®)_1A do =  B(,72, Vi) (A4) 

w here B  is th e  /3 fu n ction . T h erefore

0V>(l +  * ) E  =  ^ 1/! -  ^1 -  E )  E  ‘A>

(A5)
T h e  coefficients oj can  be  read ily  eva lu ated  b y  

equ atin g  term s w ith  equal pow ers o f  6  in equ ation  
A5. T h e  first coefficient, a0, is determ ined  b y  the 
in itial state o f  th e  system  and is zero if there is no 
ad sorp tion  at tim e zero. In  th is case th e  second  
coefficient is

a\ = tf'/v (A6)
an d  fo llow in g  coefficients are g iven  b y  th e  recur
rence form u la

i -1
jajBuu, i/2> =  —a,_i +  E  ia-ini-iBan, i/2) (A7)

2
A ppendix  II

E xpan din g  P la n e .— F o r  an expan din g  plane the 
an alog  o f  equ ation  1 o f  the tex t is

C =  C* -  (3£>/7r)lA f "  (dC/dh)(y -  r ) - 'A  dr (A8)

where

C om bin in g  equ ation s A 8 , A 9  an d  A 10  w ith  equ a
t io n  2 o f  th e  tex t y ields

p = (1 -  M  -  J “ [70V5/3) +  2M//3](32'7 (« -  iO-'A d;3
(All)

w here
a =  (21xa277/ r m2)7,33' (A12)

T h e  so lu tion  o f equ ation  A l l  is assum ed t o  b e  o f 
the form

co
»  =  E  (Ai3)

0
S u bstitu tion  in to  equ ation  A l l  and sim plifica tion  
gives

p(i + 1) E  bi p’ =  p'l' — i 2 — E b>p’ j

m
E  (2 +  3j/2)b;piBl(3i+t)lu, ’A] (A14)

l
where p =  a 3 /u , an d  it  is assum ed th a t bn =  0 . 
E q u a tin g  coefficients o f  equ al pow ers o f  p allow s 
the ca lcu lation  o f th e  b’s.

bi =  2^/7p (A15)

and fo llow in g  b’s are g iven  b y  th e  recurrence fo r 
m ula

y  =  (II3 , h =  XÎ2'3 * * (A9)

T h e  an alog  o f equ ation  3 o f  th e  tex t is
d r /d t =  D(òC/òh)y™  -  2 r /3 y 3'7 (AIO)

&i(2 +  3j72)S[(3,-+4)/h, >Al =  —bj-i +

E
2

(2 +  3i/2)&i^/-i5[(3»4.4)/i4, 1/,]

IIEATS OF COMBUSTION, FORMATION, AND HYDROGENATION 
OF 14 SELECTED CYCLOMONOOLEFIN HYDROCARBONS1

B y  A b b a s  L a b b a u f  a n d  F r e d e r ic k  D . R o s s in i2

Chemical and Petroleum Research Laboratory, Carnegie Institute of Technology, Pittsburgh IS, Pennsylvania
Received September 19, 1960

Measurements were made of the heat of combustion, in the liquid state at 25°, of 14 selected cyclomonoôlefin hydrocar
bons, with 5 to 8 carbon atoms per molecule. From these and appropriate other data were calculated values of standard 
heats of formation, hydrogenation and isomerization as appropriate, for the liquid state at 25°. The relation between 
energy content and molecular structure of these compounds is discussed. Values were calculated for the heat of formation, 
for both the liquid and gaseous states at 25°, for all the 1-normal alkyl cyclopentenes and all the 1-normal alkylcyclohexenes.

I . In trodu ction
P reced in g  rep orts3-6 h ave  p rov id ed  essentia lly  

com p lete  da ta  and in form ation  leading to  th e  ca l
cu la tion  o f  values o f  heats o f  form ation , com bu stion , 
h yd rogen a tion  an d  isom erization  as appropria te , 
fo r  all a liphatic m on oole fin  h ydroca rb on s. B e
cause o f  th e  scientific and tech n ica l im portan ce  o f 
th e  cy c lom on oo le fin  h ydrocarbon s, and th e  la ck  o f  
da ta  on  th em , it w as desired th at sim ilar data and 
in form ation  shou ld  b e  obta in ed  on  th is class o f

(1) This investigation was supported in part by a grant from the Na
tional Science Foundation. Submitted by Abbas Labbauf in partial 
fulfillment of the requirements for the degree of Doctor of Philosophy 
in Chemistry at the Carnegie Institute of Technology.

(2) University of Notre Dame, Notre Dame, Indiana.
(3) Sr. M. C. Loeffier and F. D. Rossini, J. Phys. Chem., 64, 1530 

(1960).
(4) H. F. Bartolo and F. D. Rossini, ibid., 64, 1685 (1960).
(5) J. D. Rockenfeller and F. D. Rossini, ibid., 65, 267^(1961).

h ydroca rb on s. A ccord in g ly , th e  present in vestiga
tion  w as carried  o u t to  obta in  experim ental da ta  on  
14 selected  cy c lom on oo le fin  h yd roca rb on s and to  
an alyze th e  da ta  in  term s o f  th e  relation  o f energy 
con ten t to  m olecu lar structure.

II . Apparatus and E xperim en ta l P ro ce d u re s
The experimental values of this investigation are based on 

the absolute joule as the unit of energy. Conversion to the 
defined thermochemical calorie is made by using the relation 
1 calorie =  4.184 (exactly) joules. For internal consistency 
with other investigations from the Laboratory, the molec
ular weight of carbon dioxide was taken as 44.010 g./mole.

In this investigation, the chemical and calorimetric ap
paratus and procedure were the same as described by Browne 
and Rossini,6 except that a new design of combustion bomb 
was used. The new bomb, made of Illium, is of the inverted 
type, as shown in Fig. 1. The rise of temperature in each 
experiment was near 2°, with the final temperature being

(6) C. C. Browne and F. D. Rossini, ibid., 64, 727 (1960).
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near 30°, the temperature of the jacket of the calorimeter. 
The amount of reaction in each hydrocarbon combustion ex
periment was determined from the mass of carbon dioxide 
formed in the combustion, as previously described.6 The 
bomb had an internal volume of 340 ml. One ml. of water 
was placed in the bomb prior to each combustion experiment. 
The pressure of the oxygen for combustion was made 30 
atmospheres (calculated to 25°).

The compounds measured in the present investigation were 
API Research hydrocarbons, made available through the 
American Petroleum Institute Research Project 44 from 
materials purified by the American Petroleum Institute 
Research Project 6. The API Research samples had the 
values of purity given in Table I. Description of the puri
fication and determination of purity of these samples has 
already been given.7-12 As a result of the methods of puri
fication, the impurities in these samples are substantially all 
isomeric, and the amounts are believed to be such as to have 
an insignificant effect on the results.

T able  I
Pu r ity  of the H ydrocarbons M easured

Compound Purity, mole %
Ethenylcyclopentane

(vinylcyclopentane) 99.92 ±  0.08
3-Cyclopentyl-l-propene

( allylcyclopentane) 99.90 ±  .10
Methylenecyclopentane 97.5 ±  .5
Ethylidenecyclopentane 99.94 ±  .05
Ethenylcyclohexane

( vinylcyclohexane) 99.95 ±  .04
Ethylidenecyelohexane 99.87 ±  .06
Cyclopentene 99.975 ±  .020
1-Methylcyclopentene 99.89 ±  .08
3-Methylcyclopentene (99.5 ±  .4 )“
4-Methylcyclopentene 99.8 ±  .1
1-Ethylcyclopentene 99.5 ±  .2
Cyclohexene 99.978 ±  .020
1-Methylcyclohexene 99.86 ±  .08
1-Ethylcyclohexene 99.90 ±  .09
“ Estimated.

The ampoules for containing the liquid hydrocarbon 
material were made of soft glass, as previously described and 
filled and sealed likewise.4’6

The methods of determining the absolute and relative 
heats of combustion and heats of isomerization have already 
been described.3-6’7 8 9 10 11 12 13

III. D ata  o f  the P resen t In vestigation
The results of the calorimetric combustion experiments 

with benzoic acid to determine the energy equivalent of the 
standard calorimetric system are given in Table II. NBS 
Standard benzoic acid, No. 39g, was used, with the value of 
26, 433.8 joules per gram mass for the heat of combustion of 
this sample under the conditions of the standard bomb 
process at 25 ° , with appropriate corrections for the differences 
between the actual and standard bomb processes. The sym
bols in Table II are as previously defined.6

A summary of the results of the calorimetric combustion 
experiments on the 14 hydrocarbons is given in Table III. 
In the 69 experiments referred to in Table III, the following 
ranges were observed in the several calorimetric quantities:

(7) A. J. Streiff, E. T. Murphy, V. A. Sedlak, C. B. Willingham and
F. D. Rossini, J. Research Natl. Bur. Standards, 37, 331 (1946).

(8) A. J. Streiff, J. C. Zimmerman, L. F. Soule, M. T. Butt, V. A. 
Sedlak, C. B. Willingham and F. D. Rossini, ibid., 41, 323 (1948).

(9) A. J. Streiff, A. R. Hulme, P. A. Cowie, N. C. Krouskop and
F. D. Rossini, Anal. Chem., 27, 411 (1955).

(10) A. J. Streiff, L. H. Schultz, A. R. Hulme, J. A. Tucker, N. C. 
Krouskop and F. D. Rossini, ibid., 29, 361 (1957).

(11) American Petroleum Institute Research Project 6. Carnegie 
Institute of Technology, Pittsburgh, Pennsylvania. Unpublished.

(12) A. J. Streiff, F. D. Rossini and others, Chemical and Petro
leum Research Laboratory, Carnegie Institute of Technology, Pitts
burgh, Pennsylvania. Unpublished.

(13) D. M. Speros and F. D. Rossini, J. Phys. Chem., 64, 1723 (1960).

BOMB ASSEMBLY
Fig. 1.— Inveried-type calorimetric combustion bomb (No.

1106, Parr Instrument Company, Moline, Illinois).

mass of carbon dioxide formed, 2.62466 to 2.94731 g.; k, 
0.001600 t o 0.001701 /m in .-1 ; K , 0.000736 to 0.001242 ohm; 
U, -0.000253 to 0.000258 ohm; ARC, 0.181187 to 0.204010 
ohm; An, 0.000332 zo 0.000388 ohm; Arnt 0.000007 to 
0.000036 ohm. The foregoing symbols, and those in Table 
III, are as previously defined.6

In Table IV are presented the resulting values of the 
standard heats of combustion, for the liquid state at 25°, for 
the 14 compounds. The symbols have been defined pre
viously.6

IV . D ata  o f  O th er In v e stig a tio n s
P rev iou s data h ave been  reported  fo r  th e  heats of 

com b u stion  o f  cy c lop en ten e ,14 cyc loh exen e14" 17 1- 
m eth y lcyc loh exen e .15’16 1-e th y lcy cloh ex en e16 and 
eth en y lcy cloh ex an e .17 T a b le  V  g ives a  com p a ri
son  o f the earlier data, redu ced  to  m od ern  form  as 
ap propria te  and necessary, w ith  th e  da ta  o f  the 
present w ork . I t  is seen th at th e  earlier m odern  
w ork  is in g ood  agreem ent w ith  the present in vesti
gations, b u t the others appear to  b e  qu ite  low .

V . H ea ts  o f  F orm ation , H y d rog en a tion  and 
Isom erization  fro m  the P resen t W ork

T a b le  V I  g ives the values o f  th e  standard heats 
o f  form ation  and h ydrogen a tion  fo r  the 14 h y d ro 
carbon s in the liqu id  state at 2 5 °. T h e  values of 
heats o f  form ation  w ere derived  from  the values o f 
heats o f  com bu stion  in T a b le  I V  com bin ed  w ith  the

(14) E. J. Prosen, F. Yenchius and F. D. Rossini, National Bureau 
of Standards, unpublished; see M. B. Epstein, K. S. Pitzer and F. D. 
Rossini, J. Research Natl. Bur. Standards, 42, 379 (1949).

(15) P. W. Zubow, J. Russ. Phys. Chem. Soc., 30, 926 (1898); 33,
708 (1901); 35, 815 (1903). See also: W. Swietoslawski, J. Am.
Chem. Soc., 42, 1092 (1920).

(16) W. Roth and K. von Auwers, Liebigs Ann. Chem., 407, 145 
(1915).

(17) F. Stohman and Langbein, J. prakl. Chem., 48, 447(1893).
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T able  II
R esults of th e  Calibration  C ombustion  E xper im ents  w it h  B enzoic A cid

Espt.

Mass of 
benzoic 
acid, g. k, min. 1 K, ohm U, ohm

1 1.53899 0.001610 0.000980 0.000126
2 1.54606 .001589 .000945 .000125
3 1.54703 .001607 .000925 -  .000053
4 1.54975 .001595 .000915 -  .000053
5 1.54429 .001600 .000947 .000160
6 1.54032 .001603 .000956 -  .000038
7 1.53905 .001609 .000940 -  .000046
Mean value
Standard deviation of the mean

ARC, ohm îi, j- 8n, j. E i, j./ohm
Dev. from 
the mean, 

j./ohm
0.196862 69.68 2.09 206,981 -  5

.197733 71.40 2.38 207,024 +39

.197904 71.55 2.38 206,975 - 1 1

.198235 71.33 1.49 206,987 +  1

.197588 71.10 2.68 206,939 - 4 7

.198289 71.56 1.79 207,009 + 23

.196870 71.03 1.79 206,986 0
206,986

± 1 0

T able  III

Sum m ary of the  R esults of the C alorimetric C ombustion  E xperim ents on F ourteen  H ydrocarbons in  the L iquid

State  at 30°

Compound
No.
of

expt. Range of B, ohm/g. CO2
Mean value of B, 

ohm/g. CO2
Stand, dev. 
of the mean, 
ohm/g. CO2

Ethenylcyclopentane (vinylcyclopentane) 5 0.0694143 to 0 .0694608 0.0694369 ±0.0000076
3-Cyclopentene-l-propene (allylcyclopentane) 5 .0696126 to .0696460 „0696350 ±  .0000058
Methylenecyclopentane 5 .0688558 to .0688920 .0688723 ±  .0000066
Ethylidenecyelopentane 5 .0690718 to .0691054 .0690922 ±  .0000058
Ethylenylcyclohexane (vinylcyclohexane) 5 .0693143 to .0693281 .0693222 ±  .0000041
Ethylidenecyclohexane 5 .0691105 to .0691248 .0691188 ±  .0000024
Cyclopentene 5 .0683040 to .0683345 .0683192 ±  .0000053
1-Methylcyclopentene 5 .0685372 to .0685574 .0685487 ±  .0000040
3-Methylcyclopentene 5 .0688000 to .0688213 .0688071 ±  .0000039
4-Methylcyclopentene 5 .0688966 to .0689449 .0689188 ±  .0000085
1-Ethylcyclopentene 5 .0690550 to .0690743 .0690684 ±  .0000054
Cyclohexene 4 .0685232 to .0685393 .0685306 ±  .0000031
1-Methylcyclohexene 5 .0687006 to .0687200 .0687090 ±  .0000040
1-Ethylcyclohexene 5 .0690558 to .0690908 .0690747 ±  .0000057

T able  IV

V alu e s“ of the Standard  H eats of C ombustion  in  the L iquid  State
— AEb at 30°, -A E c«  at 30°, -  AiTc° at 30°, -A R e “ at 25°,

Compound kcal./mole kcal./mole kcal./mole kcal./mole
Ethenylcyclopentane (vinylcyclopentane) 1058 .15 ±  0 .25 1058..06 ±  0 .25 1059.97 ±  0 .25 1060 .27 ±  0 .25
3-Cyclopentyl-l-propene (allylcyclopentane) 1212 .77 ± .23 1212..40 ± .23 1214.51 ± .23 1214..87 ± .23
Methylenecyclopentane 899. 62 ± .19 899..32 ± .19 900.83 ± .19 901..08 ± .19
Ethylidenecyelopentane 1052..90 ± .19 1052. 57 ± .19 1054.38 ± .19 1054 .69 ± .19
Ethenylcyclohexane (vinylcyclohexane) 1207 .32 ± .18 1206..95 ± .18 1209.06 ± .18 1209 .42 ± .18
Ethylidenecyclohexane 1203 .78 ± .14 1203..41 ± .14 1205.52 ±  ..14 1205. 88 ± .14
Cyclopentene 743 .66 ± .14 743. 15 •± .14 744.35 ± .14 744..55 ± .14
1-Methylcyclopentene 895. 39 ±  . 14 895..10 ± .14 896.60 ± .14 896. 85 ± .14
3-Methylcyclopentene 898 .76 ± .13 898. 47 ± .13 899.98 ± .13 900 .22 ± .13
+Methylcyclopentene 900 .22 ± .24 899..93 ± .24 901.44 ± .24 901..68 ± .24
1-Ethylcyclopentene 1052 .42 ± .19 1051.,96 ± .19 1054.02 ± .19 1054..32 ± .19
Cyclohexene 895 .15 ± .12 894 .65 ± .12 896.37 ± .12 896 .62 ± .12
1-Methylcyclohexene 1047 .06 ± .16 1046 .73 ± .16 1048.54 ± .16 1048 .85 ± .16
1-Ethylcyclohexene 1203 .01 ± .23 1202 .64 ± .23 1204.75 ±  ..23 1205. 11 ± .23
“ The uncertainties in this table are twice the standard deviation.

ap propria te  va lu es fo r  the heats o f  form ation  o f 
w ater and carbon  d io x id e .18 T h e  values o f  heats 
o f  h ydrogen a tion  w ere derived  from  these heats o f 
form ation  and th e  heats o f  form ation  o f the a p p ro 
priate  paraffin  h y d roca rb on s .18'19

F rom  the va lu es o f  th e  heats o f  form ation  in 
T a b le  V I , values o f  heats o f  isom erization  m a y  be 
read ily  obta in ed  fo r  three grou ps o f  com pou nds, for  
th e  liqu id  state at 25 °, in k ca l./m o le

(18) F. D. Rossini, K. S. Pitzer, R. L. Arnett, R. M. Braun and
G. C. Pimentel, “Selected values of physical and thermodynamic 
properties of hydrocarbons and related compounds," API Research 
Project 44. Carnegie Press, Pittsburgh, Pa., 1953.

1-Methylcyclopentene, 0.00; 3-methylcyclopentene, 3.37 
±  0.22; 4-methylcyclopentcno, 4.83 ±  0.29; methylene- 
cyclopentane, 4.23 ±  0.27.

1-Ethylcyclopentene, 0.00; ethylidenecyelopentane, 0.37 
±  0.28; ethenylcyclopentane(vinylcyclopentane), 5.95 ±  
0.34.

1-Ethylcyclohexene, 0.00; ethylidenecyclohexane, 0.77 ±  
0.31, ethenylcyclohexane(vinylcyclohexane), 4.31 ±  0.33.

V I. H ea ts  o f  F orm ation  o f  the 1-N orm a l A lky l 
C y clop en ten es  an d  C y cloh ex en es

F or  th e  m em bers o f  an y  n orm al a lk y l series o f 
com pou n ds, the relation  p rop osed  b y  R o ss in i20
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T a ble  V

C omparison w ith  the  D ata  of Other  I nvestigations

Compound (liquid) Previous investigators Year

Derived value of 
AHc° at 25°, 

kcal./m ole

Difference from the 
value of AHc° at 25 

of the present work, 
kcal./mole

Ethenylcyclopentane (vinyleyelopentane) Roth16 1915 1206.7 - 2 . 7  =b ?
Cyclopentene Prosen, Yenchius and Rossini14 1944 744.46 =b 0.17 -0 .0 9  =b 0.31

Zubow16 1903 889.9 - 6 . 7  zb ?

Cyclohexene Roth and von Auwers16 1915 891.0 - 5 . 6  ±  ?
Stohman and Langbein17 1893 890.7 - 5 . 9  ±  ?
Prosen, Yenchius and Rossini14 1944 896.20 ±  0.21 - 0 .4 2  ±  0.35

1-Methylcyclohexene Zubow16
Roth and von Auwers16

1903
1915

1034.0
1046.9

- 1 4 .8  ±  ? 
- 1 . 9  ±  ?

1-Ethylcyclohexene Roth and von Auwers16 1915 1202.2 - 2 . 9  ±  ?

T able  V I

Valu e s '* of the  Standard  H eats of Formation , A fff0, 
and H yd rogenation , Aflh°, for the  L iquid  State  a t  25°

Compound
Atffo, 

k c a l./mole
AHho,

kcal./m ole
Ethenylcyelopentene (vinyleyelo

pentane) -  8 .0 0  dz 0 .26 - 3 1 . 0 8  dz 0 .3 8
3-Cyclopentyl-l-propene (allyi- 

cyclopentane) - 1 5 . 7 7  zb .25 - 2 9 . 4 4  ±  .39
Methyleneeyclopentane -  4 .8 2  dz 21 - 2 8 . 2 6  dz .29
Ethylidenecyclopentane - 1 3 . 5 8  zb .21 - 2 5 . 5 0  dz .32
Ethenylcyclohexane (vinylcyclo- 

hexane) - 2 1 . 2 2  dr .21 - 2 9 . 5 0  dz .43
Ethylidenecyclohexane - 2 4 . 7 6  dr .18 - 2 5 . 9 6  zb .41
Cyclopentene 1 .0 2  db .15 - 2 6 . 3 3  dz .23
1-Methylcyclopentene -  9 .0 5  zb .16 - 2 4 . 0 3  zb .26
3-Methylcyclopentene -  5 .6 8  dz .15 - 2 7 . 4 0  zb .25
4-Methylcyclopentene -  4 .2 2  =b .25 - 2 8 . 8 6  dz .32
1-Ethylcyclopentene - 1 3 . 9 5  zb .21 - 2 4 . 9 3  zb .32
Cyclohexene -  9 .2 8  dz .14 - 2 8 . 0 6  zb .24
1-Methylcyclohexene - 1 9 . 4 2  dz .19 - 2 6 . 0 3  dz .31
1-Ethylcyclohexene - 2 5 . 5 3  zb .25 - 2 5 . 1 9  dz .45

“ The uncertainties in this table are twice the standard 
deviation.

m a y  be  used to  represent the values o f  the heats o f 
form ation

AHS° =  A +  Bm +  A (1)
H ere 4  is a constan t characteristic  o f  the end 
grou p , B  is the con stan t in crem en t per C H 2 group, 
to is th e  n um ber o f  carbon  atom s in the n orm al a lkyl 
grou p  a ttach ed  to  a  carbon  atom  o f a g iven  end 
group , and A m a y , w ith in  certain  lim its, be  taken  
as zero fo r  values o f  to o f  2 an d  greater. T h is  m eans 
th at, w hen  valu es fo r  th e  first three m em bers o f  a 
g iven  series are kn ow n , th e  values for  all the higher 
m em bers can  be  ca lcu la ted .3

F rom  the va lu es in  T a b le  V I , the fo llow in g  equ a
tion s m a y  be derived  fo r  the liqu id  state at 25°
AHf° =  —1.74 — 6.106?w kcal./mole; for all the 1-normal 

alkyl cyclopentenes with
to >  1 (2)

A fff0 =  —13.31 — 6.106m kcal./mole; for all the 1-normal 
alkyl cyclohexenes with

to >  1 (3)

V II. D iscu ss ion
F rom  the values o f  heats o f  isom erization  g iven  

ab ove , the fo llow in g  com m en ts m ay  be  m ade re
garding the relative stab ility  o f  the com p ou n d s in 
the several grou ps o f  isom ers; 1 -M eth y lcy clop en - 
tene is m ore stab le  (3 .4  k ca l./m o le ) than  3 -m eth y l- 
cyclopen ten e, w h ich  is m ore  stable (1 .5  k ca l./m o le )

(19) D . D. Wagman, J. E. Kilpatrick, W . J. Taylor, K . S. Pitzer 
and F. D . Rossini, J. Research Natl. Bur. Standards, 34, 143 (1945).

(20) F. D . Rossini, ibid 13, 21 (1934).

th an  4  -  m eth y lcyclopen ten e. 1 -  M e th y lcy c lo p e n - 
ten e is m ore  stable (4 .2  k ca l./m o le )  than  m ethy l- 
en ecyclopentan e. 1 -E th y lcy clop en ten e  is slightly 
m ore  stable (0 .4  k ca l./m o le ) th an  e th y lid en ecy clo - 
pentane, w h ich  is m ore  stab le  (5 .6  k ca l./m o le ) 
th an  eth en ylcyclopentan e. 1 -E th y lcycloh exen e is 
slightly  m ore  stable (0.8 k ca l./m o le ) than  eth y l- 
iden ecycloh exane, w h ich  is m ore  stable (3 .5  k c a l . /  
m ole ) th an  eth en ylcycloh exan e.

C onsidering  eth y lcyelopen ten e and its several 
isom ers, in cluding  eth y liden e- an d  e th en y l-cy clo - 
pentenes or  the correspon d in g  isom ers o f  eth y l- 
cycloh exen e, one can  m ake th e  fo llow in g  state
m en ts : W ith  respect to  en ergy  con ten t, th e  m ole 
cu le becom es m ore  stable as th e  dou b le  b on d  m oves 
from  outside the ring (eth en yl) t o  th e  edge o f the 
ring (eth yliden e) and in to  the ring in the 1-position . 
M o v e m e n t o f  the dou b le  b on d  arou nd the ring 
from  th e  1-position  to  the 3 -p osition  to  the 4 -p osi- 
tion  is in  the d irection  o f  lesser stab ility .

T h e  foregoin g  observation s are in a ccord  w ith  the 
w ork  o f T u rn er and G arn er21'22 in  1957. F urther
m ore, these conclu sion s are in a ccord  w ith  the 
generalization  m ade b y  R ossin i23 in 1940 regarding

T able  VII
C omparison of the H eats of H ydrogenation  of T en 
C yclomonoolefins w ith  those of the  Structurally  
A nalogous A liphatic M onoolefins, in  the Liquid  state , 

at  25°

I
Cyclomonoölefin

1-Methylcyclopentene
3 - Methylcyclopentene
4 - Methylcyclopentene 
Methyleneeyclopentane 
1-Ethylcyclopentene 
Ethylidenecyclopentane 
Ethenylcyclopentane 
1-Ethylcyclohexene 
Ethylidenecyclohexane 
Ethenylcyclohexane

Atfh°(II) -
II Atfho(I),

Aliphatic monoölefin kcal./m ole

2-Methyl~2-pentene - 1 .02 zb 0 .63
4-M ethyl-ds-2-pentene - 0 . 40 zb ..56
cis-2-Hexene 2. 00 zb ..64
2-Ethyl-l-butene 1. 02 zb ..66
2-Methyl-2-pentene - 0 .12 zb ..69
S-Methyl-irans-2-pentene 0. 04 zb ..69
3 - M  ethyl -1 -p en tene 1 .70 dz ..74
2-Methyl-2-pentene 0. 14 zb .82
3 - M  ethyl- irans-2-p enten e 50 dz ,.78
S-M ethyl-l-pentene 12 dz ,.81

m on oolefin  h ydrocarbon s, nam ely, that, w ith  regard 
to  en ergy  content, increase in the stab ility  o f  the 
m olecu le  is p rodu ced  b y  h av ing  the dou b le  bon d  
near the center o f  the m olecu le  and b y  h aving  the 
m axim u m  num ber o f carbon  atom s attach ed  to  each 
o f  th e  d o u b ly  b on d ed  carbon  atom s, excluding 
steric h indrance o f the a ttach ed  groups.

I t  is o f  in terest to  com pare  the heats o f  h y d ro -

(21) R . B. Turner and R . H . Garner, J. Am. Ckem. Soc., 79, 253 
(1957).

(22) R. B. Turner and R. H. Garner, ibid., 80, 142 (1958).
(23) F. D . Rossini, Chem. Revs., 27, 1 (1940).
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genation  o f the cyclom on oo le fin s m easured in  the 
present investigation  w ith  the heats o f  h yd rogen a 
tion  o f  a liph atic m onoolefins w hich  are structurally  
analogous, w ith  respect t o  the a ttach m en ts to , and 
orientation  abou t, th e  dou b le  b on d . T a b le  V I I

g ives such a com parison . I t  is to  b e  n o ted  th at in 
th e  ten  pairs o f  com pou nds, th e  correspon d in g  
heats o f  h ydrogen ation  differ b y  an average, w ith ou t 
respect to  sign, o f  on ly  ±  0.66 k ca l./'m ole , w ith  the 
m axim um  difference being  on ly  2.0  k ca l./m o le .

THE CONFIGURATION OF ADSORBED ALKYL METHACRYLATE 
POLYMERS BY INFRARED AND SEDIMENTATION STUDIES

B y  B . J. F o n t a n a  a n d  J. R . T h om as  

California Research Corporation, Richmond, California
Received September 19, 1960

The number of attached segments of a poly-(alkyl methacrylate) molecule adsorbed from solution onto silica was deter
mined directly by infrared spectrometry. Use is made of the shift of 22 to 30 cm .-1 of the normal carbonyl vibration fre
quency at about 1740 cm .-1 caused by hydrogen bonding to the surface hydroxyl groups. The extinction coefficient for 
adsorbed carbonyl is established by study of the adsorbed mono- and di-esters. The effect of adsorption on the spectrum 
of the silica surface hydroxyls in the region of 3670 to 3420 cm .-1 confirms the adsorption mechanism depicted. The frac
tion of attached segments, p, is found to be about 0.36 at high coverage and is only slightly dependent upon surface coverage. 
It is independent of a 3.6-fold change in molecular weight and 1.3-fold change in polymer voluminosity. These results 
agree only partially with the predictions of the statistical theories of polymer adsorption for strong interactions. The ap
parent fit of the adsorption data to the Langmuir isotherm is discussed. Estimates of the film thicknesses of several polymers 
adsorbed on carbon black particles are made from sedimentation studies.

Introduction
Studies o f  the ad sorp tion  o f  p o lym ers from  solu

tion  o n to  solid  surfaces in d icate  th at ad sorption  
occu rs at a n um ber o f  po in ts a long  the m olecu lar 
chain . T h e  p o ly m er chain  segm ents betw een  the 
po in ts o f  ad sorp tion  presu m ably  loop  in to  th e  sur
roun din g  solution . T h ese conclu sion s w ere first 
arrived  at b y  Jenckel and R u m b a ch 1 to  accou n t 
fo r  the fa c t th at m ore  p o ly m er is ad sorbed  than  can 
be  a ccou n ted  fo r  b y  a m on olayer. In  tw o  recent 
studies a ttem pts h ave been  m ade to  ob ta in  d irect 
qu an tita tive  in form ation  on  the state o f  adsorbed  
p o lym er. U sing values fo r  the area o ccu p ied  on  
a liq u id -a ir  in terface b y  a  m on om eric  unit o f  
p o ly v in y l aceta te  and the m easured adsorption  
on  iron  surfaces, K ora l, U llm an  and E irich 2 co n 
cluded  th at the p o ly m er film  w as o f  the order o f  
10 -20  m olecu les th ick . C om parison  w ith  m eas
urem ents o f  the adsorption  b y  the m on om eric  
analog, e th y l acetate, suggested values a b ou t tw ice 
as high. F rom  a com parison  o f  the adsorption  o f 
p o ly isobu ty len e  on  carbon  b la ck  w ith  an estim ate 
o f  th e  availab le ad sorp tion  sites, B in ford  and 
G essler3 con clu d ed  th at these p olym ers w ere 
com p lete ly  exten ded  on  the surface.

A  statistica l analysis o f  p o ly m er adsorption  b y  
S im ha, F risch  and E irich 4'6 resulted in  a fo rm  o f  
the adsorption  isoth erm  w hich  in princip le allow s 
the determ ination  o f  the num ber o f  adsorbed  
segm ents per m olecu le. In  the few  instances w here 
th is equ ation  has been applied  to  actu al adsorp 
tion  d a ta3'6 (for  p o ly h yd roca rb on s on  carbon  b la ck ), 
the n um ber o f  adsorbed  segm ents per m a cro 
m olecu le  appears to  be o f  the order o f  one to  three.

(1) E. Jenckel and B. Rumbach, Z. Elektrochem., 55, 612 (1951).
(2) J. Koral, R. Ullman and F. R. Eirich, J. Phys. Chem., 62, 541 

(1958).
(3) J. S. Binford and A. M. Gessler, J. Phys. Chem., 63, 1376 (1959).
(4) R. Simha, H. L. Frisch and F. R. Eirich, ibid., 57, 584 (1953).
(5) H. L. Frisch, ibid., 69, 633 (1955).
(6) G. Kraus and J. Dugone, Ind. Eng, Chem., 47, 1809 (1955).

T h e  th eory  fu rther pred icts th a t the n um ber o f 
ad sorbed  segm ents w ill be  p rop ortion a l to  the square 
roo t o f  th e  m olecu lar w eigh t in  the case o f  w eak  
b ou n d a ry  forces and d irectly  proportion a l to  the 
m olecu lar w eigh t w hen  the b ou n d a ry  forces are 
ap precia b ly  greater than  JcT. T h is  la tter p red ic
tion  w ill b e  tested  d irectly  in  the present w ork .

T h e  a b o v e  su m m ary is n ot exh au stive ; h ow ever, 
it  serves to  illustrate the need fo r  u n am bigu ou s 
in form ation  regarding the state o f  ad sorbed  m a cro 
m olecu les. T h is  paper describes a  d irect experi
m en ta l determ ination  o f  the num ber o f  segm ents 
a ttach ed  to  a silica surface for  an ad sorbed  p o ly - 
(a lk y l m eth acry la te). T h e  results o f  a stu d y  to  
determ ine d irectly  the th ickness o f  adsorbed  
p o ly m er film s from  the sed im entation  rates o f  p o ly 
m er coa ted  carbon  b la ck  particles is also reported .

T h eoretica l A pproach  fo r  D eterm in ation  o f the 
N u m b e r  o f A ttach m en ts.— T h e  adsorption  o f a 
p o ly -(a lk y l m eth acry la te) ob v iou sly  w ill in vo lve  
a tta ch m en t o f  the polar ester g rou p  to  the solid  
surface. In  particu lar, w hen  the solid  surface 
has O H  grou ps availab le, the adsorption  w ill cer
ta in ly  p roceed  via H -b o n d  form ation  w ith  the 
carbon y l oxygen  atom s o f the ester. Studies7'8 
in the h om ogeneou s liqu id  phase h ave show n that 
the characteristic stretch ing v ibra tion  frequ en cy  
o f  ester ca rb on y l groups (v ~ 1 7 0 0  c m .-1 ) is shifted 
to  low er frequencies w hen  H -b on d in g  occurs. Such 
a  sh ift ( Av =  14 to  29 c m .-1 ) then m ust o ccu r  as a 
result o f  the adsorption  o f the p o ly -(a lk y l m eth a c
ry la te ). T h e  unadsorbed  carbon y l grou ps in the 
“ free”  loop s  o f  the ad sorbed  po lym er m olecu le  
shou ld  exhib it on ly  the n orm al ester ca rb on y l 
v ib ra tion  frequ ency. A  d irect m easure o f  th e  n u m 
ber  o f  ad sorbed  groups is possible, then , p rov id ed  
th at (1) th e  unperturbed  an d  H -b o n d e d  ca rb on y l 
frequencies can  be  resolved  in th e  in frared  sp ec-

(7) M. L. Josien and J. Lascombe, J. chim. phys., 52, 162 (1955).
(8) P. G. Puranik, J. Chem. Phys., 26, 601 (1957).
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tru m  o f  the ad sorbed  p o lym er m olecu le  an d  (2) an 
estim ate o f  the extin ction  coefficient fo r  the ad 
sorbed  carbon y l can  be m ade.

T h is  requires th at the in frared spectru m  be o b 
served d irectly  on  the equ ilibrium  sy ste m : p o lym er 
(in  solution ) p o lym er (adsorbed ). R ecen tly , 
T erenin  and F ilim o n o v 9 h ave stud ied  the frequ en cy  
shifts u pon  ad sorp tion  o f  sim ple organic m olecu les 
on to  silica, etc ., from  carbon  tetrach loride solu
tions. C hanges w ere fou n d  in the first ov erton e  
frequencies o f  the C - H  ban d  o f  eth y l ether and o f 
the N - H  ban d  o f  arom atic  am ines w hen  the ether 
or  am ine w as ad sorbed  on  the solid  phase. T h e  
success o f  such observation s depen ds sim ply  upon  
h aving  su fficiently  sm all particles w ith  h igh  surface 
area. C on ta ct w ith  the liqu id  phase actu a lly  
aids in  decreasing light scattering  from  the solid  
particles.

In  the h om ogeneou s liqu id  phase, H -b o n d  fo r 
m ation  o f  h y d rox y l grou ps w ith  esters, results in 
a large frequ en cy  sh ift o f  the fundam ental O -H  
stretch ing  v ibra tion  a t a b ou t 3620 c m .-1 . M a n y  
o f  th e  studies on  g a s -so lid  a d sorp tion 10 h ave been 
concern ed  w ith  the an alogou s sh ift in either the 
first ov erton e  or  fu ndam en ta l O H  stretch in g  fre
qu en cy . T eren in  and F ilim on ov 9 d em onstrated  
such an e ffect in  their liq u id -so lid  adsorption  sys
tem s. W e  h ave also m ade som e use o f  th is e ffect 
in the p o ly m er studies.

E xperim ental
Materials. PLMA.— The polymer designated PLMA was 

prepared by the thermal polymerization of a partially frac
tionated commercial (Rohm and Haas) “ lauryl methacry
late.”  The final product had a composition corresponding 
closely to a C13 alkyl side chain.

PAM-VP.— The polymer designated PAM-VP was pre
pared by the procedure described in Australian patent no. 
216911 from commercial (Rohm and Haas) “ stearyl meth
acrylate”  and N-vinyl-2-pyrrolidone. Analysis indicated 
the product was a copolymer of alkyl methacrylate and 
vinylpyrrolidone in the monomer ratio 5 to 1.

The polymers were fractionated by the usual solvent pre
cipitation techniques, the precipitated fractions being re
dissolved and reprecipitated by appropriate temperature 
control. The fractions were always less than 10% of 
the original material. Molecular weights were determined 
from intrinsic viscosity measurements in benzene based 
on previous calibrations from ultracentrifuge sedimentation 
rates (see Table I.)

T able  I
C haracterization  of P olymer F ractions

Polymer
fraction

Iso
octane

n-Do-
decane

-[ 77] at 25°- 
Tetra- 
chloro- 
ethane

Ben
zene Decalin

Mol. wt.
x  10-*

PLMA-3 72 74 83 92 95 330
PLMA-7 173 172 177 217 228 1190

The esters, re-dodecyl isobutyrate, and di-n-dodecyl 
3,3-dimethylglutarate were synthesized by standard methods. 
Narrow (17% ) heart distillation cuts were used in the ad
sorption experiments. The di-n-butyl oxalate and suc
cinate esters were Eastman Grade and used as received.

The solid adsorbent was the non-porous silica Cab-O-Sil 
from G. L. Cabot, Inc. According to the manufacturer, 
the particle diameter is 0.015-0.020 u with a surface area

(9) A. Terenin and V. Filimonov, “ Hydrogen Bonding," D. Hadzi, 
Editor, Pergamon Press, Inc., New York, N. Y., 1959, pp. 545—554.

(10) R. P. Eischens, 8 . A. Francis and W. A. Pliskin J. Chem. Phya., 
22, 1786 (1954); J. Phya. Chem., 60, 194 (1956). For a recent com
prehensive review, see R. P. Eischens and W. A. Pliskin, “Advances in 
Catalysis,” Vol. X, D. D. Eley, et al.. Editors, Academic Press, Inc., 
New York, N. Y„ 1958, pp. 1-56.

(N 2 adsorption) of 175-200 m .2/g . The silica was stored 
in vacuo over Drierite desiccant before use.

Aerosol O .T. (Sodium di-2-ethylhexyl sulfosuccinate) 
was purified by removing a methanol-soluble fraction. The 
fluorotoluene was Eastman White Label.

Humphrey-Wilkinson, Inc. n-dodecane (minimum 95% 
purity) was dried over calcium hydride, then percolated 
through silica gel. ct's-Decalin obtained by fractionation 
of Du Pont decalin was similarly treated. The purified 
solvents were stored under dry nitrogen. The measured 
densities at 25° were 0.744 and 0.892 g ./cm .3 for the dode- 
cane and decalin, respectively.

Determination of Adsorption Isotherms.— Adsorption 
isotherms were determined from the concentration change 
before and after adsorption. From 20 to 200 mg. of silica 
was shaken with about, 9 cc. of solution for 6-10 hours at 
room temperature (25.5 ±  1.5°). Accurate temperature 
control is not necessary in view of the very small heats of 
adsorption, in general, for polymers. (See, for example, 
ref. 1 and 2.) After equilibration, the mixtures were 
centrifuged directly for analysis of the supernatant solution. 
Analyses were carried out by means of infrared spectrom
etry using the carbonyl absorption peak at about 5.8 n- 
Appropriate calibrations were made for each system with 
solutions of known concentration. A Perkin-Elmer Model 
21 infrared spectrometer with CaF2 prism was used through
out the present work. Automatic slit programing was 
employed corresponding to spectral slit widths of 9 and 
3 cm . -1 at 2.7 and 5.7 n, respectively. The wave length 
was calibrated versus polystyrene standards.

Spectra of Adsorbed Species.— In order to make quan
titative spectral measurements, it was necessary to work 
with known weights of adsorbent per unit area in the fight 
beam. This was accomplished relatively simply because 
of a fortunate property of Cab-O-Sil. Upon centrifuging 
the equilibrium adsorption mixtures, the silica settled as a 
stable gel containing approximately 6 to 7%  solid. The 
latter composition was determined accurately in each case 
by draining off the supernatant solvent completely and 
weighing the residual gel. A portion of the gel (usually 
about 0.1 g.) was then weighed onto the polished face of a 
1-inch diameter NaCl disk. By careful manipulation, a 
second identical disk could be placed on top of the first 
to result in the uniform spreading of the sample over the 
total 1-inch diameter area. Very gentle clamping of the 
NaCl plates resulted in some loss of the solvent phase by 
“ bleeding”  out of the gel; however, the distribution of the 
solid phase remained unaffected. These preparations were 
stable for at least several hours as evidenced by lack of 
spectral changes and were very transparent; fight scatter
ing was negligible. The reproducibility of the weight 
of the solid phase per unit area in the spectrometer fight 
beam was at least ±  10% , which was adequate for our pur
pose. It was convenient for the purposes of this investi
gation to express the extinction coefficients on a simple 
weight basis; hence, we define

=  log Z/Zo =  D 
(w g ./cm .2 g ./cm .2

To avoid possible confusion with surface adsorption, note 
that the values of g ./cm .2 (or m g./cm .2) given throughout 
this paper always refer to the denominator in the above 
equation.

The relation to the usual molar extinction coefficient 
cm is

_  cw^X M  
tM 1000

where the carbonyl equivalent weight is used for the molecu
lar weight, M , in the case of the diesters and polymers.

To balance out the infrared absorption of the unadsorbed 
species and/or the solvent, a continuously variable thick
ness NaCl cell was used in the reference beam of the spec
trometer. To eliminate the effect of the solvent alone, 
the variable cell containing pure solvent was adjusted to 
cancel the hydrocarbon overtone peak at about 2.4 m- 
The very intense hydrocarbon peaks must be avoided for 
this purpose because the high fight energy absorption renders 
the spectrometer insensitive. To eliminate the effect of 
the “ free”  carbonyl, the canceling must obviously be done 
at the carbonyl absorption peak using an appropriate solu
tion. In the case o: monomer adsorption, the free car-
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Fig. 1.— Adsorption isotherms on silica from dodecane 
at 25.5°: « ,  PAM -YP; O, PLMA-3; □ .  PLMA-7; A  
PLMA-3 from decalin; m, dodecyl isobutyrate.

Fig. 2.— Langmuir plot of c/<r vs. c; symbols same as for 
Fig. 1.

bonyl is due only to the equilibrium concentration of 
monomer in the liquid phase. Hence, a solution of just 
the equilibrium concentration of monomer is required for 
complete canceling. In the case of polymer adsorption, 
free carbonyl will be due to both the equilibrium concentra
tion and the carbonyl in the free loops of adsorbed polymer. 
Hence, the appropriate concentration of polymer to use in the 
variable cell for complete cancellation of both solvent and 
free carbonyl could be found only after preliminary trial 
and error. Actually, accurate simultaneous cancellation 
of the effects of solvent and carbonyl or even of carbonyl 
alone was not necessary. Mismatching of the carbonyl 
cancellation by as much as 10 to 20% ordinarily produced 
negligible effects on the measured infrared absorbance of 
the bound carbonyl. It was found, however, that in the 
case of the polymers in view of the greater overlapping of 
the free and bound carbonyl peaks that cancellation was 
best carried out about 10 cm ."1 off of the peak on the high 
frequency side.

Determination of Film Thickness.—In principal, the 
thickness of an adsorbed polymeric film can be estimated 
by observing the influence of the film upon the sedimenta
tion rate of a particle of. known size. We used this tech

nique to estimate the film thickness of adsorbed poly-(alkyl 
methacrylate) and of the copolymer of alkyl methacrylate 
and vinylpyrrolidone in the following fashion.

A small sample of Eimer and Amend Carbon Black G 
was stirred with 50 cc. of 2.0% PAM-VP in benzene with a 
high-speed Sorval Omnimixer. This sample was centri
fuged to remove large aggregates. A small volume of this 
solution was carefully floated in a centrifuge tube on a 
larger volume of 0 .5%  of PAM-VP in p-fluorotoluene. This 
sample was centrifuged in a clinical centrifuge until the 
carbon black transferred well down from the benzene layer 
into the p-fluorotoluene layer. A narrow band of the p- 
fluorotoluene was removed with a micropipet and consti
tuted the starting sample of carbon black. This tech
nique allows one to obtain a sample of carbon black particles 
with narrow size distribution. p-Fluorotoluene was chosen 
because its density is very nearly unity, making it easy to 
layer on the benzene solution and also because the polymer 
densities are very nearly that of p-fluorotoluene. In sub
sequent centrifugations, to determine particle size, the 
polymer film thus contributes nothing to the effective mass 
of the sedimenting particle.

The sample of fractioned carbon black dispersed in 
PAM -VP solution was quite stable to coagulation and could 
be kept unchanged for several weeks. An aliquot of this 
sample was diluted tenfold with a solution of Aerosol OT 
in p-fluorotoluene. This sample was aged from 0.5 to 3 
days before centrifuging in a Spinco centrifuge to determine 
particle size. Neither variations in aging time nor varia
tions in the Aerosol OT concentration from 5 to 20%  changed 
the particle size as determined from its sedimentation rate. 
This behavior indicated that the polymer film had been 
completely displaced by an Aerosol OT film. By similar 
centrifugation of a tenfold dilution in 0.5%  PAM -VP in 
p-fluorotoluene of an aliquot of the fractionated carbon 
black sample, the polymer film thickness could be esti
mated. In like fashion, centrifugation of a tenfold dilution 
of the fractionated carbon black sample in 0.5%  PLM A in 
p-fluorotoluene yielded a film thickness for this polymer. 
The evidence that PLM A displaces the PAM -VP film under 
these conditions rests upon the change in measured film 
thickness for these two polymers.

The carbon black particle diameters averaged 650 A. 
as determined from sedimentation rates in the Aerosol 
OT solutions. It was assumed that the Aerosol OT film 
was small. Electron microscope examination of the carbon 
black suspensions showed that a large number of single 
particles of about the above size were contained in the 
sample and that they were roughly spherical. Larger 
aggregates of irregular size were also always present to 
some extent. In the sedimentation velocity determinations, 
the optical density gradient was used to determine the 
sedimenting boundary; and it is believed that this was 
determined primarily by the single particles.

R esu lts

A dsorp tion  Isoth erm s.— T h e  ad sorp tion  data 
fo r  the p o ly m er fraction s are d ep icted  in  F ig . 1. 
In clu d ed  also are the data fo r  the saturated analog  
o f the P L M A  m onom er, n -d o d e cy l isobu tyra te . 
V alues o f  the adsorption , o-0, at to ta l coverage  o b 
ta ined from  th e  slopes o f  th e  L angm uir c/<r vs. c 
p lo ts  o f  F ig . 2 agree reason ab ly  w ith  th e  apparent 
ex trapolation  o f  the a vs. c  isotherm s. A  3.6- 
fo ld  change in  m olecu lar w eigh t o f  the P L M A  had 
a negligible e ffect on  the adsorption . T h e  1.3- 
fo ld  increase in  p o ly m er v o lu m in osity  in  changing  
to  decalin  as so lven t h ad  on ly  a  sm all e ffect on  the 
adsorption . T h e  insertion  o f  v in y lp yrro lid on e  
segm ents in P A M -V P , h ow ever, increased the a d 
sorp tion  m arkedly.

I t  is o f  interest to  com pare the a0 va lu es fo r  
the P L M A  p olym er and m on om er (n -d od ecy l 
isobu tyra te ). P rov id ed  th at each  m on om eric  seg
m ent o f  the p o ly m er and th e  m on om er o ccu p y  
the sam e area per site o f  a ttach m en t to  the solid  
surface, then the <r0 ratio should be  a m easure o f
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the fraction  o f  a ttach ed  segm ents fo r  the ad sorbed  
polym er. T h is  fraction  is a b o u t 0.24. T h is  value 
should  be  increased if  th e  ester occu p ies a greater 
area per site o f  a ttach m en t th an  th e  p o lym er, and 
decreased if  th e  op p os ite  is true. T h e  ad sorbed  
ester ap paren tly  occu p ies an  area o f  a b ou t 100 A .2 
per m olecu le , w h ich  is a p p recia b ly  greater th an  the 
ap prox im a tely  36 A .2 estim ated  from  a m olecu lar 
m odel. T h is  m a y  b e  a m anifestation  o f the steric 
h indrance e ffect discussed b y  M a ck o r  an d  V an  
der V a a ls11 fo r  the ad sorp tion  o f rod -sh aped  m ole 
cules. T h e  area o f  coverage  m a y  be  also lim ited  
b y  the area o f th e  silica surface availab le per h y 
d roxy l grou p  availab le fo r  H -bon d in g .

N ature o f  the S ilica  S u rface .— T h e  surface o f 
silica presu m ably  consists to  a large degree of 
h y d rox y l grou ps bou n d  b y  cova len t links to  sili
c o n .9'12 T h e  h y d ro x y l grou ps appear b o th  free and 
h ydrogen  bon d ed  as dep icted

H H H H
/  /  /  \  /

0  0  0  0
1 i ! I

— Si— O— Si— 0 — Si—  —  Si— 0 — Si—
I I I I I

C orrespon d in g  stron g  in frared absorptions w ere 
observed  at 3670 c m . -1  (sharp) and 3410 cm . -1 
(b road ), respectively , a fter equ ilibrating  the silica 
w ith  pure so lven t on ly . T w o  sm all peaks at 1864 
and 1626 c m . -1  are also characteristic  o f  the silica. 
T h e  free O H  peak  n orm ally  occu rs at ab ou t 3749 
cm . -1  on  d ry  silica ; th e  sh ift to  3670 cm . -1  o b 
served here is due to  in teraction  w ith  th e  so lven t .12 
A  sim ilar e ffect has been  n oted  w ith  carbon  tetra 
ch loride on  silica .13 A s  is to  be  expected , heating 
in  vacuo reduced  the bou n d  O H  peak  at 3410 c m . -1 
and the bou n d  w ater peak  at 1626 c m .- 1 ; h ow 
ever, it  w as n o t p ractica l to  a ttem pt the present 
experim ents w ith  silica treated  in  th is fashion. 
B rie f exposure to  the atm osphere rev ives these 
peaks. U n der the experim ental cond ition s used 
here, the b ou n d  O H  peak  at 3410 c m .-1  w as fou n d  
to  b e  reprodu cib le , ew =  97 ±  9 expressed as D /g .  
S i0 2/ c m .2.

A d so rb e d  M o n o -  an d  D iesters .— A d sorb ed  n -  
d o d e cy l isobu tyra te , as the analog o f the in d iv idu al 
P L M A  po lym er segm ents, w as stud ied in order 
to  obta in  an estim ate o f  the extin ction  coefficient 
fo r  carbon y l b ou n d  to  the silica surface. T h e  
expected  sh ift in  the ester ca rb on y l v ibration  fre
qu en cy  u p on  H -b o n d in g  to  the silica surface w as 
observed  (Av  =  30 c m .-1 ). T h e  n orm al peak  at 
1745 cm . -1  due to  th e  equ ilibrium  con centration  o f  
ester in the so lven t phase can  be  elim inated as 
described  ab ove , leavin g  on ly  the new  bou n d  car
b o n y l peak  at 1715 c m .-1 . In  accord  w ith  the H - 
bon d in g  m echan ism  o f  carbon y l attach m en t to  the 
surface presum ed to  be  fu n ction in g  here, it  _ is 
observed  th at the free h y d ro x y l peak  o f  the silica 
v irtu a lly  d isappears; an d  the in ten sity  o f  the 
b ou n d  h y d ro x y l peak  is m ark ed ly  increased. 
E x a ctly  sim ilar results w ere obta in ed  w ith  the

(11) E . L. Mackor and J. H. Van der Vaals, J .  Coll. Sci., 7, 535 
(1952); E . L. Mackor, ibid., 6, 492 (1951).

(12) R . s. McDonald, J .  Am. Chem. Soc.. 79, 850 (1957).
(13) L. M . Roev, V . N. Filimonov and A . N. Terenin, Optika i 

Spehtroskopiya, 4, 328 (1958).

ad sorbed  diester, d i-w -dodecyl 3 ,3 -d im eth y l g lu ta- 
rate. T h e  spectral ev iden ce in th is case indicated  
th a t each  diester m olecu le  w as v irtu a lly  alw ays 
a tta ch ed  to  th e  surface b y  b o th  ca rb on y l oxygen  
atom s even  a t low  surface coverage.

T h e  m easured ex tin ction  coefficients are listed 
in  T a b le  I I . A  constan t and essentially  identica l 
va lu e o f cm fo r  the ad sorbed  ca rb on y l is observed  
fo r  the m o n o - and diesters, in depen den t o f  surface 
coverage, 6 . T h e  values o f  sm (T ab le  I I I )  for  
“ free ca rb o n y l,”  th at is, fo r  the esters in solution  
in  n -dodecan e, differ con siderab ly  from  th at for 
the ad sorbed  carbon yl. H -b on d in g  should  cause 
b o th  a  change in  in ten sity  and freq u en cy  o f  the 
n orm al carbon y l in frared absorption . Such  effects 
are observed  in h om ogeneou s so lu tion s .14

T able  II
E xtinction  C oefficients for A dsorbed M ono-  and  D i

esters

a =  mg. adsorbed ester per gram of silica; 6 =  fraction of 
surface covered; cm =  D /m eq. of ester per cm.2.

Ester
<r,

mg./g. 0

Adsorbed
C = 0

EM
at 1715 
cm. - 1

Bound OH 
€M at 

3410 cm.
ra-Dodecyl Ì 31 0.38 446 569

isobutyrate J 55 .69 446 466
75 .94 440 366

(80) (1) (343)“
Di-n-dodecyl Ì 32 0.34 462 294

3,3-dimethyl }• 57 .61 443 309
glutarate j 86 .92 468 337

(93) (1) (343)“
Av. 451 Av. (343)“

“ Extrapolated value.

T able  III
E xtinction  C oefficients for E sters in  Solution

Ester Solvent
V,

cm.
A n/2, 
cm. 1 CM

re-Dodeeyl isobutyrate 72r-Ci2ÏÏ26 1745 13 653
Di-n-dodecyl 3,3-dimethyl 

glutarate 77-Ci2H26 1745 15 542
PLMA-3,7 77-C12H26 1736 23 400
Methyl methacrylate15 CCI4 1727 672
Poly-(methyl methacry

late)15 CÏÏCI3 1729 354
Di-ra-butyl oxalate 7I-C12JH26 1753 13 408
Di-n-butyl succinate n- Ci2H26 1747. 13 626

A n  a ttem pt w as also m ade to calcu late an «M
fo r  the en hancem ent o f  th e  bou n d  h y d ro x y l peak  
a t 3410 c m .-1  due to  h ydrogen  b on d in g  o f  the 
surface h yd roxy ls  b y  carbon y l. A  d ifficu lty  arises 
due to  the n ecessity  o f correctin g  fo r  the rem aining 
surface h yd roxy ls  w hich  are H -b o n d e d  to  each 
other. T h e  correction  su btracted  from  the o b 
served log  I/Io  w as

g. Si02/cm .2 X  £w(OH) X (1 — 6)

w here ew (O H ) =  97 (see previous section  on  N atu re 
o f  the Silica Surface). Q u an tita tive  in form ation  
on  the nature o f  the silica surface w ou ld  be  re
qu ired  in  order to  m ake a m ore rigorous correction . 
T h e  cm values obta in ed  in  th is w a y  w ere n o t con -

(14) N. S. Bayliss, A. R. H. Cole and L. H. Little, Australian J.
Chem., 8, 26 (1955).
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Fig. 3.— Infrared spectrum of PLM A in solution and ad
sorbed on silica: A, in dodecane solution, 0.101 wt. % ;
B, equilibrium adsorption system on silica (0 =  0.71, a =  
234 mg./g., c =  0.000); with pure solvent in reference cell;
C, same as B, but with PLM A solution in reference cell.

stant w ith  surface coverage  fo r  the m onoester 
b u t appeared approx im ately  con stan t fo r  the d i
ester (see T ab le  I I ) .  B o th  sets o f  values sur
prisingly  extrapolate  to  the sam e value a t to ta l 
coverage (0 =  1). T h is extrapolated  value w ill be 
assum ed to  be  the best value. W e  w ill use th is 
value on ly  for  approx im ate com parison  w ith  in
form ation  obta in ed  from  the ca rb on y l data.

E xtinction  C oeffic ien t fo r  A d sorb ed  P o ly m er 
C arbonyl.— W e w ish to  assum e th at the cm fo r  
adsorbed  p o ly m er carbon y l w ill be  identica l w ith  
th at observed  fo r  the adsorbed  m o n o - and diesters. 
I t  is pertinent, therefore, to  inquire in to  the reason 
fo r  the large difference in «m  fo r  free ca rb on y l o f  
the m on om er (n -d od ecy l isobu tyra te) an d  p o ly 
m er (P L M A ) as n oted  in T ab le  I I I .  A  sim ilar 
difference has also been reported  fo r  p o ly -(m e th y l
m ethacry late) and its m on om er .16 O bserved  band  
w idths (T ab le  I I I )  at half in tensity , A n /,, sug
gest th at the differences are largely  due to  band  
broadening. I t  appears reasonable to  relate this 
effect to  structural h indrances th at ten d  to  bring 
the carbon y l groups in to  proxim ity . A n  ap 
p aren tly  relevant ph enom enon  is that o f  the effect 
o f  structure on  the ratio o f  the first and second  dis
socia tion  constants o f  d icarboxy lic  acids. T h e  
la tter h ave  been  used b y  G ane and In g o ld 15 
to  calcu late an apparent d istance, r, betw een  the 
ion ic centers on  the dibasic anions. Som e typ ica l 
values o f  r are g iven  in T a b le  IV . It  is ev ident 
that the r values are qu a lita tive ly  consistent w ith  
the observed  cm values fo r  the corresponding  esters 
o f  T a b le  I I I .  T h e  steric e ffect suggested here m ust 
occu r  to  a large degree in a  p o ly -(a lk y l m eth acry -

(15) R. R. Hampton and J. E. Newell, Anal. Chem., 21, 914 (1949).
(1G) R. Gane and C. K. Ingold, J. Chem. Soc., 2153 (1931).

la te) w h ich  can  be  considered to  b e  m ade u p  o f  
units o f  a  2 ,2 ,4 ,4 -tetra -substitu ted  g lutaric acid .

T able  IV
Separation  op C harge in  D ibasic A n ion s18

Acid r(A.)
3,3-Di-ra-propylglutaric 3.12
Oxalic 3.37
Malonic 3.43
3,3-Di-methylglutaric 3.58
Methylsuccinie 3.83
Succinic 5.58
Glutaric 7.11

I t  seem s reasonable then to  assum e th at upon  
ad sorp tion  th e  alignm ent o f  the ca rb on y l grou ps in 
an ordered, H -b on d ed  array on  the surface w ill p la y  
the m a jo r  role in determ ining the absolute  va lu e o f  
the extin ction  coefficient fo r  th e  ad sorbed  ca rb on y l 
grou p . In deed , th is is born e ou t p er fect ly  in  a 
com parison  o f  the m on o - and diesters them selves. 
T h ere, a lth ough  the «m  values fo r  free carbon y l 
d iffer m arked ly , the «m  values fo r  ad sorbed  car
b on y l are identical. I t  seem s ju stifiable then to  
use the sam e value for  adsorbed  p o ly m er carbon yl.

A d so rb e d  P o ly m er  P L M A .— A  ty p ica l spectru m  
for  adsorbed  p o ly -(a lk y l m ethacry late) is show n in 
F ig . 3. T h e  new  peak due to  adsorbed  ca rb on y l is 
n ot resolved  as in the case o f  the sim ple esters bu t 
n ow  appears as a d istin ct shoulder u nder the 
norm al carbon y l peak. T h is  is the result o f  the 
latter being  broader and sh ifted  slightly  to  a  low er 
frequ en cy  fo r  free po lym er as com pared  to  free 
m onom er. H ow ever, appropriate can cellation  w ith  
p o ly m er solution  in  the reference cell, as described  
ab ove , results in the isolation  o f  the 1714 c m . -1 
peak. I t  is pertinent to  n ote  th at because o f the 
very  steep in itial rise o f  the adsorption  isotherm  
in the case o f  po lym ers (F ig . 1), it is possib le to  
h ave considerable adsorbed  p o ly m er in equ ilibrium  
w ith  a practica lly  u ndetectab le  concen tra tion  o f 
free po lym er in solution . Such  is th e  case in the 
exam ple o f  F ig . 3. T h is  m eans th at in th is case, 
the peak  at 1736 cm . -1  observed  w ith  the ad sorbed  
p o ly m er m ust be due essentially  en tirely  to  “ free”  
carbon y l groups in the u nadsorbed  segm ents o f  the 
adsorbed  p o ly m er m olecu les. N o te  th at there is 
n o  change observed  in the frequ en cy  o v er  th at for  
free carbon y l in solution . N o te  also th a t the 
adsorbed  ca rb on y l v ib ra tion  frequencies fo r  the 
p o ly m er and m on om er are identica l. T h e  e ffect 
o f adsorption  on  th e  spectrum  o f  th e  surface h y 
droxy ls  w as ex actly  the sam e as observed  fo r  the 
m onom er.

In  order, now , to  ca lcu late  th e  g . / c m .2 for  ad 
sorbed , th at is, d irectly  a ttach ed  segm ents (in 
term s o f w eight o f po lym er), w e assum e, as d is
cussed ab ove , th e  m olar ex tin ction  coefficient fo r  
ad sorbed  ca rb on y l to  be  th e  sam e as observed  fo r  
the m on om er; w hence (w here th e  ca rb on y l eq u iv a 
lent w eight o f P L M A  =  273)

=  451 X 1000/373 =  1650

I t  is n ot feasible to  use th e  observed  absorbance  
at 1736 cm . “ 1 for  th e  “ free”  carbon y l becau se o f the 
d ifficu lty  o f  correctin g  fo r  th e  con trib u tion  o f the 
steep shoulder o f  the 1714 cm . ” 1 peak. I t  is
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T able  V
D etermination of the Fraction of A dsorbed Segments

Polymer
(solvent)

Adsorbed
polymer
mg./g.
silica

(T
Fraction 
of surface 
covered, 9

Mg. silica 
per cm.’

/--------------- Mg. polymer/cm.2—
/-----Adsorbed segments----- «•
From C =0 From Oil 

data data
Total

adsorbed
polymer

Fraction of 
adsorbed 
carbonyl 
groups®

V
PLMA-3 314 0.95 0.67 0.073 0.073 0.210 0.35
(Dodecane) 234 .71 1.28 .107 .105 .298 .36

1.23 .102 .110 .289 .35
120 .36 1.29 .069 .068 .155 .44

1.44 .077 .067 .173 .44
52 .16 1.57 .032 .012 .082 .39

PLMA-3 272 .96 1.03 .100 .115 .272 .37
(Decalin) 181 .64 0.97 .081 .089 .176 .46

1.04 .079 .088 .188 .42
PLMA-7 292 .96 0.97 .105 .125 .283 .37
(Dodecane) 216 .71 1.28 .103 .116 .278 .37

101 .33 1.10 .059 .064 .111 .53
« Based on the carbonyl data.

sim pler to  ob ta in  th e  “ to ta l ad sorbed  p o ly m er”  
in each  case from  th e  k n ow n  w eigh t o f  silica on  the 
N a C l p late  an d  th e  m easured adsorption , a. 
T h en  th e  desired qu an tity , th e  fraction  p  o f ad 
sorbed  segm ents or  ca rb on y l groups, is

_  wt. of attached polymer segments/cm.2 
^ wt. of total adsorbed polymer/cm.2

T h e  data  obta in ed  in  th is m anner are g iven  in 
T a b le  V . I t  shou ld  be  u n derstood  th at “ segm en t”  
refers here to  the m on om eric  ester unit. In clu d ed  
are com p a ra tive  va lu es fo r  th e  g . /c m .2 ob ta in ed  
from  th e  h y d ro x y l data . C orrection  fo r  the 
in itially  present H -b o n d e d  surface h yd rox y ls  w as 
applied  in  a m anner ex actly  analogous to  th at used 
in originally  eva lu atin g  cm fo r  b ou n d  h y d rox y l 
from  th e  m o n o - and diester experim ents. T h e  
agreem ent, excep t at th e  v e ry  low est surface cover 
age, is better th an  expected . T h e  agreem ent sug
gests that ou r assum ption  regarding th e  ex tin c
tion  coefficient fo r  adsorbed  ca rb on y l is n ot se
riously  in  error.

I t  appeared pertinent to  ensure th at n on e o f the 
effects being  observed  m igh t b e  due to  H -b on d in g  
betw een  free p o ly m e r  and an y  H 20  w hich  m ight 
b e  d isp laced  from  th e  silica surface. A ccord in g ly , 
it w as observed  th at th e  spectru m  o f a p o ly m er solu
tion  equ ilibrated  w ith  a secon d  phase o f liquid 
w ater w as iden tica l w ith  th at o f  th e  original free 
polym er.

A d so rb e d  P o ly m er  P A M -V P .— Solution s o f th is 
cop o ly m er  o f a lk y l m eth acry la te  and v in y lp y r - 
rolidon e show , besides th e  m ain  in frared absorp 
tion  peak du e to  ester carbon y l, an  ad d ition a l a b 
sorption  (appearing as a  shoulder on  th e  m ain 
peak) at a b ou t 39 c m . -1  low er frequ en cy  d u e to  
th e  py rro lid on e  carbon y l. T h e  la tter  spans the 
ester ca rb on y l frequ en cy  sh ift o f  22 c m . -1  u pon  
ad sorption  on to  silica, so th at on e can n ot resolve 
th e  free py rro lid on e  groups from  adsorbed  ester 
groups in an  adsorption  experim ent. H en ce , n o  
estim ates can  b e  m ade o f th e  fraction , p , o f  ad 
sorbed  ca rb on y l groups. H ow ever, it is o f  interest 
t o  n ote  th at th e  ad sorbed  po lym er, P A M -V P , 
show s a  new  w ell resolved  peak  at ab ou t 72 cm . -1 
below  th e  free ester ca rb on y l peak. T h is  can  on ly  
be  due to  adsorbed  pyrro lidon e ca rb on y l groups and

represents a 33 c m . -1  sh ift o f  th e  free pyrro lidon e 
frequ en cy . T h is  in d icates th a t th e  h igh ly  polar 
pyrro lidon e groups are indeed  in vo lved  in  th e  a t
tach m en t o f  th e  p o ly m er to  th e  silica surface.

F ilm  T h ick n ess  E stim ation .— A  n u m ber o f 
uncertain ties m ake a precise determ ination  o f th e  
adsorbed  film  th ickness b y  th e  sed im entation  
v e lo c ity  tech n ique im possible. In  th e  treatm ent 
o f  ou r  data, w e assum e th at th e  sed im enting 
particles are spherical and th at th e  adsorbed  
p o ly m er  film s influence th e  sed im en tation  v e lo c ity  
in  th e  m anner o f  a  solven t im penetrable  shell o f 
con stan t th ickness. E xperim en ta lly , th e  tw o  m ost 
serious uncertain ties concern  th e  id en tity  o f  the 
film  coa tin g  th e  particle  an d  th e  determ ination  o f 
th e  sed im enting bou n d ary  w hich  ten ds to  becom e 
d iffuse w ith  polyd isperse particles. T h e  increase 
in  sed im entation  con stan t w hen P A M -V P  coated  
particles are treated  w ith  A erosol O T  and P L M A  
solutions suggests stron g ly  th at th e  film s h ave  ex 
changed  in  th e  m anner desired. T h e  particle  
fraction ation  tech n ique described  prev iou sly  gave 
particle  size d istributions su fficiently  narrow  to  
a llow  reasonable estim ates o f  th e  sed im enting 
bou n d ary  to  be m ade.

P roceed in g  as described , film  thicknesses o f  
25 ±  10 A. (fou r determ inations) fo r  P L M A  and 
210 ± 40 A. (five  determ inations) fo r  P A M -V P  
w ere obtained .

D iscu ssion

T h e  F raction  o f A d so rb e d  S eg m en ts .— On the
average fo r  th e  P L M A  fraction s, a b ou t 3 6 %  o f 
the segm ents are attach ed  to  th e  surface at h igh  
coverage , show ing th at th e  p o ly m er  is h igh ly  
exten ded  on  th e  silica surface. T h is  is in  a ccord  
w ith  th e  qu alita tive results o f  th e  statistica l th eory  
o f po lym er adsorption  o f S im h a -F r isch -E ir ich 4 
as exten ded  b y  F risch6 fo r  strong in teractions be
tw een  po lym er and surface. F or  adsorption  due 
to  h ydrogen  bon d in g  w here A H  =  5 -6  k ca l. /  
m o le 17 o r  8-10 kT , th is result appears reasonable. 
F or  th is case, th e  independence o f th e  fra ction  o f 
segm ents attach ed  u p on  p o lym er m olecu lar w eight 
observed  o v er  a 3 .6 -fo ld  change is also in  a ccord

(17) G. C. Pimentel and A. L. McClellan, “ The Hydrogen Bond,”
W. H. Freeman, San Francisco, Cal., I960, pp. 348 et seq.
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w ith  F risch ’s treatm ent. I t  is surprising, h ow ever, 
th a t th e  num ber o f attach m en ts is so little  in
fluenced b y  the degree o f coverage. W e  find at 
m ost a 3 0 %  change in  p  ov er  th e  range o f 0 =  
0 .16 to  0 =  0.96. F risch ’s treatm en t fo r  strong  
bou n d ary  forces results in  th e  expression  p  =  
v/t =  con stan t (1 — 0 ) an/R , w here v =  th e  n um 
ber o f  a ttach ed  segm ents, 6  =  th e  fraction  o f the 
surface covered , a 0 =  th e  p rob a b ility  th at if a 
segm ent tou ch es an u n occu p ied  site, it adheres, 
t =  to ta l num ber o f segm ents, and R  =  range over 
w hich  the b ou n d ary  forces operate.

W h ile  our da ta  in dicate  som e ten d en cy  fo r  p  
t o  increase at low  surface coverage, th e  change is 
sm aller th an  an ticipated  from  th e  F risch  relation. 
H ig u ch i18 has m od ified  th e  statistica l analysis o f  
Sim ha, F risch  and E irich 4 t o  a llow  th e  determ ina
tion  o f th e  e ffect u pon  p  (our p  is H ig u ch i’s P ( 0 )) 
o f th e  n et a ttractiv e  su rface-segm en t energy, e, 
ov er  the entire range fro m  w eak  t o  stron g  forces. 
T h is  analysis indicates th at p  is an S-shaped fu n c
tion  o f In [a07fo(l — 0)], w here K 0 — exp (e/kT ), 
and a 0 and 0 are as before  (F ig. 2, ref. 18). p  
varies slow ly  w ith  surface coverage  at v ery  low  e 
( ~ 0 )  and v e ry  h igh  e (> 5k ,T )  w hile in  th e  in ter
m ed iate  range o f e th e  rate o f  change o f p  w ith  0 is 
o f  th e  sam e order as p red icted  b y  th e  F risch  rela
tion . T h e  sm all depen den ce o f  p  u pon  0 fou n d  here 
is in  agreem ent w ith  H ig u ch i’s treatm en t fo r  strong  
interactions. T h e  fa c t th at p  is essentially  con 
stant as th e  am oun t o f  p o ly m er on  the surface 
varies suggests th at th e  adsorbed  p o ly m er con 
figuration  is determ ined  to  a considerable degree 
b y  intram olecu lar in teractions and n o t b y  inter
actions w ith  oth er m olecu les. I t  m u st b e  con 
cluded , therefore, th a t under th e  con d ition s o f  our 
experim ents, concen tra tion  levels are n o t atta ined  
a t w h ich  p o ly m e r -p o ly m e r  in teraction s on  the 
surface b ecom e operative. K ora l, et a l.,2 show ed 
th at substitu tion  (b y  partial h ydrolysis ) o f  m ore 
polar groups in p o ly -(v in y l aceta te) resulted in 
increased ad sorp tion  on  iron  pow der, bu t th at th e  
m axim u m  ad sorption  levels off rap id ly  after th e  
first in trod u ction  ( ~ 1 3 % )  o f polar groups. T h is  
w ou ld  appear t o  be  add itiona l ev id en ce  o f  th e  im 
porta n ce  o f  in tram olecu lar in teraction s in  in 
fluencing th e  state o f  an adsorbed  p o ly m er  m ole
cule.

T h e  th eoretica l treatm en ts suggest th a t p  m ust 
be  close to  u n ity  fo r  th e  stron g  p o ly m er-su rfa ce  
in teractions w hich  are operative  in  th e  present 
experim ents. T h e  low er va lu e w hich  is observed  
m igh t be  du e t o  steric effects associa ted  w ith  
p o ly m er b a ck b on e  in flex ib ility  o r  p ossib ly  re
flects a la ck  o f  surface u n iform ity  and ava ilab ility  
o f  p roperly  spaced  adsorption  sites. In tram olecu 
lar exclu ded  vo lu m e effects, w h ich  are ignored  in 
the th eoretica l treatm en ts, m igh t also cause 
p  to  b e  less th an  un ity .

T h e  th eoretica l treatm en ts presu ppose th a t th e  
ad sorp tion  is reversible. A s is co m m o n ly  observed , 
the desorption  o f p o ly m er is ex trem ely  slow . T h is  
is n ot an  in d ication  o f irreversib ility  b u t is to  be 
expected  in  v iew  o f th e  statistica l im p rob a b ility  
o f a p o ly m er m olecu le  desorb ing  all o f  its  poin ts

(18) W. I. Higuchi, J. Phys. Chem., 65, 487 (1961).

o f attach m en t at once. E qu ilib riu m  m u st exist 
fo r  th e  a d sorp tion -d esorp tion  o f in d iv idu a l seg
m ents. O therw ise, th e  c versus <7 isotherm s sh ou ld  
appear as a stra ight line parallel to  th e  c axis. 
A ccord in g ly , th e  sim ple esters stud ied  w ere o b 
served t o  equ ilibrate  extrem ely  rap id ly  via  either 
ad sorp tion  o r  d esorption .

N o  difference in  p  is apparent fo r  P L M A  ad 
sorbed  from  th e  solvents, n -d od eca n e  and cis- 
decalin , w herein  th e  ratio o f  intrinsic v iscosities 
o f P L M A  is 1.3. In  v iew  o f th e  g rea tly  exten ded  
state o f  th e  adsorbed  p o ly m er  revea led  here, it is 
n ot surprising th at increasing th e  v o lu m in osity  
o f  th e  p o ly m er  in  th e  so lven t phase has n o  ap 
parent e ffect on  th e  m od e  o f a tta ch m en t o f  th e  
p o ly m er to  th e  solid  surface. U n fortu n ately , 
th e  stringent requirem ents fo r  a  so lven t su itable 
fo r  studies, such  as h ave  been  m ade here, preclude 
com parison  o f  solvents w ith  a greater d ifference in 
so lven t pow er,

F ilm  T h ick n e ss .— F or  P L M A  w ith  p  =  0.36, on e 
w ou ld  estim ate a  film  th ickness th e  order o f  20 
to  40 A. T h e  valu e o f 25 A. determ ined  from  th e  
carbon  b la ck  sed im entation  studies is in  g ood  
agreem ent w ith  th is va lu e  an d  fu rther dem on 
strates th e  exten ded  nature o f  ad sorbed  P L M A  on  
pola r surfaces. I t  shou ld  be  n oted  th a t the sedi
m en ta tion  da ta  w ere taken  a t 0 .5 %  p o ly m er  con 
centration , a con d ition  w h ich  g ives h igh  surface 
coverage  (F ig . 1).

A  cop o lym er, such  as P A M -V P , w h ich  conta in s a 
sm all fraction  o f grou ps m ore  stron g ly  ad sorbed  
th an  th e  ester group  w ou ld  be  expected  to  g ive  
th icker film s th an  an  ester h om op oly m er, du e to  
preferential ad sorp tion  o f  th e  m ore  stron g ly  a d 
sorbed  groups. Sed im en tation  da ta  on  P A M -V P  
in dicate  a film  th ickness o f  a b ou t 210 ±  40 A . 
w h ich  is consistent w ith  th is explanation . T h is  
v a lu e  is con siderab ly  h igh er th an  w ou ld  b e  ex
p ected  from  th e  relative saturation  valu es o f 
P A M -V P  and P L M A  isotherm s, h ow ever. (Iso 
th erm s on  carbon  b lack  gave  a  sim ilar relative 
satu ration  v a lu e  t o  th at in d icated  on  C ab-O -S il 
in  F ig . 1.) P ossib ly , th is large film  th ickness 
reflects th e  in corpora tion  o f  th e  stron g ly  adsorbed  
v in y l pyrro lid on e  in  runs or  b lock s  in  th e  co p o ly 
m er.

T h e  A dsorp tion  Isoth erm .— A s show n in F ig . 2, 
th e  adsorption  da ta  appear to  fit th e  L angm uir 
isotherm . Sim ilar em pirica l fitting  o f p o ly m er 
adsorption  da ta  to  th e  L angm uir expression  has 
been  reported  in  several in stan ces .1-819 T h e  
S im h a -F r isch -E ir ich  (S F E ) iso th erm ,6 as cor 
rected  b y  F risch  and S im ha20 an d  sim plified  b y  
ignoring lateral in teraction s betw een  po lym er 
segm ents, is [0/v (1 — 0)v] =  he. W h en  v =  1, 
this equ ation  reduces to  th e  L angm uir isotherm . 
I t  is apparent then  th at there is n o  p o in t in  a t
tem p tin g  to  evalu ate v b y  fittin g  da ta  to  the S F E  
isotherm  if  th e  da ta  are ad equ ately  described  b y  
th e  L angm uir equation . F risch  and S im h a21 d is
cuss th e  d ifficu lty  in a ttem ptin g  t o  differentiate 
betw een  the L angm uir and S F E  isotherm s from

(19) J. F. Hobden and H. H. G. Jellinck, J. Polymer Sci., 11, 365 
(1953).

(20) H. L. Frisch and R. Simha, J. Chem. Phys., 27, 702 (1957).
(21) H. L. Frisch and R. Simha, J. Phys. Chem., 58, 507 (1954).
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the experim ental data. In  effect, th e  equations 
are insensitive to  values o f  v excep t at extrem ely  
low  con cen tra tion s w here it is ord in arily  n ot p os
sible t o  ob ta in  accurate data. T h e  recent da ta  on  
the adsorption  o f po lystyren e  on  carbon  o f F risch , 
et a l,,22 illustrate th is d ifficu lty  clearly. T h e  latter 
authors fou n d  th at th eir  da ta  fit th e  F risch  and 
Sim ha isotherm  b etter  w hen  an  a p riori assum ed 
value o f  v =  50 w as used rather th an  v — 1 
(for  a p olystyren e o f m olecu lar w eight 301,000). 
H ow ever, th is y ie lds a  value o f  900 A .2 area per 
ad sorption  site, w h ich  appears an order o f  m agn i
tu de  to o  large in  v iew  o f the p roba b le  area o f n ot 
over 60 A .2 per segm ent as estim ated from  the 
data o f V a n  der V aarden .23

I t  still seem s surprising th at th e  adsorption  
data should  reason ab ly  fit the L an gm u ir isotherm  
in ou r case w here v is so v e ry  large. F or  the

(22) H. L. Frisch, M. Y. Heilman and J. L. Lundberg, J. Polymer 
Sci., 38, 441 (1959).

(23) M. J. Van der Vaarden, J. Coll. Sci., 6, 443 (1951).

polym ers P L M A -3  and P L M A -7 , v =  470 and 
1660, respectively . One m igh t qu estion  w hether 
the apparent fit to  th e  L an gm u ir equ ation  is 
en tirely  accidental. Sim ha, F risch  and E irich 4 
p oin t ou t th at their isotherm  is iden tica l in form  
w ith  th e  result fo r  the ad sorp tion  o f  a r-m er w ith  
com plete  d issociation  in to  “ m on om er”  on  the 
surface. T h is  w ou ld  appear to  suggest th a t even  
in  th e  case o f th e  ad sorp tion -d esorp tion  equ i
librium  o f a p o lym er m olecu le, th e  equ ilibriu m  is 
basica lly  a co m p eth ion  on ly  betw een  th e  in div idual 
adsorbing  segm ents. W e  h ave  studies in  progress 
w hich  m a y  elu cidate fu rther th e  fu ndam en ta l 
nature o f  the adsorption  isotherm  fo r  po ly fu n ction a l 
m olecu les.

A ck n ow led gm en ts .— T h e  authors w ish  to  ac
k n ow ledge the coop era tion  o f D r. D . G . R e a  and 
M r. H . M . W h ite  o f  ou r S p ectroscop ic  L a b ora tory  
and are gratefu l to  D rs. O. L . H arle and W . I. 
H igu ch i fo r  help fu l discussion.

EFFECTS OF SHORT RANGE SURFACE-SEGMENT FORCES ON THE 
CONFIGURATION OF AN ADSORBED FLEXIBLE CHAIN POLYMER
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Following the model for the statistics of deposition of a flexible polymer chain from solution developed by Simha, Frisch 
and Eirich,2 equations were formulated which describe the segment density distribution as a function of a short range inter
action parameter K. Calculations for P {0), the fraction of anchor segments, were carried out over a wide range of K  and 
the chain size. The calculations show that if anchoring of a segment is accompanied by a net change in potential energy, 
e, equivalent to that of about 4kT  or more resulting from interactions of unspecific types, P (0) may be essentially unity, i.e., 
the entire chain may be found collapsed to the surface. In the range 0 <  e JÍ 4kT, the changes in P (0) may be very large, 
corresponding to the change from a chain predominantly existing in the solution “phase”  to that which is collapsed to the 
surface. The recent experimental determination of P( 0) by Fontana and Thomas for the system-poly (alkyl methacrylate) 
adsorption onto silica— is found to be consistent with the present treatment of the problem, for the case of large c.

w ith  th e  expectation  o f finding a sa tis factory  
qu an tita tive  descrip tion  o f th e  system  w ith in  th e  
lim itations o f th e  m odel.

T h e  configuration  o f th e  flexible chain  at th e  
interface is a v ery  im portan t fa ce t o f  th e  over-a ll 
problem , as w ell as being  interesting in  itself. 
T h e  present com m u n ica tion  is con cern ed  w ith  the 
effects o f  short range forces betw een  th e  p o ly m er 
segm ent and the active  surface sites on  the p o ly 
m er configuration . F risch 4 has already  treated  
th e  tw o  lim iting cases: v e ry  w eak  attractive
forces (energies < <  k T ) and v e ry  strong a ttrac
tive  forces (energies »  k T ). I t  appeared to  us 
that th e  region  in  betw een  these extrem es shou ld  
be im portan t fo r  m a n y  real system s.

T h e o ry

A ssum e th at th e  p o ly m er chain  in  solu tion  is 
characterized5 b y  its t segm ents o f  length  A  and a 
G aussian d istribu tion  o f en d -to -en d  distances. 
T h en  w ith  th e  adsorbing  surface at Z  =  0 in  the 
x -y  p lane and anchoring  th e  first segm ent o f  the 
chain  to  th e  surface, th e  chain  segm ent density ,

(5) Conventions of Frisch, ref. 4, are used whenever possible.

In trodu ction
T h e  th eoretica l aspect o f  the prob lem  o f the 

ad sorp tion  o f flexible n on -ion ic  h igh  polym ers on to  
solids from  th eir  solutions has been  exam ined and 
discussed in  rather great deta il b y  Sim ha, Frisch  
and E irich ,2 F risch  and S im ha ,3 and F risch .4 
T h e m od el em p loyed  b y  these investigators in 
their qu an tita tive  discussions assum es th at the 
adsorbed  p o ly m er chains are characterized  b y  a 
G aussian d istribu tion  o f en d -to -en d  distances. 
K n ow led ge  o f th e  average configu ration  o f the 
p o lym er conta in in g  a statistica lly  significant num 
ber o f  segm ents th en  perm its the ap p lica tion  o f 
statistica l th erm odyn a m ics to  th e  derivation  o f 
the ad sorp tion  isotherm  equ ation . H ow ever, even  
fo r  th e  sim plified m odel, because o f  th e  com p lex ity  
o f th e  situation , it is ex trem ely  d ifficu lt to  enter 
the various in teraction s in to  a su itable equation

(1) The School of Pharmacy, University of Wisconsin, Madison» 
Wisconsin.

(2) R. Simha, H. L. Frisch and F. R. Eirich, J. Phys. Chem., 57, 584 
(1953).

(3) (a) H. L. Frisch and R. Simha, ibid., 58, 507 (1954); (b) H. 
L. Frisch and R. Simha, J. Chem. Phys., 27, 702 (1957).

(4) H. L. Frisch, J. Phys. Chem., 59, 633 (1955).
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Fig. 1.— A typical beginning of an adsorbed polymer 

chain of t segments in the modified random walk representa
tion (see text).

P ( Z ) ,  m a y  be  ca lcu lated  fo r  th e  adsorbed  polym er. 
H ere P ( Z )  is defined as th e  fraction  o f t located  
betw een  Z  and Z  +  dZ. T h e  coord in a te  Z  is 
in units o f A .  T h is  treatm ent fo r  large t g ives2“ 4

F m  -  2- r w i f  - 0 (0  (1)
w hich  is th e  expression  fo r  th e  fra ction  o f t exist
ing as anchors fo r  th e  p o ly m er  chain. In  th e  
equ ation  ao is an a ccom m od a tion  coefficient (the 
p rob a b ility  o f  a  successful con ta ct betw een  an 
a ctive  site on  th e  surface and a segm en t), 6 is the 
fraction  o f sites covered , and /  is th e  segm ent 
“ d iffu sion ”  coefficient4 w h ich  includes th e  effects 
o f  the restrictions o f  va len ce  angles and bon d  
rotation  on  th e  m olecu lar configuration .

T o  th e  extent th at th e  discussion  in th is article  
w ill be qu an tita tive, it w ill b e  lim ited  to  exam ining 
P ( 0 ), a lthough  a general expression  fo r  P ( Z )  w ill 
be presented and discussed.

E q u a tion  1 is expected  to  ap p ly  to  th e  case w here 
no net in teraction  exists betw een  th e  segm ent and 
the surface sites. I t  is a consequence on ly  o f  the 
geom etric restriction  p laced  u p on  th e  p olym er 
chain.

F or  th e  case o f v ery  w eak attractiv e  forces 
F risch 4 ob ta in ed

P(0) =  gw « 9), ( 1 + x  +  " - ) (2)
w here X =  e/lcT, e is th e  net a ttractive  surface- 
segm ent energy, and k  and T  h ave  th eir  usual 
m eanings. M o re  exactly , e is the dep th  o f  a 
square w ell p oten tia l loca ted  at 0 <  Z  <  R  w here 
R  is th e  order o f A  fo r  short range forces. I t  
represents an  average or “ sm ooth ed ”  potentia l 
energy decrease fo r  the segm ent in  0 <  Z  <  R  rela
tiv e  t o  th e  segm ent loca ted  at Z  >  R . T h e  less 
specific th e  in teraction  o f th e  su rface-segm en t rela

tiv e  to  th e  so lven t-segm en t the closer e w ou ld  be  
to  th e  actu al en ergy  o f an chorin g  (i.e ., th e  m in im um  
in  th e  real poten tia l energy cu rve ).

B ecause o f  th e  m ath em atica l approx im ation s , 
equ ation  2 is strictly  va lid  fo r  th e  m od el w hen  
e < <  k T . U n der these con d ition s P (Z ) ,  w hich  
determ ines th e  extension  o f  th e  p o ly m er in  th e  in
d irection  and th e  den sity  o f  the segm ents, rem ains4 
essentially  th e  sam e as th at fo r  e =  0 .

F r isch 4 has also an alyzed  th e  case fo r  e »  k T  and 
fou n d  th at in th e  lim it«—»- >  >  fc T , P  (0) 1, P ( Z )  -*■ 0
fo r  Z  >  R , i.e., all t segm ents collapse to  th e  surface 
layer and serve as anchors.

A n  a lternative ap proach  b u t w h ich  essentia lly  
retains F risch ’s ph ysica l m od el w ill n ow  b e  pre
sented. T h is  w ill perm it using standard procedu res 
fo r  n um erica lly  com pu tin g  P (0 )  fo r  a n y  e and 
large t.

F or  th e  ca lcu lations it w ill b e  assum ed as b e fo re 4 
th a t  exclu ded  vo lu m e effects m a y  b e  neglected . 
T h is  p o in t w ill, h ow ever, be  exam ined  later in  th e  
discussion  o f th e  results. A lso  on ly  short range 
in teraction s (range th e  order o f  one segm ent length) 
w ill be  considered.

L et us beg in  (see F ig . 1) w ith  th e  first segm ent 
(s =  1) o f th e  p o ly m er chain  in  Z  =  0. T h e  second  
segm ent (s =  2) has the ch o ice  o f residing in  Z  =
0 or in  Z  =  1 (as it  does). T h en  th e  th ird  seg
m en t (s — 3) has the ch oice  to  reside in  Z  =  2 
or  Z  =  0  (as it  d oes). T h is  continues to  s =  t. 
T h e  process is called  ran dom  w alk6 w ith  a per
fe c tly  reflecting barrier if the probabilities fo r  A Z  =  
+  1 is u n ity  and A Z  =  0  is zero at Z  =  0. I f, 
on  th e  oth er hand, th e  probabilities fo r  AZ  =  + 1  
and A Z  =  0 are equal, th e  correspon d in g  expres
sion fo r  P (0 )  is, as w ill be  seen later, equ ation
1 w ith  a  =  1 and 0 =  0 .

T h e  e ffect o f  short range forces m a y  b e  ac
coun ted  fo r  b y  suitable ch o ice  o f  th e  p robabilities 
fo r  a  AZj transition  at Z  =  0 and Z  =  1, m ain ta in 
in g  equ al p robabilities o f  A Z  =  + 1  and A Z  =  — 1 
fo r  all o th er Z  values.

T h e  w alk  process m a y  be  described  b y  th e  fo l
low ing  differentia l equ ation  u nder th e  usual 
lim iting  con d ition s6

ÒW
ài

ò^w
f w o r z >

2 (3)

w here w — w (Z ,t) is th e  en d -to -en d  d istribu tion  
fu n ction  in tegrated  ov er  all x  and y j  T h e  b e 
h av ior at Z  =  0  and Z  — 1 fo llow s th e  con d ition s

fdw\  =  2fK  
\ÒÌ /  e=0 K  +  l

= — ?Z— ,,
\dt ) ^ i  K  +  I

..2 /
IC +  1 tts. 0

+  /«>_2 -  2fwt~l

f
fòw \ _  / òmA , /òw\ 
X ò Z )^ 2 -  V ò ìJ m  +  L i

(4)

(5)

(6)

I t  is visualized, as in d icated  b y  these equations, 
for  s im p licity ’s sake th at there are three regions, 
Z  =  0, Z  =  1 and Z  >  2 .

T h e  present ap proach  differs from  F risch ’s4 in  
that th e  a ttractive  forces are a ccou n ted  fo r  b y  th e  
use o f  con d ition s 4, 5 and 6 rather th an  b y  their

(6) S. Chandrasekhar, Revs. Modern Phys., 15, 1 (1943).
(7) This differs from the w(Z,t) of the previous workers, ref. 1-4 , by  

the integration.
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direct incorporation into equation 3 with Z  >  0. 
The other boundary conditions remain the same,4 
v iz .

dw . „
u>, — >  0 as Z  — >  t >  0

and <7>
w — >  5{Z) as t — >  0

A few remarks on the meaning of conditions 
4, 5 and 6 are necessary. The first term on the 
right side of 4 is the “rate” at which the (t +  l)st 
segments are going to Z  =  0 from the t tb segments 
in Z  =  1. The second term in 4 is the “rate” 
at which the ( t +  l)at segments are going to Z  =  
1 from the t th segments in Z  =  0. In condition 
5 the first two terms on the right side are the 
“rates” at which ( t +  l)st segments are coming 
into Z  =  1 from Z  =  0 and Z  =  2, respectively, 
and the third term represents the “rate” of seg
ments leaving Z  =  1. Condition 6 simply,; repre
sents mass balancing. The quantity K  accounts 
for the effect of forces on these “rates,” i . e . ,  the 
larger K  is the less the tendency for the AZ  (0 to 1) 
and the AZ  (1 to 2) steps while the greater the 
tendency for AZ (0 to 0) and the AZ (1 to 2) 
steps. A detailed examination of K  will be given 
in the Discussion section.

To find a solution to the problem it becomes 
necessary to make an approximation. From 
condition (4) it is clear that

( S ) fc. «  A + D  w~ l ~  A + l  forlarge< (8)

From this it follows that for large t
w*. o — Kw^i (9)

It can be shown that the effect of not neglecting 
(d w / d l)^o inequation 8, in the first approximation, 
is to effectively decrease/by the order of (K 2 +  3 K  
+  1 ) / ( K 2 +  2K  +  1) which is always sufficiently 
close to unity for our purposes.

Employing equation 9, equation 3 may be 
solved8 to give

w = ( g  +  l ) * ( b ~ a ) [ exPi“ ^  _  2) +  « W  erfR

\% fi)'/*' +  a^ ' A | ~  oxp\b(Z -  2) +  b*ft\ crfc

<>»»
for Z >  2

with a  -  \ + \ ( i  -  i K T T y ) /!

and 6 = l  -  K 1 -  (F T lj i )  A
Thus
k m  =  +  ip (6  [exp(a2/ 0  erfc(a(/Z)'/! | -

exp(62/0  erfc(&(/i)'A|] (11)

Now (d t o / d Z )z _ 2 may be obtained from equation 
10 by differentiation and combined with 4, 5, 
6, 9 and 11 to give

=  (1 +  \/K){b - a ) [(1 ~  eXp(aVt) 6rfc 
\a(ftyh] -  (1 -  b) exp(6*/0 erfclftf/i)1/«)] (12)

(8) H. S. Carslaw and J. C. Jaeger, “ Conduction of Heat in Solids,”
Oxford University Press, London, 1959, p. 306.

Fig. 2.— A plot of P(0), the fraction of the total number 
of segments t that are anchors, against the site-surface 
interaction parameter K . A, B and C correspond to t = 
1 X  102, 1 X 103 and 1 X  104, respectively.

Now P ( 0) is related to w z _ 0 by2-4'9

P(0) = i~ fi w*~° dt (13)
It can be easily shown that equation 13 reduces 
to equation 1 for K  =  1, provided a 0 =  1 and 6 =
0 in equation 1. Also when K  =  0, jP(0) =  0.

Results of Calculations and Discussion
In Fig. 2 are given the results of P(0) calcula

tions for three t values of 1 X  102, 1 X  103 and
1 X  104 which should be representative of most 
real systems of interest (MW range of 1 X  104 
to 1 X  106 or so). The calculations were carried 
out by a graphical method with equations 12 and 
13, and an /  value of 1/ 6. This /  value would cor
respond to a free chain (no valence angle restric
tions and no bond rotation barriers).

In passing, it is worthwhile to mention an 
alternative interpretation of the meaning of the 
results of Fig. 2 with /  =  W  If the concept of 
the statistical chain element of W. Kuhn10 is 
introduced to characterize the polymer chain, 
then /  =  Ye will include the restriction of valence 
angles and bond rotation. In this interpretation 
the number, t', of the statistical chain elements 
(of length A ') would be less than t for a given poly
mer chain according to the following conditions10

V =  t/n \
A ' =  r.m.s. length of n segments of length A I

where n is large enough to make orienta- \ , ,
tion of one element independent of t h e / '  ' 
next t

At =  A T  )
It is clear that in some respects the statistical 
chain element analysis would be more consistent

(9) In eq. 12 w^o is the same as p(r) used by the previous workers. 
See ref. 7.

(10) See P. J. Flory, “Principles of Polymer Chemistry,” Cornell 
University Press, Ithaca. N. Y., 1953.
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with the model of random flight. However, in 
the present discussion, A  and t will be used as 
before2" 4 to describe the polymer chain for the 
reason that a clearer relationship between the 
variables can be seen with this choice.

The long range effect on P(0) of increasing /  
while holding A  constant would be essentially the 
same as proportionally increasing t (see equation
12). For linear polymers involving the tetra
hedral carbon linkages /  is the order of 2 to 4 times 
greater than /  for the free chain. This would 
correspond to about a 10 to 20% downward shift 
in the results of Fig. 2. For more inflexible poly
mers the increase in ■/ would be greater.

The effect of solvent on P(0) while holding 
A  constant is to e f fe c t iv e ly  either increase or de
crease /  depending on whether the solvent is a 
good one or a poor one, and on whether there is a 
high concentration of other polymer chains nearby 
(intermolecular excluded volume effects). The 
discussion up until now has assumed the Flory 
theta solvent, i . e . , the net effect of solvent-seg
ment and segment-segment interactions was to 
permit the random walk calculation of the con
figuration to be the correct one with /  providing 
the valence angle and bond rotation restrictions 
only. The Flory type treatment10 involving the 
expansion factor, alpha, may be used to estimate11 
the effective change in /  caused by solvents. For 
linear polymers the effects of solvents are about 
the same order as in the three-dimensional cases,10 
as perhaps expected. For not too extreme sol
vents the effective changes in /  over the /  for theta 
solvent is generally the order of 2 or so, even for 
moderate coverages. At very high coverages, 
when both inter- and intramolecular excluded 
volume effects could become very serious, the 
effective /  will be much larger.

It appears that A, itself, might be the most 
important P(0) determining factor, especially 
at low to moderate coverages. Particularly for 
the high molecular weight polymer chains, A  
has a very large influence on P(0). For example 
(Fig. 2), taking the t =  I X  104 chain, while at 
A  =  1, P(0) is ~0.03; at A  =  3, P(0) =  0.13—  
a fourfold effect; and at A  — 10, P(0) =  0.6—  
a twenty-fold effect. At A  > 30, polymer chains 
are essentially collapsed to the surface. The 
character of an adsorbed film undergoes drastic 
changes in the region of 1 ~  A  ~  30. The seg
ment density distribution, P(Z), which could be 
calculated along the same lines as the P(0) cal
culation by means of equations 11 and 13, should 
reflect these changes. The adsorbed film thick
ness, however defined, should be considerably 
smaller for A  =  30 than for A  =  1.

The meaning of A  now requires discussion. 
From equations 4 and 5 it is seen that A  is a kind 
of distribution coefficient for Z  =  0 and Z  =  1. 
When the £th segment is in Z  =  0 the quantity 
A /A  +  1 represents the probability of anchoring 
for the (£ +  l)st segment; while 1 /A  +  1 represents 
the probability for not anchoring. Now we have 
also chosen A /A  +  1 to represent the probability

(11) Unpublished results employing a one-dimensional modification 
of Flory’s method.

of anchoring of the (£ +  l)st segment when the 
t th segment is in Z  =  1 with again letting 1/A  +  1 
represent the probability for not anchoring. 
Strictly the same probabilities should not be used 
for the two processes, or, alternatively, different 
A ’s should be used. The problem arises because 
even though the potential energy change for 
anchoring may be the same in the two processes, 
the degree of orientational freedom associated 
with anchoring differs (neglecting restrictions of 
valence angle and bond rotation). However, 
the effect is small enough to be unimportant12 
for the present discussion and thus the simple 
derivation will be retained.

We may write
K  =  aoAo(l — 0)

and
K 0 =  exp (e/kT)

and a 0, 9 and e have already been 
e / k T  « 1  this gives

p< ° > -2- f S ) w i ( i + ! x +  - )  <w>
which differs somewhat from equation 2 in the co
efficient for X.

Frisch has discussed4 some probable values for 
e (adsorption from solutions) when the site- 
segment interaction involves dispersion type forces, 
weak dipole-dipole forces, or strong dipole-di
pole forces. In general when only dispersion 
type forces or weak dipole forces are involved 

e <  kT

However, when anchoring occurs with a net for
mation of a hydrogen bond or other strong di
polar interaction e may easily exceed several 
k T . i This may occur, for example, if the segment 
contains a carbonyl or a comparably basic group, 
the active site involves an acidic proton (e .g ., 
hydrated silica) and the solvent is an aliphatic 
hydrocarbon.

If a0 may be assumed to be the order of unity 
and if 9 is not too large

K  ~  exp or somewhat less (17)

It is seen that K  7 for e =  2k T ,  A  ~  20 for 
€ =  2>kT, and A  ~  150 for e =  5k T . In the last 
case the entire polymer chain may be lying col-, 
lapsed at the interface.

While the long range effects of the valence 
angle and bond rotation restrictions were con
sidered above, the effects of these restrictions on 
P(0) arising near the surface are more difficult 
to assess. It is clear that these effects or cor
relation between two successive segments is most 
important for large P ( 0). With the aid of ex
pressions 14, it is seen that the worst conceivable 
deviation from the P(0) values given by Fig. 2 
corresponds to

P(0,t) =  i  P(0,t') (18)

Condition 18 is a somewhat improbable estimate
(12) More detailed derivations of equation 12 with allowance 

given to the anisotropy of the “diffusion” coefficient in Z =  0 and Z — 1 
leads to somewhat larger P(0) values for the same K, corresponding to 
a leftward shift of the curves of Fig. 2 by about 0.1 in log K  for large K.

i  (15)

defined. For
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of P ( 0), however, as it is reasonable to expect 
much of the effects of correlation to cancel. In 
any case the entire polymer chain would collapse 
to within A '  of the surface as P(0,P) for the poly
mer given by Fig. 2 approaches unity.

A significant point with regard to equation 15 
and the curves of Fig. 2 is that P { 0) may be very 
sensitive to 8 over a certain range of 6. In con
sidering the thermodynamics of chain adsorption2’3 
the number of anchoring segments v =  P(0)t 
is an important factor. It is seen that for 8 
going from 0 to 0.9, v may vary over a wide range 
(~a  factor of ten) if, say K ~10 at 8 =  0 (or 
K ~ 1 at 8 =  0.9 if K o  remains constant). Any 
isotherm equation should take this variation of 
v into account if agreement with experiments is to 
be expected.

Comparison of Calculations with Data
Recently Fontana and Thomas13 have carried 

out some very interesting experiments bearing 
on the problem of the configuration of adsorbed 
polymers. They were able to directly determine 
P(0) for poly-(alkyl methacrylate), PLMA, ad
sorbed onto silica by infrared spectrometry.

Their investigation showed that, for this system, 
P(0) is relatively independent of 8 over a wide 
range of 8. Since it is clear from their work that 
the mechanism of adsorption involves hydrogen 
bonding between the surface hydroxyl groups on

(13) B. J. Fontana and J. R . Thomas, J. Phys. Chem., 65, 480
(1961).

the silica and the carbonyl groups on the polymer, 
e is very likely relatively large (>5k T )  for this 
case. Thus, their data is consistent with the 
idea that this system is operating at the upper re
gions of the curves in Fig. 2 where P(0) is rela
tively insensitive to 8.

These investigators found, however, that the 
relatively constant value for P(0) was not unity 
but instead about 0.4. This, as the authors point 
out, most probably is a result of the combination 
of polymer backbone inflexibility and availability 
of properly spaced adsorption sites. It is to be 
expected that as P(0) approaches a value as high 
as 0.4 the chain becomes relatively rigid (as com
pared to the solution configuration) and surface 
site spacing and surface uniformity require
ments become more critical. Furthermore, under 
these conditions both intermolecular and intra
molecular overlapping of portions of the chains 
will lead to smaller P(0) because of steric effects. 
Alternatively it may be stated that at P(0) =  
0.4 the entire PLMA chain is collapsed to the 
surface to the extent that equation 18 might be 
more appropriate.
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Isomerism of the syn-anti kind has been detected for the first time in several aliphatic ketoximes and ketoxime ethers 
and is indicated by the presence of two resonance lines for the protons on carbon atoms next to the > C = N O H  or > C = N O R  
group. The separation of these two lines depends on (a) the presence of aromatic compounds, acids or bases in the oxime 
solution, and (b) on the concentration. A differential ring-current effect and the presence of oxime ions are assumed to be 
responsible for these separations. Steric effects and internal hydrogen-bonding seem zo account for the apparent absence 
of a second isomer in some cases.

Introduction
The separation of geometrical isomers and the 

behavior of oximes has been a subject for contro
versy.1 Although the chemical behavior of these 
substances gives valuable clues to their isomerism, 
only direct methods for determining molecular 
structure can reliably establish the non-linearity of 
the C =  NO- group which gives rise to this isomer
ism. Several X-ray diffraction studies have shown 
that the CNO angle is 113 ±  2°. The only oxime 
for which the structure of both isomers has been 
determined is p-chlorobenzaldoxime.2 In the a n t i  
form, the oxygen atom was found to lie closer to the

(1) J. Meisenheimer and W . Theilaeker, “ Stereochemie des Stick
stoffs,'’ in “ Stereochemie”  (K . Freudenberg, ed.), F. Deuticke, Leipzig 
and Vienna, 1933.

(2) B. Jerslev, Mature, 166, 741 (1950); 180, 1410 (1958).

ring than in the s y n  form. This result confirms 
earlier assumptions about the structure of these two 
aldoxime isomers.

Nuclear magnetic resonance is a valuable tech
nique complementary to the preceding, since hydro
gen atoms (or fluorine atoms) in the neighborhood 
of the oxime group can be probes for detecting asym
metry in oxime molecules of the RsC=NOH type, 
as well as in alternative isomeric structures of the 
R 'R "C =N O H  type. Phillips3 has recently re
ported work on aliphatic aldoximes (RHC=NOH). 
The fact that the spectra show two multiplets, 
separated by about 0.6 p.p.m., for the aldehydic 
hydrogen atoms, was ascribed to the simultaneous 
existence of s y n  and a n t i  isomers; he also assigned

(3) W. D. Phillips, Ann. N. Y. Acad. Set., 70, 817 (1958).
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T a b l e  I
P ro to n  R e so n a n c e  Se p a r a t io n s  f o r  Sy m m e t r ic a l  K e t o x im e s  a n d  O -A l k y l  E t h e r s

Compound Ref.

M u lti
p lic ity  

of H line
Separation,

c./sec. Solvent

Concn. 
g ./100 ml. 

of soin.

(I) (CH 3)2C =N O H 1 5 Benzene 10
(II )“ (CH3CH2)2C =N O H 5 4 15 Benzene 10
(III) [(CH3)2CH]2C =N O H 7 54 Benzene 20

51 Carbon tetrachloride
(IV)“ /C H ,

X  \
h 2c  c = n o h 6 3 7 Benzene 10

/ o

(V) (C6H5CH2)2C =N O H 7 1 15 Acetone 10
(VI) (CH3)2C =N O C H 3 8 1 1.5 Benzene 10
(VII) (CH3)2C = N O C 2H5 8 I 1.5 Benzene 10

“ See Fig. 1 for spectrum.

the multiplet at higher field to the a n t i  form. (See 
Appendix.)

The simultaneous existence, in some unsymmetri- 
cal ketoximes (R " ^  R'), of the two forms, also sus
pected for a long time,1 has been demonstrated for 
the first time by the present study. Although the 
present n.m.r. spectra give evidence of this conclu
sion in some cases, the separations corresponding to 
the proton resonances are much smaller than, and 
of different origin from, those assumed in aldox- 
imes.3 In the latter, the position of the — H C =  
NOH resonance in the spectrum seems to depend 
directly on the H. . . 0  distance. It now appears 
possible to demonstrate s y n - a n t i  isomerism in 
ketoximes and to use proton resonance to monitor 
the separation of s y n  and a n t i  isomers.

It was originally thought that the differences in 
the electronic environment of hydrogen atoms on 
the carbon adjacent to the >C =N O H  group, 
differences resulting from the non-linearity of this 
group, might be sufficient to give rise to an ob
servable chemical shift, e .g . , for one methyl group in 
acetoxime with respect to the other. As has now 
been observed, however, the frequency of the reso
nance lines of these protons differs only when certain 
solvents are used, and the separation of the lines 
depends on concentration. Measurable separa
tions were found in “aromatic” solvents, such as 
benzene, thiophene, furan, and their derivatives, 
and in solutions of naphthalene in carbon tetra
chloride and carbon disulfide. In pyridine solutions 
separations were also observed, but because of the 
basic nature of pyridine, there may have been an 
additional effect due to Oil-  (see below). The 
magnitudes of these splittings were found to depend 
on the field strength, so that spin-spin coupling is 
excluded.

Experimental
All data were taken with a Varian 60 me./sec. n.m.r. 

spectrometer, except for a few measurements made at 24.3 
me./sec. to check the field dependence. The scale of the 
spectra was established directly on the recorder trace by the 
side-band technique. All measurements were made at room 
temperature and on undegassed material. Some spectra are 
shown in Pig. 1.

The oximes were obtained from the following sources: 
(a) gift: 2,4-dimethyl-3-pentanone oxime (diisopropyl ke- 
toxime) III ,4 from Prof. D . E . Pearson, Vanderbilt Univer-

(4) Roman numerals designate the compounds listed in Tables I -  
III.

sity; (b) commercial sources: acetoxime I, from Eastman; 
butanone oxime VIII, from Matheson, Coleman, and Bell; 
acetophenone oxime, from Eastman; (c) prepared in this 
Laboratory: all other oximes (see Tables I and III for ref
erences). The compound CFs-C(=NOH )-C6H5, 2,2,2- 
triiluoroacetophenone oxime, which is not described in the 
literature, was prepared by refluxing 12.3 ml. of the ketone 
with 100 ml. of a 1:1 methanol-water mixture containing 
10 g. of NH2OH-HCl and 14 g. of Na0Ac-3H20 ,  for two 
hours; 50 ml. of liquid were then distilled off. The residue 
(which had separated into two layers) was poured into cold 
water, whereupon the oxime was precipitated. After re
crystallization from ligroin, it melted at 75°.

T a b l e  II
M e t h y l  Se p a r a t io n s  fo r  A c e t o n e  O x im e

Concn.,
g./lOO ml. Separa-

S o lv e n t o f  s o in . t io n ,  c . / s e o .

Benzene 2 0 4 . 1

1 0 4 . 9

5 5.5
1 6 . 2

Toluene 5 4 . 4

Nitrobenzene 5 1 . 3

Naphthalene (about 30% soln. in CS2) 5 1 . 5

Furan 5 3 . 2

Thiophene
Benzene-carbon tetrachloride mixtures“

5 4 . 3

n =  7 1 0 4 . 8
5 1 0 3 . 8
3 1 0 2 . 4

1 1 0 0 . 8

“ Prepared by placing 1 g. of acetone oxime in a 10-ml.
volumetric flask, adding n ml. of benzene, and diluting to 
volume with CCI4.

Results and Discussion
In symmetrical ketoximes (see Table 1), it was 

observed that the resonances of protons on carbon 
atoms adjacent to the >C=N O II group appeared 
in the spectrum twice, with equal intensity. This 
may be expected, since the two radicals bound to 
this group are not equivalent because of the non
linearity of the >C =N O H  group. With the 
exception of III, such a “splitting” occurred in the

(5) E. W . Bousquet, “ Organic Syntheses,”  C oll. Vol. 2, M cG raw - 
Hill Book Co., New York, N. Y ., 1943, p. 313.

(6) D. C. Iffland, G. X . Criner, M . Coral, F. J. Lotspeich, Z. B. 
Papanastassiou and S. M . White, Jr., J. Am. Chem. Soc., 75, 4044 
(1953); private communication from Prof. Iffland.

(7) E. Beckmann, Ber., 19, 988 (1886).
(8) A . I. Vogel. W. T . Cresswell, G. H. Jeffrey and J. Leicester, 

J . Chem. Soc., 514 (1952).
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T a b l e  III
Se p a r a t io n s “ fo r  U n sy m m e tr ic a l  M e t h y l  K e t o x im e s , 

CH3— C (= N O H )— R

Com
pound R Ref.

CII3
separation

c h 2separa
tion

(VIII)8 c h 3- c h 2 6.2 17.0
(IX )8 C6H6-C H 2 22 6.1 19.2
(X) c h 3- c h 2- c h 2 5 6.3 ?“
(XI) (CH 3)r-CH -CH 2 9 4.9 ?“
(XII) CH2C1 10 0 0
(XIII) (CH 3)2CH 5 0
(XIV) CHr-CH2-C H (C H 3) 5 0
(XV) (CH 3)2C = C H 11 2.5
(XVI) (C 6H5)2-C H 12 0
(XVII) (CH3) 3C 13 0
(XVIII) C O O R '(R ' =  H, CH3, 

or C2H6) 14,15,16 0
“ In 10% benzene solution. b See Fig. 1 for spectrum. 

c Obscured by spin-spin splittings.

presence of aromatic compounds only (see Table II), 
or when the oxime molecule itself had an aromatic 
substituent. Thus the presence of the phenyl 
group in l-phenyl-2-propanone oxime (phenylace- 
tone oxime, IX) was sufficient to cause separation of 
resonance lines. No splittings were found in any 
of a large number of non-aromatic solvents tested. 
All parent ketones in the present study exhibit a 
single resonance for the corresponding protons, re
gardless of solvent and concentration.

Other factors which affect the separation are (see 
Table II): the type of aromatic ring present, the 
nature of the substituent, and the ratio of aromatic 
compound to oxime. Measurements at 24.3 me./ 
sec. show that the separation of the CH3 peaks in 
acetoxime (I) is diminished in all cases by a factor 
24.3/60.

It is difficult to understand why for -CH =  NOH 
protons the shifts are at least thirty times larger 
than for, say, -C(CH3)=NOH  protons (if one dis
regards the solvent effects described). The fact that 
the corresponding 0. . .H distances are smaller for 
aldoximes than for ketoximes, suggests only that the 
neighboring effect of oxygen is expected to be larger 
in aldoximes. A more quantitative interpretation 
seems not possible at present.

At any rate, all these observations are similar to 
those for proton shifts of chloroform in aromatic 
solvents.17 The origin of the proton shift with re
spect to pure chloroform has been explained as 
follows: a complex ( e .g . , CHCl3-C6H6) is formed, 
having the CH bond of CHCh lying approximately 
along the C6-axis of the ring. The proton of CHCI3 
experiences the effect of the magnetic field of the 
ring, which results from the circulation of 71-elec
trons. Thus a shift of the CHC13 resonance signal is

(9) P. Karrer and P. Dinkel, Helv. Chim. Acta, 36, 122 (1953).
(10) R. Scholl and G. Matthiaopoulos, B er , 29, 1550 (1896).
(11) *C. Harries and R. Gley, Ber., 32, 1330 (1899); C. Harries, 

Ann., 330, 185 (1903); L. Kahovec and K. W. F. Kohlrausch, 
Monatsh., 83, 615 (1952).

(12) R. Stoermer, ibid., 39, 2288 (1906).
(13) O. Piloty and A . Stock, ibid., 35, 3093 (1902).
(14) V. Meyer and A . Janny, ibid,, 15, 1525 (1882).
(15) L. Piaux, Bull. soc. chim. biol.. 6, 412 (1924).
(16) G. Ponzio and G. Ruggieri, Gazz. chim. ital., 55, 453 (1925).
(17) L. W . Reeves and W. G . Schneider, Can. J. Chem., 35, 251 

(1957); M . Charton-Koechlin and M . A. Leroy, J. chim. p h y 56, 
850 (1959); Z. Pajak and F. Pellan, Compt. rend., 251.. 79 (1960).

Fig. 1.— Spectra of some oximes in p %  benzene solution: 
p is 10 for II and IV, 15 for VIII, and 7.5 for IX . In the 
spectrum of IV, the left quadruplet appears to be a super
position of two triplets; in the spectrum of cyclobutanone 
(not shown), the resonance of the a-protons is a triplet.

observed. In the more general case, the shift in
creases with the mole fraction of aromatic com
pound present and decreases for compounds, such 
as nitrobenzene, having electron-withdrawing sub
stituents. The effect is of the order of 40 c./sec. at 
40 mc./sec.; theoretical calculations17-18 indicate 
that it should be field dependent.

In the present study, the oxime molecule is pre
sumed to experience the magnetic field of a ring 
compound. Such a field19 is cylindrically symmetri
cal and, since the molecule is asymmetrical (the 
>C =  NO- group is not linear) in any complex, the 
various parts of the oxime molecule would lie in 
regions of different field strength. It is this dif
ference of local field which is assumed to cause the 
observed separations. The decrease in separation 
for the ethers VI and VII (see Table I) indicates 
that the hydroxyl hydrogen atom may be involved 
in complex-formation. Further studies on the 
nature of the complex will have to be concerned 
with the details of the benzene field19 and the self
association of oximes20 by hydrogen bonds. Oxime 
ethers are not hydrogen-bonded, and their study 
may be simpler.

A rough estimate based on the iso-shielding lines 
diagram given in Johnson and Bovey’s paper19 
yields a shift of the order of 0.1 p.p.m, for acetone 
oxime, compatible with the shifts observed. An 
analysis of the experimental data based on an ex
tension of Johnson and Bovey’s table19 and taking

(18) J. Pople, J. C h em . P h u « ., 24, 1111 (1956).
(19) J. S. Waugh and R. W. Fessenden, J. A m . C h em . Soc., 70, 846 

(1957); J. S Waugh, i b i d . ,  80, 6697 (1958); C. E. Johnson and F. A. 
Bovey, J . C h em . P h y s ., 29, 1012 (1958).

(20) See e .g ., S. Califano and W. Luttke, Z . p h y e ik . C h em . (Frank
furt) [N.F.], 5, 240 (1955); 6, 83 (1956), and references given therein.
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into account self-association of acetone oxime, is 
under way.
1' /The case of diisopropyl ketoxime (III, see Table
I) is exceptional, not only because two septets 
appear in CC14 solution also, but because two (CHah 
CH-doublets, 2.5 c./sec. apart, are observed. 
Steric hindrance of some kind may be invoked to 
explain the ncn-equivalence of isopropyl groups or 
positions; the spectrum of diisopropyl ketone ex
hibits a single septet and a single doublet.

Another group of observations concerns spectra of 
oximes in the presence of acid or base. Some of the 
preliminary results are: 10% acetoxime solutions in 
10 N  HG1, 10 N  NaOH and pyridine have spectra 
with methyl doublets of 2.1, 5.3 and 4.7 c./sec., re
spectively. Presumably, the chemical shifts in the 
aqueous solutions are caused by the non-equivalence 
of methyl groups in the corresponding ions fCH3)2- 
C=NOH2+ of (CH3)2C=NHOH+, and (CH3)2- 
C =N O - . In pyridine solutions, both the ring and 
the presence of the anion may be responsible for the 
shift. In the aqueous solutions, the peak separation 
decreases with decreasing concentration of acid or 
base. Additional work is planned on oximes in 
aqueous solutions of different pH and in non-aque- 
ous solutions of acids and bases such as acetic acid 
and triethylamine.

In unsymmetrical ketoximes, similar separations 
were observed (see Table III) under the conditions 
described for the symmetrical ketoximes. It is 
assumed that the CH3-C(=NOH)~ resonance of an 
isomer consists of just one peak, due to the absence 
of any resolved spin-spin coupling across the C =  
NOH group. Hence, oximes of the CH3-C(=NOH) 
— R type are believed to represent a class of com
pounds favorable for the study of s y n - a n t i  isom
erism. In fact, no such coupling was observed21 
in oximes or ketones of this type, except for CH3-  
CO-CF3. In this case, the proton resonance con
sists of a well-resolved quadruplet (with /  =  1.0 
c./sec.) caused by H-F coupling across the car
bonyl carbon atom.

The relevant part of the butanone oxime (VIII) 
spectrum consists of two overlapping quartets for 
-CH2-  having an intensity ratio of about 1:3, and 
a pair of singlets for CH3-  having an intensity ratio 
of about 3:1. It is reasonable to assume that the 
components with relative intensity of 1 are dis
played by one of the possible geometrical isomers 
( s y n  or a n t i  with respect to methyl), and that with 
relative intensity 3 by the other. The reversed 
sequence of intensities in the spectrum may be 
rationalized as follows. Let pg and qg be the shifts 
of a group in s y n  and a n t i  positions, respectively, 
and let F g be the resonance frequency characteris
tic for the “unshifted” group. Then for s y n -  
(methyl)-butanone oxime, the spectrum will be 
(Fch2 +  q cm )sy n  and (Fch, +  P c r n )s m , and for 
a n t i  (methyl)'-butanone oxime (Fch2 +  p e n  ,)o»m 
and (F e n -, +  ?cn ,)««/>■■ If one assumes that p g  >  
qgt the lines of a mixture of s y n  and a n t i  forms ap
pear in this order: (Fch2 +  q cm )*yn , (i’cH, +
P C ll ,)anti, (F c Hi +  qcm )a n ti, (F c h s +  PCHj)«w»-
Such a sequence was also observed by Phillips3 in

(21) Cf. also L. M. Jackman, “ Applications of Nuclear Magnetic 
Resonance Spectroscopy in Organic Chemistry,” Pergamon Press, 
New York, N. Y., 1959, p. 83.

the spectrum of benzyl methyl nitrosamines. An 
analogously reversed sequence of lines would also 
occur for p e <  qg . Incidentally, in all spectra of 
the unsymmetrical ketoximes examined which indi
cate the presence of both isomers, the intensity 
ratio is approximately 3:1. Any intensity ratio in 
a spectrum reflects, of course, the isomeric ratio in 
the presence of the solvent used, which may not 
necessarily be the same as that of the oxime in the 
pure state.

The case of phenylacetone oxime (IX) is of some 
interest. The material used at first was not crystal
line, although the viscous oil obtained contained 
the stoichiometric proportions of C and H for the 
oxime. The melting point reported22 for this com
pound is 70°. The spectrum (see Fig. 1) shows that 
it consists of a mixture of two isomers. As in the 
case of l,3-diphenyl-2-propanone oxime (V), no 
external aromatic agent is required to produce the 
separation of peaks which belong to non-equivalent 
groups. The sequence of intensities is the same as 
for butanone oxime, that is 1:3 for CH2 (singlets) 
and 3:1 for CH3 (singlets). Further experiments 
with oily and crystalline material revealed that the 
oil is a non-equilibrium mixture of the form which 
melts at 70° and gives rise to the stronger com
ponents of the doublets, and the other form not 
stable at room temperature. The isomerization 
behavior of phenylacetone oxime is still under in
vestigation.

4-Methyl-3-penten-2-one oxime (XV) is reported11 
to exist in two separate forms (solid and liquid) at 
room temperature. As suggested by the presence 
of two methyl peaks in the ratio of about 6:1, the 
spectrum of the liquid used indicates the presence in 
the liquid of 15% of the solid form as solute. In 
this connection, it should be pointed out that those 
ketoximes which have been known to exist in two 
isomeric forms,1 may be valuable compounds for 
further study; not many, however, appear to be 
suited for n.m.r. spectroscopy.

The spectra of some oximes listed in Table III 
indicate only one isomer, presumably the s y n  
(methyl). Internal hydrogen-bonding may be the 
cause for the preferential formation of only one 
isomer in the case of oximes (XII) and (XVIII), 
and crowding about the R-C(=NOH) bond may 
account for the others.

These findings may be compared with results on 
the Beckman rearrangement of oximes, which so far 
has been the method most widely used for the in
vestigation of s y n - a n t i  isomerism. These results 
are tabulated and discussed in a forthcoming volume 
of “Organic Reactions.” 23 Compounds VIII and 
X  seem to be a mixture of the two isomers, whereas 
compounds IX, XIII and XVII apparently exist in 
a single form.

Single peaks were also found for the resonance of 
the corresponding nuclei in the spectra of CH3- 
C(=NOH)-C6H6, CF3-C(=NOH)-C6H6, and C2H6- 
C(=NOH)-CaH5.24 The Beckmann rearrange-

(22) D. H. Hey, J. Chem. Soc., 18 (1930); R. M. Jaeger and J. A. 
van Dijk, Koninkl. Ned. Akad. Wetenschap. Proc., 44, 26 (1941).

(23) L. G. Donaruma and W. Z. Heldt in “Organic Reactions.” 
Vol. 11, John Wiley and Sons, Inc., New York, N. Y.
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ment of CH3-C(=NOH)-C6H6 yields products 
whose properties suggest the presence of the two 
isomers, whereas only one isomer was found in the 
case of C2H6-C(=NOH)-C6H5. Since, as has 
been pointed out,22 the experimental conditions of 
the Beckmann rearrangement can be conducive 
to isomerization, and not all the rearrangement prod
ucts are always accounted for in the literature, the 
conclusions drawn from reports on Beckmann re
arrangement studies as to the isomeric composition 
of the original oxime may not always be valid.

Appendix
To check Phillips’ assignment3 of the two —C H =N O H

(24) For the preparation of C2H6— C(=NOH)— CeH6, see K. N* 
Campbell, B. K. Campbell and E. P. Chaput, J. Org. Chem., 8, 99 
(1943).

multiplets arising from syn-anti isomerism, the spectra of 
the two p-chlorobenzaldoximes25 in dimethyl sulfoxide solu
tion were examined. The significant portions of the spectra 
consisted of the following lines (c ./sec.), with the center of 
the benzene ring multiplet taken as the origin. (With 
(CH3)2SO as reference, the origin of this multiplet in the 
anti oxime lies at higher field by about 6 c /s  than of the syn 
oxime.)

Com- ----------Ring proton peaks-------------- — CH=NOIi
pound i 2 3 4 peak

syn oxime - 1 2 -  3 +  3 - 1 2 - 2 7
anti oxime -2 1 - 1 3 +  13 +21 +  17

Thus, the -C H = N O H  resonance of the anti oxime indeed 
appears at higher field, and Phillips’ assignment3 seems to 
be correct. The syn-anti shift is, in the present case, of the 
order of 0.7 p.p.m., as compared to 0.6 p.p.m. for propion- 
aldoximes.3

(25) H. Erdmann and E. Schweehten, Ann., 260, 53 (1890).

L O W  T E M P E R A T U R E  T H E R M O D Y N A M IC  P R O P E R T IE S  O F  S IX  IS O M E R IC

H E P T A N E S

By H. M. Huffman,1 M. E. Gross, D. W. Scott and J. P. M cCullough

Contribution No. 94 from the Thermodynamics Laboratory, Petroleum Research Center, Bureau of Mines, U. S. Department of
the Interior, Bartlesville, Oklahoma 

Received September 21, 1960

In a continuing program of studies of thermodynamic properties of aliphatic hydrocarbons, low-temperature thermal 
measurements w'ere made on the nine isomeric heptanes, but definitive results could be obtained for the following six com
pounds only: ra-heptane, 2-methylhexane, 3-ethylpentane, 2,2-dimethylpentane, 2,4-dimethylpentane and 2,2,3-trimethyl- 
butane. Values of heat capacity in the solid and liquid states and of the latent heats and temperatures of isothermal phase 
changes were determined for each of these six isomers. Also, the vapor pressure of 2-methylhexane was measured in the 
ranges, 0-45°, 17-159 mm. From the observed data were calculated values of the free energy function, heat content function, 
heat content, entropy and heat capacity of the condensed phases at selected temperatures between 10 and 300 °K. These 
results and literature values of heat of formation, heat of vaporization and vapor pressure were used to compute values of the 
chemical thermodynamic properties for the liquid and ideal gas states at 298.15°K.

The preparation of comprehensive tables of 
thermodynamic property values for important 
homologous series of hydrocarbons requires knowl
edge of the variation of such properties with both 
molecular size and structure. The Bureau of 
Mines has a continuing program to determine part 
of the needed fundamental information by low 
temperature calorimetric studies of selected groups 
of hydrocarbons. For acyclic hydrocarbons, pre
vious publications have reported low temperature 
thermal data for nine n-paraffins,2 five isomeric 
hexanes,3 seven 1-olefins,4 six isomeric pentenes,6 
and several others. This paper describes an 
investigation of the isomeric heptanes. Studies 
of all nine isomers were attempted, but for reasons 
discussed in a following section, definitive results 
could be obtained for only six isomers: n-Heptane,
2-methylhexane, 3-ethylpentane, 2,2-dimethyl
pentane, 2,4-dimethylpentane and 2,2,3-trimethyl- 
butane. Values of heat capacity in the solid and 
liquid states in the range 12-300°K. and of the 
latent heats and temperatures of isothermal

(1) Deceased.
(2) H. L. Finke, M. E. Gross, Guy Waddington and H. M. Huffman, 

J. Am. Chem. Soc., 76, 333 (1954).
(3) D. R. Douslin and H. M. Huffman, ibid., 68, 1704 (1946).
(4) J. P. McCullough, H. L. Finke, M. E. Gross, J. F. Messerly and 

Guy Waddington, J. Phys. Chem., 61, 289 (1957).
(5) S. S. Todd, G. D. Oliver and H. M. Huffman, J. Am. Chem. Soc., 

69, 1519 (1947).

phase changes were determined for each of these 
six compounds. Also, the vapor pressure of 2- 
methylhexane was measured in the ranges, 0-45°, 
17-159 mm. From the observed data were cal
culated values of the free energy function, heat 
content function, heat content, entropy and heat- 
capacity of the condensed phases at selected tem
peratures between 10 and 300°K. These results 
and literature values of heat of formation, heat of 
vaporization and vapor pressure were used to 
compute values of the chemical thermodynamic 
properties for the liquid and ideal gas states at 
298.15°K. Detailed results of these studies arc 
in the Experimental section.

Discussion of Results
Chemical Thermodynamic Properties at 298.15°

K.—Table I lists the chemical thermodynamic 
properties of the six heptanes at 298.15°K. The 
tabulated values are based only on experimental 
data from this investigation and earlier studies of 
heats of formation and vaporization and vapor 
pressure cited in text and in the footnotes to 
Table I. Current tabulations of American Pe
troleum Institute Research Project 446 also give

(6) American Petroleum Institute Research Project 44, “Selected 
Values of Physical and Thermodynamic Properties of Hydrocarbons 
and Related Compounds,” Carnegie Press, Carnegie Institute of Tech
nology, Pittsburgh, Pennsylvania, 1953.
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T able  I

M olal T hermodynamic  P roperties at  298.15°K.
A Hv°,* ASv°,o S°,b A AF°/,b-<!

log Kfb’ cCompound State kcal. cal. deg.-1 cal. deg.-1 kcal. kcal.

w-Heptane Liq. 8.749 23.74 78.53 -53 .6 3* 0.24 -0 .1 8
Gas 102.27 -4 4 .8 8 1.91 -1 .4 0

2-Methylhexane Liq. 8.343 23.10 77.28 -5 4 .9 3 “* -0 .6 9 + 0 .51
Gas 100.38 -4 6 .5 9 +  .77 -  .56

3-Ethylpentane Liq. 8.436 23.17 75.18 -5 3 .7 7 “* 1.10 -  .81
Gas 98.35 -4 5 .3 3 2.63 -1 .9 3

2,2-Dimethylpentane Liq. 7.776 22.13 71.77 -5 7 .0 5 “* -1 .1 6 + 0 .8 5
Gas 93.90 -4 9 .2 7 + 0 .0 2 -  .01

2,4-Dimethylpentane Liq. 7.885 22.36 72.46 -5 6 .1 7 “* -  .49 +  .36
Gas 94.82 -4 8 .2 8 +  .73 -  .54

2,2,3-Trimethylbutane Liq. 7.682 21.76 69.85 -5 6 .6 3 “* -  .17 +  .12
Gas 91.61 -4 8 .9 5 + 1 .02 -  .75

° The standard heat and entropy of vaporization. 6 The entropy, heat of formation, free energy of formation and loga
rithm of the equilibrium constant of formation in the standard liquid or gas state at 298.15°K. c For the reaction 7C(c, 
graphite) +  8H2(g) =  C7Hi6(1 or g). d E. J. Prosen and F. D. Rossini, J. Research Natl. Bur. Standards, 34, 263 (1945).

values of the properties in Table I. Some of the 
results in the API tabulations, which are based 
on preliminary data from this work, differ slightly 
from the values reported here. Although the dif
ferences are minor, the values in Table I are con
sidered more accurate than the earlier results.

Huffman, Parks and Thomas7 made low tem
perature thermal studies of these compounds over 
30 years ago. Their results for the entropy in
crement between 90 and 298°K. (the range of 
their measurements) agree with those of this work 
within 1%. However, because they had to com
pute the increment between 0 and 90° K. by an 
uncertain extrapolation, some of their values of 
$298 are in error by several per cent.

Thermal Behavior of the Heptanes in the Solid 
State.—Normal heptane, 3-ethylpentane and 2,4- 
dimethylpentane have regular heat capacity curves 
in the solid state; 2-methylhexane and 2,2-di- 
methylpentane have peaks in the heat capacity 
curves, designated as Type H transitions in the 
empirical classification of McCullough.8 Much 
more complicated behavior is shown by 2,2,3- 
trimethylbutane: two non-iso thermal transitions 
(either Type 2N or Type H8) are followed by an 
isothermal transition (Type I8) as the crystals are 
heated from 80 to 125°K. Of the heptane isomers 
not studied completely, 3,3-dimethylpentane has 
at least three crystalline modifications, and 3- 
methylhexane and 2,3-dimethylpentane form 
glasses.9 The plots of heat capacity vs. tempera
ture in Fig. 1 depict the thermal behavior of the 
crystalline heptanes. For reference purposes in 
the discussion that follows, the heat capacity curve 
of n-heptane is superimposed on the curves of 
each of the other five isomers.

Crystal structure and other information needed 
for detailed understanding of the results shown in 
Fig. 1 are unavailable, but the results afford an 
unusual demonstration of the effect of isomeric 
differences on the thermal behavior of organic 
crystals. In addition to the occurrence of phase 
transformations, three points are to be noted:

(7) H. M. Huffman, G. S. Parks and S. B. Thomas, J. Am. Chem. 
Soc., 52, 3241 (1930).

(8) J. P. McCullough, Proceedings of the Symposium on Chemical 
Thermodynamics, Wattens, Austria, August, 1959; to be published.

(9) Further attempts to study these three compounds are planned.

First, the heat capacity of n-heptane is the lowest 
of all isomers in the region below 50°K., undoubt
edly because the branched hydrocarbons form 
“softer” crystals. That is, the lattice contribu
tion to the heat capacity becomes fully excited 
at lower temperatures for a branched heptane 
than it does for n-heptane. The fact that the 
heat capacity of 3-ethylpentane is only a little 
higher than that of n-heptane below 50 °K. sug
gests that this symmetrically branched compound 
forms a more compact crystal than the less sym
metrically branched isomers.

Second, the heat capacity curve of n-heptane is 
higher than those of the other isomers in at least 
part of the region from 50 to 120°K. This cross
ing of heat capacity curves is caused in part by 
the delayed excitation of the lattice contribution 
of n-heptane. However, as unbranched com
pounds usually have more low-lying internal 
energy levels than branched compounds, the more 
rapid increase in the heat capacity of n-heptane 
above 50°K. also is due in part to increased con
tributions from internal degrees of freedom.

Third, the heat capacity of each branched isomer 
again becomes higher than that of n-heptane at 
some temperature above 100°K. For some of the 
branched isomers, the heat capacity curve has 
pronounced positive curvature in the region below 
the melting point. This effect undoubtedly is due 
to increased libration, or “prerotation” ,10 of mole
cules at the lattice sites, as in the higher n-paraf- 
fins.2 The heat capacity of n-heptane also may 
be affected by “prerotation” , but at higher tem
peratures and probably to a lesser extent. The 
“softer” crystals of 2-methylhexane, 2,2-dimethyl- 
pentane and 2,4-dimethylpentane evidently allow 
appreciable libration of molecules about a crystal 
lattice site as the melting point is approached, 
perhaps including some degree of restricted ro
tation. The results for 3-ethylpentane do not 
provide evidence of significant “prerotation” 
effects, in keeping with the observation that this 
compound must form relatively compact crystals.

With thermal evidence only, it is not practical 
to speculate about the details of the solid-phase 
transformations that occur in 2-methylhexane,

(10) C. P. Smyth, Trans. Faraday Soc., 42A, 175 (1946).
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2.2- dimethylpentane and 2,2,3-trimethylbutane. 
Because of slow thermal equilibration, the shapes 
of the heat capacity curves could not be defined 
precisely in the regions a few degrees above and 
below the temperatures at which the peaks occur. 
However, the curves drawn are consistent with 
continuous enthalpy measurements made over the 
ranges of anomalous behavior and, therefore, 
are generally correct.

Two of the isomeric hexanes— 2,2-dimethyl- 
butane and 2,3-dimethylbutane— also exhibit phase 
transformations in the solid state.3 Nuclear 
magnetic resonance11 and X-ray diffraction12 
studies have shown that the high-temperature 
phase of 2,2-dimethylbutane is highly disordered; 
that is, the molecules as a whole undergo restricted 
rotation at crystal lattice sites. The three trans
formations in 2,2,3-trimethylbutane undoubtedly 
result in a high-temperature phase with a com
parable degree of orientational disorder. How
ever, as the entropy of fusion of 2,2,3-trimethyl
butane (2.17 cal. deg.-1 mole-1) is significantly 
larger than those of the two dimethylbutanes,3 
the high-temperature crystals of this heptane 
probably are not so completely disordered as those 
of the branched hexanes.

On the basis of the thermal evidence, the crystals 
of the less symmetrically shaped molecules of 2- 
methylhexane and 2,2-dimethylpentane do not 
obtain a high degree of orientational disorder in 
the solid phase. Perhaps the transitions that 
occur in these two compounds result in slight 
changes in crystal structure that allow the in
creased librational freedom discussed before. Ap
parently, 2,4 - dimethylpentane is symmetrical 
enough that increased librational freedom occurs 
without a transition, but it is not symmetrical 
enough to form a highly disordered, or “rotating,” 11 
crystal at temperatures below its melting point. 
As a result, this last compound shows no anomaly 
other than the effects of “prerotation.”

In general terms, the thermal behavior of the 
heptanes in the solid phase may be summarized 
as follows. The compact crystals of n-heptane 
and 3-ethylpentane undergo no phase transforma
tion, although they may show slight effects of 
“prerotation.” (“Prerotation” is used here as a 
term to describe the increased librational freedom, 
possibly including restricted over-all rotation 
about one axis, gained by molecules of some organic 
crystals at temperatures below the melting point.) 
The less compact crystals of 2-methylhexane,
2.2- dimethylpentane and 2,4-dimethylpentane show 
more pronounced effects of “prerotation.” The 
onset of “prerotation” in 2-methylhexane and 2,2- 
dimethylpentane is preceded by phase transforma
tions that are evidenced by peaks in the heat 
capacity curves. The more symmetrical (el
lipsoidal) molecule, 2,4-dimethylpentane, also ex
hibits “prerotation” effects, but without a pre
paratory phase change. The still more symmetri
cal (globular) molecule, 2,2,3-trimethylbutane un
dergoes three transformations in the solid phase,

(11) J. G, Aston, B. Bolger, R. Trambarulo and H. Segall, J. Chem. 
Phys., 22, 460 (1954).

(12) B. Post, R. S. Schwartz and I. Fankuchen, J. Am. Chem. Soc., 
73, 5113 (1951).

T, °K.

TEMPERATURE, °K.

Fig. 1.— Heat capacity curves for six isomeric heptanes in 
the solid state: (1) n-heptane; (2) 2-methylhexane; (3)
3-ethylpentane; (4) 2,2-dimethylpentane; (5) 2,4-dimethyl- 
pentane; and (6) 2,2,3-trimethylbutane.

with the high temperature crystalline phase 
having a much higher degree of orientational dis
order than usually implied by the term “prerota
tion.”

Experimental
Apparatus and Physical Constants.— The low tempera

ture calorimetric13 and vapor pressure14 measurements were
(13) H. M. Huffman, Chem. Revs., 40, 1 (1947); H. M. Huffman,

S. S. Todd and G. D. Oliver, J. Am. Chem. Soc., 71, 584 (1949); D. W. 
Scott, D. R. Douslin, M. E. Gross, G. D. Oliver and H. M. Huffman, 
ibid., 74, 883 (1952).
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made with apparatus described by Huffman and eo-workers. 
The 1951 International Atomic Weights14 15 16 and values of the 
fundamental physical constants16 were used. Measure
ments of temperature were made with platinum-resistance 
thermometers calibrated in terms of the International 
Temperature Scale of 194817 from 90 to 400°K.; and Celsius 
temperatures were converted to Kelvin temperatures by 
addition of 273.150.18 From 11 to 90°K., temperature 
measurements were made in terms of the provisional scale 
of the National Bureau of Standards.19 Energy was meas
ured in joules and converted to calories by the relation, 
1 cal. =  4.184 (exactly) joules. Measurements of mass, 
electrical potential and resistance were made in terms of 
standard devices calibrated at the National Bureau of 
Standards.

The results in this paper originally were calculated with 
physical constants and temperatures related to the definition 
0° =  273.16°K. Temperatures reported here are in terms 
of the newer definition,18 but only some of the experimental 
results were recalculated. Numerical inconsistencies less 
than the precision of the experimental data may have been 
introduced by this procedure.

Materials.— The samples of the branched isomers were 
API Research hydrocarbons.20 As described in detail in 
another publication,21 extensive measurements were made on 
four different samples of n-heptane, two of which were API 
Research samples20 and two of which were Calorimetry 
Conference samples.22 Because the detailed results for 
n-heptane are to be published elsewhere,21 only a summary of 
the data for this compound is given here for comparison 
with results for the other isomers.

Heat Capacities in the Solid and Liquid States.— The 
heat capacity of each heptane was measured in the solid 
and liquid states in the approximate range 12 to 300 °K. 
Observed values of heat capacity at saturation pressure, 
Caatd* are recorded for each isomer, except ra-heptane, in 
Table II. The temperature increments used in the meas
urements were small enough to obviate corrections for 
non-linear variation of Csatd with T, except as noted in 
Table II. The precision of the results was, in general, 
± 0 .1 % , and above 30°K ., the accuracy uncertainty should 
not exceed 0.2% , except in the regions of phase transforma
tions. Near phase changes data for the solid state may be 
less precise and less accurate because of rapid changes of 
Csatd with T, slow equilibration, or uncertainties caused by 
the presence of impurities. The results in Table II have 
not been corrected for premelting caused by impurities.

Empirical equations were obtained to represent the heat 
capacity of each compound in the liquid state. The con
stants of these equations are listed in Table III.

Solid-state Phase Transformations.— So far as could be 
determined, the phase tranformations in 2-methylhexane 
and 2,2-dimethylpentane and two of those in 2,2,3-trimethyl- 
butane were non-iso thermal. From the heat capacity 
data and enthalpy measurements including the entire tem
perature range of a transformation, the following peak values 
of heat capacity were computed: 2-Methylhexane, 25.17 cal. 
deg.-1 mole-1 at 71.5°K.; 2,2-dimethylpentane, 25.17 
cal. deg.-1 mole-1 at 83.2°K.; and 2,2,3-trimethvlbutane, 
39.00 cal. deg.-1 mole-1 at 86.8°K. and 50.13 cal. deg.-1 
mole-1 at 108.0°K.

(14) G. Waddington, J. W. Knowlton, D. W. Scott, G. D. Oliver, 
S. S. Todd, W. N. Hubbard, J. C. Smith and II. M. Huffman, J. Am. 
Chem. Soc„ 71,797 (1949).

(15) E. Wichera. ibid., 74, 2447 (1952).
(16) F. D. Rossini, F. T. Gueker, Jr., H. L. Johnston, L. Pauling and

G. W. Vinal, ibid., 74, 2699 (1952).
(17) H. F. Stimson, J. Research Natl. Bur. Standards, 42, 209 

(1949).
(18) H. F. Stimson, Am. J. Phys., 23, 614 (1955).
(19) H. J. Hoge and F. G. Briekwedde, J. Research Natl. Bur. Stand

ards, 22, 351 (1939).
(20) These samples of API Research hydrocarbons were made avail

able through the American Petroleum Institute Research Project 44 
on the “Collection, Analysis and Calculation of Data on Properties 
of Hydrocarbons” and were purified by the American Petroleum In
stitute Research Project 6 on the “Analysis, Purification and Properties 
of Hydrocarbons,” both at the Carnegie Institute of Technology.

(21) J. P. McCullough and J. F. Messerly, U. S. Bur. Mines Bull., 
to be published.

(22) D. R. Stull, Chem, Eng. News, 27, 2772 (1949).

T a b l e  II
T h e  M o l a l  H e a t  C a p a c it ie s  o f  F iv e  I s o m e r ic  H e p t a n e s  

in  t h e  S o l id  a n d  L iq u id  S t a t e , C a l . D e g . -1
T, °K .n A2’ & Csatd c T, °K.o AT8 Casi(d c

2-Methylhexane

Crystals 1 0 0 . 12 8.550 2 2 . 16 2
10 9 .7 1 10 .626 2 3 .7 1 3

1 2 .6 1 1 . 1 9 0 1 .3 8 5 1 19 .9 7 9 .9 1 1 2 5 .385
1 4 . 1 2 1 .8 28 1 .7 9 2 129.59 9 .3 37 27.007
16 .3 5 2.656 2 .438 137 .60 6.677 28.439
1 9 . 1 1 2 .8 7 1 3.349
19 .6 2 3.628 3 .5 1 8 Liquid
2 2 .3 1 3 .538 4 .437
23.66 4.446 4.887 16 0 .4 1 6.594 4 3 . 1 3 4
25.90 3 .6 32 5.636 169.29 1 1 . 1 5 0 43.543
27.99 4.225 6.345 1 8 1 .7 0 13 .686 4 4 .176
29.64 3.859 6.891 194.69 8.954 44.879
32 .22 4 .2 18 7 .722 204.46 10.590 45.474
36.79 4 .9 3 1 9 . 1 2 1 2 15 .4 0 1 1 . 2 8 3 4 6 .18 3
4 1 .8 3 5 . 14 4 10.602 226.58 1 1 .0 9 5 46.954
46.64 4 .4 7 1 1 1 .8 5 6 237.59 10.904 4 7 .8 16
5 1 .2 6 4.768 13 .064 248.80 1 1 . 5 3 2 48.678
5 6 .5 1 6.668 14 .38 7 260.23 1 1 . 3 1 9 49.665
62.32 4.956 15 .830 269.33 9.549 50.467
66.27 2.954 16 .858 2 7 1 .8 4 1 1 .8 9 9 50.693
68.88 2 .252 17 .736 277.70 8.636 5 1 .2 5 8
70.90 1 .7 8 6 23.577 278 .8 1 9.396 5 1 .3 5 6
72.85 2 . 1 1 3 18 .720 283.62 1 1 .6 6 9 5 1 . 7 8 1
76.39 4.973 1 8 . 1 5 0 286.66 9.279 5 2 . 1 2 2
83.29 8.832 19.366 294.35 6 . 104 52.880
85.56 4.472 19 .748 2 9 5 .18 1 1 .4 4 2 5 2 .9 13
9 1 .7 8 8 . 1 3 1 20.842 3 0 1 . 1 7 7.540 53 .564

2,2-Dimethylpentane

Crystals 83.65 1 . 1 1 2 24.492
84.41 2.088 22.625

14 .30 1 .2 4 4 1 .8 9 3 84.8 1 1 .209 2 1 .8 0 2
14 .90 1 . 5 0 1 2.086 86.58 2.240 2 0 .3 7 1
15 .89 1 .9 4 3 2 .4 14 88.82 2.248 20.042
16.80 2.270 2.742 9 1 .2 8 2.659 20.209
18 .2 5 2 .833 3.247 93.90 8.847 20.550
19 .5 7 3 .262 3 .7 3 3 10 2 .45 5 . 1 2 3 2 1 .84 8
2 1 .3 8 3 .425 4.409 10 2.45 8.266 2 1 .8 9 5
22.99 3.59 3 4.988 108 .52 7 .025 22.985
24.92 3.660 5.638 1 10 .4 6 7 .7 5 1 2 3 .383
26.86 4 . 1 3 3 6.292 1 1 5 . 7 7 7.463 24.387
28.62 3.749 6.854 12 3 .0 3 7 .057 25.886
3 1 .0 0 4 . 1 5 5 7 .607d 12 9 .9 1 6.697 27.399
32.44 3.895 8.045'i 132.80 5.932 28.058
35.17 4.182 8.792 136.79 7.065 29.065
39.40 4.270 9.904 139.06 6.578 29.765
44.30 5.544 11.109 143.57 6.494 32.192
49.88 5.617 12.441
54.93 4.310 13.596 Liquid
55.53 5.669 13.731
59.70 5.221 14.714 154.68 4.475 39.554
65.08 5.545 16.062 159.28 9.690 39.872
65.75 4.077 16.207 159.81 5.798 39.916
69.95 4.333 17.332 166.52 7.622 40.413
71.18 6.653 17.714 168.89 9.515 40.572
73.64 3.048 18.464 175.02 9.367 41.056
76.37 2.411 19.466 178.77 10.258 41.325
78.61 2.066 20.583 184.75 10.093 41.805
80.61 1.942 22.123 194.74 9.891 42.626
82.48 1.794 24.327 204.98 10.581 43.488
82.54 1.117 24.467 215.45 10.366 44.405
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225.71 10.162 45.341 271.13 9.317 49.911
235.78 9.964 46.304 280.37 9.151 50.880
242.38 9.869 46.941 289.44 8.994 51.902
252.15 9.672 47.932 298.36 8.841 52.876
261.73 9.490 48.917

2,4-Dimethylpentane
Crystals Liquid

12.82 0.921 1.769 160.81 5.780 40.556
14.03 1.488 2.182 162.71 7.759 40.695
15.91 2.291 2.807 167.98 8.556 41.086
16.46 3.230 2.971 171.33 9.492 41.356
18.37 2.628 3.632 176.93 9.340 41.774
19.96 3.777 4.164 186.18 9.167 42.511
21.37 3.357 4.653 195.46 8.984 43.268
24.28 4.871 5.592 195.71 9.896 43.289
25.33 4.572 5.895 205.32 10.746 44.111
29.05 4.670 7.034 205.52 9.706 44.136
29.87 4.498 7.263 215.13 9.529 44.988
34.06 5.340 8.402 215.89 10.378 45.048
39.50 5.530 9.756 224.99 10.192 45.922
45.10 5.666 10.993 227.00 11.847 46.104
50.81 5.760 12.216 230.42 10.104 46.427
56.10 4.425 13.289 235.09 9.994 46.872
56.61 5.850 13.379 238.71 11.578 47.248
61.01 5.402 14.231 240.42 9.905 47.415
66.61 5.791 15.296 250.16 11.322 48.384
72.61 6.214 16.383 250.23 9.716 48.444
78.59 5.750 17.478 260.25 10.318 49.477
84.53 6.136 18.603 262.14 12.642 49.638
90.43 5.750 19.662 270.48 10.115 50.574
90.84 6.475 19.730 272.57 9.250 50.779
96.71 6.812 20.730 274.63 12.342 50.987
97.47 6.779 20.861 275.89 10.650 51.140

102.90 5.575 21.811 277.95 7.626 51.388
104.54 7.365 22.090 280.48 9.927 51.672
109.23 7.076 22.944 281.74 9.084 51.792
112.54 8.641 23.561 285.80 8.053 52.245
116.12 6.709 24.258 286.44 10.430 52.314
119.89 4.933 24.888 286.84 12.059 52.327
120.92 8.119 25.137 290.34 9.738 52.761
123.46 7.959 25.639 290.74 8.922 52.772
126.28 7.846 26.221 293.53 7.407 53.078
129.55 9.142 26.964 296.77 10.228 53.450
131.19 7.513 27.343 299.59 8.769 53.758
133.90 7.403 27.982' 300.00 9.563 53.824
138.41 8.570 29.009 301.15 7.819 53.925
141.11 7.013 29.776 307.09 7.180 54.596
146.65 7.925 31.993

3-Ethylpentane
Crystals 27.88 3.526 5.655

28.06 4.657 5.719
12.51 1.884 0.866 31.54 3.791 6.847
14.39 1.872 1.301 32 15 4.609 7.040
15.05 2.202 1.477 33 03 5.288 7.321
16.41 2.174 1.862 35 41 3.925 8.051
17.59 2.880 2.227 37 83 4.291 8.756
17.86 2.771 2.306 39.73 4.718 9.290
18.73 2.463 2.581 42.16 4.371 9.952
20.51 2.976 3.185 44 61 5.034 10.598
20.70 2.915 3,243 47.17 5.651 11.255
21.32 2.732 3.444 49.33 4.417 11.806
23.48 2.969 4.180 53 16 6.322 12.730
23.94 3.567 4.334 53.92 4.756 12.915
24.41 3.428 4.493 55.53 5.973 13.280
27.41 4.874 5.491 57.16 5.806 13.651

61 .70 6.365 14 .657 186.35 12 .183 43 .230COCD .18 6.226 14 .985 190.99 11 .251 43 .548
68 .23 6.689 15 .992 198.87 12 .852 44 .053
69 .58 6.583 16 .275 202.13 11 .046 44 .294
74 .63 6.120 17 .262 211.59 12 .587 44 .951
76 .31 6.879 17 .577 212.87 10 .850 45 .075
80 .93 6.475 18 .480 223.82 10 .660 45 .880
83 .19 6.866 18 .906 224.05 12,.327 45 .901
87 .56 6.782 19 .706 234.05 10 .471 46 .674
90 .34 7.450 20 .183 234.82 11 .335 46 .759
94 .49 7.077 20 .868 236.25 12 .080 46 .847
97 .57 7.005 21 .382 237.27 10..344 46 .902

101 .87 7.701 22 .081 244.43 10..291 47..519
104 .85 7.563 22 .550 246.05 11..126 47..657
109 .81 8.164 23 .349 248.18 11. 843 47. 832
112 .66 8.052 23 .804 248.36 11. 848 47. 837
118..18 8.576 24 .684 254.63 10. 121 48. 385
120 .51 7.651 25..062 257.07 10. 915 48. 644
126..54 8.149 25. 999 259.68 10. 787 48..851
128 .00 7.318 26 .227 259.93 11 .597 48 .872
134 .51 7.790 27..249 265.07 10..754 49 .349
135. 17 7.029 27. 355 268.29 11..518 49..648
141. 71 6.039 28. 369 271.17 12 .195 49..894
142. 15 7.487 28. 417 271.69 11..274 49..926
146. 80 5.142 29. 206 272.23 13. 008 49..978

275.74 10. 579 50. 312
Liquid 279.30 10. 512 50. 670

283.25 11. 963 51..017
145. 19 8.123 40. 792” 283.64 12..632 51 .051
153. 25 8.004 41. 228" 285.09 12..715 51 .181
161. 20 7.890 41. 670 280.21 10. 395 51. 308
163. 92 9.739 41. 806 289.33 9. 538 51. 628
165. 92 9.647 41. 912 295.48 12. 497 52. 205
170. 00 9.713 42. 195 296.14 12. 363 52. 269
174. 52 11.476 42. 449 290.14 9. 435 52. 287
176. 42 11.369 42. 547 297.66 12. 413 52. 417
180. 11 10.502 42. 828 298.79 9..386 52. 568

2,2,3-Trimethylbutane
Crystals II 83. 57 2.537 19 .181

85. 79 1.898 27..854
13. 08 0. 975 1. 731 87. 43 1.367 41..373
14. 34 1. 514 2. 225 88. 25 2.977 27..490
16. 32 2. 282 2. 930 89. 28 2.336 20 .900
16. 89 3. 178 3. 136 91. 58 2.272 21. 509
18. 75 2. 575 3. 847 91. 86 4.244 21..579
19. 99 3. 035 4. 314 94. 04 2.638 22. 285
22. 16 4..237 5. 110 96. 63 2.542 23..223
23. 99 4. 955 5. 740 96. 82 5.695 23 .320
25. 93 3. 300 6. 389 99. 12 2.443 24..296
29..22 5. 519 7. 479tf 101. 51 2.329 25 713
29. 82 4. 474 7. 102..24 5.142 26 .278
34. 90 5. 843 9. 044tf 103. 77 2.203 27..498
41..12 6. 583 10. 185 105..87 1.989 31 .240
47..25 5. 675 11. 337 107 61 1.483 44 .805
52 .62 5. 075 12. 305 109 .37 2.041 29 .966
53 .63 4..157 12. 500 111 .41 2.050 29 .658
54 .55 4..888 12..643 113 .36 6.119 29 .677
58 .38 5 .334 13..327 113 .63 2.378 29 .766
59 .60 5 .209 13 .546 114 .90 3.763 29 .836
64 .23 6 .456 14 .403 115 .01 3.646 30 .291
64 .92 5 .433 14 .544 115 .27 3.710 29 .609
69 .87 4 .432 15 .444 116 .12 2.619 30 .066
70 .87 6 .819 15 .644
74 .17 4 .164 16 .317 Crystals I
77 .94 3 .377 17 .177
80 .97 2 .681 18 .040 129 .29 7.558 32 .673
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T a b l e  II {continued)
T. “ K . “ A  Tb Ceatd c T, ° K . « A  Tb Caatdc

1 3 7 . 6 6 j  9 . 1 7 6 3 3 . 5 2 2 2 4 1 . 7 4 5 . 4 0 7 4 4 . 9 2 4

1 4 7 . 1 5 1 9 . 8 0 2 3 4 . 4 2 2 2 4 1 . 8 9 5 . 3 9 6 4 4 . 9 6 7

1 5 6 . 8 0 ¿ 9 . 5 1 2 3 5 . 4 0 3 2 4 2 . 9 3 6 . 3 0 2 4 5 . 0 8 8

1 6 6 . 6 0 1 0 . 0 8 7 3 6 . 3 8 8

1 7 6 . 5 5 9 . 8 1 5 3 7 . 4 1 8 Liquid
1 8 6 . 2 4 9 . 5 6 7 3 8 . 4 3 4

1 9 5 . 6 9 9 . 3 2 3 3 9 . 4 4 6 2 5 3 . 0 3 5 . 2 5 0 4 6 . 3 1 9

2 0 3 . 1 0 7 . 9 6 8 4 0 . 2 1 1 2 5 5 . 0 9 6 . 1 1 0 4 6 . 5 5 7

2 0 4 . 9 1 9 . 1 1 6 4 0 . 4 5 7 2 5 8 . 6 9 6 . 0 6 6 4 6 . 9 1 6

2 1 1 . 9 5 9 . 7 1 8 4 1 . 2 4 4 2 6 2 . 0 2 7 . 7 4 9 4 7 . 2 7 3

2 1 4 . 2 9 9 . 6 4 5 4 1 . 5 1 9 2 7 0 . 5 4 9 . 2 9 6 4 8 . 1 8 7

2 1 8 . 4 9 9 . 5 7 7 4 1 . 9 9 5 2 7 9 . 7 7 9 . 1 5 7 4 9 . 0 7 7

2 2 1 . 5 5 9 . 5 3 6 4 2 . 3 8 5 2 8 8 . 8 5 8 . 9 9 8 5 0 . 0 8 8

2 2 7 . 9 5 9 . 3 4 2 4 3 . 1 6 1 2 9 8 . 1 7 9 . 6 5 4 5 1 . 0 1 5

2 3 0 . 0 0 7 . 3 6 7 4 3 . 4 3 9 3 0 6 . 9 5 7 . 9 1 7 5 1 . 9 1 3

2 3 5 . 8 3 6 . 4 1 0 4 4 . 1 3 9 3 1 3 . 2 6 4 . 6 9 6 5 2 . 6 1 0

2 3 6 . 4 5 5 . 4 8 6 4 4 . 1 7 5

a T is the mean temperature of each heat capacity measure
ment. b AT  is the temperature increment in each measure
ment. c Osatd is the heat capacity of the condensed phase 
under its own pressure. d Curvature corrections applied. 
e Undercooled liquid.

Heats of Fusion, Triple Point Temperatures and Purity of
Samples.— The heats of fusion, AHm, were determined from 
the heat capacity data and enthalpy measurements made 
over finite temperature intervals including the triple point 
temperatures. The results of two or more determinations 
for each isomer are in Table IV.

The triple point temperature and sample purity for each 
compound were determined from studies of the equilibrium 
melting temperature as a function of the fraction of sample 
melted.23 The results for 2-methylhexane, 3-ethylpentane, 
2,2-dimethylpentane and 2,4-dimethylpentane are given 
in Table V. For these four compounds, the equilibrium 
temperatures, T0b.i, were plotted as functions of 1/ f, 
the reciprocal of the fraction of total sample in the liquid 
phase. The triple point temperatures, Tr.r., were de
termined by linear extrapolations to zero value of 1/ f . 
If the impurities form ideal solutions in the liquid phase and 
are insoluble in the solid phase, the relation between mole 
fraction of total impurity, N2*, and melting point depres
sion, AT =  Tt .p. — Tobsd, is24

- I n  (1  -  IV2) =  a  AT ( 1  X  b A T  +  . . . )  ( 1 )

where N2 =  N2*/f . The cryoscopic constants, a  =  A  Hm/ 
R T / t .p.2 and b  = 1/Z't.p. — A C m /2AH m , were calculated 
from the values of A  Hm and T t .p . in Table IV and values of 
A  Cm obtained from data in Table VII (discussed in the 
following section). Values of a  and b  are included in 
Table IV. The impurity values given in Table V were cal-

T a b l e  III
E m p i r i c a l  E q u a t i o n s  f o r  t h e  M o l a l  H e a t  C a p a c i t y  i n  t h e  L i q u i d  S t a t e  

Cuaid (liq.) =  a +  bT +  cT2 +  dT3, cal. deg.-1 mole-1

Compound a b X 10' c x  io* d X 10'
Range,

°K .°
»-Heptane 56.582 -1 4 .4 90 5.7813 -4 .1 6 6 7 240-370
2-Methylhcxane 41.850 -2 .6 7 5 0 2.1531 +0.10417 160-300
3-Ethylpentane 34.578 +3.2850 0.41562 1.6667 155-300
2,2-Dimethylpentane 33.582 0.4340 2.4200 -1 .33 33 155-300
2,4-Dimethylpentane 37.049 -4 .2 3 0 0 4.4188 -4 .0 3 6 4 160-310
2,2,3-Trimethylbutane 21.854 +9.0867 0.23333 250-310

“ The temperature range in which the equations represent the observed heat capacity data within about ±0 .05% .
The “ isothermal”  transition in 2,2,3-trimcthylbutane 

was studied by observing the temperature as a function of 
fraction transposed (fraction of sample in the form of crys
tals I) with the results

%  Transposed 22 48 86
T, °K. 120.88 121.18 121.38

The sample did not reach true thermal equilibrium during 
these observations, although the point at 86% transposed 
was observed for about 15 hours. Nevertheless, the transi
tion was assumed to be essentially isothermal, and the 
transition temperature was taken as 121.4 °K.

T a b l e  IV
T r i p l e  P o i n t  T e m p e r a t u r e s , I I e a t s  o f  F u s i o n  a n d  

C r y o s c o p i c  C o n s t a n t s

Compound
Tt.p.,“

°K.
AHm, 

cal. mole"
A,

1 deg.-1
B,

deg.
n-Heptane 182.55 3355 ±  2b 0.05065 0.00347
2-Methylhexane 154.90 2195 ±  l6 .04603 .00398
3-EthyIpentane 154.58 2282 ±  lb .04805 .00408
2,2-Dimethylpentane 149.43 1392.2 ±  0 ■o6 .03137 .00419
2,4-Dimethylpentane 153.97 1636 ±  lb .03472 .00425
2,2,3-Trimethylbutane 248.57 540.4 ± 0 . l 6 .00440 .00244

a Estimated accuracy uncertainty, ±0 .05°K . b Maxi-
mum deviation from the mean of two or more determina
tions.

The heat of transition of 2,2,3-trimethylbutane at 
121,4°K. was determined from measurements of the enthalpy 
increase over the temperature interval from about 117 to 
127°K. The average value of four determinations and 
maximum deviation from the mean are 585.8 ± 4 . 0  cal. 
mole-1. This relatively poor precision is due to difficulty 
in obtaining reproducible crystals in the range 108-121°K., 
as evidenced by the poor precision of the heat capacity 
data in that region.

culated using eq. 1 in its simplified form (for AG*< <  1): 
N2* =  a f A T . The plot of T0bBd vs. 1 /f for 2,2,3-trimethyl
butane departs markedly from linearity, probably because 
the impurity is partly soluble in the solid phase. Because 
the cryoscopic constant a is less than 0.01 deg.-1, the solid- 
solution treatment of Mastrangelo and Dornte25 is appli
cable.23 The application of this treatment to the results 
for 2,2,3-trimethylbutane is shown in Table VI.

Chemical Thermodynamic Properties in the Solid and 
Liquid States.— The low temperature calorimetric data for 
each of the six heptanes were used in calculating values of 
the free energy function, heat content function, heat con
tent and entropy in the solid and liquid states at selected 
temperatures from 10 to 300°K., or higher. The values at 
10°K. were calculated from Debye functions, the param
eters of which were evaluated from the heat capacity 
data between about 12 and 20°K .26 The thermodynamic 
properties above 10°K. were calculated from the values of 
heat and temperature of phase changes and from appro
priate numerical integration of values of C8aw read from 
large scale plots of the data in Table II. The results are in 
Table VII. Corrections for the effects of premelting were 
applied as necessary in computing the “ smoothed”  data in 
the last table.

The Vapor Pressure of 2-Methylhexane.— Osborne and 
Ginnings27 have reported accurate experimental values of

(23) J. P. McCullough and Guy Waddington, Anal. chim. Acta, 17, 
80 (1957).

(24) A. R. Glasgow, Jr., A. J. Streiff and F. D. Rossini, J. Research 
Natl. Bur. Standards, 36, 355 (1945).

(25) S. V. R, Mastrangelo and R. W. Dornte, J. Am. Chem. Soc., 77, 
6200 (1955).

(26) The number of degrees of freedom and characteristic tempera
tures, respectively, of these Debye functions are: n-heptane, 5.5 and
121.0°; 2-methylhexane, 5 and 101.3°; 3-ethylpentane, 7 and 133.0°; 
2,2-dimethylpentane, 6 and 108.2°; 2,4-dimethylpentane, 5 and 92.5°; 
2,2,3-triinethylbutane, 6 and 101.7°.
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T a ble  V
M elting  P oint Summaries

Melted, .---------------T, °K .--------------- ,% 1/f  Obsd. Graph. &
2-Methylhexane (impurity =  0.16 mole % )

10.68 9.363 154.6223 154.57
22.50 4.444 154.7664 154.75
51.41 1.945“ 154.8341“ 154.8341
75.56 1.323 154.8555 154.8559
92.48 1.081“ 154.8644“ 154.8644

100 1.000 154.8672
Pure 0 154.9024

2,2-Dimethylpentane (impurity 0.17 mole % )
13.58 7.364 149.1742 149.0
27.36 2.655 149.2814 149.24
45.35 2.205 149.3264 149.314
67.20 1.488“ 149.3522“ 149.3522
89.05 1.123“ 149.3715“ 149.3715

100 1.000 149.3780
Pure 0 149.4309

2,4-Dimethylpentane (impurity =  0.09 mole % )
7.72 12.95 153.6604 153.644

27.40 3.650“ 153.8762“ 153.8762'
52.13 1.918 153.9200 153.9195
76.91 1.300 153.9360 153.9349
92.42 1.082“ 153.9404“ 153.9404'

100 1.000 153.9424
Pure 0 153.9674

3-Ethylpentane (impurity = 0.005%)
6.30 15.87 154.5733 154.568

24.25 4.124“ 154.5800“ 154.5800
51.15 1.955 154.5823 154.5823
71.32 1.402 154.5826 154.5829
91.47 1.093“ 154.5832“ 154.5832

100.00 1.000 154.5833
Pure 0 154.5844

a Straight lines through these points were extrapolated to 
1/ f =  0 to obtain the triple point temperatures. b Tem
peratures read from the straight lines of footnote a.

T able  VI
2 ,2 ,3 -T r im e th ylb u ta n e : M elting  Point Sum m ary“ 

Pt .p. =  248.568 ±  0.05°.K.; impurity =  0.053 mole %; 
distribution coefficient, K  =  0.333

Melted,
%

1
If + K/(1 -  A)]

Tobsd,
°K.

T calnd, °K.
12.88 1.590 248.369 248.376
26.84 1.301 248.412 248.411
50.46 0.995 248.448 248.448
69.47 .837 248.466 248.467
88.51 .722 248.481 248.481

» Values of 7t.p., Tc M , K  and impurity were calculated 
with the expressions given in ref. 25.

T able  VII
T he M olal T hermodynamic  Properties in the Solid and

L iquid  States“

T,
°K.

— (/̂ satd — (ffsatd
H °0)/T, H°o)/T, 

cal. cal. 
deg.-1 deg._1

ffeatd ~ H°0,
cal.

iSsntd. Osatd,
cal. cal. 

deg._1 deg._1
n-Heptane

Crystals
10 0.039 0.119 1.189 0.158 0.473
15 .132 .386 5.797 .518 1.464
20 .299 .823 16.450 1.122 2.836
25 .540 1.380 34.493 1.920 4.399

30 .848 2.017 60.51 2.865 6.014
35 1.210 2.704 94.65 3.914 7.622
40 1.617 3.414 136.56 5.031 9.135
45 2.060 4.131 185.88 6.191 10.583
50 2.533 4.846 242.27 7.379 11.956
60 3.541 6.242 374.51 9.783 14.462
70 4.604 7.581 530.6 12.185 16.694
80 5.700 8.346 707.7 14.546 18.711
90 6.812 10.048 904.3 16.860 20.566

100 7.930 11.181 1118.1 19.111 22.173
110 9.047 12.250 1347.5 21.297 23.700
120 10.156 13.266 1591.9 23.422 25.164
130 11.257 14.235 1850.6 25.492 26.567
140 12.346 15.165 2123.1 27.511 27.945
150 13.423 16.064 2409.5 29.487 29.346
160 14.488 16.940 2710.4 31.428 30.863
170 15.540 17.809 3027.4 33.349 32.599
180 16.584 18.684 3363.1 35.268 34.536
182.55 16.848 18.909 3451.8 35.757 35.037

Liquid
182.55 16.848 37.288 6806.8 54.136 48.520
190 18.34 37.72 7167 56.07 48.27
200 20.29 38.24 7649 58.54 48.15
210 22.17 38.71 8130 60.89 48.23
220 23.98 39.15 8614 63.14 48.49
230 25.73 39.57 9101 65.30 48.88
240 27.42 39.96 9592 67.39 49.38
250 29.06 40.35 10089 69.42 49.98
260 30.65 40.74 10592 71.39 50.66
270 32.20 41.12 11102 73.32 51.39
273.15 32.68 41.24 11264 73.92 51.64
280 33.70 41.50 11620 75.20 52.19
290 35.16 41.88 12146 77.05 53.04
298.15 36.33 42.19 12581 78.53 53.76
300 36.59 42.27 12681 78.86 53.93
310 37.98 42.66 13225 80.64 54.85
320 39.34 43.05 13778 82.40 55.78
330 40.67 43.45 14340 84.13 56.75
340 41.98 43.86 14913 85.84 57.76
350 43.26 44.27 15495 87.53 58.79
360 44.51 44.69 16089 89.20 59.89
370 45.74 45.11 16694 90.86 61.04

2-Methylhexane

Crystals

10 0.062 0 184 1. 843 0. 246 0. 726
15 .203 576 8. 635 779 2, 024
20 .443 1 137 22. 746 1. 580 3. 653
25 .766 1 810 45. 23 2. 576 5. 338
30 1,160 2. 538 76. 12 3. 698 7. 002
35 1.608 3. 290 115..16 4 .898 8 .585
40 2.096 4. 047 161 .86 6 .143 10 .088
45 2.617 4. 794 215 .74 7 .411 11 .441
50 3.160 5..523 276 .16 8 .683 12 .734
60 4.293 6..937 416 .2 11 .230 15..230
70 5.465 8 .311 581 .7 13 .776 18..300
80 6.674 9 .679 774 .2 16 .353 18..773
90 7.879 10 .787 970 .8 18 .666 20,.509

100 9.070 11 .842 1184 .1 20 .912 22 .141
110 10.247 12 .851 1413 .6 23 .098 23..755
120 11.406 13 .828 1659 .3 25 .234 25 .378
130 12.551 14 .779 1921 .2 27 .330 27 .039
140 13.681 15 .720 2200 .7 29 .401 28 .884
150 14.798 16 .665 2499 .8 31 .463 30 .942
154.90 15.342 17 .135 2654 .3 32 .477 32 .010
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T a b l e  VII (continued)

T,°K.

1 
.

3.̂ .r 

T
05 

*

(.i/satd
cal. deg. “1 //said -  H °0,cal.

C.‘ l.
(leg- ~l

c„t<l, cal. deg.-1
Liquid

154.90 15.342 31.305 4849.3 46.647 42.884
160 16.36 31.67 5068 48.03 43.10
170 18.30 32.36 5501 50.66 43.57
180 20.16 32.99 5939 53.16 44.07
190 21.96 33.59 6383 55.56 44.60
2 0 0 23.70 34.16 6832 57.86 45.19
2 1 0 25.38 34.70 7287 60.08 45.82
2 2 0 27.01 35.22 7748 62.23 46.49
230 28.59 35.72 8217 64.31 47.20
240 30.12 36.22 8693 66.34 47.97
250 31.61 36.70 9176 68.31 48.78
260 33.05 37.18 9668 70.24 49.64
270 34.47 37.66 10169 72.13 50.52
273.15 34.91 37.81 10329 72.72 50.81
280 35.84 38.14 10679 73.99 51.47
290 37.19 38.61 11199 75.81 52.45
298.15 38.27 39.00 11630 77.28 53.28
300 38.51 39.09 11728 77.61 53.47

3-Ethylpentane

Crystals

10 0.038 0.115 1.146 0.153 0.459
15 .128 .374 5.613 .502 1.462
20 .294 .832 16.638 1.126 3.003
25 .542 1.436 35.90 1.978 4.692
30 .864 2.117 63.51 2.981 6.340
35 1.243 2.836 99.24 4.079 7.922
40 1.670 3.563 142.50 5.233 9.358
45 2.131 4.281 192.65 6.412 10.702
50 2.619 4.987 249.35 7.606 11.965
60 3.649 6.348 380.8 9.997 14.290
70 4.726 7.632 534.2 12.358 16.341
80 5.824 8.844 707.5 14.668 18.302
90 6.933 9.998 899.8 16.S31 20.119

100 8.044 11.093 1109.2 19.137 21.765
110 9.151 12.136 1335.0 21.287 23.373
120 10.250 13.140 1576.7 23.390 24.968
130 11.340 14.110 1834.2 25.450 26.534
140 12.421 15.053 2107.4 27.474 28.106
150 13.491 15.976 2396.4 29.467 29.686
154.58 13.979 16.394 2534.3 30.373 30.412

Liquid

154.58 13.979 31.157 4816.3 45.13b 41.292
160 15.05 31.50 5040 46.56 41.59
170 16.98 32.11 5459 49.09 42.18
180 18.83 32.69 5884 51.52 42.80
190 20.61 33.24 6315 53.86 43.46
200 22.33 33.76 6753 56.13 44.14
210 23.99 34.27 7198 58.27 44.85
220 25.60 34.77 7650 60.33 45.59
230 27.16 35.26 8110 62.42 46.35
240 28.67 35.74 8578 64.41 47.15
250 30.14 36.21 9053 66.35 47.99
260 31.57 36.68 9538 68.25 48.88
270 32.96 37.15 10031 70.11 49.78
273.15 33.39 37.30 10189 70.69 50.07
280 34.32 37.62 10533 71.94 50.70
290 35.65 38.08 11045 73.73 51.66
298.15 36.71 38.47 11470 75.18 52.48
300 36.95 38.55 11567 75.50 52.66

2,2-Dimethylpentane

Crystals
10 0.061 0.182 1.823 0.243 0.721
15 .201 .578 8.668 .779 2.121
20 .446 1.182 23.640 1.628 3.897
25 .787 1.905 47.63 2.692 5.662
30 1.201 2.672 80.15 3.873 7.318
35 1.671 3.440 120.39 5.111 8.738
40 2.179 4.185 167.40 6.364 10.058
45 2.714 4.906 220.77 7.620 11.280
50 3.267 5.603 280.15 8.870 12.462
60 4.407 6.938 416.2 11.345 14.780
70 5.575 8.239 576.7 13.814 17.350
80 6.761 9.594 767.5 16.355 21.550
90 7.978 10.948 985.2 18.926 20.082

100 9.182 11.926 1192.5 21.108 21.482
110 10.363 12.874 1416.1 23.237 23.265
120 11.524 13.821 1658.5 25.345 25.233
130 12.668 14.782 1921.5 27.450 27.414
140 13.800 15.768 2207.4 29.568 29.788
149.43 14.860 16.728 2499.9 31.588 32.225

Liquid
149.43 14.860 26.045 3892.1 40.905 39.187
150 14.95 26.09 3914 41.05 39.22
160 16.66 26.93 4309 43.60 39.92
170 18.32 27.72 4712 46.04 40.66
180 19.93 28.46 5123 48.39 41.42
190 21.48 29.16 5541 50.65 42.22
200 23.00 29.83 5967 52.84 43.05
210 24.47 30.48 6402 54.96 43.91
220 25.90 31.12 6846 57.02 44.81
230 27.30 31.73 7299 59.03 45.74
240 28.66 32.33 7761 61.00 46.71
250 30.00 32.93 8233 62.93 47.70
260 31.30 33.52 8715 64.82 48.73
270 32.57 34.10 9208 66.68 49.77
273.15 32.97 34.28 9365 67.26 50.11
280 33.82 34.68 9711 68.51 50.85
290 35.05 35.25 10225 70.31 51.94
298.15 36.04 35.72 10652 71.77 52.85
300 36.26 35.83 10750 72.09 53.06
310 37.44 36.40 11286 73.85 54.20

2,4-Dimethylpentane

Crystals
10 0.081 0.240 2.403 0.321 0.935
15 .261 .721 10.822 .982 2.496
20 .556 1.373 27.468 1.929 4.171
25 .940 2.099 52.48 3.039 5.804
30 1.388 2.843 85.28 4.231 7.285
35 1.881 3.576 125.14 5.457 8.642
40 2.406 4.287 171.49 6.693 9.862
45 2.951 4.969 223.62 7.920 10.975
50 3.507 5.624 281.17 9.131 12.040
60 4.644 6.862 411.7 11.506 14.037
70 5.790 8.022 561.5 13.812 15.908
80 6.934 9.122 729.7 16.056 17.748
90 8.069 10.184 916.5 18.253 19.581

100 9.196 11.209 1120.9 20.405 21.300
110 10.311 12.207 1342.7 22.518 23.098
120 11.416 13.192 1583.0 24.608 24.965
130 12.510 14.176 1842.8 26.686 27.061
140 13.597 15.178 2124.9 28.775 29.400
150 14.679 16.205 2430'7 30.884 31.757
153.97 15.109 16.619 2559.0 31.728 32.700
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Liquid

153.97 15.109 27.244 4195.0 42.353 40.048
160 16.16 27.73 4437 43.89 40.49
170 17.86 28.50 4846 46.37 41.24
180 19.51 29.23 5262 48.75 42.01
190 21.11 29.93 5686 51.04 42.81
200 22.67 30.59 6118 53.26 43.65
210 24.17 31.23 6559 55.41 44.51
220 25.64 31.86 7009 57.50 45.42
230 27.07 32.47 7468 59.54 46.38
240 28.47 33.07 7937 61.54 47.37
250 29.83 33.66 8415 63.49 48.38
260 31.16 34.25 8904 65.41 49.43
270 32.46 34.83 9404 67.30 50.51
273.15 32.87 35.01 9564 67.89 50.85
280 33.74 35.41 9915 69.15 51.60
290 34.99 35.98 10436 70.98 52.70
298.15 36.00 36.45 10870 72.46 53.59
300 36.22 36.56 10969 72.79 53.79
310 37.43 37.13 11512 74.57 54.87

2,2,3-Trimethylbutane 

Crystals II

10 0.074 0.218 2.184 0.292 0.861
15 .240 .680 10.193 .920 2.442
20 .525 1.351 27.025 1.876 4.312
25 .908 2.124 53.09 3.032 6.080
30 1.365 2.922 87.65 4.287 7.719
35 1.875 3.706 129.69 5.581 9.040
40 2.419 4.436 177.44 6.855 10.027
45 2.981 5.107 229.82 8.088 10.922
50 3.552 5.734 286.71 9.286 11.823
60 4.701 6.899 413.9 11.600 13.620
70 5.847 7.992 559.4 13.839 15.474
80 6.984 9.060 724.8 16.044 17.725
82 7.210 9.280 760.9 16.490 18.421
84 7.437 9.508 798.7 16.945 19.420
90 8.129 10.542 948.8 18.671 21.098

100 9.302 11.761 1176.1 21.063 24.743
101 9.419 11.894 1201.2 21.313 25.375
102 9.538 12.028 1226.8 21.566 26.060
103 9.655 12.170 1253.4 21.825 26.823
104 9.774 12.313 1280.5 22.087 27.670
105 9.892 12.469 1309.2 22.361 29.600
110 10.497 13.620 1498.1 24.117 29.575
115 11.119 14.319 1646.7 25.438 29.838
120 11.743 14.971 1796.5 26.714 30.096
121.4 11.918 15.145 1838.7 27.063 30.170

Crystals I

121.4 11.918 19.971 2424.5 31.889 31.880
130 13.31 20.78 2702.3 34.09 32.73
140 14.88 21.67 3034.6 36.56 33.72
150 16.41 22.51 3376.8 38.92 34.72
160 17.88 23.30 3729.1 41.19 35.72
170 19.32 24.06 4091.4 43.39 36.73
180 20.72 24.79 4463.8 45.52 37.76
190 22.08 25.51 4846.8 47.59 38.82
200 23.40 26.20 5240.4 49.60 39.90
210 24.70 26.88 5645.1 51.58 41.02
220 25.96 27.55 6061.0 53.51 42.18
230 27.20 28.21 6488.9 55.42 43.40
240 28.42 28.87 6929.4 57.29 44.69
248.57 29.44 29.44 7318.3 58.88 45.87

Liquid
248.57 29.44 31.61 7858.7 61.05 45.88
250 29.62 31.69 7923 61.32 46.02
260 30.88 32.26 8388 63.14 47.05
270 32.10 32.83 8864 64.94 48.08
273.15 32.49 33.01 9017 65.50 48.41
280 33.31 33.39 9350 66.70 49.12
290 34.49 33.95 9847 68.45 50.17
298.15 35.44 34.41 10260 69.85 51.03
300 35.65 34.51 10354 70.16 51.22
310 36.79 35.07 10871 71.86 52.26
320 37.91 35.62 11399 73.54 53.32

“ The values tabulated are the free energy function, 
heat content function, heat content, entropy and heat 
capacity of the condensed phases at saturation pressure, 
heat of vaporization at 298.15°K., AHvm ,,5, for all of the 
heptanes studied except 2-methylhexane. Forziati, Norris 
and Rossini28 determined the vapor pressure of 2-methyl
hexane from 18 to 91°, but to allow more accurate calcula
tion of the heat of vaporization by the Clapeyron equation, 
the results of these authors were extended by measurements 
in the range 0-45°. The results, determined by the static 
method described previously,14 are in Table VIII. These 
data and those of Forziati, et al.,2a were combined to obtain 
the following Cox equation for the vapor pressure of 2- 
methylhexane. In eq. 2 T is in °K. and p is in mm. Values

log(p/760) =  A(1 -  363.202/T) (2)
log A =  0.860881 -  8.4898 X  10-4T  +  8.9539 X  10~7T2 
of vapor pressure calculated with eq. 2 are included in 
Table VIII. This Cox equation represents the data of 
Forziati, et al.,2S about as well as their Antoine equation.

T able  VIII
V apor  P ressure of 2 -M eth ylh e xa n e

p(obsd.) —
T, °K. :p, mm. p(calcd),° nr

273.15 17.56 0.00
288.15 40.09 -  .03
293.15 51.63 -  .04
298.15 65.83 -  .04
303.15 83.15 -  .01
308.15 104.05 .00
313.15 129.07 +  .01
318.15 158.79 -  .01

° Calculated with eq. 2. The deviations in this range 
are predominantly negative as a result of using both the 
data reported here and those in ref. 28 in obtaining eq. 2

The Standard Heats and Entropies of Vaporization at 
298.15°K.— By using the Clapeyron equation, eq. 2 and 
an estimate of the second virial coefficient (2.53 1. mole-1),29 
the heat of vaporization of 2-methylhexane at 298.15°K. 
was calculated to be 8.325 kcal. mole-1. This value and 
values for the other isomers given by Osborne and Ginnings27 
were used in calculating the values of standard heat, 
AHv°298.i5 , and entropy, A/Sp0298.i5, of vaporization given 
in Table I. In these calculations, values of the entropy of 
compression to one atm. were calculated from eq. 2 and 
the results of Forziati, et a.l2S Small but significant cor
rections for the effect of gas imperfection were determined 
from an unpublished correlation of the results of previous 
investigations in this Laboratory. These values of AHv°ws.u 
and A/Sf °298.i5 were used with experimental values of entropy 
and heat of formation in the liquid state to obtain the values 
of the thermodynamic properties in the ideal gas state given 
in Table I.
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The collision theory of chemical reactions is developed to a point where it is capable of describing the mechanics of the dis
sociation and recombination of a diatomic gas. The experimental observation of activation energies for dissociation which 
are substantially less than the heat of dissociation appears to be due to a failure to maintain an equilibrium population 
amongst the highest vibrational energy levels. Since the dissociation process is thermodynamically irreversible, there is 
no simple relation between the dissociation and recombination rate constants and therefore no correspondence between the heat 
of dissociation and the activation energies for the two processes.

One of the most unsatisfactory aspects of the 
theory of chemical kinetics has been the failure to 
describe reasonably the simplest of all reactions, the 
dissociation of a diatomic gas. The rates of dis
sociation (and their temperature dependences) 
have been measured at high temperatures for three 
diatomic molecules, I2, Br2 and 0 2 by the shock- 
wave technique.1 The reactions are biomolecular 
and may be represented as

X 2 +  M — >- X  +  X  +  M
It is convenient to define a s ta n d a r d  r a te  c o n s ta n t  f o r  
d is s o c ia t io n , k  =  N z o e ~ D°IRT where N  is the total 
number of X 2 molecules, z0 is the number of colli
sions with M  per second suffered by an individual 
X 2 molecule i n  i t s  z e ro th  v ib r a t io n a l  s ta te , and Do 
is the dissociation energy of X 2; this is the usual 
simple collision theory rate. The experimentally 
observed rates of dissociation are 3.4k for I2 at 
1300°K, 3.8K  for Br2 at 1600°K., and ~  150k 
for 0 2 at 3000°K. Furthermore, the temperature 
dependences of these rate constants (i . e ., activation 
energies) are in all cases s u b s ta n tia l ly  le s s  th a n  the 
respective dissociation energies: for I2 the discrep
ancy ranges from 4.2 to 9.5 kcal. according to the 
nature of M, for Br2 from 5.9 to 15.5 kcal., and for 
0 2 it is about 11 kcal. In addition, the rates of the 
reverse processes have been measured for I2 and 
Br2: as is well known, the recombinations are 
third order i .e .

X  +  X  +  M — >  X 2 +  M
and the rates vary substantially with the nature of
M.2 In both cases the recombination proceeds 
more slowly at higher temperatures3 and we have an 
apparent negative activation energy. In a rever
sible system, the difference between the recombina
tion and dissociation activation energies should 
equal the heat of the reaction, but as the observed 
recombination temperature dependences are only 
about —2 kcal., there is still a large discrepancy 
between them and the high-temperature dissocia
tion results.

Simple collision theory accounts for none of 
these facts. Nevertheless, the ultimate descrip
tion of such reactions can only be given in terms of 
collision processes, and it is therefore necessary,

(1) (a) D . Britton, N. Davidson, W . Gehman and G. Schott, J. 
Chem. Phys., 25, 804 (1956); (b) D . Britton and N. Davidson, ibid., 
25, 810 (1956); ( 3) H. B. Palmer and D . F. Homig, ibid., 26, 98
(1957) ; (d) D . Britton, J. Phys. Chem., 64, 742 (1960); (e) S. A . Losev, 
Doklady Translations, Phys. Chem. Section, 120, 467 (1959).

(2) K . E . Russell and J. Simons, Proc. Roy. Soc. (London), A217, 
271 (1953).

(3) (a) D. L. Bunker and N. Davidson. J. Am. Chem. Soc., 80, 5085
(1958) ; (b) W. G. Givens and J. E. Willard, ibid., 81, 4773 (1959).

under pressure of experimental observation, to 
develop a more detailed form of collision theory.

A Simple Extension of Collision Theory.—The 
normal collision treatment of a diatomic dissocia
tion reaction has no fine structure, i . e . , it makes no 
assumptions about the mechanism by which the 
ground-state molecule X 2 eventually breaks up 
into X  +  X. The diatomic molecule has n  bound 
vibrational states, and their populations S t,reN «e~Ei/RT 
where i  runs from 0 to n  and all energies are 
measured relative to the ground state. If we make 
the naive assumption that dissociation may take 
place from any vibrational state, then the relative 
motion of X 2 and the third body M must suppiy 
the remainder of the dissociation energy (Do — E f ) ;  
the probability of the relative energy along the line 
of centres being in excess of this value is e~T» -  
If Pi. is an a  p r i o r i  probability which tells us what 
fraction of the s u ita b ly  e n e r g e t ic  c o l l i s io n s  will lead 
to dissociation, then the rate of dissociation from 
any state i  will be

P i m .N<fi-Ei/RT.Zie-(lh-Ei)/iiT  =  P ia, N 0zie- D > / R T

where z,- is calculated using the collision diameter of 
X 2 in its i th  vibrational state. However, we cannot 
write the total rate of dissociation as the sum over 
all i  from 0 to n  since if any significant dissociation 
takes place from the low-lying states, this will 
have the effect of depopulating the higher states 
and thereby reducing their contribution to the rate- 
sum. It is fairly well established that the appro
priate value of P i  », is only appreciably for small 
energy jumps (e .g ., see later) so that dissociation is 
going to be most favourable for the nth state, less 
so for the (n — l)th state, and so on. Hence, the 
activation of X 2 from its ground state to the dis
sociated state takes place by a predominantly step
wise process and the rate constant for the reaction, 
provided the Boltzmann distribution is maintained, 
will be of the order of P „ „ N o z ne ~ Do/RT-, it will 
not be exactly equal to this expression because of 
the effects of some dissociation from lower energy 
states. Thus, the maximum rate that we can expect 
to get is with P na, =  1, i . e . ,  k  =  N 0zne ~ Do/Rr, 
and since a diatomic molecule in its topmost vibra
tional state is considerably bigger than the normal 
molecule, this can be greater than the standard rate 
k. It is not easy to calculate the appropriate value 
of zn , but some idea of its magnitude can be assessed 
by considering H2: in the ground state, the bond 
length is 0.74 Â. whereas in the topmost vibrational 
state (according to the calculation described below), 
the bond length is about 3.5 Â.; in heavier mole
cules having lower force constants, the length of the
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bond in the topmost state Mali be relatively some
what greater than this, but in any event, it is un
likely that zn would exceed z0 by more than an 
order of magnitude. Thus we could account for 
rates up to say 10k, covering the experimental 
data for I2 and Br2, but not the value of 150 for
0 2. However, we would still predict a temperature 
dependence equal to D 0 and we are not, therefore, 
much nearer the solution of this problem. For this 
reason, a more detailed description of the activation 
process is put forward in this paper, based on an 
attempt to calculate the probability per collision of 
a vibrational transition v — i  —► j ,  for all i  and j  
including the continuum.

The Elements of the Calculation.—The model 
chosen for consideration was the reaction 

H2 +  M — H +  H +  M

because the hydrogen molecule has only 15 bound 
vibrational levels. The molecules of experimental 
interest have many more, i . e . ,  I2 has 125-175, Br2 
has 100-145 and 0 2 has 50-60, making the necessary 
calculations impracticably long. The molecule 
was assumed to be a Morse oscillator, and the 
necessary constants were chosen to make the spac- 
ings of the topmost levels approximately correct 
( i .e . ,  D e =  38284 cm.-1, a  =  1.942 X 108cm.-1 and 
k  =  15.25); the energy of the v =  0 -»• 1 transition 
Aoi is then overestimated by about 6%. The prob
ability of transition between any two states v =  i  
- >  j  was then calculated using the equations given 
by Jackson and Mott4 for the treatment of the 
collision of an atom with an oscillator, i .e .

Pij(w) — (Yu ) ! sinh «,• sinh u, £ u%
.cosh Mi — cosh MJ

where F,y is the matrix element of the collisional 
perturbation potential over the Morse wave func
tions and of the two states, and u  =  4tt2 X 
m w / a h  with m  =  the reduced mass of the col
liding pair, w  =  the relative velocity of approach 
of the pair, and h  =  Planck’s constant: a is a 
constant defining the perturbation potential as 
discussed below. The two subscripts i  and j  
refer to the values of u  before and after the transi
tion from v =  i  -*■ j .

The probability p iffu f)  is a function of the rela
tive approach velocity w  and therefore, to give the 
required probability p,y, this function has to be 
integrated over the Maxwell distribution of ap
proach velocities w  appertaining to the particular 
temperature under consideration. For downward 
transitions, the integral was taken over all energies 
of approach from 0 to m, but for the upward 
transitions, the integral can only run from A t o  
co : note that p a  refers to a fraction of a ll c o l l i s io n s ,  
whereas P , j  refers only to s u ff ic ie n t ly  e n e r g e t ic  c o l l i 
s io n s .  In this way, an array of transition prob
abilities can, in principle, be built up for all 
transitions between states i  and j ,  whether bound or 
unbound. In the case of a dissociation process, it is 
necessary to integrate again over all possible transi
tions into the continuum, and in the case of a 
recombination, the second integration must be 
performed over all values of the approach energies

(4) J. M. Jackson and N. F. Mott, Proc. Roy. Soc. {London), A137, 
703 (1932).

of the recombining pair. Knowing this matrix of 
probabilities, one can then calculate the number of 
transitions per unit time taking place at equilibrium, 
and it is an easy matter to see whether or not equi
librium is likely to be maintained: if it is, the cal
culation of the over-all rate is straightforward, but 
if it is not, one can only draw qualitative conclusions 
because an adequate description of the real situa
tion would then require an exact knowledge of the 
various probabilities.

It should be pointed out that the application of 
the Jackson and Mott procedure to a light mole
cule is subject to severe limitations. Some of 
these have been discussed by Schwartz and Herz- 
feld,5 and others will be mentioned in this paper. 
The present treatment therefore contains many 
drastic approximations, but in all cases these have 
been made with due consideration to the physics of 
the situation. These approximations have been 
made in order to try to make progress. More 
sophisticated treatments have been given of the v 
=  0 —► 1 transition, and more formal treatments of 
dissociation by collisional excitation have been 
examined; however it is so much easier to under
stand the mechanics of a complex process like this 
when numerical magnitudes can be assigned to the 
basic steps which contribute to the over-all dis
sociation.

The Neglect of Angular Momentum.— In a gas at
a temperature of several thousand degrees, there 
are many molecules having high angular quantum 
numbers and it is necessary to consider the effect 
of rotation on the dissociation process, and what 
errors are likely to be introduced by using wave 
functions corresponding to zero angular momentum. 
In the first place, if we consider only first-order 
terms in the angular perturbation, there will be a 
selection rule limiting changes in angular quantum 
number to ±  1; in the real case therefore we can 
expect changes of angular momentum by ±  1 unit 
to predominate. Hence we are justified in neglect
ing dissociation by the acquiring of a large incre
ment in rotational energy, and can reduce the prob
lem essentially to one of vibrational excitation.

We may then consider two separate cases. The 
first of these is when the molecules have so much 
rotational energy that a positive energy barrier is 
present between the bound and the dissociated 
states. Consideration of these states is ruled out 
o f  th e  p r e s e n t  d is c u s s io n  on the grounds that the net 
energy required for these molecules to dissociate is 
larger than D0; tunnelling through the barrier will 
be infinitesimal,6 particularly for Br2 and I2, and so 
these processes will tend to increase the activation 
energy whereas we are trying to account for the 
experimental reduction of E  below D o. We may 
therefore confine ourselves to a consideration of the 
second case, i . e . ,  to molecules having only moderate 
amounts of rotational energy. Here, the vibrational 
wave functions are qualitatively similar to those for 
zero angular momentum, and as we have ruled out 
large changes in rotational energy, the over-all

(5) R. N. Schwartz and K, F. Herzfeld, J. Chem. Phys., 22, 767 
(1954).

(6) D. E. Stogryn and J. O. Hirschfelder, ibid., 31, 1531 (1959); 
33, 942 (1960).
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=  14

v = 13

probabilities for any individual state to add up to 
unity, and we must accept that they are correct rela
tive to each other, and obtain their absolute magni
tudes by suitable renormalization.

The matrix elements
-----------------

a *A

! k
A

J \ ____________
Fig. 1.— Morse wave functions (p2&2) for the bound 

states of H2 (all functions shown to the same scale). This 
diagram was constructed using the Graphical Output of the 
Manchester University Mercury Computer. The functions 
extend over 5 A. from p =  —0.6 A. to p =  + 4 .4  A.; the 
point p =  0 is marked by a dot below the zeroth order 
wave function.

description of the dissociation process will not be 
grossly wrong if we use the simple Morse wave 
functions.

Details of the Calculation.— The Jackson and 
Mott treatment assumes that the interaction poten
tial between the colliding particles is exponential 
and purely repulsive, i . e . ,  <f> =  C e ~ ar. The constant 
a  was chosen from the best fit of the experimental 
data for H2/He collisions7 to an exponential over 
the range of <t>/k from 0 to 2000°K. A reasonable 
value of a  is about 5 X  108 cm.-1. A further as
sumption of the Jackson and Mott treatment is 
that one member of the vibrating pair has an in
finite mass, but of necessity we are limited to a con
sideration of H2. The principal effect of violating 
this assumption will be to alter a  in some unknown 
way and therefore we can only expect to get, at 
best, a semi-quantitative description of the situa
tion: we cannot expect the sum of the transition

(7) E. A. Mason and W. E. Rice, J. Chem. Phys.t 22, 522 (1954).

Y u  =  f  e“ 0>-p») b ( p )  £,-(p)p2dp

where p i s  ( r  —  r e ) and p, is the average value of p 
for the fth state, were calculated by a 250-strip 
Simpson’s Rule quadrature. The wave functions 
are shown as a plot of p2£j2 in Fig. 1; note that for 
the state v =  14, the left-hand maximum is almost 
non-existent and the wave function virtually has 
one large peak near 3.3 A. internuclear separation. 
The only difficulty arose in the cases of Fi4,i4 and 
Y  13.14 which diverged (as they must since a  >  a ), 
but it was found that logarithmic plots of Ym,m, 
Ym-i,m, etc. against m gave straight lines, and suit
able values for the divergent cases were chosen by 
extrapolation. Morse wave functions are not 
known for the continuum, and although various 
approximations were tried they were unsatisfactory 
and the following very crude assumption was made: 
since only small energy jumps are favored, the im
portant part of the continuum will be very close to 
the discrete states, and so the wave functions will 
not be too unlike that for the topmost bound state; 
therefore the matrix elements involving the con
tinuum were taken to be the same as those for the 
state v =  14.

The probabilities p a  (v i) were integrated over the 
three-dimensional Maxwell distribution of ap
proach velocities using a 10-point Laguerre quadra
ture8; this integration yielded directly the over-all 
P ij for discrete transitions, but for transitions into 
the continuum, the total probability was found by 
integration of the resulting p i€ over all possible con
tinuum energies e. The individual rates for various 
processes were then found by applying these prob
abilities to the collision numbers appropriate to 
the individual initial states, the collision diameters 
cri being estimated from the p,-. The reason for 
using the three-dimensional Maxwell distribution 
was to obtain the maximum possible value for the 
rate of dissociation, having the value of 150k 
for 0 2 in mind; however, in no case was an in
crease in rate of excitation of more than about 50% 
found over that which would be obtained using the 
normal two-dimensional distribution.

Since we have to renormalize the relative transi
tion probabilities, it is necessary to know the prob
ability that no transition will take place upon 
collision. This was taken to be

p u { w )  =  lim  p a ( w ) =  A  ( Y u Y i u 2
7T

Uj  — *■ Ui

and integrated over the Maxwell distribution as 
before. The transition probabilities were then re
normalized so that p ^  =  1 with the added condi- 

j
tion at high temperatures that none of the f p ltd t  
should exceed e -(Do ~ E /̂R iT - this latter condi
tion is due to an overestimate of the probability of

(8) H. E. Salzer and R . Zucker, Bull. Am. Math. Soc., 55, 1004 
(1949).
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dissociation relative to other processes occasioned 
by our arbitrary choice of Yu-

A short discussion of the failure of detailed 
balancing in this calculation is relevant at the pres
ent juncture. If this calculation were performed 
rigorously, one would start with a three-dimensional 
interaction between the approaching particles, and 
then what one means by a collision is fully defined 
in terms of the nature and magnitude of the inter
action potential. In the present case we are trying 
to use a one-dimensional interaction potential to 
describe a three-dimensional problem. One can, of 
course, average over all directions of approach, as 
has been done in previous treatments, but this only 
applies a constant factor to all probabilities, and is 
irrelevant since we have to renormalize. And one is 
still left with the problem of defining what one 
means by a collision, and therefore a collision diam
eter. Thus, if we consider the transitions v =  i  —► 
j  and v =  j  -*■ i , we should find the number of such 
transitions taking place at equilibrium to be equal. 
If we assumed equal collision diameters, equal 
values of Y i j and Y u  and a two-dimensional Max
well distribution, this would be so; however, we 
have already found it necessary on experimental and 
theoretical grounds to increase the collision diam
eter with increasing excitation, therefore favoring 
the jump v =  j  —► i ;  however, this loading is to some 
extent off-set by the non-equality of Y i j and F/;, 
and the use of the three-dimensional Maxwell dis
tribution. The states v =  i  and v =  j  also have 
slightly different renormalization constants, with 
the result that detailed balancing only holds to an 
order of magnitude.

The calculations were carried out for tempera
tures of 300, 500, 1000, 2000 and 3000 °K. A sam
ple of the results is given in Table I as a matrix of 
numbers of transitions per cc. per second, based on 
the model of a mixture of 3.5 X 1016 molecules of H2 
and 3.5 X 1019 atoms of He per cc. (be., 1 mm. H2 
and 1000 mm. He at 273°K.). It is assumed that 
there is no recombination taking place, and the 
rate constants obtained are therefore analogous to 
the initial rates derived from shock-wave measure
ments. However, bearing in mind the various 
approximations that have been necessary in this 
calculation, we cannot expect the results to do more 
than serve as a useful guide to our thinking on the 
problem.

Transitions between Bound Levels.—By inspec
tion of Table I and similar tables calculated for 
other temperatures, one can immediately write 
down two rules: (i) th e sm a lle r  the e n e r g y  g a p , the  
m o r e  l ik e ly  i s  th ere  to  be a  tr a n s i t io n  b e tw een  tw o  
s ta te s ; (ii) th e h ig h e r  th e te m p e r a tu r e , th e m o r e  l ik e ly  
i s  a n y  g iv e n  t r a n s i t io n .

Examining the first rule in detail, we find two 
factors are involved. Consider the v =  0 —*■ 1 
transition in Table I : we note that out of about 1.3 
X 1027 collisions per sec., about 5 X 1020 transitions 
take place, i . e . , about 1 in 3 X 106; however, at 
this temperature only 1.5 X 1024 collisions have 
sufficient energy to cause the transition to go, so 
that in fact the efficiency for s u ff ic ie n t ly  e n e r g e t ic  
collisions is about 1 in 3 X 103. If we next consider 
the transition v =  10 —*■ 11, of lffi^X 107 collisions

to
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per sec., about 2 X 106 are suiSciently energetic 
and 3.2 X 106 transitions occur, i . e . ,  we have an 
efficiency of 1 in 50 of all collisions, and 1 in 6 of 
sufficiently energetic collisions. In other words, the 
number of transitions taking place from v =  i  — j  
is P ijN iZ ie ~ Aii/RT and both P i j  and e ~ Aii/RT 
increase as Ay decreases.

As evidence of the second rule, we observe that 
at 3000 °K., transitions appear to take place over a 
much wider difference between i  and j ,  e .g . , transi
tions can take place from v =  0 up to as far as v =  9; 
on the other hand, at 300°K., only the v =  0 —► 1 
transition takes place. At 3000°K., molecules in 
the state v =  0 suffer 2.0 X 1027 collisions per sec., of 
which about 2 X 1026 are sufficiently energetic for 
the D =  0 —► 1 transition, and 7 X 1023 transitions 
take place, i . e . , an efficiency of 1 in 3 X 102 of the 
sufficiently energetic collisions; at 300°K., the 
corresponding fraction is 1 in 3.5 X 104. Thus, P,„ 
like e ~ Aii/RT increases with temperature, and 
should really be regarded as some function of
e -M i/R T  ((zj ref 4 g)_

These results are in qualitative agreement with 
experimental findings on energy transfer. The v — 
0 — 1 transition for several molecules has been 
studied by ultrasonic methods,9 and it is known that 
the probability of transfer for sufficiently energetic 
collisions increases with temperature, although the 
present calculation seems to overestimate the prob
ability and underestimate its temperature varia
tion. At the other end of the scale, we have evi
dence from the dissociation rates for Br2 and I2 that 
for high vibrational levels, most of the sufficiently 
energetic collisions lead to dissociation, so that P i j  
must certainly increase as Ay decreases. Further
more, I2 molecules formed in their 26th vibrational 
state only make observable transitions on collision 
to the 24th, 25th, 27th and 28th states10: this is 
what would be expected from the results in Table I, 
remembering that these excited states of I2 are 
energetically quite close together.

In addition, the rate of the v =  0 —*■ 2 transition 
has been studied for carbon monoxide in a shock 
wave11; horrever, owing to experimental inaccura
cies, it was not possible to distinguish between the 
two processes v =  0 -*■ 1 2 and v =  0 2. If we
consider our mixture suddenly heated from 300 to 
1000°K., we can see what is likely to happen. At 
300°K., there are about 6 X 106 molecules in the v 
=  1 state, and none in the v =  2 state. This gas is 
suddenly raised to 1000°K. where the populations 
should be 4 X 101S in v =  1 and 8 X 1010 in v =  2. 
Thus, the v =  1 state will populate in the order of 
10~7 seconds, according to the data in Table I. 
Population of the v =  2 state will take place by two 
processes, v =  0 -*■ 2 and v =  1 2: the former will
predominate until such time as the v =  1 state be
comes sufficiently populated, i . e . , about 3 X  10_6 
of its equilibrium value which will take of the order 
of 3 X 10-12 seconds; then the latter process will 
take over and be complete in the order of anoth

(9) K. F. Herzfeld and T. A. Litovitz, “Absorption and Dispersio 
of Ultrasonic Waves,” Academic Press, New York, N. Y., 1959.

(10) (a) C. Arnot and C. A. McDowell, Can. J. Chem., 36, 114, 1322 
(1958); (b) J. C. Polanyi, ibid., 36, 121 (1958).

(11) M. W. Windsor, N. Davidson and R. Taylor, J. Chem. Phys., 
27, 315 (1957).

10 ~7 seconds. As was pointed out above, these 
rates are rather fast, but there is no doubt that the 
over-all process is predominantly stepwise— it is a 
consequence of the fact that the calculated prob
abilities come out to be pm  ~  P n  p n ,  etc.; simi
larly then, P m ~  P o iP n , etc.

Dissociation.— If we simply take the total num
ber of molecules dissociating at equilibrium (as in 
Table I) for each temperature, we get an activation 
energy of about 104 kcal./mole, as expected. How
ever, if we inspect Table I more closely, we note 
that the number of molecules dissociating, assuming 
equilibrium, is about 3 X 105 per sec.; this number, 
despite the fact that it would be immeasurably low, 
is more than the number of transitions from state v 
=  11 —»- 12, i . e . , above v =  11, the Boltzmann dis
tribution breaks down. Inspection of the results for 
2000 and 3000°K. shows that the higher the tem
perature, the sooner the breakdown occurs, i . e . ,  v =  
9 -*■ 10 at 2000°K. and v =  7 -*• 8 at 3000°K. In 
other words, the higher the temperature, the worse 
the departure from the Boltzmann equilibrium dis
tribution, and since the deficient states are those 
from which dissociation may take place, the rate of 
dissociation will not increase with temperature as 
quickly as it should have done; this causes a low 
“activation energy” to be observed.

With the numbers at our disposal, we can make no 
quantitative analysis of the situation, and will 
therefore proceed in an empirical manner. In Fig. 
2 is plotted an approximate population distribution 
for the vibrational energy levels of H2 for the various 
temperatures, with disequilibrium setting in at 
successively lower levels. To simplify matters we 
can assume without any loss of generality that dis
sociation takes place from only one state, v =  14, 
and since the energy gap is small, Pu,™  is roughly 
one. Then, from the usual Arrhenius relationship, 
the “activation energy” is proportional to the rela
tive population of the v =  14 state for a given pair 
of temperatures. To illustrate how this disequilib
rium can affect the observed Arrhenius parameters, 
let us assume that the population of v =  14 is 95% 
Boltzmann at 1000°K., 25% at 2000°K. and 15% 
at 3000°K.; the over-all rate in the middle of the 
range would then be about 25% of what is expected, 
still somewhat greater than k, and the activation 
energy would be 98 kcal., i . e . ,  a deficit of 6 kcal./ 
mole. There is no need for the activation energy to 
be constant over such a wide temperature range—  
the rate would only be measurable well above 
2000°K., and the activation energy of 98 kcal. could 
equally well result from a distribution of, say, 90% 
Boltzmann at 2000°K. and 55% Boltzmann at 
3000°K. with an over-all rate only slightly less than 
the expected equilibrium value.

If this is the true explanation of the anomalous 
Arrhenius parameters measured in diatomic dis
sociation reactions, the observed activation energy 
must depend critically on the energy-transfer prop
erties of the colliding particle M, a conclusion 
which is in full accord with the experimental data 
for both Br2 and I2. Furthermore, it must be em
phasized that we cannot predict from dissociation 
measurements anything about the corresponding
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recombination because such a system is thermody
namically irreversible.

Recombination.—The rate of recombination was 
calculated assuming a mixture of 3.5 X 1016 H 
atoms per cc. and 3.5 X 1013 He atoms per cc.— a 
mixture of the sort which might be produced with 
I2 using a very intense flash. It was also assumed 
that whenever two H atoms approached each other 
within 6 A., they were in effect a “latent” H2 mole
cule, and could be knocked down from the contin
uum into a bound state (the square of the wave func
tion for the state v  =  14 has its principal maximum 
near 3.3 A. and falls off to about 0.05 of this value 
at 6 A., where the depth of the potential well is 2.8 
cm.-1). At equilibrium, the number of such un
bound pairs is12

IVab  =  I t N a N b  J 7  j l  - ^ }  r 2 d r

where E ( r )  is the (Morse) potential energy function 
and r *  is the critical separation, i . e . ,  6 A. Each of 
these latent pairs was estimated to have a mean col
lision diameter of about 5 A., and the chance of re
combination from any part of the continuum was 
calculated from the number of collisions suffered by 
any pair and the probability per collision of the 
necessary transition. To obtain the total rate, 
these partial rates were integrated over the Maxwell 
distribution of approach velocities of the H atom 
pairs, and, for purposes of renormalization, the 
numbers of transitions from one part of the con
tinuum to any other part of the continuum were 
likewise estimated and integrated. The calcula
tions showed that at all temperatures, about 80% 
of the recombinations took place into the state v =  
14, and that the rate decreased with increasing 
temperature; the distribution of the remaining 
recombinations was about 20% to v =  13, 0.1% to 
v =  12 and 10-4 — 10-6%  to lower states. The 
relevant data for recombination into the v =  14 
state are given in Table II. It will be seen that the 
rate of recombination at 300 °K. is equivalent to a 
rate constant of 10-32 molecules-2 cm.6sec.-1, which 
is of the order of observed rates for such processes.2 
And although the number of suitable collisions goes 
through a minimum around 1000°K., the rate 
continues to decrease as the temperature rises 
because of a progressive decrease in p „ tu .  This 
decrease in pro,i4 with increasing temperature 
arises largely because of the increase in the 
average amount of energy which has to be re
moved from the latent pair by the third body.13 
The over-all activation energy for the in i t ia l  re
combination into v  =  14 is about —1.2 kcal.; the 
figures in Table II suggest that the activation 
energy is not constant over the whole temperature 
range, but we would not be justified in putting 
much weight on this conclusion because a small 
change in rate could cause a large change in E  for 
any individual temperature increment without al
tering the over-all value very much.

To obtain the real rate of recombination, it is 
necessary to take account of the redissociation

(12) L. S. Kassel, “The Kinetics of Homogeneous Gas Reactions,” 
Chem. Catalog Co., New York, N. Y., 1932.

(13) (a) D. Husain and H. O. Pritchard. J. Chem. Phys., 30, 1101
(1959). (b) H. O. Pritchard, Quart. Revs.. 14. 46 (1960).

Fig. 2.— Relative populations of the vibrational states of H2: 
9 , equilibrium population; — , disturbed population.

T able  II
R ate  of R ecom bination  in  a  M ixtu r e  of 3.5 X  1016 H 

A toms per cc. and  3.5 X  1019 He A toms per cc.
No. of 
pairs

Temp.,
°K.

of H 
atoms 
within
6 A.,

X 10-»

No. cf
HaVHe

collisions 
per sec. 
X 10“M

Probability of 
recombination 
per collision

Rate of 
recombination 
in molecules 
of Hi formed 

per sec.
300 6.03 3.66 1.04 X lO“ 3 3.81 X 1020
500 4.07 3.19 7.64 X 10-4 2.44 X 10®

1000 2.60 2.8S 4.71 X 10-4 1.36 X  10®
2000 1.87 2.93 2.75 X  10-4 8.06 X 101S
3000 1.62 3.11 1.97 X  10"4 6.13 X  1019

w hich may occu r on subsequent collisions, .
pointed out recently by Polanyi.14 If we consider 
a simplified system, where recombination takes 
place only into v = 14 and the molecule is con
sidered “safe” once it has been knocked down to v 
— 13, then the total rate of formation of stable 
molecules is
k'TpH.niX +  Pl4.14 +  P214.I4+ • ■ ■) =

7 1 'V' , k'pu.13K P14.13 ¿-J P'l4.t4 =  i-----------
c = 0 1 “  P1“ 4

where fc1 is the initial rate of formation of v =  14, 
and the terms in the summation give the chance of 
stabilization on each successive collision of the newly 
formed v = 14 molecule. Since p14.® +  pu,u +  
Pi4,i3 ~ 1 and p14.„ increases with temperature, 
the effect as the temperature rises is to cause a small 
progressive reduction in the over-all rate of recom-

(14) J. C. Polanyi, J. Chem. Phys., 31, 1338 (1959).
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bination below the initial rate of formation of the 
state v =  14. With the numbers at our disposal, it 
is not possible to calculate the magnitude of this 
effect because it is quite sensitive to the relative 
values of the three probabilities concerned. In 
the dissociation calculation, they were normalized 
so that Pi4,ro =  1, but it is apparent that the observed 
temperature dependence for recombination would 
be much too large if this were so, and a value of Pu,«> 
of about V2 would lead to more reasonable results.

Conclusion
As a result of this calculation, we see that collision 

theory must be amplified somewhat. We have 
found that activation occurs almost entirely by sin
gle steps, and the number of transitions N i j  taking 
place from v =  L -*■ j  may be represented by

Nij =  NiZiPije~Aa/RT

where P a  is shown by the calculation (and con
firmed by experiment) to be very small if Ai j/ R T  is 
large, and tends to the order of l/2 as Aa / R T  ap
proaches zero. When the molecules have been 
sufficiently activated, dissociation may take place 
from any of several states which lie within R T  of 
the dissociation limit, with the topmost level 
dominating slightly. Because P i j  is substantially 
less than unity except for processes near the dis
sociation limit, there must be some point on the 
activation ladder where N u  is less than the equi
librium value of N u,<» and the Boltzmann distribu
tion amongst the vibrational levels fails above this 
point. If the failure to maintain the distribution is 
worst at the low temperatures, we would have a 
high value of E  (and a high value of the frequency 
factor16), but the calculation suggests that the 
failure is worst at the highest temperatures, leading 
to a low value of E  in accord with experiment; the

value of E  will depend on the energy-transfer 
characteristics of the molecules concerned, again in 
agreement with experiment.

A satisfactory calculation of the kinetics of re
combination cannot be obtained within the Jackson 
and Mott framework. The cause of the divergence 
in the topmost matrix elements (Yij)  must be re
moved, and satisfactory wave functions for the 
continuum must be found, so that it would be pos
sible to calculate accurately the relative values of 
the relevant probabilities. One could then set up a 
generalized scheme of recombination from the con
tinuum, principally into v =  13 and v =  14, with 
redissociation on subsequent collision from several 
of the topmost states. Having achieved these aims, 
it would be worth while to examine more rigorously 
the number of latent II2 pairs in the system, either 
along the lines discussed by Bunker,16 or by follow
ing on from the work of Stogryn and Hirschfelder.6 
It appears, however, that a negative temperature 
coefficient will be guaranteed, partly because of an 
increase in the average energy jump, and partly 
because of the increased effect of redissociation as 
the temperature rises.

The idea of this calculation arose out of discus
sions of the carbon monoxide problem with Pro
fessor Norman Davidson in 1957, during the 
author’s stay at the California Institute of Tech
nology. It is a pleasure to acknowledge my in
debtedness to those who made this visit possible, 
and to many friends and colleagues for helpful dis
cussions, both in Manchester and in Pasadena.

(15) An alternative explanation of high frequency factors in uni- 
molecular reactions may possibly be as follows: there is failure to main
tain an equilibrium distribution of energy in the critical coordinate 
because transfer from other modes of vibration in the molecule is rela
tively slow; but as the temperature rises, these vibrations become more 
anharmonic and this transfer takes place more readily, so that the dis
equilibrium could be least important at the highest temperatures.

(16) D. L. Bunker, J. Chem. Phys., 32, 1001 (1960).
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The_ palladium-chlorine system has been studied over the range 500 to 1500° and at chlorine pressures up to 1 atm. 
PdCh is the only solid chloride that is stable in this range, and its melting point was determined as 680 ± 2 ° .  The solubility 
of palladium in liquid PdCfi is small near the melting point of the compound, but increases with temperature. At 980°, 
the liquid in equilibrium with palladium contains 61 at.-%  chlorine and has a dissociation pressure of 1 atm. Studies of the 
effect of chlorine pressure on vapor pressure indicate that the important gaseous species are PdCl2 and a gaseous polymer 
PdsCho. At 1-atm. chlorine pressure, Pd5Clio(g) is the principal species below 980°, reaching a maximum partial pressure 
of 12 X  10-3 atm. at 850°. Above 980°, PdCl2(g) becomes the main species, and at 1506° it has a partial pressure of 0.1 
atm. at 1-atm. chlorine pressure. Thermodynamic quantities were determined from the dissociation-pressure and vapor- 
pressure data.

Introduction
The palladium-chlorine system has been studied 

over the range 500 to 1500° in order to identify 
condensed phases and vapor species, to measure 
dissociation pressures and vapor pressures, and to 
determine thermodynamic values from these pres
sure data.

(1) This work was supported in part by the U. S. Atomic Energy 
Commission under Contract AT(04-3)-164.

Little information has been reported on the high- 
temperature chemistry of the palladium-chlorine 
system. According to Brewer,2 PdCl2 is the only 
solid chloride of importance. Puche3 found the 
melting point of PdCl2 to be 678° and reported

(2) L. Brewer, “The Chemistry and Metallurgy of Miscellaneous 
Materials: Thermodynamics,” National Nuclear Energy Series, Div. 
IV, Voi. 19B, McGraw-Hill Book Co., Inc., New York, N. Y., 1950 
p. 232.

(3) F. Puche, Ann. Chem., 9, 233 (1938).
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dissociation-pressure data for the chloride over 
the range 605 to 995°. He found the dissociation 
pressure to be 1 atm. at 920° and from a difference 
in slopes calculated a value of 9.7 kcal./mole for 
the heat of fusion. Krustinsons4 reported dis
sociation-pressure data over the range 721 to 738° 
and, in disagreement with Puche, found the dis
sociation pressure to be 1 atm. at 738 °. Krustinsons 
observed volatility of the chloride at 590°, and 
Brewer2 estimated its boiling point to be 1300°K. 
Recently, Oranskaya and Mikhailova5 reported 
dissociation-pressure and vapor-pressure data meas
ured over the range 610 to 757°. They reported 
values for AH °  and the heat of fusion; however, 
these values are not consistent with values which 
one may calculate from their expressions for dis
sociation pressure and vapor pressure as a function 
of temperature.

Experimental Procedure
Condensed-phase Studies.— To determine the effect of 

temperature and chlorine pressure on the composition of 
palladium chloride, samples of the chloride (made in a 
separate experiment) were placed in a dead-end, quartz 
sample tube. The sample tube was mounted in a furnace 
and connected through a constriction in the tubing to a 
vacuum system, a mercury manometer, and a chlorine gas 
supply. The sample tube was first evacuated at about 
100° to remove adsorbed material and then was heated 
under an appropriate chlorine pressure. At temperature, 
the sample was allowed to reach equilibrium with the chlo
rine gas; the sample tube was then sealed off at the con
striction and immediately quenched. The palladium con
tent of the sample was determined gravimetrically by 
hydrogen reduction.

Melting temperatures were determined by thermal analy
sis. The palladium-chloride melt was contained in a quartz 
tube that was mounted in a furnace and connected to a 
mercury manometer and a chlorine supply. A thermo
couple was mounted on the outside of the tube for measur
ing the ambient temperature in the furnace. A measuring 
thermocouple inside a small-diameter, dead-end quartz 
tube was positioned in the center of the melt. The compo
sition of the chloride was varied by changing the chlorine 
pressure. Melting temperatures were taken to be the 
average of the heating and cooling plateaus, which differed 
by about two degrees.

Dissociation-pressure Studies.— In measuring dissocia
tion pressures, both static and dynamic (transpiration) 
methods were used as described by Bell, Garrison and Mer
ten.6 For convenience and accuracy, the static method was 
used for pressures above about 0.1 atm., and the transpira
tion method was used for lower pressures. The apparatus 
for the static method consisted essentially of a dead-end 
quartz reaction tube mounted in a furnace and connected 
through a small sulfuric acid manometer to a chlorine supply 
and a mercury manometer. At each temperature, the 
chlorine pressure was adjusted until equilibrium conditions, 
as indicated by the sulfuric acid manometer, were obtained. 
The dissociation pressure was taken to be the reading on the 
mercury manometer corrected for the pressure across the 
sulfuric acid manometer and for the pressure of the palla
dium-chloride vapor species.

For the transpiration method, a quartz reaction tube, 
shown in Fig. 1, was used. Argon was the carrier gas. 
Flow rates were 1 to 3 ml. STP/m in., which is in the range 
where the calculated pressures were found to be independ
ent of flow rate. The effluent argon was collected in an 
inverted volumetric flask and the chlorine was collected in 
K I solution. The dissociation pressure was then calculated 
from the relative quantities of argon and chlorine. Several 
determinations were made at each temperature and aver
aged.

(4) J. Krustinsons, Z. Elektrochem., 44, 537 (1938).
(5) M. A. Oranskaya and N. A. Mikhailova, Zhur. Neorg. Khim., 5, 

12 (1960).
(6) W. E. Bell, M. C. Garrison and U. Merten, J. Phys. Chem., 64,

145 (1960).

MULLITE TUBE

QUARTZ TUBE

Fig. 1.— Reaction tubes: quartz used to 1000°, mullite 
used above this temperature.

Vapor-pressure Studies.— Vapor pressures were de
termined by the transpiration method with the reaction 
tubes shown in Fig. 1. In general, quartz tubes were used 
up to 1000° and mullite tubes were used above this tempera
ture. The reaction tubes were mounted in tube furnaces 
and were connected to a vacuum system, a mercury ma
nometer, and a chlorine gas supply.

In each experiment, a palladium-metal sample was placed 
in the reaction tube and heated to temperature under 
vacuum. Chlorine was admitted to the system to a de
sired pressure under flow conditions which prevented pre
mature vapor deposition in the condensing region. Where 
the chlorine gas pressure was above the dissociation pres
sure, time was allowed for the chloride to form. Chlorine 
served as the carrier gas.

During the experiment, the vapor condensed in the tube 
at the edge of the furnace. When quartz reaction tubes 
were used, the condensing region was cut out and the pal
ladium chloride condensed was analyzed gravimetrically 
by hydrogen reduction. At temperatures above 1000°, 
when mullite reaction tubes were used, the material that 
condensed on the inside of the tube was dissolved in aqua 
regia, and the palladium was determined as the dimethyl- 
glyoximate. Gravimetric analysis by hydrogen reduction 
could not be performed (1) because of the difficulty in re
moving the metal from the inside of the mullite condenser 
tube after reduction, and (2) because appreciable contami
nation resulted from chlorine corrosion of the mullite. In 
the neighborhood of 1500°, this contamination, which 
contained aluminum and silicon, amounted to 10 to 15% 
of the material condensed.

In experiments conducted at 1-atm. chlorine pressure, 
the effluent chlorine gas was collected in K I solution and was 
determined volumetrically with a standard thiosulfate solu
tion. In the experiments conducted at chlorine pressures 
below 1 atm., the effluent chlorine gas was collected in a 
liquid nitrogen trap held under vacuum, and pressure 
in the reaction tube was maintained by supplying chlorine 
to the system at a rate sufficient to offset the outflow. At 
the end of the experiment, the chlorine was transferred from 
the cold trap into K I solution.

Flow-rate Studies.— For the vaporization experiments, 
the flow rates at the lower temperatures ranged from 0.01 
to 0.03 mmole (Cb +  Pd)/m in., depending on pressure 
conditions, and at the higher temperatures they varied from 
0.03 to 0.2 mmole/min. The results given in Table I show 
that these flow rates were in the range where the mole ratio 
(moles Pd/mole Cl2) was independent of flow rate; i.e., 
that equilibrium conditions existed and that diffusion effects 
were negligible.

A further check on the effect of vapor diffusion under 
these flow-rate conditions can be obtained by using Merten’s 
treatment7 of diffusion effects in the transpiration method. 
A knowledge of D, the interdiffusion coefficient for vapor 
and gas, is required in this treatment, and from static 
(zero flow rate) experiments, we found D  for the palladium 
chloride-chlorine system to be in the range 0.1 to 9 cm.2/  
sec., depending on conditions of pressure and temperature. 
Using the highest value for D (i.e., the value at 1500° and 
0.2 atm.), the flow rate of 0.03 mmole/min. cited above, 
and the capillary dimensions 2 cm. long by 0.1 cm. in 
diameter, we calculated the value of the term exp ( —vX/DA ) 
to be 10-4 (see eq. 1 of Ref. 7). This is negligible compared 
to unity and shows further that diffusion effects may be 
neglected under our experimental conditions.

(7) U. Merten, ibid., 63, 443, (1959).
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Fig. 3.— Dissociation pressure of condensed chlorides in 
palladium-chlorine system.

T able  I
E ffect of F lo w  R ate  on M ole R atio  (M oles Pd/M oLE  

Cl,)

Temp.
°G.

System
pressure,

atm.
Flow rate , 

mmoles (CL +  Pd)/ 
min.

Mole ratio, 
Pd: CL 

(X  102)
800 0.65 0.0096 8.4
800 .66 .019 8.1
800 .66 .034 7.9
800 .66 .111 8.0

1304 1.0 .03 3.5
1304 1.0 .185 3.6
1304 1.0 .455 3.7

Materials.— Pulverized palladium sponge (99.995% pu
rity, Johnson Matthey) was employed for all work except 
the melting-point determinations. For the latter, pal
ladium chloride (60% metal content, metal of 99.95% 
purity, Engelhard Industries, Inc.) was used. The chlo-

rine gas (99.85% minimum purity, Matheson Co.) flowed 
through a sulfuric acid bubbler and P20 6 powder before 
entering the reaction tube. The argon gas (99.9% mini
mum purity, Liquid Carbonic) flowed through a sulfuric 
acid bubbler, P20 6 and hot calcium metal.

General.—-The stopcocks were lubricated with Kel-F 
grease. Monel needle valves were used to regulate the gas 
flow and were found to behave satisfactorily in contact with 
chlorine gas. The corrosive action of chlorine on the mer
cury manometer was retarded by a layer of sulfuric acid on 
top of the mercury. Tube furnaces were used— nichromo 
wound for temperatures up to 1000° and platinum-rhodium 
wound for higher temperatures. Auxiliary heaters were 
placed at the ends of the furnaces to minimize temperature 
gradients. The main winding of each furnace was controlled 
by a time-proportioning controller, and the auxiliary 
heaters were controlled either manually or by controllers. 
With this arrangement, temperatures could be held con
stant to ± 1 °  or less below 1000° and to ± 3 °  or less up to 
1500°. Temperatures were measured with Pt, Pt-10%  
Rh thermocouples located at intervals in a tube mounted 
alongside the reaction tube. The thermocouples were 
calibrated against standard Pt, Pt-10%  Rh thermocouples 
certified by the National Bureau of Standards.

Results and Discussion
Condensed-phase Behavior.— In agreement with 

others,2-3 we found the solid chloride to be PdCl2. 
Using thermal-analysis techniques, we determined 
a melting point of 680 ±  2° for this compound un
der 1-atm. chlorine pressure. This is in good agree
ment with Puche’s value of 678°.3

Early in the work, we noted anomalous behavior 
of the temperature dependence of the vapor pres
sure in the region 800 to 950°. We suspected 
that this behavior was due to the existence of 
either a lower chloride of definite composition or 
a liquid Pd-PdCl2 solution of variable composition. 
The latter was found to be the case. The possibil
ity that a stable lower chloride exists appears to 
be eliminated by the fact that the degree of chlorin
ation had no effect on dissociation pressures ob
tained by either the static or the transpiration 
method.

The data obtained from the condensed-phase 
studies are summarized in Fig. 2. The palladium- 
rich limit of the existence range was determined 
by measuring the palladium content of quenched 
melts which had been held at temperature in con
tact with a chlorine pressure very slightly in ex
cess of the Pd(s)-PdCl2(l)-Cl2 equilibrium pressure 
at that temperature. The chlorine-rich limit was 
determined from similar analyses of melts held 
in contact with 1-atm. chlorine pressure. Above 
980°, the liquid is not stable at chlorine pressures of 
1 atm. or less.

Although the liquidus data were obtained at 
total pressures below 1 atm., they should be valid 
in this isobaric section within experimental error. 
The eutectic temperature, 674 ± 2 ° ,  was obtained 
by a thermal analysis of Pd(s)-PdCl2(l) mixtures. 
It is believed that the temperatures and composi
tions given in Fig. 2 are accurate to within ± 2 °  
and ±0.2 at. — % , respectively.

Dissociation Pressures.— Dissociation pressures 
were measured over the range 517 to 958°. The re
sults are plotted in Fig. 3. Temperatures are 
believed to be accurate to within ± 2 °  and pres
sures to within ±  5%, except at the lower pressures 
where larger uncertainties are shown. Extrapola
tion of the curve shows the dissociation pressure to
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be 1 atm. at 980°. A slight break in the curve oc
curs at the eutectic temperature, 674°.

Above the eutectic temperature, the slope of the 
curve changes with temperature. This is a result 
of the variable composition of the liquid, and the 
magnitude of the effect may be discerned by noting 
the difference between the curve and the dashed 
line. The latter is a continuation of the linear 
portion of the curve immediately above the 
eutectic temperature.

From the slope of the curve taken immediately 
below the eutectic temperature (947°K.), we cal
culate

AH°mi =  —38.6 ±  1.0 kcal./mole 
and from this we find 

a  H°
AS0847 =  —jj------72 In P  =  —32.6 ±  1.0 e.u.

for the reaction
Pd(s) +  Cl» =  PdCh(s) ( l )

From the slope taken immediately above the 
eutectic temperature, we calculate

AH »a =  —34.2 ± 1 .0  kcal./mole 
for the reaction

1.01 Pd(s) +  Cl2 =  Pdi.oiCh(l)
The liquid composition was obtained from Fig. 2.

The heat of formation of Pdi.oiCl2(l) at the 
eutectic temperature is undoubtedly equal to the 
heat of formation of PdCl2(l) at the melting point 
(953°K.), within the uncertainty of the data. 
Therefore

AH°m =  —34.2 ±  1.0 kcal./mole 
and from this we find

AS°ra =  -2 8 .0  ±  1.0 e.u. 
for the reaction

Pd(s) +  Cl2 =  PdCI2(l) (2)
Combining AH °  values for reactions 1 and 2, we 
obtain

AHt,m =  + 4 .4  ±  2.0 kcal./mole
for the heat of fusion of PdCl2.

Puche3 reported dissociation-pressure data ob
tained by the static method over the range 605 
to 995°. In agreement with our results, his log 
P a ,  vs. l / T  plot shows an inflection at about 950° 
K. (the eutectic temperature); but, for unknown 
reasons, his pressures are higher than ours by at 
least a factor of two. From the difference in 
slopes, Puche calculated 9.7 kcal./mole for the 
heat of fusion. This does not agree with our 
value of 4.4 ±  2.0 kcal./mole cited above.

Oranskaya and Mikhailova6 reported dissocia
tion-pressure data, measured by the transpiration 
method over the range 610 to 757°, which for the 
most part fall between ours and Puche’s. They 
reported Af7° values; however, these are not con
sistent with their equations relating dissociation 
pressure and temperature.

Thermodynamic Properties of PdCl2(g).— The 
vaporization data obtained in the range 1100 to 
1500° can be interpreted in a straightforward fash
ion. Palladium metal is the stable condensed 
phase under the chlorine pressures studied, and 
the solid-vapor equilibrium is simply

CHLORINE PRESSURE (ATM.).
Fig. 4.— Effect of chlorine pressure on vapor pressure.

Fig. 5.— Temperature dependence of PdCb pressure at 1 
atm. chlorine pressure.

zPd(s) +  | Cl* =  PdxCl,(g)

Using the equilibrium constant for this reaction, 
we can write
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CHLORINE PRESSURE (ATM.) ,

Fig. (j.— Effect of chlorine pressure on vapor pressure. Data 
were corrected for palladium derived from PdCl2(g).

log Pptbci,, =  | log Pen +  log K

Thus, the chlorine content of the vapor molecule 
can be determined from the chlorine pressure de
pendence of the vapor pressure.

Figure 4 includes chlorine-pressure-dependence 
curves at 1103, 1304 and 1506°. The slopes are
1.01, 0.95 and 0.90, respectively; thus, y  ~  2, 
which shows that the principal vapor species is 
PdiCh. The data do not permit an unambiguous 
evaluation of x ;  however, since palladium occurs 
very commonly with an oxidation number of two 
and, indeed, the only stable solid chloride is 
PdCl2, it seems probable that x  =  1. This identity 
will be assumed in the discussion which follows.

The curves in Fig. 4 decrease in slope with in
creasing temperature to an extent which seems to 
be outside of experimental error, at least at the 
highest temperature. We suspected that this

effect was the result of small contributions from 
PdCl(g) or Pd(g); however, the curves do not 
change slope in a manner indicative of PdCl, 
and the vapor pressure of palladium is insufficient 
to cause the effect.8 It is possible that chlorine 
corrosion of the mullite contaminated the gas 
stream and resulted in the formation of a small 
amount of another palladium-bearing vapor spe
cies at the highest temperatures.

Figure 5 shows the temperature dependence of 
the PdCl2 pressure at 1-atm. chlorine pressure. 
The points at 103/°K . =  0.562, 0.634 and 0.727 
were taken from the curves in Fig. 4. The three 
remaining points were obtained from additional 
experiments. A quartz tube was used in one of the 
experiments (normally, mullite tubes were used 
above 1000°) to show that the composition of the 
reaction tube had little, if any, influence on the 
results.

From the slope of the solid curve in Fig. 5, we 
calculate at the mean temperature (1573°K.)

AH01573 =  + 2 7 .9  ±  2 .0  k cal./m ole  

and from this we find
A S 01673 =  + 1 1 .1  ±  2 .0  e.u. 

for the reaction
Pd(s) +  Cl2 =  PdCl2(g) (3)

The dashed curve in Fig. 5 is an extrapolation 
of the experimentally determined vapor-pressure 
curve to 103/°K . =  0.820, the hypothetical point 
at which PdCl2(l) decomposes at 1-atm. chlorine 
pressure (see Fig. 3); and at this point the slope 
changes by 34.2 kcal./mole, the heat of formation 
0fPdCl,(l)

The dotted curve in Fig. 5 reflects the effect 
of change in liquid composition on the vapor pres
sure and represents the actual pressure of PdCl2 
over the Pd-PdCl2 solution in the region between 
103/°K . =  0.800 and 0.900. The method of 
obtaining the dotted curve will be described below.

Thermodynamic Properties of PdsCll0(g).—In 
the temperature range where the condensed chlo
ride is stable over a portion of our chlorine-pressure 
range, it is possible to identify the vapor species by 
studying the solid-vapor equilibrium

. «lux».. -VlMl -¿SlifcSK -WM»

iP d (s) +  | Cl2 =  Pd*Cl9(g) (4)

and, at the same temperature but at higher chlorine 
pressures, the equilibrium

xPdCk(l) +  v- ^ ~  Cl2 =  Pd*Cl„(g) (5)

where z  is the number of chlorine atoms per pal
ladium atom in the Pd-PdCl2 solution.

Using the equilibrium constant for reaction 4, 
we can write

log Pl'.LCl» =  | log Pci! +  log K

A similar relationship is obtained for reaction 5, 
and we evaluate y / 2  or ( y  — x z )/ 2  from the slope 
of the log Ppd,ciB vs. log P c u  curve.

There is one difficulty in interpreting the data
(8) (a) J. F. Haefling and A. H. Daane, Trans. Met. Soc. AT ME,

212, 115 (1958); (b) L. H. Dreger and J. L. Margrave, J. Phys. Chem.,
64, 1323 (I960).
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in this fashion. The experimental measurements 
of the quantity of palladium condensed give only 
a value of x P p d xci„, rather than a direct measure 
of Ppd*ci,- This in itself does not affect the ob
served slope since x  is presumably a constant, 
but P c u  must be calculated by subtracting the 
measured PdzCls, pressure from the system pres
sure. This cannot be done with certainty until x  
has been determined. Fortunately, Pp>ixc\„ < <  
P c h ,  and we can evaluate y / 2  and (■y  — x z ) / 2 with 
small error by assuming that x  — 1 (one gaseous 
molecule for each palladium atom condensed) 
as a first approximation. The log Ppd*ci„ vs 
P c u  curves in Fig. 6 were obtained in this manner. 
The points have been corrected for the PdCl2 
vapor contribution.9 The breaks in the curves 
represent equilibrium dissociation pressures of the 
Pd-PdCk solution and agree with the data of Fig.
3. At these points the products of reactions 4 and 
5 must be the same.

From slopes taken immediately above and below 
the breaks and from values of z  at the breaks ob
tained from the left-hand curve in Fig. 2, we cal
culate the values of x  and y  given in Table II. 
From the averages of these values, we see that x  
and y  approximate 5 and 10, respectively, and that 
the vapor species appears to be Pd5Cli0.

T able  II
E valuation  of x  and  y  from  the Slopes of the Pressure- 

dependence C urves
T e m p . ,

°C . z X V
8 5 0 1 . 8 2 4 . 8 1 1 . 0

9 0 0 1 . 7 0 5 . 0 1 1 . 0

9 5 0 9 . 6

Average values
4 . 9  1 0 . 5

Assuming the vapor species to be PdgClio, we 
can now recalculate the vapor pressures and chlo
rine pressures. These data are shown in Fig. 7. 
The linear portion of each curve was drawn with 
a slope of 5.0, and it can be seen that the data fit 
within experimental error.

Figure 8 shows chlorine-pressure-dependence 
data at 700 and 800°. Because of the low pressures 
involved, we did not attempt to obtain data below 
the dissociation pressure at these temperatures. 
Assuming the vapor species to be PdgClio, we cal
culate from the data of Figs. 7 and 8 the values 
shown in Table III for the composition of the liquid. 
Slopes taken at 1-atm. chlorine pressure and im
mediately above the dissociation pressure were 
used in the calculations. The calculated values 
agree within experimental error with the inde
pendent values of Fig. 2 and provide a further 
check on PdsClio as the vapor species.

Having identified the vapor species, we now 
calculate from our measurements the PdgCho 
vapor pressure at 1-atm. chlorine pressure as a 
function of temperature. These data are plotted 
in Fig. 9, and the PdCk vapor pressure data (from 
Fig. 5) are included for comparison. The Pclg-

(9) Values for PpdCl2 were taken from the clotted curve in Fig. 5 and 
corrected to the appropriate chlorine pressure.

CHLORINE PRESSURE (A TM .),

Fig. 7.— Effect of chlorine pressure on PdsClio pressure. 
Linear portions were drawn with a slope of 5.0.

T able  III
C omposition of L iquid  P d-P dC l2 Solution

Composition (at. — %)

Temp., Chlorine Taken from

Calcd. from 
vapor-pressure 

data of
°C. pressure Fig. 2 Figs. 7 and 8
700 1 atm. 66.7 66.7
800 1 atm. 66.2 60.2
850 D.p.“ 64.5 63.5
850 1 atm. 65.6 65.8
900 D.p.“ 63.0 63.2
900 1 atm. 64.3 64.8

° Dissociation pressure.

Cho data were corrected for the PdCk vapor con
tribution.

The vaporization reaction at temperatures below 
the melting point (953°K.) of PdCl2 is

5PdCl2(s) =  Pd6ClI0(g) (6)
assuming, of course, the vapor species to be PdsClio,
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C H L O R IN E  P R ESSU R E  ( A T M . ) .

Fig. 8.—Effect of chlorine pressure on Pd5Clio pressure.

Fig. 9.— Temperature dependence of partial pressure of 
Pd6Clio and PdCl2 at 1-atm. chlorine pressure.

as it was found to be above the melting point. From 
the slope of the curve taken below the melting point, 
we calculate

Ai/°953 =  +47.3 ±  2.0 keal./mole 
and from this we obtain

A*S°953 — +38.6 ±  2.0 e.u.
for reaction 6.

From the slope of the curve taken immediately 
above the melting point, we calculate

Aif°s53 =  +17.6 ± 1 .0  kcal./mole 
and from this we obtain

A#S°953 =  +7.3 ±  1.0 c.u. 
for the reaction

On the basis of the data in Fig. 2, the condensed 
state was taken to be PdCl2(l).

Combining AH °  values for reactions 6 and 7, 
we obtain

9 0  7  +  5  0
AHi.m =  7  - =  +5.9 ±  0.6 kcal./mole5

for the heat of fusion per mole of PdCl2. This value 
agrees within experimental error with the value 4.4 
±  2.0 kcal./mole obtained above from the dis
sociation-pressure data.

The curved section of the Pd6Clic curve in Fig. 
9 represents the partial pressure of PdsClioCg) in 
equilibrium with chlorine at 1-atm. pressure and 
with liquid of variable composition. The effect 
of the variability of the liquid composition on the 
vapor pressure can be discerned by noting the dif
ference between the solid curve and the dashed 
line in Fig. 9. The latter is a continuation of the 
linear portion of the curve above the melting point.

We are now in a position to calculate the dotted 
curve in Fig. 5. It can be shown that 

(P i  \ ,/s = Pl 
\ P i )  Pi'

where P6 and Pi are hypothetical vapor pressures 
of PdgCho and PdCl2, respectively, over PdCl2(l), 
and where P6' and P i  are corresponding vapor pres
sures over the liquid Pd-PdCl2 solution. Using 
values of PB and P6' taken from the dashed and 
solid curves in Fig. 9 and values of Pi from the 
dashed curve in Fig. 5, we calculated values of P /  
and obtained the dotted curve in Fig. 5.

Combining AH °  values for reactions 2 and 7, we 
obtain
AH%53 = 5 (—34.2 ±  1.0) +  (17.6 ±  1.0) =  -1 5 3  ±  6.0 

kcai./mole
for the reaction

5Pd(s) +  5C1, =  PdtClio(g) (8)

The Pd6Clio curve through the point at 103/°K . =  
0.785 was drawn with a slope equivalent to this 
value of A I P ,  since the vaporization reaction in 
this region is represented by reaction 8.

There are very few related data in the literature 
on which one might base estimates of the heat 
capacities of the various palladium-chlorine spe
cies encountered in this work. As a result, no at
tempt has been made to calculate thermodynamic 
quantities at 298°K.

The existence of the gaseous polymer PdBCljo 
is an interesting result, but not an entirely unex
pected one, since solid palladium chloride is known 
to exist in a polymer-like crystal structure.10

The low-temperature vapor pressure data re
ported here are best fit by PdBCli0, but Pd6Cli2 
or a mixture of it and PdBCli0 are alternative 
assignments which cannot be completely excluded. 
It does seem clear, however, that lower polymers 
do not appear in the vapor phase in significant 
concentrations. This suggests that the higher 
polymer has a closed structure which is not stable 
for shorter chain lengths. Such a closed structure 
might be preferred, because it permits all the 
palladium atoms in the molecule to have a co

de» A. F. Wells, Z. Krist., 100, 189 (1938).5PdCl2(l) =  PckCWg) (7)



March, 1961 Thermodynamic Properties of Gaseous Ruthenium Chlorides 517

ordination number of four as well as an oxidation 
number of two.

The vapor pressure data yield some additional 
qualitative information about the liquid state of 
the system. The heat of the reaction

l/5Pd,C l10(g) =  PdCl2(g)

is about 58 kcal./mole; this is very close to the 62 
kcal./mole heat required for the evaporation of the 
monomer from the liquid and is much larger than 
the 4 kcal./mole PdCk value required for the evapo
ration of the pentamer. Thus, the bonding be
tween PdCh units in the pentamer is qualitatively 
equal in strength to their bonding to the liquid.

This suggests that PdCl2 forms a closed structure 
or a very long chain polymer in the liquid state.

Oranskaya and Mikhailova6 reported vapor- 
pressure data measured by the transpiration 
method over the range 610 to 757°. If we take 
into account that they considered PdCl2, rather 
than PdsClio, to be the vapor species, their data 
roughly agree with ours. Their temperatures 
were not high enough to permit observation of the 
effect of change in liquid composition on vapor 
pressure.

Acknowledgments.—The authors are indebted 
to R. C. Jensen, M. C. Garrison and R. E. Inyard 
for performing some of the experimental work.
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The thermodynamic properties of the gaseous ruthenium chlorides have been studied over the range 650 to 1500° and at 
chlorine pressures from 0.1 to 1.5 atm. The effect of chlorine pressure on vapor pressure indicates that the important vapor 
species are RuCh and ItuCl3. Over RuCI3(s) at a chlorine pressure of 1 atm., RuCWg) is the principal species, reaching a 
maximum partial pressure of 0.065 atm. at 853°— the temperature at which RuCh(s) decomposes. Above 853°, where 
Ru(s) is the stable condensed phase, the partial pressure of RuCLJg) decreases with increasing temperature, and RuCl3(g) 
becomes the principal species. At 1500°, the partial pressure of RuClj(g) in equilibrium with Ru(s) and 1-atm. Cl2 is 0.16 
atm. Thermodynamic quantities were determined for the reactions and species studied.

Introduction
Several investigators2 have observed the vola

tility of ruthenium chloride in the region 600 to 
800°. Shchukarev, Kolbin and Ryabov3 reported 
vapor pressures measured over the range 575 to 
727° and assumed RuC13 to be the vapor species. 
Recently, these authors presented evidence indi
cating that a higher chloride, probably RuCU, 
may have been involved.4 5

The present work was undertaken for the pur
pose of identifying the important gaseous species 
and determining their thermodynamic properties 
over the range 600 to 1500° and at chlorine pres
sures from 0.1 to 1.0 atm.

Experimental
Procedure.— The transpiration method was used as 

described in a previous paper.6 Quartz reaction tubes were 
used up to 1000°, and mullite reaction tubes were used 
above that temperature. Flow rates ranged from 0.01 to 
0.1 mmole/min., depending on temperature and pressure 
conditions. In this range, studies showed vapor pressures 
to be independent of flow rate. Chlorine was normally used 
as the carrier gas; in a few experiments, however, chlorine- 
argon mixtures, made in stainless steel cylinders, were used. 
In the latter experiments, the total system pressure was 1

(1) This work was supported in part by the U. S. Atomic Energy 
Commission under Contract AT(04-3)-164.

(2) H. Remy and M. Kohn, Z. anorg. allgem. Chem., 137, 365 (1624); 
L. Wohler and P. Balz, ibid., 137, 411 (1924); M. A. Hill and F. E. 
Beamish, J. Am. Chem. Soc., 72, 4855 (1950).

(3) S. A. Shchukarev, N. I. Kolbin and A. N. Ryabov, Zhur. Neorg. 
Khim., 3, 1721 (1958).

(4) S. A. Shchukarev, N. I. Kolbin and A. N. Ryabov, ibid., 4, 1692 
(1959).

(5) W. E. Bell, U. Merten and M. Tagami, J. Phys. Chem., 65, 510
(1961).

atm. Temperatures were measured with standardized Pt, 
Pt-10%  Rh thermocouples and are believed to be accurate to 
within ± 2 °  below 1000 and to within ± 4 °  above that 
temperature.

Pulverized ruthenium sponge (99.995% purity, Johnson 
Matthey) was employed. The purity of the other materials 
was the same as in the earlier experiments.6

Analyses.— When quartz reaction tubes were used, the 
condensing region was cut out and the ruthenium chloride 
that had condensed was analyzed gravimetrically by 
hydrogen reduction. When mullite tubes were used, a 
more complicated analytical procedure was necessary 
because of appreciable contamination of the condensate 
resulting from chlorine corrosion of the mullite. There
fore, the technique was to break up the condensing region 
and to dissolve the material condensed with a K O H - 
KNOs fusion. The ruthenium was then separated as the 
volatile oxide, precipitated as the hydrated oxide, reduced 
with hydrogen and weighed as the metal.

Results
The important vapor species were identified by 

determining the dependence of vapor pressure on 
chlorine pressure. Thermodynamic quantities for 
the species were determined by studying the vapor 
pressures as a function of temperature.

Pressure Dependence.— In the temperature 
range where RuCb(s) is stable over a portion of 
our chlorine-pressure range, the solid-vapor equi
libria to be considered are

xRu(s) +  | Cl2 =  R u.C b(g) ( l )

xRuCU(s) f- Cl2 =  RuiCh(g) (2)

We assume the vapor species to be the same over 
the metal and the chloride. It should be noted
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CHLORINE PRESSURE (A T M ),

Fig. 1.—Effect of chlorine pressure on vapor pressure at 700 
and 800°.

that previous studies'5 have shown ItuCl3 to be the
(6) W . E. Bell, M. C. Garrison and Ulrich Merten, J .  P h y s .  C h ern ., 

64, 145 (I960).

CHLORINE PRESSURE (ATM .).

Fig. 3.—Effect of chlorine pressure on vapor pressure at 900°.

Fig. 4.—Effect of chlorine pressure on vapor pressure at 
three different temperatures.

only stable solid chloride under our conditions.
From the equilibrium constant for reaction 1, 

we obtain
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Vlog PrujCIj =  | log P CIS +  log K

A similar expression is obtained for reaction 2, and 
we evaluate y j 2 and ( y  — 3z)/2 by studying the 
effect of chlorine pressure on vapor pressure.

Isotherms obtained at 700 and 800, 850 and 900° 
are shown in Figs. 1, 2 and 3, respectively. The 
break in the 800° isotherm at 0.43 atm. fixes the 
equilibrium dissociation pressure of RuCIb(s), 
and the result agrees with dissociation-pressure 
data reported earlier.6

From the observed slopes, we see that y / 2  =  2 
and ( y  — 3ac)/2 =  0.5. Thus, y  — 4 and x  =  1, 
and it is apparent that the principal vapor species 
in the temperature range (700 to 900°) and chlo
rine-pressure range investigated is RuC14.

In calculating the data in Figs. 1, 2 and 3, ac
count was taken of the chlorine produced when 
the RuCh(g) condensed to form RuC13(s).7 The 
data were plotted assuming one gaseous molecule 
per ruthenium atom. In three of the experiments 
conducted at 900°, a mixture of argon and chlorine 
was used as the carrier gas (undiluted chlorine was 
normally used) with no apparent effect on the re
sults. The consistently low values of y / 2  are the 
result of a contribution from RuCl3(g),

Pressure-dependence data obtained in the range 
1100 to 1500° are shown in Fig. 4. Ruthenium 
metal is the condensed phase under the chlorine 
pressures used, and reaction 1 is the vaporization 
reaction. The observed slopes are 1.45, 1.41 and 
1.49; thus, y  =  3, and the principal vapor species 
is RuzC13. The data do not permit an evaluation 
of x . However, since the stable solid chloride is 
RuC13, it seems probable that x  — 1, and we shall 
assume the vapor species to be RuC13. It should 
be noted that the data in Fig. 4 show no trend which 
is suggestive of a still lower chloride.

The data in Fig. 4 were not corrected for the 
contribution of RuCU(g), nor were the data in 
Figs. 1, 2 and 3 corrected for the contribution of 
RuCl3(g). Therefore, the isotherms shown repre
sent total vapor pressures.

Temperature Dependence.— Since RuCla and 
RuC14 are the important vapor species under our 
experimental conditions, the solid-vapor equi
libria which must be considered are

RuCI3(s) =  RuCls(g) (3)

RuC13(s) +  1 Cl2 =  RuClj(g) (4)

Ru(s) +  | Clo =  RuCla(g) (5)

Ru(s) +  2Cla =  RuCl4(g) (6)

When R u C13(s) is the stable condensed phase at a 
chlorine pressure of 1 atm., the observed vapor 
pressure must be the sum of contributions from (3) 
and (4); and when Ru(s) is the stable condensed 
phase, the observed pressure must be the sum of 
contributions from (5) and (6).

Reaction 3 is related to (5) and reaction 4 is 
related to (6) by the reaction

(7) During a transpiration experiment RuCjU(g) decomposes to 
RuClaCs) on condensation, and the additional chlorine produced must 
be subtracted from the total quantity of chlorine collected to obtain 
the quantity which passed over the sample as chlorine.

Fig. 5.— Observed vapor pressures over RuC13(s) resolved 
into individual partial pressures of RuCl3(g) and RuCh(g).

Fig. 6.— Observed vapor pressures over ruthenium metal 
resolved into individual partial pressures of RuCl3(g) and 
RuCl,(g).
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T able  I

T hebmodynamic D ata  por V aporization  R eactions

R uC13(s) =  RuCl3(g)
Aff°iooo =  + 6 7 .4  ± 3 . 0  kcal./mole 
AS°iooo = + 5 3 .6  ± 3 . 0  e.u.
ACp =  —9.2 cal./m ole/°K . (estimated) 
Affoga =  + 7 3 .9  ±  4.0 kcal./mole 
AS'+s =  + 6 4 .7  ±  4 .0  e.u.

Ru(s) +  3/2Ch =  RuCls(g)
A Ì7V „=  + 8 .2  ±  2.0 kcal./mole 
AìS0i4oo =  + 1 .0  ±  2 .0  e.u.
ACp =  —4.7 cal./m ole/°K . (estimated) 
Aíf°29a= + 1 3 .4  ±  3.0 kcal./mole 
A/S°29s — + 8 .3  ± 3 . 0  e.u.

R uC13(s) +  V2CI2 =  RuCU(g)
A ffV o  =  + 3 3 .4  ±  2.0 kcal./mole 
AS°iooo =  + 2 4 .2  ±  2.0 e.u.
ACp =  —6.6 cal./m ole/°K . (estimated) 
AH°298 =  + 3 8 .0  ±  3 .0  kcal./mole 
AS°m =  + 3 2 .2  ±  3 .0  e.u.

Ru(s) +  2C12 =  RuCklg)
AiT0i40fi = — 24.6 ±  3.0 kcal./mole 
AS»,400 = -2 7 .2  ±  3.0 e.u.
ACP =  —2.1 cal./m ole/°K . (estimated) 
Afínas =  —22.3 ±  4.0 kcal./mole 
AS°298 =  —24.0 ±  4 .0  e.u.

Ru(s) +  !  Cl2 =  R uC13(s) (7)

In the dissociation-pressure work reported earlier,6 
we found that for reaction 7

A77°io2o =  —57.2 ±  1.0 kcal./mole 
AS»u2o =  -5 0 .9  ±  1.0 e.u.

and, using an estimated value of 4.5 cal./mole/°K. 
for A C p , we calculated that

AJ7°298 =  —60.5 ±  2.0 kcal./mole 
AS°298 =  -5 6 .4  ±  2.0 e.u.

W e  fou n d  also in the earlier w ork  th at R,uC13(s) 
d ecom poses at 853° under a ch lorine pressure of 1 
atm .

Figure 5 shows the observed vapor pressures and 
individual partial pressures of RuC13 and R,uC14 
in equilibrium with RuCl3(s) and 1-atm. chlorine 
pressure, and Fig. 6 shows the pressure data for 
Ru(s) and 1-atm. chlorine pressure. Where pos
sible, the observed pressure points were taken from 
the pressure-dependence curves; the remaining 
points came from additional experiments. The 
chlorine released on condensation of RuCh vapor 
was taken into account in calculating the observed 
pressures.7

The individual partial-pressure curves were ar
rived at by successive approximations and are 
drawn so that the sum of the partial pressures best 
fits the observed pressures. At 85.3° (see above), 
the curves change slope by —56.7 kcal./mole—- 
the heat of reaction 7 at 853°. The curves are 
in accord with the equation

In p AH\
R T +  ~R  ln 71 +  I

Thermodynamic values for reactions 3 through 
6 are summarized in Table I. The A H \  values 
represent the slopes of the individual partial pres
sure curves in Figs. 5 and 6 at the mid-point of the 
temperature range studied. The AS°t values were 
calculated by using the relationship 

AH 0
AS» =  +  R  In p

The A C V values were estimated by means of rough 
rules given by Kubaschewski and Evans.8 C p 
for RuCh(g) was taken to be 22 cal./mole/°K. 
on the basis of Doerner’s selection9 for CrCl4(g).

(8) O. Kubaschewski and E. L. Evans, “Metallurgical Thermochem
istry,” 3rd ed., Pergamon Press, New York, N. Y., 1958.

(9) H. A. Doerner, Bur. of Mines Tech. Paper, 577 (1937).

The A H \ W and A S am  values were calculated by 
assuming A C V to be constant over the tempera
ture range involved.

Combining A£0298 values for reactions 5 and 6 with 
standard entropies (S°298 of Ru =  6.9 ±  0.5 e.u. 
and S°29s of Cl2 =  53.3 ±  0.92 e.u., given by Kelley10) 
we obtain S°298 of RuCl3(g) =  95.1 ±  4.0 e.u. and 
S°298 of RuCh(g) = 89.5 ±  5.0 e.u.11

Discussion
The evidence that RuCh is a vapor species ap

pears to be conclusive; the pressure-dependence 
data used for the identification were clear cut and 
were obtained without experimental difficulty. 
In addition to our findings, Shchukarev, e t  a l.,*  
reported evidence of a higher chloride and assumed 
it to be RuC14. They reported preliminary vapor- 
pressure data, but their data are insufficient to 
permit a comparison with our data.

Evidence for a species containing three chlorine 
atoms per molecule, probably RuCh, also appears 
conclusive. Our pressure-dependence data taken 
above 1100° indicate the presence of this species, 
and Shchukarev, e t  a l .,*  also found evidence for it.

The pressure-dependence data taken above 1100° 
were more uncertain than the low-temperature data 
(compare the data in Fig. 4 with those in Figs. 1, 
2 and 3). This increased uncertainty at the higher 
temperatures was partly the result of chlorine 
corrosion of the muffite reaction tubes, which may 
have resulted in the formation of small quantities 
of additional ruthenium-bearing species, and partly 
due to the nature of the high-temperature ap
paratus, which caused larger uncertainties in the 
analytical procedure. The uncertainty in these 
data may have obscured evidence of a gaseous 
lower chloride, such as RuCl2(g), which, if it 
exists, would be most important at the highest 
temperatures.

The (S°298 values of 95.1 ±  4.0 and 89.5 ±  5.0 
e.u. for RuCl3(g) and RuCl4(g), respectively, may 
be compared with estimated values of 82.9 and 85.3 
e.u., which were calculated from an empirical 
equation give by Kubaschewski and Evans.12 The

(10) K. K. Kelley, Bull. U. S. Bur. of Mines, 477 (1950).
(11) It has been suggested that, based on Cp values for TiCl«(g) 

ZrCb, HfCU(g) and SnCU(g) given in K. K. Kelley, Buieau of Mines 
Bulletin 584 (1960), Cp = 25 cal./mole/°K. for RuCU(g) may be a 
better estimate than the value 22 cal./mole/°K. which we selected. 
Using Cp = 25 cal./mole/°K., we calculate *S°29s of RuCU(g) — 85.3 ±

. 5.0 e.u.
(12) Ref. 8, p. 195.
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value for RuCl4(g) seems reasonable; however, 
the value for RuCl3(g) is about 10 e.u. higher than 
one might expect.

T able  II
C omparison of AS02s8 V alu es  for the R uthen iu m - 
C hlorine  System  and  the  C hromium-C hlorine  System

Reaction
✓--------------A»S0298 (e.

Ruthenium0
U.)-------------- -
Chromium &

MC13(s) =  MCl3(g) +  64.7 ±  4.0 + 55 .1

MCls(s) +  \ c k =  M ClJg) + 3 2 .2  ±  3.0 +  30.7

M(s) +  3/2Cl2 =  M Ch(g) +  8.3 ±  3.0 +  0 .5
M(s) +  2C12 =  MCl4(g) - 2 4 .0  ±  4.0 -2 4 .0

“ This work. b H . A. Doerner.9

The chromium-chlorine system at high tempera
ture, which was thoroughly studied by Doerner,9

is similar in many ways to the ruthenium-chlorine 
system: CrCl3(g) and CrCl4(g) are important vapor 
species, and reactions analogous to those in Table
I occur. Doerner found standard entropies for 
CrCl3(g) and CrCU(g) to be 86.1 and 88.3 e.u., 
respectively, which may be compared with the 
above values for RuCl3(g) and RuCl4(g). Table
II gives a comparison of AX+s values for analogous 
reactions involved in the two systems. In our 
studies of the dissociation pressure of R uC13(s) ,6 
we found the standard entropy for R uC13(s) to 
be 30.5 ±  2.5 e.u., which may be compared to a 
value of 31.0 e.u. for CrCl3(s) found by Doerner.

Acknowledgments.—The authors are indebted to 
R. C. Jensen, M. Tagami and R. E. Inyard for per
forming part of the experimental work.

THE EQUILIBRIUM 2/3Bi(l) +  l/3BiIs(g) = Bil(g)1
By  D a n i e l  C u b i c c i o t t i
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The equilibrium 2 /3  Bi(l) +  1/3 B il3(g) =  Bil(g) was studied by a transpiration technique over the temperature range 
545 to 735° and the pressure range 0.1 to 50 mm. The enthalpy change for the reaction was 21 kcal. and the standard 
entropy 16 e.u. at mid-temperature. An excess pressure of reduced Bi species in the higher pressure range was interpreted 
as due to the formation of a polymer, Bi„I„.

Introduction
The equilibria of liquid Bi with gaseous BiX3 

and BiX, in which X  was Cl or Br, have recently 
been studied.2'3 For those systems rather ap
preciable percentages of the monohalide were 
found in the equilibrium vapor, but no evidence of 
a dihalide (whether as BiX2 or as Bi2X 2). The 
iodide system was investigated as a companion 
study, with the results reported below.

Experimental
The same transpiration method was used as in the chlo

ride work2; however, it was found necessary to envelop 
the exit tube of the apparatus with an inert atmosphere 
box because of the strong susceptibility of the products to 
air oxidation. The B i-I samples obtained were analyzed 
for Bi by conversion to Bi20 3 as in the Bi-Br system.3 
The Bil3 was made from Bi20 3 and aqueous HI, dried and 
doubR distilled in an N2 stream.

The transpiration experiments were made at five different 
temperatures: 543-547; 592-596; 639-642; 683-687;
734-736°, although the temperature of each run was con
stant to 1°. The pressures finally calculated were adjusted 
(with very small corrections) to the temperatures: 545, 
595, 640, 685 and 735°, respectively. The flow rates 
were such that from 0.005 to 0.2 mole of N2 was passed in 
8 hours and from 0.1 to 0.2 g. B i-I sample collected. From 
the results of experiments to evaluate diffusion effects a 
correction of from 0 to 6%  was made on the results, the 
larger corrections applying to the experiments made with 
smaller flow rates and higher pressures of Bi species in the 
gas stream.

Results and Discussions
The data obtained were treated like those of the 

earlier systems2'3; that is, the results of each ex-
(1) This work was made possible by  the financial support of the 

Research Division of the United States Atom ic Energy Commission.
(2) D . Cubicciotti, J. P h ys. Chem., 64, 791 (1960).
(3) D. Cubicciotti, ibid ., 64, 1506 (1960).

périment were reduced to the pressures of Bil and 
Bil3 required to account for the amount and com
position of the transpired material. Then these 
pressures were plotted as logarithm of pressure of 
Bil vs. logarithm of pressure of Bil3. In such a 
plot consistency of results with a single equilibrium 
is indicated by the concordance of the points with 
a straight line, and the relative stoichiometry of 
the gaseous species in the equilibrium is given by 
the slope of the line.

The log plots of the present data are given in 
in Fig. 1. For the lower half of the diagram (pres
sures below about 3 mm. of Bil3) the points fall 
reasonably well on the straight lines drawn at 
each temperature. Those lines were drawn at a 
slope of 3.0, so that the equilibrium obtained in 
that region was

2/3 Bi(l) +  1/3 B il3(g) =  BiT(g) (1)

The equilibrium constants for that reaction were 
calculated from the data on the straight lines and 
these were plotted vs. reciprocal of absolute tem
perature, as in Fig. 2, to give the enthalpy change 
for that reaction. Since a straight line represents 
the data well, the enthalpy change reaction 1 was 
constant in the temperature range studied and equal 
to 21.1 ±  0.8 kcal. The standard free energy 
changes for the reaction derived from the equi
librium constants at 545 and 735° were 7.80 ±  
0.1 and 4.76 ±  0.1 kcal., respectively. Thus the 
standard entropy change for reaction 1 at the mid
temperature (640°) was 16 ±  1 e.u. Kelley4 gives 
values for the absolute entropies of Bi(l) and Bi-

(4) K. K. Kelley, U. S. Bur. Mines Bull. No. 477 11950) and No. 584
(I960).
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0.2 0.4 0.6 0.8 1.0 2 4 S 8 10 20 40
PRESSURE Bi I ----  mm .

Fig. 1.— Logarithmic plot of pressure of B il3 vs. B il at 545, 595, 640, 685 and 735°. The 
straight lines were drawn with slope 3.0 through the lower pressure values.

Fig. 2.— Logarithm of the equilibrium constant of reaction 1 
vs. reciprocal of absolute temperature.

1(g); so the absolute entropy of Bil3(g) at 640° 
can be calculated to be 126 ±  5 e.v. At present 
there are no reliable enthalpies of formation for

either iodide on which to 
base a calculation of the 
other. The dissociation 
energies of Bil(g) reported6 
by Gaydon (2.5 ±  1 e.v.) 
and Herzberg (2.7 e.v.) are 
too doubtful to use for this 
purpose and there are no 
measured values for Bil3.

In the higher pressure re
gion (above about 3 mm. 
Bil3) it was apparent that 
the results were departing 
systematically from the 
lines representing the equi
librium of equation 1 (see 
Fig. 1). The departures 
were in the direction of an 
excess of lower-valent Bi 
over that expected from 
equation 1. They increased 
as the pressure increased 
and, when expressed as Bil 
in excess of equilibrium 1, 
became as large as 25% of 
the Bil pressure.

This excess of lower-va
lent Bi was felt to be an in
dication of polymerization of 
the Bil to form one or more 
new species of formula Bi, Jrt. 
Therefore, the difference be
tween the experimental 
value of the pressure of Bil 
and the value calculated 
from the equilibrium con
stant derived from the low 
pressure values (i .e ., the 
value given by the straight 
lines in Fig. 1) was plotted 
on a log-log plot. The re
sults were quite scattered 
since they represented small 
differences between large 

numbers. Because of the scatter it was not pos
sible to decide unequivocally on a value for n , the 
degree of polymerization. A value of three seemed 
best to the author but values of two and four were 
not unreasonable. This degree of polymerization 
could probably be derived better from some other 
type of experiment.

Attempts to fit the higher pressure data with 
equilibria involving Bil2 as well as Bil and Bil3 
were unsuccessful. At a given temperature it was 
possible to account for the amount of Bi and I 
in each sample on this basis; however, it was not 
possible to fulfill the requirement of constancy of 
two concentration quotients among the three spe
cies from one sample to another.

An experiment to observe the species in the vapor 
with a mass spectrometer was made. Bil3 was 
passed over a heated Bi surface and then through 
a small orifice into the ionization chamber of a 
Bendix mass spectrometer. The temperature of

(5) See T. L. Cottrell, “ The Strengths of Chemical Bonds,”
Butterwortha, London, 2nd Ed., 1958.
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the Bi and the pressure of the Bil3 were both varied. 
Peaks corresponding to Bil3+, Bil2+, Bil+ and Bi+ 
were observed. The relative intensities of these 
peaks for Bil3 only were: weak, medium, strong, 
medium, respectively; and for Bil3 passed over 
hot Bi they were: weak, medium, very strong and 
strong. The Bil+ and Bi+ peaks increased rela
tive to the Bil3+ as the temperature of the Bi in 
the cell was increased. There were no peaks at 
masses greater than 600 so that no polymers of Bil 
were observed, although the mass spectrometer 
was capable of detecting masses as great as 1000. 
Thus the experiment confirmed the presence of 
Bil in the vapor, and its increase as the Bi tempera
ture was increased. It was felt that the polymer of 
Bil was not observed in this experiment because 
the vapor did not come to equilibrium with the Bi 
metal; therefore, the pressure of Bil was much 
lower than the equilibrium pressure, and that of the 
polymer was so much lower as not to be observable. 
It was estimated that the Bil3 in this experiment 
was in contact with the Bi for only one hundredth 
the time of contact found necessary in the transpi
ration experiments, so that presumably the equi

librium concentration of Bil and BireI„ did not have 
enough contact time to be formed.

A comparison of the three Bi-halide systems 
studied shows some regularities. The equilibrium 
constants for the formation of the monohalide 
(c/. reaction 1) tend to increase slightly in going 
from Cl to Br and from Br to I ( i.e ., at 600°: 
K a  =  0.011; A Br =  0.014; K x ='0.019). This 
increase is due to a progressively more favorable 
enthalpy change for the reaction which just barely 
overrides the progressively less favorable en
tropy change. In the iodide system there was evi
dence for a polymer of the monohalide at pressures 
of Bil3 above about 3 mm. In the chloride and 
bromide systems no evidence for polymers was 
observed; however, those systems were investi
gated at lower BiX3 pressures. It may well be 
that at higher pressures measurable amounts of 
polymers may be formed.
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HEAT OF SOLUTION OF ORTHOPHOSPHORIC ACID
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From measurements of the heat of solution of orthophosphoric acid over the range 0 to 89.13% H3POj, tables were de
rived relating the relative apparent molal heat content (<£l) and the partial molal heat contents (Li, hi) to concentration at 
intervals of 5%  H3P 0 4. The molal heat of formation from the elements at 25° was calculated as a function of moles of water 
in solution.

The heat of solution of phosphoric acid in water 
was summarized by the National Bureau of Stand
ards1 from scattered values appearing before 1915. 
Another summary tabulation,2 which drew upon 
unpublished work by TVA, had among its short
comings a gap between 35 and 45% H2PO4.

This paper describes a redetermination of the 
heat of solution over the range 0 to 89.13% H3P04. 
Measurements at higher concentrations would have 
been complicated by the presence of non-ortho 
forms of acid,3 with their heats of hydrolysis.

Materials and Apparatus.— Reagent grade phosphoric acid 
was recrystallized twice as the hemihydrate. Stock solutions 
were prepared from the drained, unwashed crystals.

A solution calorimeter from earlier work4 5'6 was modified 
in a few details. The capsule-type platinum resistance ther
mometer was exposed directly to the solution. The head of 
the thermometer was sealed into a small glass support tube 
with Apiezon W wax. The thermometer was suspended in 
the glass draft tube of the stirrer with the tip of the capsule a 
few millimeters above the impeller. A 100-ohm heater was 
wound directly on the outside of the draft tube.

(1) National Bureau of Standards Circular 500, U. S. Govt. Printing 
Office, Washington, D . C ., 1952.

(2) T . D . Farr, Tennessee Valley Authority, Chem. E ng. R ept., No. 8 
(1950).

(3) E. P. Egan, Jr., and Z. T . Wakefield, J . Phys. Chem., 61, 1500 
(1957).

(4) E. P. Egan, Jr., B . B. Luff and Z. T . Wakefield, ib id ., 62, 1091 
Cl 958).

(5) E. P. Egan, Jr., Z. T* Wakefield and K . L. Elmore, A m . Chem.
S dc.. 7 8 ,  1 8 1 1  ( 1 9 5 6 ) i

Assembly and disassembly of the calorimeter were facili
tated by attaching the head to the body by means of six 
small parallel-jawed spring clamps of a type used in sheet 
metal assembly. The clamps were completely covered by 
the water-bath and were without observable effect on the 
heat leak.

The initial bulk charge of liquid for each measurement 
(850 ml.) was weighed. Each incremental addition to the 
bulk liquid in the calorimeter was suspended inside the stir
rer shaft in a thinwalled glass bulb which was crushed 
against the bottom of the Dewar to start the solution period.

The calorimeter system was calibrated electrically im
mediately before and after each measurement. One defined 
calorie was taken as 4.1840 abs. j .  Temperatures were 
recorded to four decimal places, as small differences were 
important.

The conditions of measurement ensured a temperature 
rise of at least 0.15° for every observation. The tempera
ture at the end of each measurement was 25 ±  0.05°, and no 
temperature corrections were necessary. As the water-bath 
around the calorimeter was held at 26 ±  0 .02°, heat leaks 
were always in the same direction.

Heats of Solution.—The concentration range 0 
to 83.6 molal (89.13%) H3P04 was covered in five 
series of measurements: Series 1: H20  plus suc
cessive increments of 75.14% H3P04; final concen
tration, 49.4% H3P04; Series 2: same; Series 3: 
H20  plus successive increments of 49.86% H3P04; 
final concentration, 17.0% H3P04; Series!: 44.58% 
H3P04 plus successive increments of 89.13% IL3- 
P04; final concentration, 75% H3P04; Series 5: 
89.13% II3P04 plus successive increments of H20 ; 
final concentration, 72% H3P04. Incremental
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O 2 0  4 0  6 0  8 0
H 3 PO4 , WT. % .

Fig. 1.— Relative apparent molal heat content of phosphoric 
acid solutions.

dilution of 90% H3P04 with water to a concentra
tion approaching infinite dilution would have been 
more straightforward, but the construction of the 
calorimeter limited each addition to 35 ml. Dilu
tion of 850 ml. of phosphoric acid solution with 35- 
ml. portions of water soon would have run into 
undesirably small increments of concentration and 
of heat.

The observed heat effects on a molal basis are 
shown in Table I. (For internal consistency, more 
significant figures were used in calculation than are 
shown in Table I.) The average deviation of the 
measured heats of solution was 0.3%.

Manipulative details in adjusting the end solution 
from a measurement to a weighed fixed volume of 
850 ml. for the next measurement entailed loss of 1 
to 2% of the solution. Linear corrections were 
made in sample weights and in heat effects to put 
initial and final solutions for each run on the same 
basis.

When small portions of 75.14 or 49.86% H3P04 
were diluted with various amounts of water, the ob
served heat effects became increasingly exothermic 
with decrease in the final concentration. When 
plotted against final concentration, the heat of 
solution approached the axis at m =  0 almost 
asymptotically. Unpublished calculations at TVA 
suggest that the degree of dissociation of H3P04 goes 
through a minimum at about 1.2 molal, then rises 
sharply to 1.0 at the axis where to =  0. A parallel 
behavior of the heats of solution in dilute solution 
indicates that the measured heats of solution in 
dilute solutions included heats of ionization.

The integral heats of solution in calories per mole 
H3P04 at the observed final concentrations are 
shown in Table II.

When the integral heats of solution of 75.14% 
H3P04 at final concentrations between 0.2 and 1.3 
molal were plotted against to1/', the resultant 
straight line indicated a value of —2913 cal. per 
mole LI3P04 for the heat of solution at infinite dilu
tion of 75.14% H3P04. This value was subtracted 
from values of A TI at each final concentration to

yield values of cj>l. From a similar plot between 0.5 
and 1.6 molal, a value of —1497 cal. per mole H3P04 
was obtained for the heat of solution at infinite dilu
tion of 49.86% II3P04. Values of <f>L calculated 
from the series 3 measurements with 49.86% II3P04 
agreed with those calculated from series 1 and 2 
with 75.14% II3P04.

In series 4, the integral heats of solution resulting 
from solution of 89.13% H3P04 in an initial solution 
of 44.58% H3P04 were too far from the axis at m =  
0 for a satisfactory extrapolation against to1/*. 
The intercept was calculated to be —4250 cal. per 
mole H3P04 by successive approximations in the 
region where series 1 and 2 overlapped series 4.

In series 5, calculation of the heats of solution per 
mole of H3P04 for 89.13% H3P04 was straight
forward. Two of the final solutions overlapped 
series 4. The measured heats of dilution were com
bined with values of <f>L as calculated at the con
centrations in the region of overlap between series 4 
and 5 to obtain <f>l between 70 and 89% H3P04.

Calculated values of cf>L in calories per mole 
H3P04 at the observed final concentrations are 
shown in Fig. 1 and Table II. The abscissas in 
Fig. 1 are expressed in weight per cent, instead of 
molality to avoid compression of the data at low 
molalities. The data summarized by NBS1 agree 
reasonably well with the present measurements up 
to 20% H3P04; above 20%, the earlier data are 
somewhat scattered. The earlier TVA data2 above 
45% H3P04 are roughly parallel to the present data 
and about 120 cal. per mole higher.

The heats of formation of H3P04 at the lowest 
concentrations cited by NBS1 were plotted against 
to,/! and extrapolated to yield —309,440 cal. per 
mole H3P04 as the heat of formation at infinite dilu
tion. This value was combined with the smoothed 
values of <f>l to relate heat of formation to concentra
tion in handbook-type Table III.

T able  I
Observed  H eats of Solution  of HsP 04 Solutions

WifHaPOi-JiiHîO) + m3(H3PO utoHîO)
mi ni ms m3 na Q, cal.

Series 1, 75.14% H8P 04stock soin. (n2 =  1.80)
0 (46.998) 0.2787 0.2787 170.426 761.56
0.2720 170.426 .3005 .5724 81.915 758.15

.5568 81.915 .3858 .9426 49.125 929.03

.9094 49.125 .3028 1.2121 37.304 701.13
1.1792 37.304 .2908 1.4700 30.281 648.47
1.4299 30.281 .3100 1.7400 25.206 664.92
1.6910 25.206 .2938 1.9449 21.741 605.96
1.9310 21.741 .2992 2.2302 19.065 593.41
2.1684 19.065 .2829 2.4512 17.073 538.36
2.3885 17.073 .2976 2.6861 15.381 543.89
2.6102 15.381 .3534 2.9636 13.761 615.13
2.8647 13.761 .3049 3.1696 12.610 504.95
3.0806 12.610 .2597 3.3403 11.770 409.99
3.2533 11.770 .3266 3.5799 10.860 499.46
3.4681 10.860 .2478 3.7160 10.256 364.33
3.6340 10.256 .3131 3.9470 9.585 435.07
3.8315 9.585 .3498 4.1814 8.934 461.58
4.0432 8.934 .2839 4.3271 8.466 355.51
4.2149 8.466 .3236 4.5385 7.990 387.17
4.3696 7.990 .2883 4.6580 7.607 327.65
4.5640 7.607 .3149 4.8789 7.232 340.37
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mi n\ 7712 7773 ns Q, cal.

4.7308 7.232 .3548 5.0855 6.853 362.65
4.9228 6.853 .3170 5.2398 6.547 306.79
5.0802 6.547 .3324 5.4126 6.256 303.22
5.2428 6.256 .3003 5.5432 6.015 259.59
5.3836 6.015 .2977 5.6814 5.794 245.19
5.5260 5.794 .3421 5.8681 5.561 266.24

Series 2, 75.14% H3P 0 4stock soin. (rii — 1.800)
0 46.980 0.1948 0.1949 242.833 538.49
0.1917 242.833 .3490 .5408 87.243 889.86

.5235 87.243 .1779 .7014 65.573 436.29

.6899 65.573 .3599 1.0497 43.711 853.77
1.0155 43.711 .3423 1.3577 33.147 775.17
1.3153 33.147 .3293 1.6447 26.870 716.20
1.5940 26.870 .3330 1.9270 22.537 693.90
1.8686 22.537 .3226 2.1912 19.485 641.47
2.1260 19.485 .3530 2.4790 16.967 671.33
2.3993 16.967 .3459 2.7452 15.055 627.55
2.6573 15.055 .3060 2.9634 13.686 528.03
2.8781 13.686 .2808 3.1589 12.630 465.02
3.0768 12.630 .3260 3.4028 11.592 514.41
3.2989 11.592 .3049 3.6038 10.764 459.20
3.5016 10.764 .3129 3.8146 10.028 446.97
3.7037 10.028 .2947 3.9984 9.422 401.80
3.8878 9.422 .3678 4.2556 8.763 474.74
4.1105 8.763 .3466 4.4571 8.221 421.93
4.3115 8.221 .3819 4.6934 7.699 439.45
4.5256 7.699 .3732 4.8989 7.249 401 96
4.7283 7.249 .3592 5.0874 6.865 364.06
4.9192 6.865 .3759 5.2951 6.505 356.98
5.1060 6.505 .3550 5.4610 6.199 317.58
5.2811 6.199 .3633 5.6444 5.916 306.41
5.4521 5.916 .3466 5.7987 5.670 276.17
0 (46.971) .0083 0.0083 5633.8 29.45
0 (46.979) .0093 .0093 5042.5 31.48
0 (46.965) .0105 .0105 4478.9 35.55
0 (47.001) .0128 .0128 3668.0 41.70
0 (46.990) .0145 .0145 3247.0 48.54
0 (46.994) .0149 .0149 3164.3 49.22
0 (47.009) .0218 .0218 2153.2 69.85
0 (47.002) .0349 .0349 1347.4 108.09
0 (46.984) .0427 .0427 1101.6 127.55
0 (47.009) .0640 .0640 736.0 190.71
0 (46.990) .0737 .0737 639.6 215.63
0 (47.028) .0904 .0904 522.2 257.82
0 (46.971) .1290 .1290 365.8 368.27

Scries 3, 49.86% H3PO4stock soin. (n¡ =  5.470)
0 (47.031) 0.1831 0.1831 263.047 252.20
0.1771 263.047 .1981 .3751 127.039 229.57

.3629 127.039 .1873 .5502 85.644 202.44

.5330 85.644 .1890 .7221 64.658 194.20

. 6995 64.658 .1854 .8849 52.256 180.76

.8575 52.256 .1809 1.0384 44.105 167.03
1.0070 44.105 .1940 1.2010 37.866 171.37
1.1619 37.866 .2009 1.3629 33.090 167.88
1.3172 33.090 .1894 1.5066 29.618 149.79
1.4594 29.618 .1816 1.6410 26.946 138.00

Series 4, 89.13% H3P04 stock soin. (»2 =  0.663)
4.9700 6.761 0.4742 5.4442 6.230 976.02
5.2614 6.230 .4657 5.7271 5.777 915.11
5.5376 5.777 .4638 6.0014 5.382 853.92
5.8047 5.382 .4619 6.2666 5.034 805.35
6.0625 5.034 .4740 6.5365 4.717 782.23
6.3176 4.717 .4372 6.7548 4.455 678.59
6.5430 4.455 .4713 7.0143 4.200 695.45

6.7775 4.200 .4936 7.2711 3.960 686.99
7.0158 3.960 .4732 7.4890 3.752 618.93
7.2438 3.752 .4577 7.7015 3.568 566.76
7.4438 3.568 .4791 7.9229 3.393 558.22
7.6502 3.393 .4106 8.0608 3.254 453.94
7.8278 3.254 .4888 8.3166 3.101 512.13
8.0189 3.101 .4530 8.4719 2.971 445.44
8.1989 2.971 .5016 8.7005 2.838 466.00
8.3965 2.838 .4703 8.8768 2.713 410.69
8.5728 2.713 .4491 9.0219 2.611 369.05
8.7295 2.611 .4219 9.1514 2.521 328.31
8.8669 2.521 .4296 9.2965 2.435 317.36
9.0187 2.435 .4545 9.4732 2.350 316.24
9.1537 2.350 .4821 9.6358 2.266 314.39
9.3126 2.266 .4961 9.8087 2.185 304.15
9.4508 2.185 .4316 9.8824 2.118 250.40
9.4876 2.118 .4482 9.9358 2.053 245.73
9.6957 2.053 .4611 10.1568 1.990 238.22
9.8216 1.990 .4816 10.3032 1.928 233.04
9.9369 1.928 .4654 10.4023 1.871 211.33

10.0559 1.871 .4015 10.4574 1.825 173.76

TOi(H3P04-niH20 ) +  ÍI2H2O =  m3(H3P04-«3H20) 
Series 5, dilution of 89.13% H3P 0 4

13.2810 0.663 1.3050 13.2810 0.762 2038.38
12.9221 .762 1.5105 12.9221 .879 2200.66
12.5948 .879 1.4451 12.5948 .993 1934.59
12.2280 .993 1.3368 12.2280 1.103 1655.98
11.9247 1.103 1.4463 11.9247 1.224 1674.98
11.5815 1.224 1.6910 11.5815 1.370 1794.70
11.2086 1.370 1.7677 11.2086 1.528 1710.00
10.8277 1.528 1.5545 10.8277 1.671 1375.51
10.4902 1.671 1.5267 10.4902 1.817 1244.86
10.1673 1.817 1.5641 10.1673 1.970 1172.55
9.8638 1.970 1.5249 9.8638 2.125 1055.80

Partial Molal Heat Contents.—Values of <f>l from 
Table II were fitted to polynomials in molality 
and weight fraction over various ranges of concen
tration and with various functions of the variables. 
The equations giving the best fit were

<j>l =  369.50m‘A m =  0 to 1.5 (1)
=  180.46 +  185.45m +

22.08m2 -  22.33m3 +
4.03m4 m =  1.5 to 2.5 (2)

=  292.06 -p 923.79;« -p 
3374.87m2 -  2478.92m3 +
3473.99m4 m =  2.5 to 85.0 (3)

where m  =  molality and w =  weight fraction of 
H3PC>4. The mean probable error in equations 1 
and 3 is 2.5 cal. per mole H3PO—in equation 2, 0.2 
cal. per mole.

A deviation of 2.5 cal. per mole is well within the 
error of observation, but smooth slopes at the point 
of overlap of two equations require first differences 
with deviations of 0.1 cal. per mole or less. The 
slopes at the points of overlap thus show slight 
breaks that seem unavoidable without resort to a 
more elaborate method of representation.

Relative partial molal heat contents at molalities 
up to 2.5 were calculated by conventional methods.6 
Above 2.5 molal, the slope d4>h/dm  was converted 
analytically to the slope in terms of weight fraction,

(5) S. Glasstone, “ Thermodynamics for Chemists,”  D. Van Nos
trand Co., Inc., New York, N. Y., 1947.
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T able  II

H eat  of Solution  and  R elative  A pparent M olal H eat 
C onten t  a t  Observed  F in a l  C oncentration , C al . per 

M ole H3P 0 4
M o la l i t y - A H 0L M o la l i t y - A H <#L

Series 1, 75.14% H3P 04
0 2931 0 5.1110 2007 924
0.3257 2733 198 5.4122 1971 960
0.6776 2623 308 5.7908 1925 1006
1.1299 2535 396 6.2131 1874 1057
1.4880 2480 451 6.5567 1833 1098
1.8330 2431 500 6.9469 1788 1143
2.2021 2380 551 7.2969 1748 1183
2.5531 2333 598 7.6750 1705 1226
2.9114 2286 645 8.0993 1657 1274
3.2511 2242 689 8.4776 1615 1316
3.6088 2196 735 8.8726 1572 1359
4.0336 2141 789 9.2287 1534 1397
4.4016 2095 836 9.5806 1497 1434
4.7160 2055 876 9.9818 1455 1476

Series 2, 75.14% H3P 0 4
0 2931 0 4.7882 2042 889
0.2252 2763 168 5.1568 1996 935

.6362 2625 306 5.5350 1949 982

.8465 2581 349 5.8913 1906 1025
1.2698 2510 421 6.3342 1853 1078
1.6746 2448 483 6.7514 1804 1127
2.0658 2394 537 7.2096 1751 1180
2.4628 2340 591 7.6686 1699 1232
2.8486 2288 643 8.0858 1651 1280
3.2715 2233 698 8.5327 1601 1330
3.6868 2180 751 8.9538 1556 1375
4.0555 2134 797 9.3823 1509 1422
4.3949 2091 840 9.7894 1467 1464

Series 3, 49.86% H3P 0 4
0 1497 0 1.2589 1084 413
0.2116 1378 119 1.4663 1051 446

.4374 1262 235 1.6779 1020 477

.6486 1201 296 1.8745 991 506

.8589 1155 342 2.0603 965 532
1.0626 1118 379

Series 4, 89.13% H3P 0 4
0 4250 0 19.5570 1944 2306
8.9080 2884 1366 20.3856 1887 2363
9.6060 2809 1441 21.1841 1834 2416

10.3115 2734 1516 21.9403 1785 2465
11.0240 2661 1589 22.7155 1737 2513
11.7648 2588 1662 23.5391 1687 2563
12.4578 2521 1729 24.4179 1635 2615
13.2135 2451 1799 25.3257 1583 2667
14.0147 2379 1871 26.1219 1539 2711
14.7929 2311 1939 26.9590 1495 2755
15.5539 2247 2003 27.8157 1450 2800
16.3593 2182 2068 28.7123 1405 2845
17.0584 2127 2123 29.5822 1362 2888
17.8959 2064 2186 30.3356 1327 2923
18.6811 2006 2244

Series 5, diln. 89.13% H3P 0 4
83.671 0 4240 40.520 908 3332
72.878 154 4086 36.337 1061 3179
63.181 324 3916 33.216 1188 3052
55.881 478 3762 30.555 1307 2933
50.340 613 3627 28.170 1422 28 IS
44.445 753 3487 25.599 1539 2701

T able III
H eats of Formation of Phosphoric A cid Solutions, 

K cal . per M ole H3P 0 4 at  298 .16°K .
wHiO — aH{° K.H2O -  A£ff°

1 +305.68 100 309.16
2 306.64 200 309.25
3 307.21 300 309.28
4 307.59 400 309.30
5 307.84 500 309.32
6 308.04 700 309.34
8 308.29 1000 309.35

10 308.46 2000 309.38
12 308.57 3000 309.39
15 308.69 4000 309.40
20 308.81 5000 309.40
25 308.88 7000 309.41
30 308.94 10,000 309.41
40 309.00 20,000 309.42
50 309.05 50,000 309.43
75 309.12 100,000 309.43

CO 309.44

d f a / d w .  Table IV, in concentration increments of 
5%, was derived from the results.

T able  IV
R elative  Par tial  M olal H eat  C ontents of H3P 0 4 

Solutions, C a l . per M ole H3P 0 4
H sP 0 4, _

w t . % 0L U — L\

0 0 0 0

5 2 7 1 4 0 6 1 . 3 1 3

1 0 3 4 6 5 9 0 4 . 0 2 0

1 5 4 9 8 7 5 4 8 . 2 8 8

2 0 5 9 8 9 3 1 1 5 . 3 5

2 5 7 0 9 1 1 5 2 2 7 . 1 5

3 0 8 3 4 1 3 9 2 4 3 . 9 2

3 5 9 7 5 1 6 5 1 6 6 . 9 1

4 0 1 1 4 4 1 9 2 9 1 0 0 . 2

4 5 1 3 0 8 2 2 2 9 1 3 8 . 5

5 0 1 5 0 5 2 5 4 9 1 9 2 . 0

5 5 1 7 2 7 2 8 8 9 2 6 1 . 3

6 0 1 9 7 6 3 2 4 7 3 5 0 . 6

6 5 2 2 5 8 3 6 1 9 4 6 4 . 9

7 0 2 5 7 6 3 9 9 8 6 0 9 . 9

7 5 2 9 3 7 4 3 7 4 7 9 2 . 7

8 0 3 3 4 5 4 7 3 3 1 0 2 1

8 5 3 8 0 7 5 0 5 9 1 3 0 5

9 0 4 3 2 8 5 3 2 8 1 6 5 3

The measurements were not extrapolated to 100 
%  II3PO4. The heat of formation of H3P04(aq) is 
taken as —309,440 cal. per mole, the heat of forma
tion of IL P04(c) 1 as — 306,200 cal. per mole. If the 
heat of fusion is taken as 3100 cal. per mole,3 then 
the increment HsPCLJl —aq) should be 6340 cal. 
per mole H3P04. The equation for <£l at high 
molalities extrapolates smoothly to 5585 cal. at 
100% II3PO4. It is not clear whether the curve for 
</>l should turn up sharply above 90% H3P04 to an 
intercept of 6340 or whether the value for the heat 
of formation of H3P04(aq) or that for H3P04(c) is in 
error by about 800 cal., which is within the accuracy 
with which they are known.

The present results affect the values reported in 
an article4 on the heat capacity of phosphoric acid 
solutions. Revisions of Tables V through VIII in 
that article will be submitted for publication.
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H YD R O G EN  ATO M  EXC ESSES  IN  SO M E PROPANE F LA M E S

B y  R o b e r t  R e i d 1 a n d  R o b e r t  W h e e l e r

Department o f Chemistry, Queen’s University, Kingston, Ontario 
R eceived October 7, 1960

Concentrations of atomic hydrogen have been determined at various heights in some pre-mixed propane-air flames. Ex
cesses were noted early in the burnt gases, these being relatively larger for lean (fuel) flames and smaller for rich flames, the 
direct reverse of observations in hydrogen flames. The rise-velocities of the burnt gases have been measured and used to 
establish reaction velocity parameters consistent with ternary recombination of the excesses.

Introduction
Sugden and co-workers,2-6 have applied various 

emission spectrophotometrie techniques to meas
ure the atomic hydrogen and hydroxyl radical 
concentrations in the burnt gases of atmospheric 
hydrogen-air flames. Their results show that 
[H] becomes increasingly excessive of the equi
librium amount, as the flames are made more 
hydrogen rich. This is paralleled by similar 
excesses in [OH] and [0] measured by independent 
means.6’7 Fenimore and Jones8’9 have sampled 
through a fine quartz probe the combustion prod
ucts of organic as well as inorganic fuels. Adding 
small quantities of heavy water to the gas supply, 
they analyzed samples from the burnt gases mass- 
spectrographically and were able to determine 
[H] at several positions. Their results for H2-  
air mixtures corroborate those of Sugden’s group. 
In contrast, their findings for the very fuel-rich, 
low-temperature, hydrocarbon flames showed the 
theoretical equilibrium or lower concentration 
throughout. Apparently, the carrying over of 
an excess of organic fuel into the burnt gases is 
not accompanied by large amounts (greater than 
equilibrium) of atomic hydrogen.

Whether or not the value of [H] entering the 
burnt gases is above its thermodynamic equi
librium value, [H ]e, a similar relationship to its equi
librium concentration is expected for each member 
of the group, OH, 0 2 and 0. Very soon after 
departing the primary zone, a partial chemical 
equilibrium should establish to a degree that 

[HJ [OH] [O.RA [0] ‘A
[H]. [OH], [Od.'A ^ [OJe'A

[H] and [OH] are equilibrated by the fast re
action2’9

H +  H20 H2 +  OH (2)
while the reaction

O +  H20 H2 +  0 2 (3)
should be balanced10 through the very fast bi-

(1) Department of Physical Chemistry, University of Cambridge, 
England.

(2) E. M . Bulewicz, C. G. James and T. M . Sugden, P roc . R oy. Soc. 
(London ), A235, 89 (1956).

(3) P. J. Padley and T . M . Sugden, ibid., A248, 248 (1958).
(4) E. M . Bulewicz and T . M . Sugden, Trans. Faraday Soc., 54, 

1855 (1958).
(5) C. G. James and T . M . Sugden, P roc. R oy. Soc. (London), A248, 

238 (1958).
(6) E. M . Bulewicz and T. M . Sugden, Trans. Faraday Soc., 52, 

1481 (1956).
(7) C. G. James and T . M . Sugden, N ature, 175, 252 (1955).
(8) C. P. Fenimore and G. W . Jones, J . P h ys. Chem., 62, 693 

(1958).
(9) C. P. Fenimore and G. W . Jones, ibid ., 63, 1834 (1959).
(10) C. P. Fenimore and G. W . Jones, ibid., 62, 178 (1958).

molecular exchange9
H -j- 0 2  ̂ — OH -f- 0 2 (4)

In flames of organic fuels, the quasi-equilibrium 
of equation 1 will certainly be assisted by the 
reaction

C02 +  OH ^=±; CO +  OH (5)
this11 being only somewhat slower than 2.

A photometric technique developed by Sugden 
and collaborators has been applied here to some 
propane-air flames burning at atmospheric pres
sure. These results show some evidence that [H] 
is initially in excess even in very rich mixtures.

Experimental
Burner and Supply.— Metered quantities of propane and 

air with added nitrogen or argon were mixed and burned 
at a Meker type burner of 7.8 cm. diameter. This burner 
was mounted on a telescoping brass tube, permitting move
ment in the vertical direction. Very small but equal 
amounts of lithium and sodium chloride solutions were 
atomized into an isolated gas supply to the very center of 
the flame (3.8 cm. diam.). This resulted in a uniform flame 
with respect to the fuel and air supply but in the very center 
of which appeared minute quantities of evaporated sodium 
and lithium atoms whose partial pressures in the burnt 
gases were each approximately 10“7 atm. The outer an
nular flame acted as thermal shield against self-absorption 
of the radiation at the flame edges.

Photometric System.— Radiation from selected heights 
in the very center of the flame was focused at the entrance 
slit of a direct reading Farrand grating monochromator. 
The width of the entrance slit was 0.01 cm. and its height 
for the flames investigated was found to be maximally 0.05 
cm. At a magnification of 1.0 the source of radiation was 
limited to 0.04 cm.2 by suitably situated optical stops. 
A IP 21 electron multiplier photo-tube operating at about 
100 v. per stage was mounted behind the exit slit. A 
sectored disc operating at 465 c./sec. chopped the radia
tion falling on the entrance slit with provision made to 
prevent draughts. The resulting alternating signal was 
amplified, rectified and measured on a damped sensitive 
but selective voltmeter. Because the flame front was not 
totally flat, attention was directed to the burnt gases at 
some distance above the burner top and upwards on the 
central flame axis. Measurements of the intensities of the 
sodium-D-lines at 5893 A . and the lithium red lines at 6707 A . 
were made at identical points and the ratio of these used with 
the measured temperature to deduce [H] at each point.

Temperature Measurements.— Flame temperatures were 
measured by the usual sodium-D line reversal method,12 using 
a tungsten strip filament background source. The reversal 
point was determined by a photometric scanning technique 
rather than by eye. The burnt gas temperatures measured 
in this manner, ranging from 1850-2400°K., were verified by 
a similar reversal of the lithium doublet.

Rise-Velocity Determinations.— In order to convert ob
servations of intensity from a distance to a time scale, a 
measure of the velocity with which the burnt gases ascend 
vertically from the reaction zone was made. A simple rotat
ing drum camera was used to photograph the traces of small 11 12

(11) C. P. Fenimore and G. W. Jones, ibid., 62, 1578 (1958).
(12) A . G. Gaydon and H. G. W olf hard, “ Flames, Their Structure, 

Radiation and Temperature,”  Chapman and Hall, London, 1960.
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Height above burner (cm.).
Fig. 1.— Axial hydrogen atom concentrations in flames of 

various pre-burnt mixture strengths (propane/stoichio- 
metric propane), absolute temperatures are shown for the 
steady state.

quantities of aluminum particles introduced in the flame gas 
supply to the very center of the burner only. The drum of 
the camera was 64 cm. in circumference and rotated at 78 
rev./min. with its surface in the focal plane of the camera. 
A vertical slit system was used to record only those traces of 
particles ascending near the center of the flame. The ve
locity Fm of the traces can be calculated from Fm =  (64 r T 
tan 8)/a cm ./sec., where r =  the distance between the 
camera lens and the flame, s =  the distance between the lens 
and the film, T — the angular speed of the drum in rev./sec., 
and 8 =  the angle between the trace marks and the perpen
dicular to the axis of rotation of the drum.

Four different grades of aluminum particles were used in a 
series of experiments. Three of the samples were graded flat 
particles with surface areas of 1.5 X  104, 2.8 X  104, 5 X  104 
cm.2/g ., the fourth was an atomized sample of considerably 
smaller specific surface. Particles were introduced in the gas 
supply by suspending them on a wire gauze fitted to a detach
able Pyrex container just beneath the burner. Slight vibra
tions of the container were sufficient to carry the particles 
into the flame.

In the measurements, we found no variations in tan 8 
with particle size, indicating that the particles employed 
were sufficiently small to obviate a size factor correction. A 
simple graphical method was used to establish the most fre
quently occurring value of tan 8 for each flame. Values of 
8 were distributed over about 5° in each flame, the error of 
measurement in this angle being about 1% . Both this 
and the systematic error resulting from the effect of gravita
tional force on the aluminum particles (< 1 % ) are small con
sidered to the distribution in 8. Alkemade13 has made simi
lar particle-track measurements in various hydrocarbon 
flames and invariably obtained measured gas velocities lower 
than the calculated theoretical values (F m ~  72% of the 
calculated value). He attributes the extent of the angular 
distribution to a real dispersion of the flame gases. The 
precautions taken here of careful shielding and the use of a 
slit device to isolate the central column of gases make it 
appear more likely that the slower particles result from colli
sions at and near the burner top.

Results for a series of flame families of varying total gas 
flow show that tan 8 is very nearly linearly dependent on the 
total initial gas flow. For most flames, maximum values of 8 
were observed when the mixture strength approached stoi
chiometry, i.e., the hottest flames. When we calculated the 
rise-velocity, F t , based on gaseous thermal expansion and 
the maximum flame diameter, experimentally determined by 
the use of incandescent platinum probes, reasonably good 
agreement was found between F t  and F m. On the other 
hand, the use of the burner diameter in the calculation us
ually leads to values of F t  greater than, but in some rare 
cases less than, F m. This scatter and unpredictability is 
largely removed by measuring the actual flame diameter, in 
which case the calculated gas velocity seems reliable.
_ [H] from Intensity Measurements.— When equal quanti

ties of sodium and lithium salts are atomized into identical 
flames, the intensity of the lithium resonance radiation is 
usually much reduced from that of the sodium. Bulewicz, 
James and Sugden2 show how [H] may be deduced from the 
measurement of the ratio of these intensities. We used 0.004

(13) C. T. J. Alkemade, Dissertation, University of Utrecht, 1954.

M  solutions of lithium and sodium chlorides at which dilution 
the effect of self-reversal of the radiation was negligible in a 
shielded flame.

The free lithium atom population is depleted by
Li +  H20  LiOH +  H (6)

forming stable gaseous LiOH and reducing the intensity of 
the red lines. Moreover, this reaction is expected to be 
equilibrated in the burnt gas region. Therefore

[H] =  £ .[H 20] [Li]
[LiOH]’ K ,

[LiOH] [H] 
[Li] [H20]

The measured ratio of line intensity 7(N a)/7(Li) at any 
point is equal to m( 1 +  [LiOH] /  [Li]), with m being an 
easily determined instrument factor. The value of Ke at any 
temperature may be calculated from equilibria data14’15 for 
the dissociation of (a) H20  —► H +  OH, (b) LiOH —*• Li +  
OH. [H20] is sufficiently large in these flames that the 
calculated equilibrium values may be used.

Results and Discussion
[H] Excesses.—Figure 1 is a representative set of 

results for the determination of [H] at numerous 
heights for various mixture strengths on the rich 
side of stoichiometry (mixture strength =  actual 
propane/stoichiometric propane). The flames in 
the set have differing final temperatures but all 
have the same pre-burnt gas flow, 20 l./min. 
Other data at different flow rates showed similar 
form and nature. These fuel-rich flames provide 
the closest approach to isothermicity in the burnt 
gases; the flame with the lowest over-all tempera
ture and smallest numerical gradient (1940- 
1850°K.) over 8 cm. of flame height had a mixture 
strength of 1.65. Small quantities of argon were 
added to the gas supply to obtain the lowest tem
peratures.

Initially [II] is in excess of its theoretical 
value but after a few milliseconds, an almost 
constant minimum value is reached with which 
persists throughout most of the flame’s height. 
The constancy of the steady-state value suggests 
that this is the equilibrium value [H]e. The 
flame front was not ideally flat, having a typical 
“waffle-like” surface and measurements made 
close to the top of the front were scattered and not 
totally reproduceable. Nevertheless, it is evident 
that excesses in [H] are present just entering the 
burnt gases, but these are not large. In the lowest 
temperature flame in the set shown in Fig. 1, 
the value of [H] just above the flame front is 
very close to that of [II]0 while a H2-air flame of 
approximately the same temperature (1800°K.) 
shows2 [H]~30[II]e. A cross comparison of any 
one set of flames in a family at the same height 
illustrates an interesting trend. The relative 
degree of excess in [II] as it leaves the reaction 
zone, as expressed by [H]/[H]e is least for the 
richest of flames and increases as the gas supply 
is made leaner. This is displayed in Table I 
where the above ratio is calculated at the near equiv
alent flame point of 1 cm. for the family in Fig. 
1. This is the direct reverse of the behavior in 
H2-air flames and is in accordance with the ex
pectations of Fenimore and Jones.9

Burnt equilibrium concentrations were ealeu-
(14) B. Lewis and G. von Elbe, “ Combustion, Flames and E xplo

sions of Gases,”  Academic Press, New York, N. Y ., 1951.
(15) H. Smith and T . M . Sugden, Proc. Roy. Soc. {London), A219, 

204 (1953).
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lated by the procedure of Gay don and Wolfhard12 
using our measured temperatures combined with 
their data, and equilibrium constants from Lewis 
and von Elbe.14 The theoretical values, [ H ] t , 
so calculated were of the same order but char
acteristically higher than [H]e. For the family 
in Fig. 1, [H]e =  0.44 [H]x throughout. This is 
not thought to be entirely the result of errors in 
the temperature measurement or in the calibration 
of the optical pyrometer used to measure the 
brightness temperatures of the tungsten strip 
filament. In most flames above, the temperature 
would have to alter by 100°K. in order to close 
the difference. [H]e was, of course, measured 
well up the flame (7 cm.) where shielding by the 
outer flame is least efficient. However, removal 
of the shield leads to erroneously high estimates 
of [H]e. Unshielded low-temperature flames have, 
in fact, shown a minimum in [H] at a point 
well up in the burnt gases. This has been attrib
uted16 to self absorption of the resonance radiation 
at the flame edges, mainly the D-lines. Figure 2 
further argues for the measured value [H]e, 
being accepted as the true equilibrium value. In 
these flames, the variation in [H2] is almost in
significant and the plot of log [H]e against Í / T  is 
reasonably linear and has a slope corresponding 
to an energy of dissociation, II2-*-2H, of 103 kcal./ 
mole.

The results obtained in some leaner flames are 
shown in Fig. 3. These faster burning mixtures 
were visibly inadequately shielded beyond 4 or 5 
cm. above the burner top. Secondary combustion 
with entrained air at the edges caused a peak in 
both temperature and [H] on the rich side of 
stoichiometry. Rather steep temperature gra
dients up these flames brought about a decay of 
[H] beyond about 3 cm. and therefore no level
ling off to a steady-state value was observed. 
Nevertheless, the lean flames do show excesses in 
[H] and these excesses are found to decay at 
similar rates to those in the more isothermal fuel- 
rich flames.

The existence of excesses of carbon-containing 
radicals in the burnt gases of organic flames is a 
matter for conjecture at the moment. The quan
tities of C, CH and C2 required for full equilibrium 
in this region are extremely small, being, respec
tively, some 1012, 1013 and 1023 times smaller than 
[H ]e or [OH]e. An excess of several orders of 
magnitude in any or all of the organic radicals 
would still result in a minute concentration and be 
difficult to detect. There is a suggestion here 
however, that this group and the inorganic group 
OH, H and 0  are closely linked in their primary 
zone reactions. The trend in Table I shows 
that where an excess of organic free radicals might 
be expected to issue forth into the burnt gases 
(high fuel/oxidant ratio), near equilibrium concen
trations of the inorganics H, OH, and 0  are 
actually found. Certain fuel fragments are then 
probably oxidized by OH and O in preference to 
H20, C02 or CO. The work of Fenimore and 
Jones supports the view that CO, in hydrocarbon 
flames, is only formed from the reaction of the

(16) R. Reid, Dissertation, Queen’s University, Kingston, Ontario.

Fig. 2.— A plot of log [H]e against 1/T for the flames in 
Fig. 1.

Height above burner (cm.).
Fig. 3.'—Axial hydrogen atom concentrations in some leaner 

flames.

fuel fragments with members of the species OH, 0  
or H20  and not directly with 0 2, although an oxi
dation with 0 2 cannot be ruled out here if the 
equality of equation 1 is established quickly.

T able  I

[H] E xcesses R elative  to F uel  R ichness
Mixture

(propane/stoichiometric propane) [H]i cm./[H]e
1.65 3.0
1.60 2.4
1.50 5.4
1.40 6.0
1.35 ~ 6 .8

Recombination of Excesses.— In view of the near 
equilibrium values of [H] leaving the reaction 
zone of the very rich flames, it is pertinent to follow 
the decay of any measureable excess as some means 
of confirmation of its existance. Bulewicz, James 
and Sugden2’4 have shown that large excesses in 
[H], and by independent means those in [OH] 
also, decay by three-body collisions in the burnt 
gases of H2-air flames. The system of reactions
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Fig. 4.— The recombination rate of H excesses in a flame 
of pre-burnt ratio (propane/stoichiometric propane) =  
1.35. Times are above the burner top.

H +  H +  X  

H +  OH +  X

7c,
^ ± H 2 +  X (7)
7c-7
A"8

h 2o  +  X (8)
k-s

with X  being predominately H20, its efficiency 
10 times that of either H2 or N2, are by far the 
most important removers of supra-equilibrium 
concentrations. It may be readily shown that

— d[H] 
ch a[H ]2 -  b

where the constants

a

b

2 { h  +  M T2[H20 ] / [ H 2]) 
1 +  K 2[H20 ] / [ H 2]

2 (/c_ 7[H2] +  fc_8[H20]) 
1 +  X 2[H20]/[H 2]

and Ki !_H2] JOH] 
[H20][H ]

and the concentrations of the third-bodies are 
included in the velocity constants. This has the 
solution

t = 1
2(a6)‘A in UH] + (6 /q )V » | 

\ fH] -  (6 /a )1/*)
+  a constant

If — d[H]/di =  0 at t = °=, then (b / a )'/z =  [H]„ 
and (ab)1/2 = a [H ] e. For the decay of the 
very small excesses we measured, it is also neces
sary to measure [lib and treat the data in the 
following manner. Calculate and plot log j ( [H ] +  
[H ]e) / ( [ H ]  — [H b)} against t, which should be 
linear and of slope 0.868 a[H ]e. Such a plot for 
a flame of mixture strength 1.35 and in which t 
has been calculated from experimental rise- 
velocity measurements is shown in Fig. 4. In 
this case, the parameter a  takes the value, 0.59 
X 10~13 cm.3 molecule-1 sec.-1 at 2078°K. 
This is only somewhat lower than the value of the 
over-all recombination parameter 2.0 X 10-13 
measured by Padley and Sugden in Id2 flames at 
2085°K. Furthermore, despite the fact that the 
measurement of a  is subject to largest error in the 
lowest temperature flames where [II]~[H]e, the 
set shown in Fig. 1 displays an increase in a  
as the temperature is lowered (1013 a  takes the 
following values at 2051°, 0.69; 1934°, 0.79;
1890°, 1.11). This similar trend is found in H2 
flames,3'4 and the rates of recombination measured 
here infer that excesses in H, OH and O do exist.

We are indebted to the National Research 
Council of Canada for a grant in aid of this research 
and we are grateful to the Aluminium Laboratories, 
Ltd., Kingston, Ont., for gifts of graded aluminum 
particles.

THE KINETICS OF THE REACTIONS OF AROMATIC HYDROCARBONS 
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Kinetic data are reported for the sulfonation of certain methylbenzenes under conditions where the reaction goes to com
pletion. The data, together with kinetic data for the disulfonation of mesitylene, support the rate law presented in a 
previous paper.

This paper reports the sulfonation of toluene and 
the di- and trimethyl-substituted benzenes which 
under our experimental conditions react completely 
to monosulfonates leaving no residual hydrocar
bon. The rate law

d[ZArS03H] L rA TT1------- ^ -------  = kobs [ArH] (1)

holds for each concentration of excess sulfuric acid, 
and as shown in Fig. 1, a plot of log k ohs vs. stoi
chiometric sulfuric acid concentration is linear over
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the range of acid concentration studied. Table I 
gives the least squares intercepts and slopes from 
which the velocity constants may be calculated.

Table I
Velocity Constants fob the Sulfonation of Methyl- 

benzenes at 12.3°

Hydrocarbon

Range of 
concn. 
H2SO4, 
mole/1. Intercept Slope

Benzene 16.9-15.8 -1 8 .9 5 7 1.3797
Toluene 15.5-14.6 -1 6 .6 0 7 1.3385
p-Xylene 15.2-14.4 -1 6 .3 4 9 1.3600
o-Xylene 15.2-14.2 -14 .2 21 1.2168

Pseudocumene (1,2,4-
methyl) 14.4-13.4 -1 2 .5 1 7 1.1361

m-Xylene 14.4-13.6 -1 2 .3 6 5 1.1286
Hemimellitene (1,2,3-

methyl) 14.4-13.4 -1 0 .8 0 0 1.0296

An examination of the slopes in Fig. 1 and Table 
I shows that the lines are not parallel to the benzene 
line, which means that the relative rates are not 
independent of the sulfuric acid concentration. 
There is not, however, much difference between 
benzene and p-xylene which form only one mono
sulfonate. The other methylbenzenes give a mix
ture of monosulfonates.

Our knowledge of the concentration of molecular 
sulfuric acid in vitriol is limited to the range 15-
18.6 M  at 25° so that the equation of the previous 
paper1

d[2ArS0aH] =  k [HsSOJV lA rH ] x  p
dt chiO ' '

cannot be tested directly. However, a plot of 2 
log [H2S04]sP-  log ctH2o at 25° vs. the stoichiometric 
concentration of sulfuric acid has a slope of 1.13 
which is practically the same as those for log fc0b8 
at 25° vs. stoichiometric sulfuric acid for benzene 
(1.14)1 and toluene (1.17).2

A further indication that equation 2 is the cor
rect kinetic equation is provided by the sulfonation 
of mesitylenesulfonic acid to the disulfonic acid. 
Due to the rapid decrease in the activity of water 
beyond 18 M  the plot of 2 log [H2S04]Sp — log 
omo v s . stoichiometric sulfuric acid rises steeply. 
All of the hydrocarbons themselves sulfonate too 
rapidly for measurement in this range, but mesity
lenesulfonic acid, which desulfonates below 15 M  
H2S04, forms the stable disulfonic acid at 18.51 M ,  
the half-time being 383 minutes. At 18.55 M , the 
halftime is 28 minutes which illustrates the steep
ness of the curve. Figure 2 shows this relationship 
graphically, the line for the sulfonation of benzene 
being included for reference. The data are pre
sented in Table II. The velocity constant re
corded as fc0bs is the first-order constant calculated 
using decadic logarithms, i .e ., 0.4343 times the 
true constant. The inconsistencies in the table arc 
not due to the kinetic measurements, but to the 
difficulty in determining the acid concentrations in 
the narrow range of concentration employed.

The graph shows that the fine log (/c0bS X 106) vs.

(1) M. Kilpatrick, M. W. Meyer and M. L. Kilpatrick, J. Phys- 
Chem., 64, 1433 (1960).

(2) C. Eaborn and R. Taylor, J. Chem. Soc., 1480 (I960).

Fig. 1.— The sulfonation of methylbenzenes at 12.3°, 
log (fcoba X 106) vs. molarity sulfuric acid: O, benzene;
□ ,  toluene; A , p-xylene; © , o-xylene; 0 ,  pseudocumene; 
0 ,  m-xylene; V , hemimellitene.

Fig. 2.— 2 log [HiSOilsn — log omo at 25° vs. molarity 
sulfuric acid: O, log koba for sulfonation of benzene at 25°, 
c =  8; A , log k0b„ for sulfonation of mesitylenesulfonic acid 
at 12.5°, c =  10.

mole %  S03 is extremely steep. Least squares 
treatment gives

log Oobs X 106) =  -216.286 +  4.457 [mole % SOs] 
or in terms of molarity

log (koba X  106) =  —690.04 +  37.42 [molarity H2S04]

In the acid region 49.1 to 49.5 mole %  S03, the 
value of [H2S04]Sp varies from 17.80 to 18.20 moles/ 
1, that is, it remains essentially constant. A test of 
equation 2 would be, therefore
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Table II

Sulfonation of M esitylenesulfonic Acid in H2S04 at 
12.5°

Mole % SO3 h o b s  X 1 0 4, min. 1 Half-time, min.

4 9 .4 5 107 28
4 9 .4 2 169 18
4 9 .2 6 2 2 .2 136
4 9 .2 8 7 . 3 8 408
4 9 . 1 0 7 . 8 5 383
4 9 .3 2 120 25
4 9 .2 0 6 .2 2 484
4 9 .2 9 1 4 . 2 212

4 9 .2 4 1 0 . 2» 295

° The hydrocarbon was used as the starting material.

koba X Ohio =  constant

The values of an2o for sulfuric acid solutions as 
given by Giauquc and co-workers3 are not experi-

(3) W. F. Giauque, E. W. Hornung, J. E. Kunzler and T. R. Rubin, 
J. Am. Chem. Soc., 82, 62 (1960).

mentally defined in the acid region 49.1 to 49.5 mole 
%  S03, so that no more than a qualitative agree
ment can be obtained. From 48.7 mole %  SO3 to
50.0 mole %  S03, the decrease of aH2o is of the order 
of 103; /cobs, therefore, must rise steeply with the 
mole fraction of S03, which it does, confirming 
qualitatively the rate equation found valid for the 
monosulfonation of benzene at lower sulfuric acid 
concentrations.1

Since the isomer distribution for the sulfonation 
of toluene is somewhat sensitive to the ratio of 
toluene to acid, and to temperature,4 it does not 
appear worthwhile to include calculations of the 
partial rate factors.
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k\ &2
The rate of the reaction II +  N( >2----->  NO +  O il has been measured relative to that of II -f- Cl2---- >- IIC1 +  Cl in a sys

tem containing Hj, Cl2 and N 02. In the temperature range between 500 and 540°Iv. the ratio fa/fa is given by the expres
sion fa/fa =  2.6 X e3130,t. Therefrom the value for fa is found to be 1013-6 cc./mole sec. The rate is independent of tem
perature in the region 500 to 540°K. and corresponds to a collision efficiency of about 1 in 20.

Introduction
Molecular hydrogen and nitrogen dioxide react 

at a conveniently measurable rate at moderate tem
peratures. Recent studies2'3 revealed that the 
kinetic mechanism probably involves the reaction

fa
H +  NO* — >- NO +  OH (1)

Although the system of reactions is too complicated 
for determination of individual rate constants, the 
rate constant k\ may be indirectly measured by 
comparison with the known rate constant for the 
reaction

H +  X 2 -— >- H X +  X  (2)

where X 2 is either Br2 or Cl2.
Under conditions where N 02 does not interact 

with X 2 or with the products of the reactions, the 
comparison may be made in the following way. 
The molecules N 02 and X 2 each react directly or 
indirectly with H2 to produce hydrogen atoms. 
For long reaction chains resulting from the hydro
gen atoms so produced, the ratio k i/ k 2 is given by

(1) Sponsorship of this work by the Physical and Biological Sci
ences Division of Stanford Research Institute is gratefully acknowl
edged.

(2) W. A. Rosser, Jr., and H. Wise, J. Chem. P h y s 26, 571 (1957).
(3) P. A. Ashmore and B. P. Levitt, Trans. Faraday Soc., 53, 835 

(1956).

fa = At v JXO m
fa d . (NO,) W

-  At {Xa)
and can be determined by experimental measure
ment of the pertinent quantities. Also, since fc2 is 
known for both Cl2 and Br2, k i may be obtained.

Experimental
The apparatus used in this kinetic study has been described 

in a preceding publication.4 The essential elements of the 
system are: (a) a quartz reaction vessel housed in a cylindri
cal resistance furnace; (b) a tungsten lamp; (c) a Beckman 
DU monochromator to select light of the desired wave length, 
whose intensity is detected by a photomultiplier tube and 
displayed on a recording instrument.

In order to obtain temperature uniformity within the reac
tion vessel, the furnace was heated by four separate resist
ance-windings, each independently regulated by hand ad
justment of a variable voltage-supply. Further, the reac
tion vessel was housed within a heavy-walled, aluminum 
liner.

Initial experiments were made with the three-component 
system H2-N 0 2-B r2. However, it was found that NO. 
reacts rapidly with HBr, the product of the reaction between 
II atoms and Br2. Consequently, no HBr accumulates in 
the system until N 0 2 has disappeared. The essential features 
of the kinetics of the N 0 2-H Br reaction have already been 
reported.5 The analogous reaction between N 0 2 and HC1 
was also studied5 and found to be slow enough to neglect.

(4) W. A. Rosser, Jr., and H. Wise, .7. Phys. Chem., 63, 177)3 (1959).
(5) W. A. Rosser, Jr., and H. Wise, ibid. 64, 002 (1900).
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The present study is therefore concerned with the system 
H2-C12-N 0 2.

The initial concentrations of each reactant and the tem
perature of reaction wore varied in the indicated ranges:
(N 0 2)¡ from 3 X 10“8 to 8 X  IO '8 moles/cc.; (Cl2)¡ from 
7 X  10 8 to 2 X  10 7 moles/cc.; (H2)¡ from 2 X  10-7 to 6 X 
10~7 moles/cc.; ratios (C12)í/ (N 0 2)¡ from 1 to 4; and tempera
ture from 500 to 540°K. Commercial N 0 2, Cl2 and H2j ob
tained from the Matheson Co., Inc., were used in all experi
ments . Prepurified H2 was used as supplied. Chlorine was 
used after removal (by vacuum distillation) of impurities 
non-condensable at the temperature of liquid nitrogen.
The traces of NO present in commercial N 0 2 were con
verted to N 0 2 by dry 0 2 and the excess 0 2 subsequently re- A'X 
moved by vacuum evaporation at the temperature of liquid 
nitrogen.

The rate of reaction in the system H2-C12-N 0 2 may be 
conveniently measured by optical means inasmuch as both 
N 0 2 and Cl2 absorb light in the visible or near ultraviolet 
region of the spectrum. At any wave length X in this region 
the rate of change of the optical density may be represented 
by the equation

( -  log T\) =  ax(Ñ 02) +  /3x(C12) (4)

where T is the optical transmission, and the dot represents 
time derivatives. Measurements at two suitable wave 
lengths are necessary in order to solve for (Ñ 0 2) and (Cl2).
In these experiments the two wave lengths chosen were 4200 
and 3300 A. The relevant absorption constants ax and 
fix were determined empirically at the temperature of opera
tion. At 4200 A . the ratio d « / « «  «  2 X  10“ 2. Conse
quently, for comparable concentrations of Cl2 and of N 0 2, 
the Cl2 contributes only slightly to the total optical density.
At 3300 Á. the ratio of (W«33 ~ 7A  and both Cl2 and N 0 2 
contribute to the optical density.

Results
In all experiments reaction was initiated by add

ing an excess of H2 to the reaction vessel already 
containing the other reactants, N 02 and Cl2. 
During the course of reaction the optical density 
was measured at one or the other of the two moni
toring wave lengths, 4200 or 3300 A. Two or 
three duplicate experiments were carried out at 
each monitoring wave length.

A comparison of the results of separate but 
identical experiments was complicated by the fol
lowing two factors. The admission of H2 to the 
reaction vessel created an optical disturbance, 
associated with mixing, which required up to 
twenty seconds to subside. Moreover, the onset of 
reaction was frequently preceded by an induction 
period of short but variable length. For each 
experiment the experimental procedure required 
that a virtual time origin be established in such a 
manner that the effects of induction and mixing 
had been eliminated. For this purpose various 
simple functions of the optical density, ( — log 7\), 
such as —log T \ , (—log 7’x)'A, and log (—log 
Tx), were plotted ve rsu s  time and the one selected 
which appeared to vary linearly during the course 
of reaction. By linear extrapolation of this func
tion to its initial value a virtual time origin was 
established. An example of the procedure is shown 
in Fig. 1.

During the course of each experiment the time 
derivatives, ( — log Tx), were determined graphi
cally at various time intervals. The maximum ex
tent of reaction corresponded to about 25% reac
tion. At each wave length the results of duplicate 
experiments were averaged. Finally, the two equa
tions of the type shown in eq. 4 were solved for

( ARBITRARY ORIGIN ).

Fig. 1.—Example of method used to determine virtual 
beginning of reaction.

(NO2) and (CI2) at various values of the reaction 
time.

Solution of eq. 3 involves the ratio (Cl2)/(N 0 2), 
which changes during the course of reaction. For 
long reaction chains the cited ratio may be cast in 
the form

. (C1d . =  i S M -  e(fe2/*x— 1) In i(N02)/(NO!)i] (5)
(n o 2) (n o 2;,

Equation 5 may be substituted in eq. 3 to give

h  =  .(C.hlL e(ki/ki -1 )  In [(NOs) /(N 0 2) i] (6)
kl (Cl2) (NOd !

Equation 6 is a convenient expression for fci/fc2 be
cause the absorption by NQ2 at 4200 A. is much



534 T. P. Y in, S. E. Lovell and J. D. Ferry Vol. 65

greater than that by Cl2. Consequently, —log 
P42 ~  a42(N0 2) and

(N O ;) —log Tg  .
(N 0 2) l ( - l o g  r « ) j  'r  l '

where the small correction factor 5 can be evaluated 
with acceptable accuracy from the initial reaction 
conditions. Equation 6 may be finally solved by 
iteration, using the initial reactant concentrations, 
the experimental values of (N02) and (CL), eq. 7, and 
a preliminary value of h / k 2. A preliminary value 
can be determined from eq. 6 by ignoring the expo
nential term. In this way k i/ k 2 was obtained for 
each set of reaction conditions at the various 
selected values of reaction time. No systematic 
variation in h / k 2 with time was observed. The 
ratio h / lc 2, obtained as described, was found to be 3 
±  3/ i  for all experimental variables in the ranges 
cited earlier. In particular, the temperature varia
tion of h / k 2 in the temperature range 500 to 540°K. 
is less than the limits of error given above.

A temperature coefficient for k i/ k 2 was obtained 
by using only the results of experiments in which 
the initial ratio (CL)i/(N02)i was about 3, and 
(NCDi ~  5 X 10_s moles/cc. These concentrations 
resulted in comparable rates of disappearance of 
N 02 and Cl2, and were chosen with the intention of 
minimizing experimental error. The results of 
experiments which satisfied the above restrictions 
are shown in Fig. 2. The estimated limits of error 
are shown by the symbols used in the figure. The 
data were fitted visually by a straight line which 
corresponds to the Arrhenius equation

^  =  2.63 X  e3lwiRT (8)
K2

The individual rate constants fci and k 2 may be 
represented by eq. 9 and 10

h  =  A 1e-Q'"tT (9)
fe =  A2e ^ ' RT (10)

Theneq. 8 implies that Ai/A2 = 2.63 and Q2 — Qi = 
3130 cal. It is known6 that Q2 lies between 2 and 3 
kcal., consequently one obtains Qi ~  0 kcal. and 
Ai/A* =  2.6.

An explicit expression for k2 has been reported7 
which in conjunction with eq. 8 leads to the value 
k i =  1013-5 cc./mole sec. in the temperature range 
500 to 540°K. This value for h  corresponds to a 
collision efficiency of about 1 in 20. The results are 
consistent with the fact that reaction 1 involves two 
free radicals and may be expected to proceed at a 
rate comparable to the collision rate.

The procedure used in deriving ki/k2 is critically 
dependent on the assumption that the reaction 
chains are long. For the two-component system 
H2-CL such a condition undoubtedly obtains. In 
the case of the system H2-N 0 2 the reaction chains 
are probably shorter than in the case of the system 
H2-CL. The ternary system H2-C L-N 02 would 
be expected to involve chain lengths intermediate 
between the values for the individual binary sys
tems. Very long chain lengths for H2-C12 will con
sequently tend to validate the method used in our 
calculations of ki/k2.

(6) A. F. Trotman-Dickenson, “Gas Kinetics,” Butter worths, Lon
don, 1955, p. 185.

(7) M. Bodenstein and W. Jost, “Katalyse bei Iiomogenen Gas 
Reaktionen,” Handbuch der Katalyses (ed. G. M. Schwab) Springer- 
Verlag, Vienna, Vol. I, 1941, p. 301.

VISCOELASTIC PROPERTIES OF POLYETHYLENE OXIDE IN THE
RUBBER-LIKE STATE*
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The viscoelastic properties of a sample of polyethylene oxide, molecular weight 1.15 X  104, have been studied in the 
rubber-like state above the melting point. The real and imaginary parts of the complex compliance were measured be
tween 0.04 and 1000 cycles/sec. in the temperature range from 68 to 120°; the creep compliance was measured at 80 to 
100°, including creep recovery at 100°. The method of reduced variables gave superposed curves for all the data with 
shift factors which followed the Arrhenius equation with an activation energy of 11.7 kcal./mole. The creep was repre
sented by the Andrade equation with an additional term for steady-state flow, from which the steady flow viscosity was 
calculated. The relaxation and retardation spectra comprised the plateau and terminal zones. The average spacing be
tween coupling entanglement points was estimated in two ways to be about 200 chain atoms, of normal magnitude. How
ever, the extremely wide plateau of the relaxation spectrum indicates that the entanglements are unusually tight. Since the 
transition zone lies at shorter times than those covered in the present experiments, the logarithm of the monomeric friction 
coefficient at 100 0 must be less than — 6.4.

Introduction
Most investigations of time-dependent mechani

cal properties of amorphous polymers have been 
confined to polyvinyl derivatives whose chain back“ 
bones consist solely of carbon atoms and carry 
pendant side groups; The present study is com 
cerned with polyethylene oxide, whose repeating

* Part X X X IV  of a defies on Mebhaniool Properties of Sub
stances of High Moleoulfti1 Wilighti

unit is -CH 2-CH2-O -. The expectation of a high 
degree of mobility in configurational rearrange
ments, due to the oxygen chain atoms and the ab
sence of side groups, has been confirmed. Measure
ments on the amorphous polymer were limited to a 
temperature range between 65 (the melting point) 
and 120° (where degradation set ill if the experi
ments continued more than a day). At the lowest 
température and highest frequency of measure
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ment (1000 cycles/sec.), the transition zone between 
rubber-like and glass-like consistency was not 
reached. However, the measurements served to 
define the viscoelastic properties in the rubber-like 
plateau and terminal zones.

Material and Methods
The polymer was kindly furnished by Dr. F. E. Bailey of 

Union Carbide Chemicals Company.1 It was a specially 
selected sample (138,541-6307) with a viscosity-average 
molecular weight of 1.15 X  10s as estimated from the in
trinsic viscosity in water at 30°, [77] =  1.11, using the equa
tion of Bailey, Kucera and Imhof.2 The melting point was 
determined by observation under a microscope to be 65°, the 
density of the amorphous polymer at 70° was 1.077 g./m l., 
and the thermal expansion coefficient was 6.2 X  10-4 deg.” 1.

The granular polymer was dried in vacuo for 5 weeks at 
room temperature. Samples for mechanical measurements 
were molded at 78° and annealed for about 3 hours at 70°. 
To avoid oxidative degradation, which can be rapid at higher 
temperatures, all measurements were made in a continuous 
stream of nitrogen. In the Fitzgerald-Ferry transducer 
apparatus,3 the level of oxygen was thus reduced to < 0 .01% , 
the limit of detection by a Beckman Oxygen Analyzer. In 
the Plazek torsion pendulum,4 the removal of oxygen was 
less effective. However, the condition of each sample was 
monitored by repeated check runs, and if there was any 
evidence of degradation (to which the loss tangent is quite 
sensitive5) the data were rejected.

The Fitzgerald-Ferry transducer3 was used for measure
ments between 24 and 1000 cycles/sec., the upper limit being 
curtailed by the driving tube impedance with this very 
compliant material. Since the last description of the instru
ment,6 an improved driving tube as described by Fitz
gerald’  had been installed. Three pairs of disc-shaped 
samples were employed. Samples 120, 5/16 in. diameter by 
1/8 in. thick, were measured successively at 67.9, 73.1, 77.8,
82.7, 67.9 and 65.0°; samples 123, 11/16 in. by 1/8 in., at 
80.5, 82.7, 88.9 and 80.5°; and samples 124, 11/16 in. by 
1/32 in., at 88.9, 100.0, 110.7 and 11.9°. Values of the 
components of the complex compliance, J' and J " ,  agreed 
very well for 123 and 124 at the overlapping temperature. 
Those for 120 were higher by about 11%; the discrepancy 
was attributed to an error in the sample coefficient due to a 
slight bulging, and the data were corrected by a constant 
factor in the customary manner.3

The Plazek torsion pendulum4 was used for measurements 
between 0.04 and 2.5 cycles/sec. Two disc-shaped samples 
were employed. Sample 45, 3 /4  in. diameter by 5/16 in. 
thick, was measured successively at 68.6, 73.1, 77.8, 82.6,
88.8, 100.1 and 73.1°. Sample 48, 5/16 in. by 3/16 in., was 
measured at 88.8, 100.9, 110.5,120.0 and 88.8°. The values 
of the storage modulus, G', were all about 13% lower for 
sample 48 at overlapping temperatures; since this sample 
showed a slight distortion in shape, the latter data were cor
rected by a constant factor to bring them into agreement with 
those of sample 45.

The torsion pendulum was also used for creep measure
ments at 80.5, 88.8 and 100.0° up to 6.3 hr., with creep 
recovery at 100.0°. The sample had the same dimensions 
as sample 45; when dynamic measurements at low fre
quencies were converted to creep compliance by the approxi
mation method of Ninomiya and Ferry,8 the values agreed 
closely at overlapping times, so no empirical corrections were 
applied to the creep data.

Results
The creep compliance at three temperatures is

(1) F. N. Hill, F. E. Bailey, Jr., and J. T. Fitzpatrick, Ind. Eng• 
Chem., 50, 5 (1958).

(2) F. E. Bailey, Jr., J. L. Kucera and L. G. Imhof, J. Polymer Sci., 
to be published.

(3) E. R. Fitzgerald and J. D. Ferry, J. Colloid Sci., 8, 1 (1953).
(4) D. J. Plazek, M. N. Vrancken and J. W. Berge, Trans. Soc. 

Rheology, 2, 39 (1958).
(5) H. Hogberg, S. E. Lovell and J. D. Ferry, Acta Chem. Scand., 14, 

1424 (1960).
(6) D. J. Plazek, W. Dannhauser and J. D. Ferry, J. Colloid Sci. (in 

press).
(7) E. R. Fitzgerald, J. Chem. Phys., 27, 1180 (1957).
(8) K. Ninomiya and J. D. Ferry, J. Colloid Sci., 14, 36 (1959).

Fig. 1.— Creep compliance plotted logarithmically at 
(top to bottom) 100.0, 88.8 and 80.5°. Black circles cal
culated from creep recovery by equation 1.

plotted logarithmically in Fig. 1. The recovery 
measurements were converted to creep by the equa
tion

J{t) = U t )  +  J(t -  e) (i)

where 6 is the time of load removal and J T(t) is the 
creep compliance measured during recovery at a 
time t elapsed since the load was first applied. 
Where this calculation almost overlaps the part of 
the curve directly measured, it provides a test of 
the Boltzmann superposition principle, and beyond 
this it gives an extension of J  (¿) somewhat beyond 
the longest times of direct measurement.

To save space, the original dynamic data are not 
reported, but only after reduction to a reference 
temperature of 100° by the method of reduced 
variables.9 The reduced compliances ./ 'p ( =  
J ’ T  p / T 0 p0, where p and p0 are the densities at T  
and at the reference temperature T0), J " p, and 
Jp(f) could be superposed with the customary shift 
factors ot- The temperature dependence of ot did 
not follow the WLF equation,9 however, but rather 
an equation of the Arrhenius form

log aT =  (A /ia/2 .303i?)(r -  r 0) / r r 0 (2)

with AHa =  11.7 kcal./mole. This is not surprising, 
since the WLF equation is expected910 to be re
placed by the Arrhenius equation at temperatures 
far above the glass transition temperature T s . 
Although T r is probably inaccessible experimentally 
because of the high degree of crystallinity below 
the melting point, ir. principle it must lie far below 
the temperature range of the present measurements. 
The magnitude of AH a is entirely reasonable com
pared with those of other polymers at elevated 
temperatures.

The reduced dynamic data are shown in Fig. 2, 
covering a frequency scale of about 5 logarithmic 
decades. The reduced creep compliance is plotted 
in Fig. 3. Interpolated values are listed in Table 
I. Here the units of w are rad/sec.; t, sec.; and 
J ' ,  J " ,  J ( t ) ,  cm.2/dyne.

(9) M. L. Williams, R. F. Landel and J. D. Ferry, J. Am. Chem. Soc., 
77, 3701 (1955).

(10) F. Bueehe, J. Chem. Phye., 30, 748 (1959).
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Fig. 2.—Real ( / ' )  and imaginary (J " )  parts of the complex compliance of polyethylene oxide, plotted logarithmically 
against circular frequency after reduction to a reference temperature of 100° by equation 2. Points left of 2 on abscissa 
scale are from torsion pendulum measurements; right of 2, from transducer measurements. Pips denote ten different 
temperatures from 65.0 to 120.0°.

T able  I

D ynam ic  and  C reep C ompliances R educed to  100°
log 01 log J' log J " log t log m
- 1 -6 .5 8 -6 .9 2 1 .0 -6 .5 2

0 -6 .7 3 -7 .2 9 2.0 -6 .0 9
1 -6 .8 3 -7 .5 8 3.0 -5 .4 6
2 -6 .9 2 -7 .8 3 4.0 -4 .6 1
3 -7 .0 3 -8 .0 2 4.5 -4 .1 2
4 -7 .1 0 -7 .8 3

Discussion
Analysis of Creep and Flow.— For certain poly

mers of very high molecular weight, Plazek6’11 has 
shown that the creep at long times can be described 
by the equation

J { t )  =  j g  +  M i l )  +  /SPA +  t/ r i (3)

where p  is the Andrade coefficient and 77 the steady 
flow viscosity. The first two terms are negligible 
in the range of very long times where equation 3 
can be profitably used to estimate t) even if steady- 
state flow has not quite been attained. Plots of 
J (f) against ¿I/i gave short linear segments followed 
by upward divergence due to the i/77 term; from 
the linear segments, /3 was roughly estimated to be 
0.90, 1.71 and 13.9 X 10~7 cm.2 dyne-1 sec.~I/3 at
80.5, 88.8 and 100.0°, respectively. Plots of J ( t )  — 
&tl/' against t were then found to be accurately 
linear, as shown in Fig. 4, and from their slopes 77 
was calculated to be 12.4, 8.8 and 5.1 X 10s poises,

(11) D. J. Plazek, J. Colloid Sci., 18, 50 (1960).

respectively, at the three temperatures given. The 
temperature dependence of 77 is in excellent agree
ment with equation 2, further confirming the value 
chosen for A //a.

Relaxation and Retardation Spectra.—The re
tardation spectrum L was calculated from J '  and 
J "  by the Williams-Ferry approximation12 except 
for a region near log u> =  0, where the Schwarzl- 
Staverman13 and Fujita14 approximations were 
employed, as described in previous publications.16 
From creep, L  was calculated by a modified equa
tion of Schwarzl and Staverman in which subtrac
tion of the flow contribution is unnecessary.15 To 
calculate the relaxation spectrum H , the complex 
compliance was first converted to the complex 
modulus by the usual reciprocal relationship, and 
the creep data were converted to the stress relaxa
tion modulus G (t) by the approximation given by 
Smith16

G{t) =  (sin mir)/mirJ{t) (4)

where m  is the slope of log J  (t) vs. log t. Then the 
Williams-Ferry approximations11 were applied to 
G ',  G "  and G (t).

(12) M. L. Williams and J. D. Ferry, J. Polymer Sci., 11, 169 
(1953).

(13) F. Schwarzl and A. J. Staverman, in H. A. Stuart, “Die Physik 
der Hochpolymeren,” Vol. IV, Springer, Beilin, 1956, p. 44.

(14) H. Fujita, J. Appl. Pkys., 29, 943 (1958).
(15) 3. W. Berge, P. R. Saunders and J. D. Ferry, J. Colloid Sci.. 14, 

135 (1959).
(16) T. L. Smith, Trans. Soc. Rheol., 2, 131 (1959).
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2  3  4
l o g  t / a _  .

Fig. 3.— Data of Fig. 1 reduced to 100.0° by equation 2.

Values of log H  and log L  are given in Tables II 
and III and plotted in Fig. 5. The agreement 
between calculations from different experimental 
sources is in most cases very good. The relaxation 
spectrum, unfortunately, does not extend to short 
enough times to enter the transition zone where the 
monomeric friction coefficient can be calculated by 
the Rouse theory.17 It exhibits a remarkably long 
plateau zone for such a moderate molecular weight, 
indicating strong coupling of the type described as 
long-range entanglement,18 followed by the terminal 
zone which normally accompanies the onset of flow. 
The retardation spectrum passes through a maxi
mum in the terminal zone. This is not the maxi
mum associated with the entanglement network, 
from the location of which the spacing between 
coupling points can be calculated by the theory of 
Marvin19'20; the network maximum in L  normally 
appears at the bottom of the transition zone in H  
and must be to the left of the logarithmic time scale 
encompassed by these experiments.

Spacing between Entanglement Points.—The 
average molecular weight between entanglement 
points, M e, can be estimated from the present data 
in two ways.

In the plateau zone, the loss tangent (tan 5 =  
J " / J ' )  passes through a distinct minimum as a 
function of either frequency6 or temperature,21 and

(17) J. D. Ferry and R. F. Landel, Kolloid-Z., 148, 1 (1956).
(18) J. D. Ferry, R. F. Landel and M . L. Williams, J. A p p l. Phys., 

26, 359 (1955).
(19) R. S. Marvin, in J. T. Bergen, “Viscoelasticity-Phenomenologi

cal Aspects,” Academic Press, New York, N. Y., 1960, p. 27.
(20) T. P. Yin and J. D. Ferry, J .  Colloid Sci., (in press).

T a b l e  II
R e l a x a t i o n  a n d  R e t a r d a t i o n  S p e c t e a  R e d u c e d  t o  1 0 0 ° ,  

f r o m  D y n a m i c  M e a s u r e m e n t s

■log H--------- * /-------------- log Lr
lo g  r lo g  G’ f r o m  < ?" f r o m  J' f r o m  J "
- 4 . 0 5 . 8 4 5 . 9 4 - 8 . 2 5 - 8 . 2 0

- 3 . 5 5 . 9 2 5 . 7 9 - 8 . 1 9 - 8 . 2 4

- 3 . 0 5 . 8 8 5 . 7 7 - 8 . 1 5 - 8 . 2 6

- 2 . 5 5 . 8 2 5 . 8 2 - 8 . 0 2 - 8 . 1 9

- 2 . 0 5 . 8 2 5 . 8 0 - 7 . 9 7 - 8 . 0 7

- 1 . 5 5 . 8 0 5 . 8 0 - 7 . 9 1 - 7 . 9 5

- 1 . 0 5 . 8 3 5 . 8 3 - 7 . 8 8 “ - 7 . 8 6 1

- 0 . 5 5 . 8 9 “ 5 . 9 0 6 —  7 . 7 1 “ —  7 . 7 2 6

0 5 . 9 0 “ 5 . 9 3 * - 7 . 6 3 “ - 7 . 6 0 6

0 . 5 5 . 9 2 “ 5 . 9 8 6 - 7 . 4 3 “ - 7 . 4 2 4

1 .0 5 . 9 0 5 . 9 7 - 7 . 3 3 - 7 . 2 4

“ From Schwarzl-Staverman approximation. b From 
Fujita approximation.

T a b l e  III
R e l a x a t i o n  a n d  R e t a r d a t i o n  S p e c t r a  R e d u c e d  to 1 0 0 ° .  

from C r e e p  M e a s u r e m e n t s

l o g  T lo g  H l o g  r l o g  L

1 . 6 5 . 9 0 0 . 8 - 7 . 3 5

2 . 1 5 . 7 0 1 . 3 - 7 . 1 4

2 . 6 5 . 3 6 1 . 8 - 6 . 8 3

3 . 1 4 . 9 3 2 . 3 - 6 . 5 3

3 . 6 4 . 4 2 2 . 8 - 6 . 4 3

3 . 3 - 6 . 5 1

3 . 8 - 6 . 5 9

the depth is sensitive to the ratio M / M e. From 
the theory of Marvin,19 the relation can be approxi-

(21) W. P. Cox, R. A. Isaksen and E. H. Merz, J. Polymer Sci., 44,
149 (1960).
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Fig. 4.— Linear creep plots after subtraction of Andrade 
contribution to determine viscosity.

Fig. 5.— Relaxation (H ) and retardation (L) spectra re
duced to 100°. Points top black, from G' or J'\ bottom 
black, from G "  or crossed, from creep.

mated6 by
tan S =  1.02(At/2Aie)“ 0-80 (5)

for a polymer of uniform molecular weight. The 
loss tangent calculated from the data of Table I 
passes through a minimum of 0.10 at log cu =  2.9. 
Assumption of a uniform molecular weight of 1.15 
X 106 thus gives M e =  3200. Molecular weight 
distribution would imply6.21 a lower value of M e.

A rough estimate can also be made from the 
magnitude of J '  in the plateau region, which is 
about 10~7 cm.2/dyne, using the theory of rubber
like elasticity for cross-linked networks. The re
sult is M e =  3100, in fortuitously good agreement.

A molecular weight of 3000 between entangle
ment points corresponds to approximately 200 
chain bonds per network strand. This may be 
compared with values of 130 to 500 for Hevea 
rubber, 250 to 400 for polyisobutylene, and 200 to 
600 for polystyrene, the ranges depending on the

method of estimation.22 Thus the spacing appears 
to be of normal magnitude though relatively small.

Terminal Relaxation Time and Plateau Width.—
From the measured viscosity and molecular weight, 
the terminal relaxation time of the Rouse theory 
can be calculated as n =  6 r¡M / ir2p R T  =  1.08 X 
103 sec. This conforms to the steep drop in H  seen 
in Fig. 5 in the neighborhood of log r = 3, and indi
cates that the relation of n to j? is normal. How
ever, both ti and r¡ are very mugh higher than would 
be expected for a polymer with this molecular 
weight whose transition zone lies so far to the left 
on the time scale.

The preceding statement is equivalent to saying 
that the plateau zone is abnormally broad. From 
Fig. 5 there are evidently at least 7 logarithmic 
decades between the regions of the transition and 
terminal zones where the slope of H  with logarithmic 
coordinates reaches — 1/z. The width calculated 
from the formula18 A = 2.4 log ( M / 2 M e), which is 
satisfactory for several vinyl polymers,22 is only
3.0 decades. It would appear that the entangle
ments in polyethylene oxide, though relatively 
normal in spacing, are unusually tight, correspond
ing to a very low slippage factor in Bueche’s pic
ture23 of entanglement coupling. Such abnormally 
tight coupling has also been postulated in aqueous 
solutions of a styrene-maleic acid copolymer24 and 
demonstrated in polydimethyl siloxane6 of very 
high molecular weight, though it is unlikely that the 
same mechanism can account for all cases. It 
seems evident that there are types of widely spaced 
intermolecular coupling intermediate in character 
between the entanglement coupling described by 
Bueche23 and permanent cross-links.

Failure to reach the transition zone makes it 
impossible to calculate the monomeric friction 
coefficient fo in the usual manner.17.18 It cannot be 
obtained either by the indirect procedure recently 
used for polydimethyl siloxane of intermediate 
molecular weights,6 because of the abnormal char
acter of the entanglement coupling. An upper limit 
for log Li based on the position of H  in Fig. 5 would 
be —6.4 at 100°, corresponding to the monomer 
unit -CH 2-CH2-O (units dyne-sec./cm.2). This is 
comparable with that of —6.8 for Hevea rubber22 
and —7.3 for polydimethyl siloxane6 at 25°, and 
reflects a high degree of local chain mobility.
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(22) J. D. Ferry, “ Viscoelastic Properties of Polym ers,”  John 
Wiley and Sons, New York, N, Y ., 1961, Chapter 13.

(23) F. Bueche, J. Chem. Phya., 20, 1959 (1952).
(24) G. E. Heckler, T. E. Newlin, D . M . Stern, R. A. Stratton, J. R . 
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The interaction between tri-n-butyl phosphate2 and mono-( 2-ethylhexyl )-phosphoric acid3 was investigated. The 
method of continuous variations utilizing changes in infrared absorption and changes in the freezing point depression of the 
mixtures was used. Isopiestic measurements also were made. Results gave evidence that an association product had re
sulted at a ratio of 2 moles of TBP per hexamer unit of H2MEHP.

Several new terms have recently appeared in 
the solvent extraction literature such as: “syner
gism” and “antisynergism. ” The term “syner
gism” pertains to an enhancement of the extrac
tion of a cation from an aqueous phase by a mix
ture of solvents (generally a neutral and an acidic 
organophosphorus compound); the mixture giv
ing better extraction than either solvent alone. 
“Antisynergism” would be the reverse of this. 
Such an antisynergistic effect is observed for the 
extraction of Np(IV) and Th(IV) into H2MEHP 
when TBP is added.4 The purpose of the present 
study was to determine the nature of the inter
action between TBP and H2MEHP, and this has 
been accomplished by the use of several techniques 
including infrared studies, cryoscopic studies and 
isopiestic measurements. Baes5 has similarly stud
ied the interaction of bis-(2-ethylhexyl)-phosphoric 
acid and tri-n-octylphosphine oxide in n-octane. 
Our laboratory is presently investigating other 
interactions which give both synergistic and anti
synergistic effects in the solvent extraction of 
various cations.6 7 8 9 Other laboratories7-9 have simi
larly been engaged in a study of these effects.

Experimental
The infrared studies were made with a Beckman IR-4 

spectrophotometer. The method of continuous variations10 
was used. Beer’s law was found to hold in the concentra
tion ranges used in this study (2 il/ =  0.075 and 0.10 M ). 
“ Spectral Grade”  cyclohexane from Fisher Scientific Co. 
was used throughout the investigation.

For the freezing point studies “ Spectral Grade”  benzene 
was used (Eastman Organic Chemicals Co.). The method 
of continuous variations was again employed.

Molecular weight determinations were obtained by 
the Signer method11 of isothermal distillation, and by iso
thermal distillation in an evacuated chamber.12 The sol
vents employed in these associafcon studies, in addition to

(1) Based on work performed under the auspices of the U. S. Atomic 
Energy Commission. Presented at 138th American Chemical Society 
Meeting, New York, September 12—16, 1960.

(2) Henceforth abbreviated as TBP.
(3) Henceforth abbreviated as H2MEHP.
(4) D. F. Peppard, G. W. Mason and R. J. Sironen, J. Inorg. Nucl. 

Chem., 10, 117 (1959).
(5) H. T. Baker and C. F. Baes, Jr., USAEC Unclassified Document, 

ORNL-2443 (1957); 2486 (1957); 2451 (1957); 2737 (1959).
(6) D. F. Peppard, unpublished data.
(7) H. Irving and D. N. Edgington, Proc. Chem. Soc., 360 (1960).
(8) C. A. Blake, D. E. Horner and J. M. Schmitt, USAEC Unclassi

fied Document ORNL-2259 (1959).
(9) J. Kennedy, U.K.A.E.A., Doc. No. AERE C/M  369 (1958).
(10) P. Job, Ann. Chim., [10] 9, 113 (1928).
(11) E. P. Clark, I n d . Eng. Chem., Anal. Ed., 13, 820 (1941).
(12) J. E. Morton, A. D. Campbell and T. S. Ma, The Analyst,

78, 722 (1953); G. Scatchard, W. J. Hamer and S. E. Wood, J. Am. 
Chem. Soc.. 60, 3061 (1938).

benzene and cyclohexane, were 71-hexane (Matheson Cole
man <fc Bell Co., b.p. 68-69°), carbon tetrachloride (Spec
tral Grade— Eastman Organic Chemicals Co.), chloroform 
(Reagent Grade— Merck Co.), absolute methanol (Anal. 
Reagent— Mallinekrodt Co.), and acetone (Reagent—- 
Fisher Scientific Co.), which was dried by anhydrous CaCb. 
The solvents, TBP and H2MEHP, were purified as re
ported in a previous publication.13

Results
Molecular Weight Studies.— In the course of 

preliminary freezing point studies it became ap
parent that H2MEHP was highly aggregated and 
that the molecular weight varied with the solvent 
used. In order to perform precise continuous 
variation studies it was imperative that a study 
be made of the molecular weight of H2MEHP in 
various solvents. The method of isothermal 
distillation was used, utilizing Signer tubes,11 
as well as a method involving distillation in an 
evacuated chamber.12 The results from both 
methods were comparable, and errors are esti
mated to be in the vicinity of ± 5% . Solvents 
capable of hydrogen bonding, such as CHC13, 
CH3COOH13 and CH3OH tend to reduce the de
gree of aggregation of H2MEHP; the latter two 
solvents reducing the substance to a monomer, 
probably through solute-solvent interaction. Chlo
roform reduces the aggregation to about 3.5. 
Acetone possessing a basic oxygen also reduces 
the aggregation, but only to a dimer. In the con
centration ranges used in these studies H2MEHP 
is hexameric in benzene and is aggregated further 
in cyclohexane. (Molecular weight is close to 12 
times the simple formula weight.)

The results of isopiestic studies of mixtures of 
II2MEHP and TBP in benzene are shown in Table 
I. In all of the solutions at equilibrium the sum 
of the concentrations of the mixtures are always 
greater than the concentration of the reference. 
In the solution with a TBP/(H2MEHP)6 ratio of 
0.97 the solvent distils from the mixture to refer
ence. In the solution with a TBP/(H2MEHP)6 
ratio of 1.98 there is virtually no distillation of 
solvent. In the last two solutions with TBP/ 
(H2MEHP)6 ratios greater than 2 the distillation 
occurs from the reference to the mixture. Thus 
there is indicated an interaction occurring, which 
decreases the total number of particles in solution. 
This appears to occur at a ratio of TBP/(H2- 
MEHP)6of2.

Freezing Point Depression Studies (Benzene).—
(13) D. F. Peppard, J. R- Ferraro and G. W. Mason, J . Inorg. N u c l.

Chem.. 7, 231 (1958).
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M (H2MEHP)6 /SM .
Fig. 1 — Continuous variations study of TBP and (H2 

MEHP)6 in benzene at 5°.

Fig. 2.— Infrared spectra of tri-n-butyl phosphate, 
mono-(2-ethylhexyl)-phosphoric acid and mixture of each 
solute in cyclohexane at 25°; ratio T B P /(H 2MEHP)i2 =  4.

Continuous variation studies using the difference 
between a theoretical freezing point depression 
(A7\) for no interaction, and the actual freezing 
point depression ( A T )  in benzene (2M  =  0.10), 
show a maximum at the ratio 2TBP/(H2MEHP)6 
(Fig. 1). Thus the results from the isopiestic 
studies and freezing point depression studies are 
all consistent with the above ratio for the inter
action between TBP and H2MEHP and with equi
librium 1.

Infrared Studies.— Continuous variation studies 
in cyclohexane also indicate an association product 
between the H2MEHP polymer and TBP at a 
ratio of 2TBP per (H2MEHP)6. Figure 2 il
lustrates the infrared spectra in cyclohexane of the 
pure components and of the mixture: 4TBP/ 
(H2MEHP)i2. The additive curve for no inter
action is also included. It is observed that the 
TBP doublet in the region of 1270 cm.-1 (cor
responding to the unbonded phosphoryl absorp
tion) disappears. The region of 1150 cm.-1 in 
FFMEHP (corresponding to the hydrogen bonded 
P—>0 absorption) diminishes, and the appear-

F(H2MEHP)is/ F t b P +  C(HiMEHP);s.
Fig. 3.— Continuous variations study of (H2M EHP)i2 and 

TBP in cyclohexane at 25°; 2 0.10 M.

ance of a new peak at about 1230 cm.-1 is observed 
for the complex. A continuous variation plot for 
(H2MEHP)i2 and TBP in cyclohexane at 25° 
is illustrated in Fig. 3. Results have been ob
tained for total molarity (2 M  — 0.075 and 0.10 
M )  where Beer’s law has been shown to hold. 
Results are plotted at two wave lengths, 1230 
and 1150 cm.-1. Maxima in excess density at 1150 
cm.-1 and minima at 1230 cm.-1 are obtained for 
a ratio 4TBP/(II2MEHP)12 at 2M  concentrations 
equal to 0.075 and 0.10 M .

The results point to a reaction between TBP 
and (H2MEHP)6 maximizing at the ratio of 2TBP/ 
(H2MEHP)6. The results are consistent with the 
following proposed equilibrium
2TBP +  (HsMEHP), (TBP)2(H2M EHP)6,

(in benzene)

4TBP +  (H 2M EHP)12 2(TBP)2(H2MEHP)„, or
(TBP),(H 2MEHP)i2, (in cyclohexane) (1)

Discussion
From the infrared spectra in cyclohexane it is 

observed that the doublet P-*-0 absorption for 
TBP at about 1270 cm.-1 appears to change as 
FI2MEHP is added. A new peak at 1230 cm.-1 
begins to form. When the ratio reaches 2TBP 
per hexamer of H2MEIIP the P-»-0 absorption at 
1270 cm.-1 has disappeared, and the peak at 1230 
cm.-1 is at a maximum. This would appear to 
indicate that the phosphoryl oxygen in TBP is 
being bonded, since it has shifted to lower fre
quency, and is probably bonded to the hydrogen 
in the H2MEIIP polymer. The bonded P—*-0 
absorption at 1150 cm.-1 in the Ii2MEHP polymer 
diminishes in intensity as TBP is added, but never 
entirely disappears. Apparently some of the phos-
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T a b l e  I

I so p ie stic  E q u il ib r a t io n s  o f  TBP a n d  (H 2M EHP)6 in  B e n ze n e  a t  25°
Ref. Soin, of (HsMEUP)« and TBP,

Cereri
(moles/1.)

C(TBP)
(moles/1.)

C(H!MEHP)1

0.041 0.032 0.033
.033 .037 .019
.032 .040 .011
.031 .036 .005

phoryl oxygens remain bonded as they are in the 
pure polymer of H2MEHP. The other oxygens 
(hydroxyl oxygens) are probably involved in the 
bonding to the TBP, and they appear to be less 
strongly bonded than those oxygens bonded in the 
polymer. Since the structure of the H2MEHP 
polymer is not known, it is very difficult to assign 
a structure for the complex. However, the sche
matic illustration (below) will help to visualize 
a possible explanation of the experimental facts. 
Experimental support for such a postulate comes 
from a study of the P-»-0 absorption at 1150 cm.-1 
forH2MEIIP (Fig. 2).

C'(TBP) C(TBP) + P a rt ic le s  in d ic a te d  in  m ix tu re s
C(H2MEHP)6 ClHîMEHDe i f  re f. is c o n s id e r e d  a s  1 p a r t ic le

0 . 9 7 0 . 0 3 5 > i
1.98 . 0 5 6 =  or <1
3 . 6 4 .0 5 1 <1
7 . 4 0 .0 4 1 <1

until the TBP was in excess of a 2:1 ratio. Iso
piestic studies were made by diluting the concen
trations of the reference and mixture solutions by 
one-half the concentration used in Table I, in an 
effect to see if the number of particles in the mix
tures could be changed. The results were the same 
as those obtained for the higher concentrations. 
Thus it would appear that the TBP adds directly 
and that the primary equilibrium is (1), with little 
if any contribution from equilibrium (2). It ap-

(TB P)2(H2M EHP)6 2TBP(H2M EHP), (2) 

pears that this interaction between a neutral phos-
(n -butylO )sP  —  O .. .H O

absorb at 
1230 cm .-'

r  HüMEHP " 1 / 0 H . . . 0  p — (O-n-butyl);
P P !<

Polymer J N dH ...O  •*- P— (O-rc-butyl);

Î
Bonded P —*■ O 
remaining in 
polymer continue 
to absorb at 
1150 cm .-1

absorb at 
1230 cm.

An 0.038 M(H2MEHP)i2 in cyclohexane shows an 
absorbance of 0.580 at 1150 cm.-1. If only 
0.075 M  of TBP is present in such a solution, it 
would be expected that since only 2 of the 24 
hydroxyls in the H2MEHP polymer are involved 
in bonding to the TBP, the absorbance would be 
expected to be reduced to [22/24 (0.580)] =  0.53. 
The experimental absorbance is found to be 0.523. 
Likewise when 0.10 M  TBP is added to 0.025 
M  (H2MEHP)i2 (absorbance at 1150 cm.-1 is 0.380) 
it would be expected that 4 of the 24 hydroxyls 
would now be involved in bonding and that the 
absorbance should be reduced to [20/24 (0.380)] 
=  0.32. The experimental absorbance is found to 
be 0.330.

As a result of the above data and of the cryo- 
scopic and isopiestic measurements it is believed 
that the TBP merely adds on to the II2MEHP 
hexamer in benzene. Cryoscopic studies made on 
a fixed concentration of H2MELIP (e.g ., 1
mole of hexamer), and adding varying amounts 
of TBP (e.g ., 1 mole, 2 moles, 3 moles) showed 
little change in the freezing point depression

phate and mono-alkyl phosphoric acids is a general 
type of interaction for these classes of compounds14 
rather than an isolated case.

Conclusion
The interaction between TBP and H2MEHP 

gives an association product at a ratio (TBP)2/  
(H2MEHP)6. Since the structures of both the 
H2MEHP polymer and the complex remain un
known, explanation of the reasons for this system 
giving an antisynergistic effect is difficult. It is 
obvious that the true explanation is not a simple 
one, but the results can be accounted for rather 
simply, since in the interaction between TBP and 
H2MEHP some of the potential sites for cation 
extraction are no longer available to the cation. 
The sites are tied up in forming the complex 
between TBP and H2MEHP, thus causing a 
decrease in the extraction of the cation into the 
organic phase. It is evident that these complex 
systems giving synergism or antisynergism be
havior in metal extractions merit more attention.

(14) J. R. Ferraro, unpublished data.
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The densities, viscosities and conductances of aqueous solutions of potassium fiuorophosphate have been determined at 
25 and 50°. Isopiestic vapor pressure measurements have been made at 25° and the osmotic and activity coefficients com
puted. The equivalent conductances at infinite dilution are 132.83 and 203.25 cm.* 1 2 int. ohm-1 equiv.-1 at 25 and 50°, re
spectively, and the association constants are 2.42 and 1.43 liter mole-1.

Our attention was drawn to the interesting salt, 
potassium hexafluorophosphate, KPF6, by the 
work of Randles1 on the surface potential of its 
solutions. We have studied some properties of 
aqueous solutions of the fiuorophosphate, in partic
ular the conductance and vapor pressure, and have 
concluded that it exhibits marked association to 
ion pairs and even higher aggregates.

Experimental
Potassium fiuorophosphate was obtained from the Ozark- 

Mahoning Company and recrystallized from water, using 
polythene vessels throughout; for most purposes one re
crystallization sufficed, but for the conductance measure
ments three or even four recrystallizations were found 
necessary. In preliminary work, oven-drying of the re
crystallized material in glass weighing bottles resulted in 
slight etching of the glass, suggesting some decomposition of 
the moist material at temperatures as low as 80°; this oven- 
dried material gave considerable scatter of data in conduct
ance measurements. For all the measurements reported in 
this paper the recrystallized material was dried to constant 
weight in vacuum desiccators over sodium hydroxide.

Density.— The following densities of aqueous solutions 
were measured at 25°

m 0.1010 0.1334 0.1901 0.2078
d 1.00860 1.01217 1.01840 1.02048
m 0.2806 0.3951 0.4121
d 1.02830 1.04062 1.04211
These data can be represented by

d =  0.99707 +  0.1153m -  0.0139m2
where m is the molality of the solution. Densities were 
measured at three concentrations at 50°

m 0.1862 0.3482 0.4479
d 1.00834 1.02512 1.03512

Viscosity.— Viscosities of aqueous solutions at 25° were
determined as

m 0.1010 0.2033 0.2806 0.3879 0.4459
n/v° 0.9985 0.9968 0.9952 0.9925 0.9918

Two measurements were made at 50°
m 0.1849 0.3451
jj/V  1.0019 1.0024

The saturated solution at 25° was found to be 0.497 M  by 
measuring the conductivity of a diluted aliquot and 0.501 M  
by the isopiestic method.2 The saturated solution at 25° 
has a refractive index identical with that of water as closely 
as could be measured with an Abbe refractometer.

Conductance.— Solutions were prepared by weight from 
the vacuum-dried salt and conductivity-water in equilibrium 
with the atmosphere. The cells had fairly high constants of 
10-20 cm .-1, being of tubular form with the electrodes in 
bulbs at the ends, in order that an accurate calculation of 
the cell constant change between 25 and 50° could be made.3 
They were calibrated with the Jones and Bradshaw 0.01D

* National Bureau of Standards, Washington, D. C.
(1) J. E. B. Randles, Disc. Faraday Soc., 24, 194 (1957).
(2) G. Scatchard, W. G. Hamer and S. E. Wood, J. Am. Chem. Soc., 

60, 3061 (1938).
(3) R. A. Robinson and R. H. Stokes, “Electrolyte Solutions,”

Second Edition, Butterworths Scientific Publications, London, 1959, 
p. 97.

and 0.1 D potassium chloride standards; the equivalent con
ductances of Table I are therefore given in cm.2 int. ohm-1 
equiv.-1. Frequency-dependence in the range 500-2000 
c./sec. was negligible. The conductivity-bridge was a Leeds 
and Northrup Jones bridge; the cells were immersed in oil 
thermostats held at 25 and 50° within ±0 .002°. The 
temperatures were checked by a platinum resistance ther
mometer and may be taken as correct within 0.005°. 
Volume-concentrations of the solutions (c) were calculated 
using the above density data.

T able  I
E quivalent  C onductance or Potassium  F luobophos- 

PHATE AT 25 AND 50°

c  X 103, 
mole 1. 1

A,
c m .2 in t . 

o h m  -1  e q u i v . -1
c X 103, 
m o le  1. ~1

A,
c m .2 in t . 

o h m -1  e q u iv .

2 5 ° 2 5 °

0 . 8 1 2 3 1 3 0 . 0 4 4 6 . 8 0 1 1 1 . 9 3

1 . 3 8 8 9 1 2 9 . 1 8 4 9 . 8 6 1 1 1 . 3 8

2 . 5 1 3 5 1 2 7 . 8 1 5 5 . 0 4 1 1 0 . 4 0

2 . 5 1 9 2 1 2 7 . 8 1 5 5 . 8 6 1 1 0 . 3 2

4 . 0 0 5 1 2 6 . 4 3 6 9 . 3 7 1 0 8 . 0 5

5 . 6 7 2 1 2 5 . 2 4 7 0 . 6 4 1 0 7 . 8 4

5 . 8 5 4 1 2 5 . 1 3 8 4 . 1 6 1 0 5 . 9 3

7 . 7 1 5 1 2 4 . 0 0 5 0 °

1 0 . 6 4 2 1 2 2 . 4 4 0 . 8 0 4 9 1 9 8 . 8 1

1 4 . 8 2 1 1 2 0 . 6 5 1 . 3 7 6 4 1 9 7 . 5 1

1 4 . 9 6 4 1 2 0 . 5 7 3 . 9 6 9 1 9 3 . 3 8

1 5 . 9 4 0 1 2 0 . 2 4 5 . 6 2 1 1 9 1 . 5 6

1 8 . 2 9 2 1 1 9 . 3 2 5 . 8 0 1 1 9 1 . 3 5

2 0 . 4 3 8 1 1 8 . 6 2 7 . 6 4 5 1 8 9 . 7 3

2 1 . 2 8 4 1 1 8 . 3 3 1 0 . 5 4 6 1 8 7 . 4 4

3 0 . 7 2 9 1 1 5 . 6 3 1 4 . 8 2 9 1 8 4 . 7 5

3 8 . 2 1 3 1 1 3 . 8 0 1 8 . 1 2 7 1 8 2 . 9 6

4 9 . 1 4 1 7 1 . 6 3

Vapor Pressures.— Isopiestic vapor pressure measure
ments were made at 25°, using sodium chloride as reference 
electrolyte; the results are given in Table II.

T able  II
I s o p i e s t i c M e a s u r e m e n t s  a t  2 5 ° “

mi m2 mi TO2 mi m2

0 . 0 9 0 0 1 0 . 0 9 5 1 3 0 . 2 7 8 1 0 . 3 2 4 9 0 . 3 7 3 9 0 . 4 5 7 8

. 1 3 6 3 . 1 4 7 9 . 2 9 0 3 . 3 4 2 6 . 3 7 7 7 .4 6 5 1

. 1 7 4 7 . 1 9 5 4 . 3 2 6 1 . 3 9 4 9 . 3 9 8 7 . 5 0 1 0

. 1 7 9 9 . 1 9 9 9 . 3 4 1 2 . 4 1 6 8 4 1 4 3 . 5 2 4 0

. 1 8 3 1 . 2 0 4 3 . 3 4 5 2 . 4 2 0 5

. 2 7 1 3 . 3 1 5 8 . 3 6 9 3 . 4 5 5 1

“ ( 1 )  = N aC l; ( 2 )  == k p f 6.

Discussion
From the density data at 25°, the partial molal 

volume of the salt at infinite dilution is calculated 
as 68.7 ml. mole-1 and if the limiting partial molal 
volume of the potassium ion4 is 1.5c ml. mole-1, 
that of the hexafluorophosphate ion is 67.2 ml.

(4) R. H. Stokes and R. A. Robinson, Trans. Faraday Soc., 53, 301
(1957).
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mole 1. With the same choice for the potassium 
ion, the partial molal volumes of the halide ions 
are: Fci-° =  25.3!, FBr-° =  32.23 and TV0 =  
43.85 ml. mole-1. The PF6_ ion is known from X- 
ray studies6 to be octahedral, with a P-F inter- 
nuclear distance of 1.73 Â.; taking the van der 
Waals radius of the fluorine atom as 1.22 Â., the 
maximum diameter of the PF6~ ion is 5.9 A. A 
monovalent ion of this size is unlikely to cause ap
preciable électrostriction of water molecules in its 
vicinity, and its apparent volume in solution should 
be near to its actual physical volume. Spheres of
5.9 A. diameter would have a molal volume of 64.8 
ml.

The viscosity results at 25° can be represented by
w/rjO =  1 +  0.0057yfc -  0.028c

0.0057 being the coefficient of the Falkenhagen and 
Vernon6 term calculated with the ion-mobilities 
given below. The linear coefficient, —0.028, in
cludes a contribution of —0.007 for the potassium 
ion7; thus the PF6_ ion, in spite of its large size, 
diminishes the viscosity of water. The small 
numerical value of the linear coefficient must rep
resent a balance between the “obstructive” effect 
of the large anion and the “structure-breaking” 
effect on the solvent; that the former must be 
large can be argued by analogy with the effect of 
pentaerythritol, with a molar volume of 101 ml., on 
the viscosity of water, where it has been found8 that 
the coefficient of the linear tenu is +0.353.

The conductivity results (Fig. 1) are typical of 
an electrolyte showing pronounced ion-pair as
sociation, a conclusion which is supported by com
paring the activity coefficients (Fig. 5) with those 
of normal 1-1 electrolytes. The method of Fuoss9 
was therefore adapted to determine the values of 
A° and the association constant, K \ .  The Fuoss- 
Onsager equation for a completely dissociated 1:1 
electrolyte is

A , =  A0 — Sy/c +  E c  log c +  Jc

where S  and E  are parameters depending on A° but 
not on the ion size and J  depends on both A° and the 
ion size. A, is the experimental equivalent conduct
ance corrected for the viscosity of the solution. 
In the case of very large ions, this correction takes 
the form of simple multiplication by the relative 
viscosity, but work in this Laboratory10 on the 
mobility of ions in solutions of non-electrolytes 
suggests that this is an over-correction for ions of 
less than 5 A. radius. In any event, it is doubtful 
if relative viscosities of less than unity can be ap
propriately used in this way since the argument de
pends on the use of Einstein’s equation for the 
viscosity of a continuum containing spherical ob
structions.11 However, the maximum viscosity

(5) H. Bode and G. Teufer, Acta Cryst., 8, 611 (1955); H, Bode 
and H. Clausen, Z. anorg. C h em 265, 229 (1951); 268, 20 (1952).

(6) H. Falkenhagen and E. L. "Vernon, Physik. Z., 33, 140 (1932).
(7) M. Kaminsky, Disc. Faraday Soc., 24, 71 (1957).
(8) F. J. Kelly, R. Mills and J. M. Stokes, J. Phys. Chem., 64, 1448 

(1960).
(9) R. M. Fuoss and F. Accaseina, “Electrolytic Conductance,” 

Interscience Publishers, New York, N. Y., 1959, Chap. 16.
(10) J. M. Stokes and R. H. Stokes, J. Phys. Chem., 62, 497 (1958); 

B. J. Steel, J. M. Stokes and R. H. Stokes, ibid., 62, 1514 (1958).
(11) A. Einstein, Ann. Phys.. 19. 289 (1906),

0 0.1 0.2 0.3
Y c.

Fig. 1.— Equivalent conductance of potassium fluoro- 
phosphate solution at 25° as a function of concentra
tion.

c, molc/1.
Fig. 2.— Change of A' (= A  +  — Ec log c) with con

centration.

effect involved in the present work would be only 
0.05% at c =  0.02, the highest concentration used 
in evaluating K a  from the conductance data.

For an associated electrolyte, we have
„  _  (1 — a)cyu 

A a V y f

where a  is the fraction of free ions, c is the stoichio
metric concentration, yi is the mean activity co
efficient of the ions at the ionic concentration, ac, 
and y n is the activity coefficient of the ion pairs 
(which for the present, we shall regard as unity). 
The denominator may more conveniently be re
placed by c 2y 2 where y  is the stoichiometric activity 
coefficient, known from the vapor pressure measure
ments. We then have
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T able  III
C a l c u l a t i o n  o f  A 0 a n d  K a

A' — Jc =  A0 — A aAj/ 2c
A' =  A +  S\/c — Ec log c

25°
S =  91.22
E = 49 ,7 9  
/  =  233 (a 

K a = 2.42
=  4 A.)

10% A' A y2c A"
0.8123 132.77 0.0983 132.82
1.3889 132.78 .163 132.85
2.5135 132.71 .282 132.81
2.5192 132.71 .282 132.81
4.005 132.68 .430 132.79
5.672 132.74 .585 132.84
5.854 132.76 .601 132.85
7.715 132.82 .766 132.87

10.642 132.92 1.001 132.86
14.821 133.10 1.322 132.85
14.964 133.09 1.328 132.81
15.940 133.18 1.398 132.85
18.292 133.24 1.558 

Mean A0 =  132.83 ±  0.03
132.75

50°
5  =  149.47 
E  =  83.35 
J = 354 (a = 4 A.) 
K a = 1.43

10% A' A y2c A°
0 . 8 0 4 9 2 0 3 . 2 6 0 . 1 5 1 2 0 3 . 2 1

1 . 3 7 6 4 2 0 3  3 8 . 2 5 1 2 0 3 . 2 8

3 . 9 6 9 2 0 3 . 5 9 . 6 6 8 2 0 3 . 2 3

5 . 6 2 1 2 0 3 . 8 2 . 9 1 2 2 0 3 . 2 4

5 . 8 0 1 2 0 3 . 8 2 . 9 3 6 2 0 3 . 2 2

7 . 6 4 5 2 0 4 . 1 5 1 . 2 0 7 2 0 3 . 3 2

1 0 . 5 4 6 2 0 4 . 5 3 1 . 5 8 1 2 0 3 . 2 8

1 4 . 8 2 9 2 0 5 . 2 2 2 . 0 9 9 2 0 3 . 2 7

1 8 . 1 2 7 2 0 5 . 7 2 2 . 4 7 1 2 0 3 . 2 0

Mean A0 =  203.25 ±  0.03

but of different sign; this discrepancy may perhaps 
be due to the neglect of entropy terms in the der
ivation of Fuoss’ equation.

The limiting ionic mobilities of the PF6_ ion are
59.28 and 91.85 cm.2 int. ohm-1 equiv.-1 at 25 and 
50°, respectively. The (XV) product therefore 
changes from 0.5278 at 25° to 0.5021 at 50°: in 
this respect the ion is intermediate in behavior 
between the halide ions for which the (X° i?°) prod
uct diminishes more rapidly with temperature and 
the calcium ion for which the product decreases by 
about 1%.

From the isopiestic vapor pressure measurements, 
the osmotic and activity coefficients given in Table 
IV were calculated. Figure 5 compares these 
activity coefficients with those of potassium chlo
ride and potassium nitrate, and shows that the data 
for the fluorophosphate conform with the limiting 
Debye-Huckel equation up to saturation! In con
trast with normal salts such as potassium chloride 
and iodide and with the somewhat less associated 
potassium nitrate, the association is so marked that 
it should be possible to calculate the association 
constant from the thermodynamic data alone. For 
this purpose we use the equation

T able  IV

Fig. 5.— The activity coefficient of potassium fluoro
phosphate compared with those of potassium chloride and 

otassium nitrate and with the values computed by the 
miting Debye-Hiickel equation.

O s m o t i c  and  A c t i v i t y  C o e f f i c i e n t s  of P o t a s s i u m  

F l u o r o p h o s p h a t e  a t  2 5 °

m 0.1 0.2 0.3 0 .4 0.5
.878 .829 .795 .763 .735

7 .693 .597 .535 .486 .447

T able  V
C a l c u l a t i o n  o f  K a at  2 5 °  from  A c t i v i t y  C o e f f i c i e n t  

D a t a

m y y et
l o g

(A’ a / t d )

0 . 1 0 . 6 9 3 0 . 7 7 4 0 . 8 9 5 0 . 3 4 0

. 2 . 5 9 7 . 7 2 8 . 8 2 0 . 4 0 2

. 3 . 5 3 5 . 7 0 0 . 7 6 4 . 4 3 9

. 4 . 4 8 6 . 6 8 1 . 7 1 4 .4 8 1

. 5 . 4 4 7 . 6 6 7 . 6 7 0 . 5 1 9

T able  VI
.L C U L A T IO N  O F  K q a t  2 5 °  U s i n g K a  = 2 . 0 9  L i t e r

m
“ A p p a r e n t '1

K a

M o l e - 1

ft’ otr K q

0 .1 2 . 1 9 0 . 0 0 2 4 0 . 9 0 0 2 . 4

. 2 2 . 5 2 . 0 1 5 . 8 5 0 3 . 3

. 3 2 . 7 5 . 0 2 8 . 8 2 0 2 . 6

. 4 3 . 0 3 . 0 4 4 . 8 0 2 2 . 8

. 5 3 . 3 0 .0 6 1 . 7 9 1 2 . 8

r,  UKPFa ( 1  — a)tnyu 
A OK +  a P F »" a2m2 7 i 2

where now we are calculating a molality scale 
K a - As above, we can reduce this to



546 E. J. Smutny and A. B ondi Voi. 65

m.
Fig. 6.— K a/jxj Js . m and the extrapolation to obtain K a-

log y u  =  — 0 . 1 7 8 9 o t k c i

(omitting higher terms in t o k c i )- 
Assuming that quadruple ions are formed, let the 

concentrations of ion pairs and quadruple ions be 
denoted by mu and m q , respectively; then at a 
stoichiometric molality m , the concentrations of 
potassium and fluorophosphate ions are each [m  — 
mu — 2mq]. The relation 7  =  a 7 i, used above, 
now becomes

Ka/tu = (1 — a)/(my2)
where 7  is the stoichiometric activity coefficient of 
Table IV. Also 7  =  a  71 where 71 is the mean ionic 
activity coefficient of the unassociated part,14 
which we shall take as given by

- l0g T‘ ° l + ^ + log (1 + 0 .0 3 6 ^ )

with A =  0.511 literI/! mole“ 1/’-, B  =  0.328 liter1/2 
mole-1/ ’ and a  =  4 À., i .e ., a fully dissociated but 
unhydrated electrolyte with an ion size consistent 
with the physical dimensions of the ions. The de
tails of the calculation are shown in Table V in 
which only the final stages in the successive approxi
mations for a  and 7 , are given. A plot (Fig. 6) of 
log K a / t c  against m is a straight line and, since 
7 u — 1 as m  —> 0, Fig. 6 gives the limiting value of 
K a  as 2.O9 which is in reasonable agreement with the 
value of 2.42 from conductance data. However, 
the slope of the line implies that log 7 u =  —0.4m. 
At first sight, this means a surprisingly rapid 
decrease in the activity coefficient of the ion pairs 
but itomust be remembered that an ion pair with a  
=  4 A. constitutes a dipole of moment 19H which 
will interact strongly with both neighboring ions 
and neighboring ion pairs leading to the formation 
of triple and quadruple ions. In this connection 
we might note that Roberts and Kirkwood16 found 
that the activity coefficient of glycine in potassium 
chloride solution is given by

(14) Ref. 3, p. 37.
(15) R. M. Roberts and J. G. Kirkwood, J. Am. Chem. Soc., 63, 1373

(1941).

where
7 =  7i [a — 2/3']

niv and

Hence, if quadruple ions are formed, the quantity a
should be replaced by (a' — 2/3')
and

K a (apparent) = 1 — a -f- 2/5'
m y 2

K a +
2/F_
m y 2

and the equilibrium constant for quadruple ion 
formation is

K _  mQ ... I3'
Q m-o2 (1 -  a ')2m

assuming that the activity coefficients of both un
charged species are unity.

Thus /3' can be calculated from the variation in 
the “apparent” K a  with concentration. These 
values of d' can then be substituted to give K q . 
The results of this calculation are given in Table VI. 
It is evident that the lack of constancy in K a  cal
culated from the activity coefficient data by the 
first method can be explained by assuming a small 
amount of quadruple ion formation. Similar cal
culations showed that the assumption of triple ions 
formation was inadequate.

We thank the Ozark-Mahoning Company of 
Tulsa, Oklahoma, for providing potassium fluoro
phosphate.

DI-f-BUTYL ETHER: STRAIN ENERGY AND PHYSICAL PROPERTIES
B y  E. J. S m u t n y  a n d  A. B o n d i

Shell Development Co., Emeryville, California
Received October %J+, 196G

Di-/-butyl ether was synthesized and several physical properties recorded: the heat of formation, the heat of vaporization, 
the vapor pressure, density and viscosity. The strain of di-i-butyl ether, consequent to the crowding of the opposed methyl 
groups, was determined as approximately 7.6 kcal./mole.

The synthesis of di-£-butyl ether has remained for 
several years a vexing and frustrating problem. 
Many futile attempts have been made. Reboul1 
observed that the conventional Williamson tech
nique gave only isobutylene and i-butyl alcohol. 
Henry2 was no more successful. These early fail
ures led some authors3 to point out that it would be

(1) E. Reboul, Compt. rend., 108, 162 (1889).
(2) L. Henry, Rec. trav. chim., 23, 324 (1904).
(3) W. A. Hare and E. Mack. J. Am. Chem. Soc.. 54, 4272 (1932).

impossible to place two tertiary butyl groups on the 
same oxygen atom. It was not until the relatively 
unusual methods of Erickson and Ashton4 and 
more recently of Horner5 and of Lawesson and 
Yang6 that authors claimed success.

(4) J. L. E. Erickson and W. Ashton, ibid., 63, 1769 (1941).
(5) L. Horner, Ann., 591, 138 (1955).
(6) S. Lawesson and N. C. Yang, J. Am. Chem. Soc., 81, 4230 

(1959).
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Horner’s method6 depends on an elegant means of 
removing a peroxidic oxygen atom, namely treat
ing a peroxide with triphenylphosphine (1).
R— 0 — 0 —R +  (C6H6)3P — >

A
R — 0 — R +  (C6H5)3= P O  (1)

Homer claims that when di-i-butyl peroxide (R =  
Me3C-) is heated to 110-120° with triphenylphos
phine for 30 hours an 81% yield of di-i-butyl ether 
is obtained.

This method was repeated several times with tri
phenylphosphine and no detectable amount of di-i- 
butyl ether was isolated. Triethylphosphite was 
tried as well with no more success.7 As will become 
evident later, the properties of di-i-butyl ether and 
di-i-butyl peroxide are so similar as to be easily 
confused. A reaction does occur but since the de
sired product was not formed the reaction was not 
investigated further.8 Horner’s method which 
relies on the oxophilic character of phosphines has 
been employed with hydroperoxides and acyl per
oxides9 with notable success.

The method of Erickson and Ashton4 was found 
to be more reliable, though sensitive to conditions. 
i-Butyl chloride was stirred with freshly prepared 
silver carbonate10 in dry ether over anhydrous 
sodium carbonate. Distillation of the mixture 
gave a 31% yield of ether.

This rather unorthodox synthesis of an ether can 
be rationalized as below. i-Butyl chloride and silver 
carbonate react to give silver i-butyl carbonate 
which immediately reacts with another molecule of 
tert-butyl chloride. The resultant ion pair (A) 11 
then decomposes in one of two ways; in the pres
ence of water only i-butyl alcohol is formed, but 
under anhydrous conditions the ether results. The 
solution must be kept neutral otherwise the ether 
is degraded as fast as formed to i-butyl alcohol and 
i-butyl chloride. It is consequently evident why 
dry and neutral (or alkaline) conditions are essen
tial to the success of the reaction.

it has an odor reminiscent of camphor. It is 
readily cleaved by acids and gives an immediate 
Lucas test with dilute hydrochloric acid. It is quite 
stable to base and should be stored over potassium 
hydroxide or sodium. In Table I the properties of 
the ether are compared with those of di-i-butyl 
peroxide.

A curious fact about the ease of hydrolysis of 
di-i-butyl ether was observed. When a sample was 
resolved on a GLC column, the number of peaks ob
served depended on the age of the column. For 
example, when a sample was examined on an old or 
frequently used TEG (triethylene glycol) column 
two peaks appeared— one very sharp and quite 
early in the spectrum (presumably isobutylene) and 
the other characteristic of TBA. If a new TEG 
column was used only the peak for di-i-butyl ether 
was observed. It thus appears that the acid sites 
uncovered by the bleeding of a frequently used 
column hydrolyze the ether.

Strain Energy in Di-i-butyl Ether.— The crowd
ing of methyl groups in the structure I has generally 
been held responsible for the difficult synthesis of 
this compound.

A quantitative estimate of the destabilization of 
this compound by the mutual repulsion of the i- 
butyl groups can now be made from the experi
mental heat of combustion data (AH c) assembled in 
Table II. The heat of formation data ( A H i  and 
AHf°) derived therefrom are found in Table III.12 
The literature value of the standard heat of forma
tion of dimethyl ether has been added as it will be

Ag2C 03
2Me3C— C l ------------s-

Na2C 03

O O

Me3C—O— C— 0©  Ag© J Cl— CMe3 — > Me3C—O—C— 0 9  ®CMe3

(A)

MeaC—O— CMe3 +  C 02 +  2AgCl

HC1

M o3COH +  MesC—Cl

11,0

2MejC— OH +  C 02 +  2AgCl

Di-i-butyl ether is a clear mobile liquid boiling at 
108-109°. Owing to its nearly spherical structure

(7) Recently Dr. H. E. De La Mare of These Laboratories has used 
tributylphosphite and did not observe di-i-butyl ether.

(8) C. Walling, O. Basedow and E. Savas, J. Am. Chem. Soc., 82, 
2181 (1960).

(9) M. Greenbaum, D. Denny and A. Hoffmann, ibid., 78, 2563 
(1956).

(10) Org. Syntheses, 25, 54 (1945).
(11) An ion pair is preferred only because it is not immediately ap

parent why di-i-butyl carbonate should be unstable. Were this an 
intermediate, isolation of the dialkyl carbonate should be possible 
under these relatively mild conditions.

required to develop a, more general picture of the 
relations to molecular structure.

In the absence of strain one can predict the stand
ard heat of formation, Aflf0, of di-i-butyl ether from 
the above data as follows: A H i0 (di-i-butyl ether) 
=  2[Atff° (Me-O-(f-Bu))-  ;/ 2A //f° (Me20)], or 
A H t° (di-i-butyl ether) = 2 [AH t° (f-pr-O-(i-Bu)) — 
l/ iA H i°  (i-Pr20) ]. Interestingly enough both

(12) The calculating methods employed in the conversion of the 
experimental data to Atff0 can be found in “Experimental Thermo
chemistry” by F. D. Rossini, 1955.
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Wave numbers, cm. 1 
Fig. 1.— Di-i-butyl peroxide.

Wave length, /i.
Fig. 2.— Di-i-butyl ether.

T a b l e  I

P r o p e r t i e s  o f  D i - i - B U T Y L  P e r o x i d e  a n d  D i - i - B U Y T L

E t h e r

DTBPa DTBE
B.p., °C. I l l  108-109

d 1.3890 1.3946
¿so 0.7940 0.7622
Infrared Fig. 1 Fig. 2
GLC (TEG 100°) 3 min. 3 .5  min.

“ H. Tobolsky and R. Mesrobian “ Organic Peroxides,”  
Interscience Pub., New York, N .Y ., 1954, p. 164.

T a b l e  I I

H e a t s  o f  C o m b u s t i o n  ( a t  C o n s t a n t  V o l u m e , a t  2 5 ° )  of 
S e v e r a l  E t h e r s

Ether
Methyl ¿-butyl 
Isopropyl ¿-butyl 
Di-i-butyl

lie, kcal./mole
801.5 ±  1.15 

1108.9 ±  0.66 
1268.7 ±  0.25

T a b l e  III
H e a t s  o f  F o r m a t i o n  ( a t  C o n s t a n t  P r e s s u r e , a t  2 5 ° )  o f

S e v e r a l  E t h e r s

— A//f° (gas), — A/If (liq.),
Ether kcal./mole kcal./mole

Dimethyl 45.3 ±  0 .3 “
Diisopropyl 76.4 ±  0 .26 83.88
Methyl ¿-butyl 70.0 ±  1.2 77.2
Isopropyl ¿-butyl 85.6 ±  0 .6  94.0
Di-i-butyl 87.2 ±  0 .3  96.1
“ Natl. Bur. Stand. Circular 500,1952. b G. S. Parks and

K . E . Manchester, IU PAC Bull. Thermodyn., 2, 8 (1956).

calculations yield exactly the same result, 94.8 
kcal./mole. This may mean either that there is 
just as little strain in isopropyl ¿-butyl ether as one 
has reason to expect in methyl ¿-butyl ether, or that 
the strain effect is hidden in the uncertainties of the 
heat of formation of the two ¿-butyl ethers. The 
upper limit of the strain in isopropyl ¿-butyl ether 
would then be 1.8 kcal./mole, but the probable 
value is rather less as there is independent chemi
cal evidence for the absence of strain in isopropyl 
¿-butyl ether.

Subtraction of the observed from the calculated 
(strain-free) heat of formation of di-t-butyl ether 
yields for the strain energy 7.6 with a maximum

uncertainty of ±  1.2 kcal./mole and a probable 
uncertainty of ±  0.6 kcal./mole. For the strain 
energy of the homomorph, di-t-butyl methane one 
obtains
A H f°(di-i-buty lmethane)13 -  2[Afff°(2,2-dimethylbutane) -  

1/ 2Ai/f0 (propane)] = 6.1 kcal./mole
or
AHi° (di-i-butylmethane) —

[AHf° (2,2-dimethylbutane) +  AHt° (2,2-dimcthylpentane) 
— Alii0(n-butane)] = 5.7 kcal./mole

or an average of 5.9 kcal./mole.
Assuming the usual bond angles and covalent 

bond distances, the distance between the quaternary 
carbons in the hydrocarbon should be 2.54 A. 
compared with 2.36 A. for the ether. The direction 
of the instability difference between the two com
pounds is therefore in agreement with expectations. 
A quantitative assessment could be made through 
detailed consideration of the molecular geometry 
and the use of an appropriate potential function.

Further credence in the data of Tables II and III 
can be obtained from heats of reaction. The heat of 
addition of alcohols to olefins (Table IV) has been 
calculated from the heat of formation data. In one 
case, the formation of methyl ¿-butyl ether in 
liquid phase, the calculated heat of reaction could 
be compared with the datum obtained from the 
temperature coefficient of the equilibrium con
stant.14 Assuming perfect solution of the product 
and reactants one obtains, from the heats of forma
tion and vaporization, the heat of reaction 1 in 
Table IV the value AFT(liq.) =  —10.7 kcal./mole. 
From the equilibrium constants the value A 17-

T a b l e  I V

H e a t  o f  R e a c t i o n  f o r  t h e  V a p o r  P h a s e  A d d i t i o n  o f  

A l c o h o l s  t o  V a r i o u s  O l e f i n s  ( a t  2 5 ° )

Reaction
AH",

kcal./mole
I. MeOH +  i-butene -*  methyl ¿-butyl

ether -1 7 .9  ±  1.2
2. ¿-BuOH +  i-butene -*■ di-i-butyl ether -  8.6
3. i-PrOH +  i-butene —► i-propyl ¿-butyl

ether - 1 6 .5
4. i-PrOII +  propene —*■ di-i-propyl ether - 1 6 .2

(liq.) =  —11.2 kcal./mole for reaction is obtained. 
Since the heat of mixing in this process is probably 
no more than 0.5 kcal./mole the agreement is quite 
satisfactory. This lends considerable support to 
the data of Tables II and III and the strain calcula
tion therefrom.

It should be noted that Brown15 has proposed 
molecules which are closely related structurally will 
possess very similar steric strains. Homomorphs of 
the di-(-butylmethane variety were postulated to 
have strains of ~5.4 kcal./mole. This value was 
derived largely from the heat of dissociation of tri- 
methylamine-trimethylboron. Obviously the geom-

(13) Calcd. from heat of combustion data by Johnson, Prosen and 
Rossini, J. Research Natl. Bur. Standards, 38, 419 (1947) and AHvap 
in API-44 tables as A//f° = —57.8 kcal./mole.

(14) Private communication from R. Hawthorne; data by L. 
Eetterly.

(15) H. C. Brown, J. Am. Chem. Soc., 78, 1248 (1950); II. C. 
Brown, G. Barbaras, H. Berneis, W. Bonner, R. Johannesen, M. 
Grayson and K. Nelson, ibid., 75, 1 (1953).
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etries of the systems are sufficiently distinct that 
the strain in the other is almost 50% in excess of 
that of the amine-boron complex.

H2
N CH2 O

x / \  / x / \  /  \  / \  /
—C B\ — c c —  — c c -
/ / X / /  / /

~ 5 .4  5.916 7.6 ±  1.2
Though strain energy values may show consider

able differences between homomorphs, other physi
cal properties of the compounds are very similar. 
This fact is demonstrable in heat of vaporization, 
density, viscosity and vapor pressure as tabulated 
below.

Heat of Vaporization.—The heat of vaporization 
of ethers is essentially equal to that of their hydro
carbon homomorph as long as the ether oxygen is 
shielded by a group larger than methyl, as is shown 
by the data of Table V. If one of the groups is a 
methyl group, 0.5 kcal./mole has to be added to the 
heat of vaporization of the hydrocarbon homomorph.

T able  V

C omparison of the  H eat  of V aporization  (at  25°) 
of E thers w ith  ti-iat of the  H ydrocarbon H omomorphs

Methyl ¿-butyl ether

AHv,
kcal./mole

7.5
Ref.»

S
2,2-Dimethylbutane 6.62 A
Diisopropyl ether 7.9 S
2,4-Dimethylpentane 7.86 A
Di-f-butyl ether 9.0 M
2,2,4,4-Tetramethylpentane 9.1 A
“ Ref. A =  API-44 Tables; M =  this work; S =

published data, Shell Development Co.

T able  VI
V apor Pressure of D i- í-bu tyl  E ther  (D eterm ined  by  

D ynam ic  M ethod)
t, °c . 2?ob8. mm. Pealo. mm.°

4.0 9.8 10.0
14.0 18.4 18.05
18.0 22.4 22.5
22.0 28.3 27.9
26.0 34.5 34.2
30.0 42.3 41.8
34.0 50.8 50.7
38.0 59.2 61.0

109.0 760 (760)
“ Calculated with the equation given in the text.

The vapor pressure equation for the range 4 to 
109° is log p (mm.) =  29.7859 -  2947.95/T -7 .43  
log T . From this equation one can derive the heat 
of vaporization (given above) and its temperature 
coefficient, the heat capacity difference between 
liquid and vapor, A C V. The latter is 14.7 ±  2 cal./ 
mole °K., compared with 13.5 cal./mole °K. pre
dicted from a correlation for the hydrocarbon homo
morph. Considering the accuracy of the data this 
is a reasonable agreement.

Density.—The density of ethers (diethyl ether 
and above) nearly equals that of their hydrocarbon 
homomorph when expressed in the reduced form 
Fw/F  where Fw is the van der Waals volume of the

(16) H. C. Brown’s value for di-i-butylmethane is 5.2 kcal./mole.

molecule.17 This result is not surprising since 
F /F w is a simple function of R T / A H V&P. 17 Typi
cal data are presented in Table VII. Extrapola
tion of ether densities to other temperatures re
quires therefore only the readily available hydro
carbon data (API-44 tables).

T able  V II

D en sity  and R educed  V olume of E thers and  their  
H ydrocarbon H omomorphs

Substance
d204,

g./cm.3
Fw,

cm. 3/moIe ( r » / t V
Methyl f-butyl ether 0.7418 63.5 1.87
2,2-Dimethylbutane .6492 68.2 1.94
Di-f-butyl ether .7622 94.0 1.813
2,2,4,4-Tetramethylpentane .7195 98.9 1.801

Viscosity.—The viscosity of the ethers has been 
measured over a wide temperature range (Table 
VIII). No unexpected phenomena were observed. 
The near identity of the viscosity of the ethers and 
that of their hydrocarbon homomorphs is apparent 
from the comparison of Table IX. This similarity 
extends to the respective activation energies for 
flow ( A H * )  which in the case of di-f-butyl ether 
and 2,2,4,4-tetramethylpentane is 2.45 and 2.34 
kcal./mole, respectively, for the range from 20 to 
50°. The corresponding value for di-n-butyl ether 
(or n-nonane) is 2.1 kcal./mole. The difference is 
presumably due to the relative rigidity of the ¿-butyl 
ether.

T able  VIII
K inem atic  V iscosity of V arious E thers

t, °c. -53 .9 -4 0 +20 +  50 +  60 +98.9
Methyl i-butyl ether: 

P, cs. 1.332 1.028 0.471 0.367
»-Propyl i-butyl 

ether: v, cs. 2.734 1.949 0.669 .491 0.449
Di-i-butyl ether: v, 

cs. 6.37 4.109 1.068 .722 0.636 0.427

T able  IX
D ynam ic  V iscosity of V arious E thers and  of th eir  

H ydrocarbon H omomorphs
Viscosity (centipoise) at °C.

Substance 15 20
Di-n-butyl ether 0.74
n-Nonane 0.766
Methyl f-butyl ether 0.35
2,2-Dimethylbutane .375
t'-Propyl f-butyl ether .497
2,2,4-Trimethylpentane .503
Di-i-butyl ether .815
2,2,4,4-T etramethylp entane .88

Acknowledgment.—The authors wish to ac
knowledge the assistance of Mr. R. B. McConaughy 
in the calculations, and of Dr. J. H. Badley who 
determined the vapor pressure of di-f-butyl ether.

Experimental
Methyl i-butyl and isopropyl f-butyl ethers were obtained 

commercially and purified before use.
Di-f-butyl Ether.— In a 2-liter 3-neck flask equipped with 

a mechanical stirrer, a condenser and a means for observing 
gas evolution was placed 135 g. (0.49 mole) of silver carbo
nate, 100 g. (~ 1  mole) of sodium carbonate and 500 ml. of 
dry ether. To this slurry was added 92.6 g. (1 mole) of

(17) A. Bondi and D. J. 3imkin, AIChE J., 6, 191 (1960), and Pre
print No. 22, A.I.Ch.E. Meeting, St. Paul, Minn., Sept., 1959.
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1-butyl chloride in 500 ml. of dry ether. The solution was 
stirred and shielded from light for ~ 6 0  hours. Gas evolution 
was at first sluggish but then was steady for some time. The 
ethereal solution was decanted and the rose colored precipi
tate washed with ether. The combined extracts were dis
tilled over sodium through a glass helices column and finally 
through a Piros-Glover spinning band. Di-i-butyl ether: 
b.p. 108-109° (759.1 mm.), n2a 1.3946, yield 20 g. (31% ).

Properties.— The heat of combustion was determined in a

300-ml. Parr (oxygen) bomb calorimeter. The completeness 
of the reaction was judged visually. The repeatability of 
the data is indicated with the results given in Table II. 
The maximum inaccuracy of the results is within 0.2% . 
Corrections to constant pressures, etc., followed ref. 12. 
The vapor pressures were determined by means of a dynamic 
(gas carrier) method. The data are believed to be accurate 
within ± 1 % . The viscosities were determined according 
to ASTM D-445.

HIGH TEMPERATURE THERMODYNAMICS OF THE IRON OXIDE
SYSTEM

By Oliver N. Salmon1
Electronics Laboratory, General Electric Company, Schenectady, N. Y.
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A high temperature thermodynamic study has been carried out on the iron oxide system. Chemical activities have been 
related to defects in the solid state structures. Fundamental thermodynamic results have been calculated by application 
of the activity expressions to experimental oxygen dissociation pressure-composition-temperature data.

Introduction
The purpose of this study was to establish the 

relationship between thermodynamic properties, 
composition and structure of iron oxide at elevated 
temperatures. This study was a precursor to 
work on the development of ferrites of desired 
microwave, electrical, magnetic and ceramic prop
erties by control of composition and structure.

The theoretical approach to obtaining activity 
expressions was first developed. Then activity 
expressions were derived and applied to the 
experimental data for the wiistite, magnetite and 
hematite phases of the iron oxide system.

Experimental
The oxygen dissociation pressure measurements on the 

iron oxide system were made in a Pyrex vacuum system. 
For a typical run, a sample of powdered hematite (obtained 
either by oxidation of reagent grade iron wire or as Fe203, 
Mapico 110-2, from the Columbian Carbon Co.) weighing 5 
to 10 g. was loaded into a platinum cup (2.2 cm. tall X  2.7 
cm. o.d. X  .025 cm. wall) enclosed within a stabilized Zr02 
cell. The cell was inserted into a Vycor reaction chamber. 
The reaction chamber was then connected to the vacuum 
means of a 65/40 ball joint. The male part of the ball joint 
is made of Vycor while the female part is of Pyrex to avoid 
the use of graded glass seals. After connecting to the vacuum 
system the reaction chamber was pumped out to a pressure 
of less than 10 _8 atmospheres and then isolated from the 
vacuum pumps.

The platinum cup containing the sample was then heated 
inductively by an induction coil around the Vycor reaction 
chamber in the region of the sample. The 500 kc. r-f power 
to the induction coil was supplied by a 20-kva General Elec
tric Induction Heater. More uniform heating of the reac
tion cell was obtained by attaching a 0.050 cm. thick plati
num disc to the inside top surface of the cell by means of 
platinum wires spot welded to the disc and leading through 
small holes in the cell top. A 0.025 cm. thick platinum disc 
was placed in the bottom of the platinum cup to protect the 
cup from possible chemical attack by the sample and to aid 
in achieving uniform heating of the sample. The two plat
inum discs along with the platinum cup act as susceptors for 
converting the r-f power from the Induction Heater to heat 
in the reaction cell.

The sample temperature was determined with an optical 
pyrometer by focusing on the sample through a 0.65 cm. 
diameter opening in the top of the reaction cell via an optical 
glass window in the top of the reaction chamber and a flat

(1) Now with the Central Research Laboratory of the Minnesota
Mining and Manufacturing Company, St. Paul, Minnesota.

glass mirror mounted above the window. The pyrometer 
was calibrated for the particular experimental set-up against 
a platinum-platinum rhodium (13% Rh) thermocouple.

Oxygen dissociation pressure measurements were made at 
equilibrium at elevated temperatures by reading a mercury 
manometer with a Gaertner cathetometer for oxygen pres
sures of 5 X  10 “ 3 to 1 atmosphere and by means of a double 
McLeod gauge for pressures of 10 ~8 to 5 X  10 ~3 atmosphere. 
The oxygen content of the sample was determined from 
knowing the initial oxygen content (e.g., fully oxidized iron 
in the form of Fe20 3) and by keeping a careful account of the 
oxygen either removed from the sample by evolution into a 
known volume or added to the sample from this known 
volume (by pressure-temperature measurements on the gas 
in the known volume).

Early in the experimental work it was observed that oxy
gen gas, at pressures of about 10 ~6 to 3 X  10 ~3 atmosphere, 
became activated by the combination of high temperature 
near the reaction cell and the r-f magnetic field in the Vycor 
reaction chamber generated by the induction heater. This 
was displayed visually by the blue color in gas in reaction 
chamber. The activated region extended up into the neigh
borhood of ball and socket joint. The activated oxygen 
reacted with the Apiezon grease at the joint to generate C 02 
gas which was condensed in cold traps. This caused oxygen 
to be used up and thus made it difficult to measure the oxy
gen pressure and to keep account of the correct oxygen con
tent of the sample. This problem was solved by wrapping a 
copper sheet around the outside of the Vycor tube between 
the induction coil and the ball joint and electrically ground
ing the sheet. This eliminated the r-f magnetic field in the 
upper portion of the Vycor tube and allowed the activation 
in the oxygen gas to be quenched before reaching the stop
cock grease.

Whenever the reaction cell was hot, the sample and other 
contents of the Vycor reaction chamber were protected from 
mercury vapors and other condensable vapors such as H20  
and C 02 by cold traps maintained at liquid nitrogen tem
perature (a b o u t—193°).

Sample temperatures of up to 1450° can be obtained when 
using the reaction cell as described. At higher tempera
tures hot spots sometimes develop in the platinum cup and 
result in holes. Temperatures of greater than 1500° prob
ably could be obtained by replacing the platinum cup with 
a cup containing 60% platinum and 40%  rhodium. The 
stabilized Zr02 cell which contains the platinum cup begins 
to act as a susceptor for the r-f power at temperatures some
what above 1300° due to increased electrical conductivity. 
This takes some of the power load off the platinum cup sus
ceptor at high temperature and consequently diminishes the 
incidence of hot spots in the platinum cup. With the ar
rangement described above, iron oxide samples have been 
heated for several weeks at elevated temperatures (1100 to 
1400°) without holes developing in the platinum cup.
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Results and Discussion
Before detailing the theoretical development, 

the following expressions will be defined for clarity 
and assistance to those readers who are unfamiliar 
with this particular subject matter.
in—chemical potential of component i; defined

where F — total Gibbs free energy of the given phase 
m =  no. of moles of component i in a given phase 
P  = pressure 
T  =  absolute temp.

ai—activity of component i; defined by R T  In a\ =  m — /¿¡° 
where R  =  1.9864 cal./°K . per mole (gas constant)

Mi0 =  chemical potential of component i in its 
chosen standard state

u i — —partial molal free energy of mixing of component i
defined also by [H i — fll0] — r[5 i — /Si0] 

where H i — H ¡° =  partial molal heat of mixing
Si — S i0 =  partial molal entropy of mixing

From these definitions, the activity a-, of com
ponent i can be defined by

R T  In Oi = [ H i  -  H i°] -  T [S i  -  S,°] (1)

The expressions [/?; — H i0] and [5; — /S;°] are 
usually not very dependent on temperature but 
are functions of composition of a given phase. 
With these two functions established, the «¡’s 
can be expressed as functions of composition and 
temperature by use of the above equation.

In the work on the iron oxide system, an attempt 
will be made to select standard states of components 
in a given phase in such a way that H i — H i0 is 
very small. As a first approximation, then, H  — 
H i0 will be assumed to be zero. Also the volume 
change in mixing will be assumed zero. For this 
case

R  In ai = -  [& -  Si»]

The partial molal entropy of mixing, .5; — S i0, 
is related to the total entropy of mixing S m  for 
a given phase by

Si -  Si0 =  (2)L Orli J T, P , other n 's
For the case of athermal mixing which is being 

assumed in this treatment, the total entropy of 
mixing can be related to the number of distinguish
able arrangements of ions in the mixed phase and 
in the standard states of various components.2

The resulting relation is
ASm =  k Tin SIm — Y .  In

-]
(3)

where
k is Boltzmann’s constant
£2m is the no. of distinguishable arrangements of ions in 

the given solid phase
i2i° is the no. of distinguishable arrangements of ions in the 

chosen standard state of component i

In the derivation of the activity expressions to 
follow it was observed that better agreement with 
experiments was obtained if the fii°’s were all 
assumed to be one. This means that perfect

order was assumed to exist in the standard states 
selected for the solid iron oxide components.

Thus, by use of equations 1, 2 and 3, the activity 
ai of component i in a solid phase can be related 
to the number of arrangements of ions in the phase. 
The number of arrangements can in turn be related 
to composition of the phase in a manner to be de
scribed below for the iron-oxygen system.

The chemical activity of oxygen in the gas phase 
is assumed to be equal to its partial pressure ex
pressed in atmospheres. In the derivations to 
follow, subscripts 1, 2 and 3 refer to Fe20 3, Fe30 4 
and FeO, respectively, a  refers to the hematite 
solid phase, and y  refers to the magnetite solid 
phase and w refers to the wustite phase.

A. Derivation of Activity Expressions for the 
Magnetite Phase.— Consider the mixing of N i 
molecules of Fe20 3 and Ab molecules of Fe30 4 
in the magnetite phase. The standard states 
will be chosen as the magnetite structure for both 
stoichiometric Fe20 3 and stoichiometric Fe30 4 
for this case. It will be assumed that the standard 
state Fe20 3(7 ) has Fe2+ vacancies3 in the octa
hedral4 positions in the lattice, which positions for 
Fe30 4 would be filled by Fe2+ ions.

The N i  molecules of Fe20 3(7 ) contribute 3A\02_ 
ions to the solid phase, 2.25 iron ion posi
tions, of which 1 .5 N i  are octahedral and 0.75- N i  
tetrahedral, 1.5AIi Fe3+ ions, 0.5Ab Fe2+ and 
0.25AA Fe2+ vacancies. The 0.25Aq Fe2+ vacancies 
are assumed to be in the octahedral sites. The 
N i  molecules of Fe30 4 contribute 4N 2 0 2~ ions to 
the solid phase, 3N i  iron ion positions, of which 
2N i  are octahedral and N i  are tetrahedral, 2N 2 
Fe3+ ions, and N i  Fe2+ ions. The Ar2 Fe2+ ions 
are assumed to be in octahedral sites. It will be 
assumed that the only new ionic arrangements 
resulting from mixing the N i  Fe20 3 molecules and 
N i  Fe30 4 molecules in the magnetite phase are due 
to the random mixing of the N i  Fe2+ ions with the 
0.25Ari Fe2+ vacancies. The number of distin
guishable arrangements i2M in the mixture is, 
therefore

_  [0.251V. +  A y  !
M [0.25)Vi] ![JV2] !

The number of arrangements in the chosen standard 
state of Fe20 3(7 ) considering only the Fe2+ vacan
cies is

[0.251V,] I _
1 [0.251VJ!

The number of arrangements in the chosen stand
ard state of Fe30 4(7 ) considering only the Fe2+ 
ions is

As0 = [Ay _  
[Ay

Hence by equation 3

A/Sm = k  In [0.251V, +  Ab] ! 
[0.25Ay ![Ay ! (4)

Making use of the Stirling Approximation ( i.e ., 
In { A !) =  A  In A  — A )  and letting N \  +  N i  =

( 2 )  J .  H. Hildebrand and R. L .  Scott, “Solubility of Non-Electro
lytes,“ Third Edition, Reinhold Publ. Corp., New York, N; Y;, 1 9 5 0 , 
p p .  1 0 9 - 1 1 2 .

(3) H. Flood and D. G. Hill, Z. Elektrochem., €1, 18 (1957).
(4) E. J. W. Verwey and P. W. Haayman, Phyeica, VIII, 979

( 1 9 4 1 ) .
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i i_______i------------1------------- 1---------------- 1----------
1400 1300 1200 HOO 1000 “C

Fig. 1.— Relation between oxygen dissociation pressure 
and temperature at equilibrium between magnetite and 
hematite.

N 0, where N 0 is Avogadro’s number ( i.e ., 6.023 X 
1023) Equation 4 becomes

A-Sm =  - R  ["0.25m In n 0° .25n' +  n, In , 1L 0.25ni +  n2 0.25ni +  n2J
(5)

where R =  kNo the gas constant 
n\ =  Ni/No moles of Fe20 , 
ni =  JVj/iVo moles of Fe»04

Now differentiate A S m  in equation 5 with respect 
to ni and n2, respectively, and substitute in the 
equations

to obtain

ai(r)
T 0.25ni h0-2
L0.25ra, +  nt J

^  =  0 2 5 ^
dividing the numerators and denominators by 
«I +  n 2

0.25V] 
|_0.25A, +  v j (6)

“ 2(7) 0.25V, +  X j (7)
where V , and V 2 are the mole fractions of Fe2Oj and Fe30 4, 

resp., in the magnetite phase and y  denotes the mag
netite phase.

It should be pointed out that it was not neces
sary to assume the Fe2+ from the Fe30 4(7) and the 
Fe2+ vacancies from the Fe20 3(7 ) were located in 
octahedral positions to derive the above activity 
expressions. It is only necessary to assume that 
the entropy of mixing results from the random 
mixing of these Fe2+ ions and vacancies.

B. Application of Activity Expressions to the 
Experimental Results for the Magnetite Phase.—
Equation 7 has been used to calculate a 2( y )  for 
Fe30 4 in the magnetic phase. The calculated 
results from equation 7 are compared with the 
experimental results of Darken and Gurry6 for 
a2(y) at 1575° in Table I. Their experimental 
values for a 2( y )  were determined from oxygen 
dissociation pressure versu s  composition of the 
magnetite solid solution at 1575° by application 
of the Gibbs-Duhem equation. Their values of 
a 2( y )  were relatively independent of temperature 
in the range studied (1400 to 1575°).

T a b l e  I
A ctivitt  of Fe30 ( in  M agnetite

Mole fraction 
of Fe304

Calcd. by 
eq. 7

Activity of i*e304------------- *
Exptl. value of 

Darken and Gurry
l l l
0 .9 0.98 0.97

.8 .95 .94

.7 .90 .90

.6 .85 .86

The agreement in Table I gives considerable 
support to the validity of equation 7 for a2(y), 
and in so doing also supports the validity of equa
tion 6 for at(y). This follows from the Gibbs- 
Duhem equation by which it can be shown that if 
equation 7 is correct, then the true activity of 
Fe20 3 in the magnetite solid solution is directly 
proportional to the aj(y) given by equation 6.

Oxygen dissociation pressures have been meas
ured at various temperatures and oxygen contents 
for magnetite (i.e., Fe30 4(7)) containing some 
Fe20 3 in solid solution. A typical run is illustrated 
by line ABODE in Fig. 1. The iron oxide was 
heated to some given temperature and oxygen 
allowed to evolve from the iron oxide into a known 
volume of the vacuum system until the pressure 
stopped changing. This pressure was then con
sidered to be the equilibrium pressure for the given 
temperature and oxygen content of the iron oxide. 
Then the temperature of iron oxide was raised to 
a new value and the new equilibrium oxygen pres
sure measured. The oxygen content could be cal
culated by considering the amount of oxygen which 
had evolved from the iron oxide to give the meas
ured oxygen pressure in the known volume. The 
oxygen content at point A on Fig. 1 corresponded 
to stoichiometric Fe20 3. The compositions were 
expressed as mole fractions of Fe304 (i.e., X 2), 
the other component being Fe20 3.

Along line AB in Fig. 1 the a-Fe20 3 (hematite) 
was in contact with excess oxygen gas. As the 
temperature was raised the a-Fe20 3 did not lose 
any oxygen until a temperature corresponding to 
point B was reached. Along line BC the a-Fe20 3 
started losing oxygen to the gas phase and the 
concentration of Fe2+ or Fe30 4 in solution in the 
hematite phase began to increase from zero at 
point B to the saturation value at point C. At 
point C a magnetite phase began to separate from 
the a-Fe20 3 phase. Along line CD the magnetite 
phase! and hematite phase coexist in equilibrium

(5) L. S. Darken and R. W. Gurry, J. Am. Chem. Soc., 68, 798 
(194G).
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with each other and with the oxygen gas phase. 
As the temperature is raised along CD and more 
oxygen evolves into the gas phase, point D is 
reached where all the a-Fe20 3 phase has just dis
appeared to form magnetite and oxygen gas. 
Along line D E the magnetite is losing oxygen and 
hence the concentration of Fe3+ or Fe20 3 in solu
tion in the magnetite phase is decreasing.

A series of runs were made of the type illustrated 
by line ABODE at various contents of oxygen 
in the iron oxide at the start of each run. A  
careful account had to be kept of the oxygen added 
to or removed from the vacuum system for the 
entire series of runs. From the D E portion of 
the various ABODE curves data on oxygen dis
sociation pressure, oxygen composition and tem
perature were compiled for the magnetite phase. 
For this composition region the reaction involved 
in the dissociation of the oxide is

6Fe20 3(T ) 4Fe30 , ( 7 ) +  0 2(g )

where 7  refers to the magnetite phase, and g refers to the 
gas phase

The standard heat of reaction A H °(y )  and stand
ard entropy of reaction A S °(y ) for this reaction 
are related to the activities ax and a2 and oxygen 
dissociation pressure Po2 by

AHa(y )  -  TASa(y )  =  - R T  In [ —° ^ ]  (8 )

Hence by substituting X i and X 2 for ax and a2 
from equations 6 and 7 A H °(y )  and A S °(y ) can 
be related to Po2, X x, X 2 and T  which are all 
measured data. The relation is expressed by
AH (y)  -  TAS°(y) =  - R T

X ,In [^do-SY T xJC
0.2.5Y, +  

0.25Xx T ‘] (9)

The data on P o „  X X) X 2 and T  are shown in 
Table II. The values of A H °(y )  and AiS^y) have 
been computed by application of the least-squares 
method to the data in Table II and to equation 9. 
The resulting values of A H °(y )  and Aí§0(y ) and 
the corresponding probable errors are 

AH «(y) =  78,000 ±  4200 cal.
As ° (y )  =  47.0 ±  4.0 eal./°K.

The corresponding values calculated from Darken 
and Gurry’s5 data on Po„ X x, X ¡  and T  for the 
magnetite phase are

A H \y) =  84,500 ±  1600 cal.
AS°(7) =  52.5 ±  0.9 cal./°K.

Thus the thermodynamic results of the present 
work using vacuum technique agree fairly well 
with those of Darken and Gurry using a gas 
flow method at known partial pressures of oxygen 
and using chemical analysis to determine equi
librium oxygen content of magnetite containing 
excess Fe20 3 in solid solution.

C. Derivation of Activity Expressions for the 
Wiistite Phase.— W . L. Roth of the General Elec
tric Research Laboratory has recently completed 
a neutron diffraction study of wiistite containing 
some Fe30 4 in solid solution.6 He found cation 
vacancies in the octahedral sites and interstitial

(6) W. L. Roth. General Electric Research Laboratory Report No. 
58RL-2128.

T a b l e  II
O x y g e n  D is s o c ia t io n  P r e s s u r e , C o m p o s it io n  a n d  T e m 
p e r a t u r e  D a t a  f o r  t h e  M a g n e t it e  P h a s e  o f  I r o n

O x id e

Temp., Oxygen pressure, Mole fraction Mole fraction
°K. at. Fe2C>3 FeaOi

1551 1.47 X 10~2 0.3979 0.6021
1617 1.80 X IO“2 .2090 .7910
1697 1.89 X 10—2 .1518 .8482
1621 3.33 X 10~2 .3068 .6932
1664 3.46 X 10~2 .2291 .7709
1585 3.20 X 10-2 .3801 .6199
1680 1.255 X 10 -1 .3587 .6413
1700 1.264 X 10 -1 .3068 .6932
1504 3.59 X IO“ 2 .3418 .6582
1541 6.18 X 10-5 .1886 .8114
1483 2.17 X 10-5 .3255 .6745
1526 4.42 X  IO"3 .1918 .8082
1430 4.45 X IO-4 .2315 .7685
1492 1.47 X IO“3 .1679 .8321
1576 2.37 X IO”3 .1107 .8893
1375 1.00 X 10-4 .1380 .8620
1495 5.86 X IO-4 . 1065 .8935
1581 1.01 X 10-5 .0777 .9223
1435 3.0 X 10^ .0114 .9886
1525 2.41 X IQ-6 .0096 .9904

iron ions in tetrahedral sites. These occurred in 
a ratio of about two octahedral vacancies for 
each tetrahedral iron ion. On the basis of these 
observations, it will be assumed that the wiis
tite structure has the same charge distribution 
as magnetite structure and also that an Fe30 4 
molecule is arranged in the same manner in wiistite 
will place two iron ions in octahedral positions and 
one iron ion in a tetrahedral position in the 
face centered cubic arrangement of oxygen ions. 
In the following treatment (w) will refer to the 
wiistite phase.

Let N -,j molecules of FeO and N 2 molecules of 
Fe30 4 mix in solid solution in the wiistite phase. 
The standard states will be chosen as the wiistite 
structure for both stoichiometric FeO and Fe30 4. 
The wiistite standard state of Fe30 4 will thus have 
the same ionic arrangement as the magnetite 
structure, but will have a slightly expanded lattice 
constant to match the wiistite structure. The 
wiistite standard state of FeO will have the same 
charge distribution as the standard state of Fe30 4, 
and hence will have interstitial Fe° atoms in 
octahedral positions and iron ion vacancies in 
tetrahedral positions.

The N 3 molecules of FeO(w) contribute N 30 2~ 
sites filled by N 30 2_ ions, N 2 octahedral positions, 
0.5iV3 Fe° atoms in octahedral positions, 0 .2 5 N 2. 
Fe2+ ions in octahedral positions, 0.25iV3 Fe3+ 
ions in octahedral positions and O.25A 3 Fe3 + holes 
in tetrahedral positions each with a 3 +  charge. 
The N 2 molecules of l?e30 4(w) contribute 4:N2 
O2- sites filled by 4N 2 O2- ions, 4N 2 octahedral 
positions, N 2 Fe2+ ions in octahedral positions, 
N 2 Fe3+ ions in octahedral positions, 2Ar2 neutral 
octahedral holes, and N 2 Fe3+ ions in tetrahedral 
positions. In deriving the expression for the en
tropy of mixing, only the random mixing of the 
O.5 .V3 Fe° atoms with 2 N 2 neutral octahedral 
holes will be considered. The mixing of the 0.25
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tetrahedral holes with the N 2 Fe3+ ions in tetra
hedral positions is neglected because Roth found 
that in wiistite each pair of neutral octahedral 
holes has in general one interstitial iron ion in a 
tetrahedral position associated with it. Thus, 
the mixing of Fe3+ ions in tetrahedral sites with 
tetrahedral holes is not independent of the mixing 
of Fe° atoms with octahedral holes. The exist
ence of an association of iron ions with vacancies 
and consequent decrease of entropy is supported 
by the thermodynamic treatment of wiistite solid 
solution by Brynestad and Flood,7 but their model 
for the structure is different from that suggested 
by Roth’s work. The number of distinguishable 
arrangements in the solid solution mixture is, 
therefore

[0.5V, +  2 V,]!
M [0.5iV3]![2V2]!

i22° and ft3° will both be assumed equal to unity. 
Consequently, following the general procedure 
outlined in the theoretical development earlier 
in the paper, the activities a3 and a2 of FeO and 
Fe30 4, respectively, in the wiistite phase are given 
by

a3(w) =  |r o.5X3 -I»-« (10)_0.5V3 +  2 X j

a2(w) = r 2x 2 y

Lo.5X3 +  2xd (11)

where X s and X 2 are the mole fractions of FeO 
and Fe30 4, resp.

D. Application of the Activity Expressions to 
the Experimental Results for the Wiistite Phase.—•
Equation 10 has been used to calculate the chemi
cal activity a3(w) of FeO in the wiistite phase for 
various mole fractions of Fe30 4 in solid solution in 
the wiistite. The other component was FeO. 
The calculated results from equation 10 are com
pared with the experimental results of Darken 
and Gurry8 for a3(w) at 1200° in Table III. Their 
experimental values for a3(w) were determined 
from oxygen dissociation pressure vs. compositions 
of the wiistite solid solution at 1200° by application 
of the Gibbs-Duhem equation. The experimental 
values of a3(w) appear to be quite independent of 
temperature in the range studied (1100 to 1400°).

T a b l e  III
A c t iv it y  o f  FeO i n  W ü s t it e

Mole fraction 
of Fe3Û4

Calcd. by 
eq. 10

A c tiv ity  of FeO-------------- •
E xptl. value of 

Darken and G urry8

0.053 0.90 0.90
.062 .89 .90
.081 .86 .87
.110 .82 .84
.141 .78 .79
.194 .71 .71
.235 .67 .66
.248 .66 .64

In Table III, the experimental values of a3(w) 
of Darken and Gurry have each been multiplied 
by the same constant factor which was selected

(7) J. Brynestad and H. Flood, Z. Elektrochem., 62, 953 (1958).
(8) L. S. Darken and B. W> Gurry, Am. Chem. Soc.t 6 7 * 1407 

(1945).

so as to cause the calculated and experimental 
values of a3(w) to be equal at a composition of 
0.053 mole fraction Fe30 4. This operation is 
equivalent to changing one of the limits of inte
gration in the application of the Gibbs-Duhem  
equation to the raw experimental data and does 
not alter the self-consistency of the results. It 
is also equivalent to selecting a new standard 
state composed of stoichiometric FeO for wüstite 
rather than the one used in arriving at the ex
perimental activities.

The dissociation of oxygen from wüstite (i .e ., 
FeO(w)) containing some Fe30 4 in solid solution 
may be represented by

2Fe30 4(w ) <; > 6FeO(w) +  0 2(g)

By application of the activity expressions 10 and 
11 to this equation the expression for the equi
librium constant K ( w) becomes

T 0 .5X 3 "j 3[0 .5 X 3 +  2 X ,1
Lo.5X 3 +  2 X j L 2 X i  J

By application of equation 12 to the data of 
Darken and Gurry8 on oxygen dissociation pres
sure vs. composition of the wiistite phase, the 
average value of K ( w) was found to be 3.75 X  
10- 10 and 6.74 X  IO“ 8 at 1200 and 1400°, re
spectively. These values for K { w) were substi
tuted into equation 12 and Po2 vs. mole fraction 
Fe30 4 were calculated at 1200 and 1400°. These 
calculated results are shown as solid curves in 
Fig. 2. The experimental results of Darken and 
Gurry are shown as small circles in the Fig. 2. The 
agreement is considered good.

Values of the standard heat of reaction A//°(w) 
and standard entropy of reaction AS0(w) for above 
oxygen dissociation reaction were calculated from 
the value of K ( w) at 1200 and 1400° by use of the 
relation, R T  In K (w) =  — A H °(w )  +  T  A S °(w )

A ff°(w ) =  127000 cal.
AiS°(w) =  43.2 ca l./°K .

E. Derivation of the Activity Expressions for 
the Hematite Phase.— No satisfactory data on 
oxygen dissociation pressure, composition and tem
perature for the hematite phase are available in 
the scientific literature for calculating the activity 
of Fe20 3 as a function of concentration of Fe30 4 
in solid solution in hematite. Consequently, 
an experimental study was carried out to obtain 
such data. These data are represented by the 
BC portions of a series of AB CD E curves of the 
type shown in Fig. 1 and are listed in Table IV. 
In the course of this study the oxygen dissociation 
pressure versus temperature relation was estab
lished for the two solid phase system having a 
magnetite phase in equilibrium with a hematite 
phase. This relationship is shown as the solid 
curve in Fig. 1.

The experimental study indicated that Fe30 4 
had a very low solubility in the hematite (Fe20 3(a)) 
phase at temperatures as high as 1300 to 1400°. 
Hence, the concentration range in hematite is too 
short to be able to give postulated activity expres
sions a very thorough testing. However, the 
analysis of the data in Table IV  by application of 
thermodynamic principles and the least-squares
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T a b l e  IV
Ox y g e n  D is s o c ia t io n  P r e s s u r e , C o m p o s it io n  a n d  T e m 

p e r a t u r e  D a t a  f o r  t h e  H e m a t it e  P h a s e  o f  I r o n  O x id e

Temp., °K.
Oxygen pressure, 

atm.
Mole fraction 

Fe203
Mole fraction 

FeaCh

1462 3 .88  X  10~3 0.9936 0.0064
1436 3 .5 7  X  10~3 .9952 .0048
1475 5.01  X  IO“ 3 .9875 .0125
1458 4 .20  X  10“ 2 .9920 .0080
1436 3 .63  X  IO“ 3 .9948 .0052
1419 3 .3 6  X  IO“ 3 .9964 • .0036
1411 3 .22  X  10~3 .9972 .0028
1430 3 .29  X  IO" 3 .9968 .0032
1432 3 .35  X  IO“ 3 .9964 .0036
1450 3 .62  X  IO“ 3 .9952 .0048
1469 4 .59  X  IO- 3 .9899 .0101
1486 7.11 X  IO- 3 .9769 .0231
1458 4 .13  X  IO“ 3 .9924 .0076
1447 3 .71  X  IO“ 3 .9944 .0056
1422 3 .32  X  IO" 3 .9968 .0032
1506 2.053 X  10~2 .9968 .0032
1523 2 .086  X  10 ~2 .9952 .0048
1523 2.125  X  IO“ 2 .9932 .0068
1510 2.072  X  10“ 2 .9960 .0040
1505 2.079 X  10 - 2 .9956 .0044
1521 2.118 X  10" 2 .9936 .0064
1509 2.112 X  10~2 .9940 .0060
1486 2.039 X  IO“ 2 .9976 .0024
1479 1.187 X  10“ 1 .9900 .0100
1598 1.211 X  10 - 1 .9814 .0186
1588 1.202 X  10“ 1 .9927 .0073
1580 1.195 X  IO“ 1 .9883 .0117
1570 1.190 X  IO“ 1 .9912 .0088
1537 1.18  X  10- 1 .9932 .0068
1474 1.178 X  10 - 1 .9944 .0056
1604 1.195 X  10_1 .9891 .0109
1606 1.206 X  10“ 1 .9835 .0165
1580 1.190 X  10" 1 .9912 .0088
1527 1.178 X  10-> .9960 .0040

method indicated that the activity of Fe3C>4 over 
the narrow solid solution range in hematite was 
very nearly directly proportional to mole frac
tion X 2 of Fe30 4 in solid solution. This means 
that each Fe30 4 molecule dissolved in hematite 
is contributing one independent defect to the 
structure. It will be assumed that this defect 
is an interstitial Fe° atom. The Fe304 molecules 
will also supply some 3 +  vacancies in iron ion 
positions but the location of the vacancies will be 
assumed to be dependent on the location of the 
interstitial atoms of Fe°.

The entropy of mixing N i  Fe20 3 molecules and 
X 2 Fe30 4 molecules will be obtained from the 
random mixing of 1V2 interstitial Fe° atoms sup
plied by the Fe30 4 molecules with N t neutral 
interstitial holes supplied by the Fe20 3 molecules. 
This leads to the simple activity expressions for the 
hematite phase

ai(«) = X , (13)
a2(« ) =  X 2 (14)

F. Application of the Activity Expressions to the 
Experimental Results for the Hematite Phase.—
Activity expressions 13 and 14 when applied to the 
reaction

6Fe20a(a) T  — 4FeaOj(oc) +  Oa(g)

■0 5  .10 .15 .2 0  .25  .3 0

M OLE FR AC TIO N  OF Fg3 0 4 IN W Ü S T IT E .

Fig. 2.— Isotherms at 1200 and 1400° for oxygen dissocia
tion pressure vs. content of Fe30 4 in solid solution in wiis- 
tite.

Fig. 3.— Composition of hematite in equilibrium with 
magnetite.

lead to the following relation between P o2, X j, 
X 2, T , AH \ a )  and A S 0(a )

RT  In P 02 =  - A # V )  +  TAS°(a) (15)Xj
where Aff°(a) and AS°(a) are the standard heat and entropy, 

resp., for above oxygen dissociation reaction

Equation 15 has been applied by the least- 
squares method to the data in Table IV, to obtain 
the value of A H °( a )  and AiS°(a) and the correspond
ing probable errors. These are

AH°(a) =  187,000 ±  17,000 cal.
A £°(a) =  77 ±  11 ca l./°K .

The data in Table IV  were obtained by pro
gressing in a forward and reverse direction over 
curve ABODE (Fig. 1) for each run. A  different run 
would, of course, have a different ABODE curve.
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The large probable errors in AH °(a )  and AS °(a ) 
are not unreasonable because slight departure 
from equilibrium would cause the mole fraction of 
Fe30 4 to be in error by relatively large percentages 
in such a dilute solid solution region.

The solid curve in Fig. 1 shows the relationship 
between oxygen dissociation pressure and tempera
ture when a hematite phase is in equilibrium with 
a magnetite phase. The corresponding data of 
Norton9 and Darken and Gurry6 are also shown. 
When values of P o , and T  from this curve are 
substituted along with the above values of AH °(a )  
and A<S°(a) into equation 15, the composition (i.e., 
X i  and X 2) of the hematite phase in equilibrium 
with the magnetite phase can be calculated at 
temperature T. This has been done and the 
results are plotted in Fig. 3. It is evident from 
the curve in Fig. 3 that the solubility of Fe30 4 
in the hematite phase is very slight.

G. Conclusions.— The pressure-composition- 
temperature relationships at high temperature 
for the wiistite, magnetite and hematite phases of 
the iron oxide system have been successfully ex
plained by consideration of the entropy of mixing 
of lattice defects in the lattice. In this study the

(9) F. J. Norton, General Electric Research Laboratory Report 
No. 55RL-1248.

heat of mixing of the defects with the lattice has 
been assumed to be zero. The experimental results 
agree with this assumption. Another helpful 
assumption has been that the charge distribution 
in a given phase such as wiistite is independent of 
the composition of that phase. This has been a 
valuable guide in postulating how the defects 
are positioned in the lattice.

By knowing the expression for entropy of mixing 
of defects as a function of oxygen content, it is 
possible, by applying thermodynamic principles 
to the experimental data on oxygen dissociation 
pressure, composition and temperature, to obtain 
standard heats and entropies of oxygen dissocia
tion from the wiistite, magnetite and hematite 
phases. By use of the values for the standard 
heat and entropy of oxygen dissociation and the 
corresponding expression for entropy of mixing 
of defects as a function of composition, one can 
readily calculate the oxygen dissociation pressure 
for any oxygen content and temperature of wiistite, 
magnetite and hematite phases.
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KINETICS OF THE REACTION BETWEEN HYDROGEN PEROXIDE AND 
AQUO-(ETHYLENEDIAMINETETRAACETO)-COBALT(II) AND EVIDENCE 

FOR THE FORMATION OF A PEROXODICOBALT(IIIJII) COMPLEX1
By  R ichard G. Y alman

Department of Chemistry, Antioch College, Yellow Springs, Ohio
Received November 8, 1960

A peroxodicobalt(III,III) intermediate is formed during the oxidation of aquo-(ethylenediam inotetraaceto)-cobalt(II) 
to coba lt(III) by  hydrogen peroxide. In the presence of a large excess of coba lt(II) the oxidation is stoichiometric. Other
wise oxygen is formed. The kinetics of these reactions were determined by manometric, spectrophotometric and polaro- 
graphic techniques. The mechanisms of these reactions are discussed.

When hydrogen peroxide is added to solutions 
of aquo-(ethylenediaminetetraaceto)-cobalt(II), 
Y C oH 20 -2, cobalt(III) complexes are formed.2 
At the same time hydrogen peroxide is decomposed. 
The purpose of this investigation was to examine 
the kinetics of these reactions.

Preliminary experiments showed that the evolu
tion of oxygen could be studied by manometric 
techniques in the pH range of 6.5-8.5 at 30°. 
Under these conditions there is an equilibrium 
between aquo- (ethylenediaminetetraaceto) -cobalt-
(III), Y C oH20 ~ , and hydroxo-(ethylenediamine- 
tetraaceto)-cobalt(III), YCoO H - ,2 and both of 
these complexes form ethylenediaminetetraaceto- 
cobalt(III), Y C o ~ .23 At 576 m/U4 these com
plexes have the same molecular absorption co
efficient and the spectrophotometric study of the

(1) Part of the material in this paper was presented before the 
Division of Physical Chemistry at the 134th meeting of the American 
Chemical Society, Chicago, 1958.

(2) G. Schwarzenbach, Helv. Chim. Acta, 32 , 839 (1949).
(3) I .  A. Shimi and W. C. E. Higginson, J. Chem. Soc., 260 (1958).
(4) S. M . Jorgensen, Acta Chem. Scand.. 9, 1362 (1955).

oxidation of cobalt.(II) to cobalt(III) is independ
ent of the product(s) at this wave length.

Experimental
Reagents.— Dihydrogen aquo -  (ethylenediaminetetra-

aceto)-cobalt(II) was prepared by the method of Shimi and 
Higginson .3 This com plex was the only source of coba lt(II) 
and ethylenediaminetetraacetic acid used in these experi
ments. Crystalline catalase was obtained from Nutritional 
Biochemicals Corp., Cleveland, Ohio. All other chemicals 
were C .P ., A .C .S . reagent grade. All salt solutions 
were carefully filtered and, where necessary, analyzed by 
standard volumetric procedures.

Reaction mixtures were prepared by rapidly mixing solu
tions of the coba lt(II) complex with solutions of hydrogen 
peroxide. The latter contained sufficient phosphate buffer 
and sodium perchlorate so that on dilution to volume each 
reaction mixture was 0.1 M  in phosphate and had a total 
ionic strength of 0.5 M . In a number of experiments excess 
hydrogen peroxide was destroyed after 5 minutes by  chilling 
the reaction mixture and adding catalase. Solutions treated 
in this way will be called catalase treated reaction mixtures. 
In one series of experiments to determine stoichiom etry 
dilute solutions of hydrogen peroxide were added dropwise 
with continuous stirring to buffered solutions of the cobalt 
(I I )  com plex. The p H ’s of all solutions were measured 
periodically with a Beckman M odel G pH  meter.
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Oxygen Experiments.— The amount and rate of oxygen 
evolution was determined with an Acm e Equipment C o. 
Warburg Apparatus using Summsrson manometers and one- 
arm Warburg flasks. The latter were calibrated by  the 
reaction between hydrogen peroxide and potassium per
manganate in dilute sulfuric acid. The reaction mixture 
was generated by  dumping solutions of the coba lt(II) com 
plex from the side arm into buffered hydrogen peroxide solu
tions. The thermobars contained similar solutions, but no 
coba lt(II). A fter a short induction period straight line 
curves were obtained by plotting log (if™ — Ht) against t, 
where i f ™  is the total change in the height of the manom
eter. First-order rate constants were calculated from the 
slopes of these lines.

In a few experiments catalase treated reaction mixtures 
were placed in W arburg flasks and, after equilibrating for 15 
minutes, the evolution of oxygen was observed. Although 
the amount of oxygen formed in ihese experiments was only 
about 40%  of that formed in the original reaction mixtures, 
the rate of oxygen evolution was nearly twice as great, indi
cating a reaction involving catalase. In duplicate experi
ments the same amount of oxygen was formed almost in
stantaneously when potassium triiodide was added from  the 
side arm to catalase treated reaction mixtures.

Spectrophotometric Experiments.— Optical density meas
urements were made with a Beckman M odel D U  Spectro
photometer with a photomultiplier attachment using 1 cm. 
silica cells. The cell com partm ent was maintained at 29.7 
±  0 .1° by circulating water from a constant temperature 
bath through coils in the cell housing. A number of measure
ments were made at 0 .5 ° by  circulating water from an ice- 
bath through the cell housing. In these experiments Drierite 
was placed in the cell housing to prevent fogging.

The absorption spectra of Y C oO H -2, Y C oH jO -  and Y C o ~ 
were determined from  320 to  660 m^. The results were in 
agreement with those reported in the literature.3'4 The 
concentration of coba lt(III) was determined from  measure
ments at 576 mji, where the complexes have the same molar 
absorption coefficient. In the experiments to determine 
stoichiom etry corrections were made for the amount of un
reacted coba lt(II).

A t 576 m,u the optical density of the reaction mixtures in
creases rapidly and then more slowlv. From plots of log 
(D  CO — Dt) against t it was found that these changes corre
sponded to two rate-determining steps following consecutive 
first-order kinetics. The rate constant for the first step was 
then calculated from semilog plots of the initial measure
ments corrected for the optical densities due to the second 
reaction.

Somewhat different results were obtained in the ultra
violet region. Thus in the region 340 to 365 nm, where 
minima occur in the absorption spectra of the coba lt(III) 
complexes, 3'4 the optical densities of the reaction mixtures 
increase rapidly, pass through a maxima and then decrease 
slowly following first-order kinetics. Extrapolation of the 
data of Shimi and Higginson3 to 30° indicates that the rate 
of conversion of equilibrium mixtures of Y C oH 20 ~  and 
Y C oO H -2  to Y C o -  increases from approximately 1 X  10 -1
1. m oles-1 m in . -1 at pH  8  to  2 X  10-1 1. m oles-1 m in . -1 at 
pH  6 -7 . Preliminary experiments showed that this is 
faster than the decrease in the optical density of the reaction 
mixtures. Therefore subsequent measurements were made 
at 340 mp, the minimum in the absorption spectrum of 
Y C o - .

In a number of experiments the reaction mixtures were 
allowed to stand at 30° until their optical density reached a 
maximum at 340 mp. The solutions were then quickly 
chilled and their absorption spectra measured at 0 .5 °. 
From time to time the measurements were repeated with 
freshly prepared solutions. The range 320 to 600 m/u was 
examined.

Polarograph Experiments.— Catalase treated reaction 
mixtures were de-oxygenated with nitrogen and examined 
with a Sargeant M odel X X I  Polarograph using Lingane- 
type H cells placed in a constant temperature bath. The 
effect of the height of the mercury column on the diffusion 
current of these solutions and 0: solutions of Y C o -  were 
determined at 0 ° by  packing the cells in ice.

Results
Stoichiometry.— The amount of oxygen evolved 

and the total amount of cobalt(III) formed in

various reaction mixtures are given in column four 
of Table I. In the first set of experiments an 
excess of hydrogen peroxide was used and the 
reaction was performed in the Warburg apparatus. 
In the second set an excess of YCoH20 -2  was used 
and the solutions were analyzed spectrophoto- 
metrically.

Values of the consumption ratio n
_  a [H2Q2]

A fC o(II)]

are given in column five. At constant ratios of 
H20 2:Co(II) n  increases with increasing pH. 
The increase is particularly rapid in the neighbor
hood of pH 7, but above this the increase is more 
gradual. In the presence of an excess of hydrogen 
peroxide n  is essentially independent of the total 
amount of hydrogen peroxide present. However, 
in the presence of excess YCoH 20 -2  n  decreases 
and approaches a value of 0.5, corresponding to 
the stoichiometric oxidation of cobalt (II) to 
cobalt (III). When n  has a value of 1.5, one mole 
of hydrogen peroxide is decomposed for each gram- 
atom of cobalt(II) oxidized to cobalt(III).

T a b l e  I
St o ic h io m e t r y  o f  t h e  Y C oH 20 -1- H 2 0 2  R e a c t io n

pH
/------Reagents, mmoles----------•
YC 0 H 2O ~2 H 2O2

Products, 
mmoles 

O2 or C o (III) n

6 .9 0.025
A. Oxygen“ 

0.3558 0.0085 1.18
7 .0 .049 .544 .0196 1.30
7 .0 .0294 .544 .0125 1.35
7 .2 .0375 .356 .0158 1.37
7 .4 .0125 1.068 .0065 1.54
7 .4 .0125 2.136 .0066 1.55
7 .4 .0250 0.7116 .0140 1.62
7 .4 .0250 1.068 .0136 1.59
8.15 .025 0.356 .0143 1.65
8 .5 .025 .356 .0151 1.71

7 .4 1.347
B. C oba lt(III)1' 

0 .507 0.343 1.48
7 .4 1.347 .101 .123 0.82
7 .4 1.347 .0507 .074 .69
7 .4 1.347 .0253 .048 .53
7 .4 1.347 .0127 .025 .51

“ Average of quadruplicate experiments. 6 Average of 
duplicate experiments.

Kinetics.— In buffered solutions containing a 
high ratio of H 20 2: YCoH 20 -2  the evolution of 
oxygen was preceded by an induction period 
which decreased with increasing pH and disap
peared above pH 8 . After the induction period 
and above pH 8 the evolution of oxygen obeyed 
the rate law

d [0 2] /d i  =  /c„b. ( [ 0 2] „  -  [0 2])

where [0 2]™ is the total amount of oxygen formed 
in the experiment.

At constant hydrogen peroxide concentration 
the observed rate constant increased linearly with 
increasing [OH- ] and at constant pH it increased 
linearly with increasing [H20 2]. The rate law 
is given by

ku\>a ~  ka. V fcblOH- ! -j- fco'JOH- ] [H2O2]
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or
fobs = fo +  fo[OH~] +  fo[OOH- ] (I)

and at 30° fca =  3 X  10-3  min.-1 , kh =  7.4 X  
104 1. moles-1  min. -1  and kc =  2.3 X  10s 1. moles-1  
min.-1 . The latter was calculated from the 
relationship kc — ka'K w/K-K£>s using the value of
2.6 X  10-12 moles/1. for the ionization of hydro
gen peroxide at 30°.6 All experiments were per
formed at a constant ionic strength of 0.5 M  
and no corrections were made for activity co
efficients.

Kinetics of Cobalt (III) Formation.— The oxida
tion of Y C oH 20 -2  to cobalt(III) complexes was 
followed spectrophotometricaliy in buffered solu
tions containing a large excess of either YCoH 20 -2  
or hydrogen peroxide. At 576 m^ the increase 
in the optical density occurred in two steps paral
leling the induction period and the formation of 
oxygen in the manometric experiments. From 
plots of log (I)» — Dt) against t the rate-determin
ing reactions were found to obey first-order ki
netics, indicating the formation of at least one 
reaction intermediate

cobalt(II) X  - % ■  cobalt(III)

From these experiments it was found that fc2 
obeyed the same rate law as the rate constant 
for the formation of oxygen (equation I) and that 
/ca =  3.3 X  10-3  min.-1 , kh =  5.6 X  104 1. moles-1  
min. -1  and kc =  2.9 X  103 1. moles-1  min.-1 . 
The agreement between these two sets of experi
ments indicates that the formation of oxygen 
and the second step in the oxidation of cobalt(II) 
to cobalt(III) occur simultaneously.

As the results in Table IIA  show the rate con
stant kx for the first step in the oxidation of co
balt (II) to cobalt (III) is first order with respect 
to both cobalt(II) and hydrogen peroxide. On 
the other hand measurements over a twenty
fold range of [OH- ] show (Table IIB) that at 
constant hydrogen peroxide concentration the 
quotient ft /[O H - ] increases slowly with increas
ing hydroxyl ion concentration. A  straight line 
was obtained by plotting [OH- ] /f t  against [H30 + ]  
and the rate law for ft was found to be

fo =  fo[OOH-]/(l +  fo[H30 +]) (II)

At 30° ki and ft have the values of 8.5 X  104 and
1.1 X  106 1. moles-1  min.-1 , respectively.

Optical density measurements in the ultra
violet region show that an intermediate is formed 
during the oxidation of cobalt (II) to cobalt (III). 
Thus at 340 nap the optical density of the reaction 
mixtures increased rapidly, passed through a maxi
mum and then decreased slowly. Again these 
changes parallel the induction period and the 
evolution of oxygen in the monometric experi
ments and the changes in optical density at 576 
mp. The time required for the optical density to 
reach a maximum at 340 mp decreased with in
creasing pH and above pH 7.5 it could not be 
determined experimentally.

The occurrence of the maxima at 340 mp was 
calculated from the equation6

(5) S. S. Mohammad and T. N. Rao J. Chem. Soc., 1077 (1957).

T a b l e  II
R a t e  C o n s t a n t  ki f r o m  M e a s u r e m e n t s  a t  576 m̂ i 

A. pH 7.34

[YCo-

ki [Y  Co-
H jO -q , iOHjOs], 
1. mole“ 1 1. mole ]

m o -q [H 2O2 I ki, min. 1 min. 1 m in ._1

0.0108 0.000914 0.0483 4 .47
.0216 .000914 .105 4 .86
.0270 .000914 .120 4.43
.0540 .000914 .231 4 .27
.00098 .02295 .118 5.15
.00098 .0459 .218 4 .75
.00098 .06885 .310 4.51
.00098 .0925 .435 4.71

B. 0.00098 M  Y C oH 20 0.0925 M  H 20 2
pH ku min. ~1 &i [O H “ ], 1. mole“ 1 min.

6 .18 0.0168 1 .2  X  10«
6.63 .069 1.61
6.72 .092 1.74
6 .84 .121 1.74
6.93 .154 1.83
7 .26 .356 1.95
7 .34 .435 1.98
7 .44 .550 1.99

2 .07°
° Limiting value from  plot of [O H “ ] /fo  against [H30 +] .

rn In fo/fe
fo -  fo

where ft and ft are the observed rate constants 
at 576 mp. The calculated values of T  for solu
tions containing 0.0925 M  H 20 2 and 0.00098 M  
Y C oH 20 -2  are given in column four of Table III. 
The good agreement between these values and the 
observed values of T  (column five) indicate that the 
kinetics of the formation and decomposition of the 
intermediate is the same as the kinetics of the 
oxidation of cobalt(II) to cobalt(III) and that the 
decomposition of this material follows the same 
rate laws as the evolution of oxygen.

T a b l e  III
O c c u r r e n c e  o f  t h e  M a x im u m  a t  340 m,u 

0.0925 M  H 20 2; 0.00098 M  Y C oH 2C r 2

pH ki,a min. _1 kì,a min. 1
✓------- T, min.
Calcd. Obsd.

6.63 0.069 0.0089 34 .2 35 .5
6.72 .092 .0102 25 .8 26 .0
6.84 .121 .0120 21 .0 22 .0
6.93 .154 .0169 16.2 17.0
7 .26 .356 .0278 8 .2 8 .5
7.34 .435 .0320 6 .5 7 .5
7 .44 .550 .0366 5 .3 6 .0
0 From changes in the optical density at 576 mp.

Identification of the Intermediate.— The ab
sorption spectrum of the intermediate was deter
mined in the following way. The optical density of 
the reaction mixtures is given by

D  =  ft [C o (II )]  +  ft [C o (III )]  +  M X ]

where ft  and ft are the molar absorption coefficient 
of cobalt(II) and cobalt(III), respectively, and 
/Sx is the molar absorption coefficient of the inter
mediate whose concentration is [X]. Optical

(6) A. A. Frost and R. G. Pearson, “Kinetics and Mechanism,”
John Wiley and Sons, New York, N. Y., 1953, p. 155.
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density measurements at various wave lengths 
were made on reaction mixtures which were 
chilled when the value of D  reached a maximum 
at 340 rn.fi. The concentrations of the reactants 
were calculated from the usual exponential ex
pressions for consecutive first-order kinetics. In 
making these calculations it was assumed that the 
intermediate contained one atom of cobalt. Upon 
substituting into the above expression and 
rearranging values of /3x were calculated.

If the intermediate is a polymer, then from 
[Co(II)]i = [Co(II)] +  [Co(III)] + n [X ]

where n  is the number of cobalt atoms in the poly
mer and [Co(II)]i is the initial concentration of co
balt (II), it can be shown that there will be no 
change in the values of [Co(II)] and [Co(III)], 
but that [X] will be reduced by the factor n  
and that fix  will be increased by the same factor. 
However there will be no change in the general 
nature of the absorption spectrum of the inter
mediate.

In the optical region the absorption spectrum of 
the intermediate could not be distinguished from 
that of YCo~. Because of the experimental errors 
involved this can only be interpreted as indicating 
that the intermediate has a band in the visible 
region similar in location and intensity to that of 
the cobalt(III) complexes. On the other hand, 
there is a rapid increase in the molar absorption 
coefficient in the ultraviolet region typical of per- 
oxodicobalt(III,III) complexes.7'8 In view of this 
and the greater stability of binuclear peroxo 
cobalt complexes9 compared to aqueous solutions 
of peroxocobalt(III) 10 the intermediate observed 
here is probably the binuclear complex, YCo- 
O O C oY -4.

The formation of a peroxo intermediate was 
confirmed by the polarographic experiments. 
When catalase treated reaction mixtures are re
duced at the dropping mercury electrode, two 
waves were observed. The first varied from 
—0.050 v. vs. S.C.E. at pH 7 to —0.170 v. at 
pH 9. No difference could be detected between 
this wave and that of Y C o - . 11 The value of the 
diffusion current at —0.30 v. vs. S.C.E. was de
termined for different heights of the mercury 
column at 0.5°. As the results in Table IV  show, 
the reduction at the first wave for the reaction mix
tures and for YC o~ is diffusion controlled.

The second wave was typical of that obtained 
in solutions of hydrogen peroxide12 and identical 
to that obtained with diaquotetrakis-(glycino)-/i- 
peroxodicobalt(III,III) .8 It had a broad band 
beginning at —0.7 v. vs. S.C.E. and extended to 
— 1.1 v. The half-wave potential was —0.9 v. 
and its diffusion current, which could be measured 
from — 1.2 to — 1.6 v., was 33 -50%  greater than 
that observed at —0.3 v. A t 30° the diffusion

(7) L . Michaelis, Federation Proc., 7 , 509 (1948).
(8) R. G. Yalman and M . Warga, J. Am. Chem. Soc., 80, 1011 

(1958).
(9) A . Werner, Ann., 375, 1 (1910).
(10) J. H . Baxendale and C. F. Wells, Trans. Faraday Soc., 53, 800 

(1957).
(11) P. Souchay and J. Faccherre, ^ nal. Chim. Acta, 3, 252 (1949).
(12) I. M . K olthoff and J. J. Lingane, “ Polarography,”  Interscience 

Publishers. New York. N. Y. 1952. p. 557.

T a b l e  IV
E f f e c t  o f  C o l u m n  H e ig h t  on  D if f u s io n  C u r r e n t  

0.0001225 M  cobalt, pH 9.33, 0.5°
t, see./drop id/h1/2,

Height, cm. id, ya. open circuit m, mg./sec. y,a. cm .-1/2

A. Ethylenediaminetetraacetocobalt(III)
6 8 .3 2.37 4,53 1.53 2 .85
58.3 2 .18 5.30 1.33 2 .86
48.3 1.98 6.40 1.08 2 .85
38.3 1.78 8.06 0 .84 2 .88

B. Catalase treated reaction mixtures
68.3 2 .14 4.53 1.53 2.59
58.3 1.97 5.30 1.33 2.59
48.3 1.76 6.40 1.08 2.53
38.3 1.57 8 .06 0 .84 2 .54

current decreased until the second wave disap-
peared. Simultaneously there was a 0 .0 -33%  
decrease in the diffusion current due to the first 
reduction step, the amount of decrease increasing 
with increasing pH. Although no systematic 
relationship between the net change of the diffusion 
current for the two steps was observed, the rate of 
change was nearly twice as great as that observed 
in the untreated reaction mixtures. These results 
also suggest that the intermediate may be de
composed by catalase itself.

Discussion
Although the results observed here can be 

interpreted by the intermediate formation of bis- 
(ethylenediaminetetraaceto)-/i-peroxodicobalt(III,- 
III), other intermediates are also formed. Thus 
the rate law for % (equation I) suggests the re
versible formation of a peroxocobalt(II) com
plex13

k,
Y C 0H 2O - 2 +  OOH -  < ----- >  YCoO O  ~4 +  H aO + (1)

fcr

Subsequent fast reactions include the reaction of 
this complex with additional cobalt(II) to form a 
dimer which is then oxidized by hydrogen peroxide 
to the peroxodicobalt(III,III) complex. The 
latter two-electron reaction is preferable to either 
the formation of cobalt (IV) (also requiring two 
electrons) or to the formation of free radicals by a 
one-electron reaction, particularly in the initial 
reaction mixtures which contain a large excess of 
hydrogen peroxide.

The observed kinetics for the decomposition of 
the intermediate would be satisfied by

Y C 0OOC0Y - 4 — >  Y C o~  +  Y C oO O - 3 (2)
Y C oO O C oy - 4 +  H 20  — Y C oH 20 -  +  YCoO O  ~3 (2a)

/Cb
Y C 0OOC0Y - 4 +  O H - — >  Y C 0O H -2  +  Y C oO O ~3

(2b)

k
Y C 0OOC0Y - 4 +  O O H - — V  Y C 0O O H - 2 +  Y C 0O O - 3

(2c)

Both reactions 2 and 2a would contribute to the 
rate constant fca. No attempt was made to dis
tinguish between them. Because of the size of the 
ligand and the general instability of peroxo com-

(13) Both YCoOOH-3 and YCoOOH-2 will be stronger acids than
the corresponding aquo ions.
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plexes these reactions would be expected to have 
a type Sn I mechanism. There would then be a 
competition between coordination of the remaining 
carboxylate group on the ligand and solvation 
by a water molecule for the cobalt atom with 
coordination number five.

Reactions 2a and 2b are the acid and base hy
drolysis of the intermediate, YCoOOCoY-4 . If
(2) is ignored or if the rate constants for (2) and 
(2a) are of the same order of magnitude, then the 
observed rate constants, ka and kb, are of the same 
orders of magnitude as the acid and base hy
drolysis constants of other ethylenediamine com
plexes of cobalt (III) and reaction 2b may also be 
of type Sn IC B .14

Reaction 2c satisfies the observed kinetics with 
respect to OOH~ for the formation of oxygen and 
the second step in the formation of cobalt (III). 
Although some doubt has been raised as to whether 
substitution by reagents other than hydroxyl ion 
occurs in reactions with cobalt (III) complexes,14 
there had been a recent report of such a substi
tution by cyanide ion.16 Also observations in this 
Laboratory indicate that Co(NH3)5C l+2 can be 
formed directly from (NH8)6CoOOCo(NH3)5+4.

An alternate reaction to (2c) is

Y C oO O C oY " 4 +  O O H - +  H20  — >-
2Y C oO H ~2 +  Oj +  O H -

However, experiments in this laboratory show that 
(NH3)6CoOOCo(NH3)6+4 is not involved in the 
catalytic decomposition of hydrogen peroxide 
by ammoniacal solutions of cobalt (II) sulfate.

In reactions (2)-(2c) the reactive product is 
YCoOO-3 which is in equilibrium with YCoOOH - *.

(14) F. Basolo and R. G. Pearson, “ Mechanisms of Inorganic Reac
tions,”  John W iley and Sons, Inc., New York, N. Y., 1958, p. 128 and 
130.

(15) D. A . L . Hope and J. E. Prue, J. Chem. Soc., 2782 (1960).

This substance could then react rapidly with hy
drogen peroxide to form oxygen

fast
Y C oO O -* +  H 20 2 -------- i- Y C oO H - 2 f  0 2 +  O H - (3)

Reaction 3 is analogous to one proposed for the 
decomposition of hydrogen peroxide by catalase16 
and to the reaction between Co(NH 3)6C204+ 
and hydrogen peroxide.17 Reaction 3 also satis
fies the observed stoichiometry (n  =  1.5) in the 
presence of excess hydrogen peroxide.

On the other hand the stoichiometric reaction 
in  — 0.5) between cobalt(II) and hydrogen per
oxide in the presence of a large excess of cobalt (II) 
suggests the occurrence of

fast
Y C oO O H - 2 +  YCoIfiC) - 2 -------->  2Y C oO O H ~2 +  -OH

(4a)

fast
Y C oH iO - 1 +  -O H --------Y C oO H -2  +  H 20  (4b)

The formation of free radicals in reaction 4a and 
their subsequent reaction with hydrogen peroxide 
would also account for the variations in the amount 
of hydrogen peroxide decomposed at different 
pH’s.
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(16) B. Chance and R. R. Ferguson in  “ The Mechanism of Enzyme 
Action,”  edited by W. D. M cElroy and B. Glass, The Johns Hopkins 
Press, 1954, p. 389.

(17) P. Saffir and H. Taube, J. Am. Chem. Soc., 82, 13 (1960).
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In 1938 Cohen and van der Horst1 described a 
solid material prepared by cooling acetone-water 
solutions to temperatures near —35°. X -R ay  
powder patterns, density determinations and chemi
cal analyses of their finely divided crystals led 
these authors to conclude that they had obtained 
a new solid phase of water, which they called Ice
V III. They reported that this ice belonged to the 
cubic system, with a =  9.68 A. at —35° and a 
density of 1.05 g./cc. at —30°.

(1) E. Cohen and C. J. G. van der Horst, Z. physik. Chem., B40, 231 
(1938).

W e have also prepared crystals belonging to 
the cubic system by the slow cooling of 60 weight 
%  solutions of acetone in water. In contrast to 
the tiny crystals obtained by Cohen and van der 
Horst, our procedure yielded relatively large, 
well-formed, octahedral crystals (usually obtained 
in a range of sizes, up to approximately 1 mm. in 
edge length) which were suitable for single crystal 
X-ray studies.

Preparation of Sample and Procedure for X -Ray M eas
urements.— The octahedral crystals were best prepared 
when the acetone-water solution was contained in a triple- 
walled glass vessel (tw o air spaces) which was immersed in a 
cold bath, the temperature of which usually was kept near 
—40°. Suitable crystals seemed to be obtained more readily 
if the acetone-water solution was first frozen solid and then 
melted before the slow cooling to near —40° was carried out. 
These crystals could be isolated by pouring the suspension of 
the crystals in the mother liquor onto an absorbent paper in a 
cold box held to a temperature near —35°. Single crystals
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were placed (without being permitted to warm up) in glass 
capillary tubes which were then mounted on the goniometer 
head of an X -ray  camera. Weissenberg photographs were 
taken, using copper K<* radiation. The X -ray  camera was 
enclosed in a specially constructed, double-walled, Plexiglass 
box which could be cooled to  approxim ately —35 to —40° 
by the use of solid carbon dioxide. Several different single 
crystals were studied, all o f them freshly prepared and most 
of them approximately 0.5 mm . in diameter. Measure
ments on one crystal usually required 10 to 12 hours.

Unit Cell and Space Group.— Weissenberg photographs 
obtained with the morphological twofold and fourfold as 
rotation axes showed diffraction patterns that were consist
ent with m3m Laue symm etry. When indexed on the basis 
of a cubic cell, these data contained only reflections of the 
type h +  k =  2n, k +  l =  2 n, and h +  i — 2n for the general 
(hid) class, and only reflections of the type k  +  l =  4n for the 
(0W) zone, thereby uniquely fixing the space group as Fd3m 
within the assumed octahedral system. All observable 
powder diffraction lines were consistent with the above ex
tinctions and were indexable on the basis of a cubic cell with 
the dimensions 17.16 A ., which was determined from oscilla
tion and Weissenberg photographs.

These diffraction data indicate that the structure under 
investigation is isostructural, at least in its water frame
work, with one of the “ liquid hydrates”  described by von 
Stackelberg.2’3 The cell dimensions, which are presumably 
determined by the water structure alone, are identical within 
experimental error in the two cases.

In order to extend the comparison between this structure 
and the “ liquid hydrate”  of von Stackelberg, representative 
three dimensional intensity data for the crystal were quali
tatively estimated and compared with the spectral intensi
ties calculated from the model described2 by von Stackelberg 
for the oxygen framework of the “ liquid hydrates.”  Lor- 
entz and polarization corrections were applied to the square 
of the calculated structure factor amplitudes, in order that 
the calculated quantity might be more realistically compared 
to the observed values. The intensity distribution for the 
calculated and observed spectra wrere remarkably similar, 
further substantiating the isostructural relationship that 
appears to exist between this crystal and the hydrates of 
chloroform, dichloromethane, ethyl chloride, etc., that were 
studied by  von Stackelberg. The unit cell of these crystals 
contains 136 water molecules, which form a framework of 
slightly deformed pentagonal dodecahedra. These penta
gonal dodecahedra share faces to form a unit cell containing 
8  large voids (in the form of hexadodecahedra, with 12 
pentagonal faces and 4 hexagonal faces) and 16 small voids 
(spaces inside the pentagonal dodecahedra). If each large 
void contains a molecule of acetone, the formula of the 
hydrate will be (C H 3)2C 0 1 7 H 20 .

Density and Composition of the Crystals.— The crystal 
density was determined by flotation in organic liquids. 
The measured density was found to be quite variable, 
decreasing as the period of time increased between the isola
tion of the crystal and the density measurement. The 
maximum observed value of the density, found when freshly 
prepared crystals were used, was 0.95 g ./c e ., which cor
responds to what would be observed if all eight molecules 
of the acetone were present per unit coll. Crystals which 
had been allowed to stand for several hours in a partial 
vacuum near temperatures of —30 to —40° gave a density 
of 0.80 g . /c c . ,  corresponding to the density of the framework, 
i.e., to the complete "evaporation”  of acetone.

hhe com position of the crystals was determined by  the 
use of a gas chromatograph (Burrell K rom o-Tog, Model 
K 2 ). A  column consisting of Tween on Celite separated the 
acetone and water peaks com pletely, with only a slight tail
ing of the water peak. For complete filling of the large voids 
in the crystal, a value of 15.9 weight %  acetone would be 
expected. N o value as large as this was observed, whether 
the crystals were relatively fresh, or had been standing for 
some time at D ry Ice temperatures, the usual result being 
between 9 and 14 weight %  acetone. This result is to be 
expected for well-drained crystals, considering the fact that 
the crystals lose acetone readily, and that when the crystal 
is melted for analysis, acetone is the more volatile com 
ponent and would tend to be lost preferentially. Therefore,

(2) M . von Stackelberg and TI. R. M üller, J. Chem. Phys., 19, 1319 
(1951); Z. E l e k t r o  chem., 58, 25 (1954).

(3) W. F. Claussen, J. Chem. Phys., 19, 259 (1951).

although the experimental results do not give the expected 
value, one may conclude that the value 15.9%  probably 
would be approached under the most favorable conditions.

From the density determinations and the chromatographic 
analyses, it was concluded that the crystal structure under 
consideration was that of an acetone hydrate, (C H 3)2CO- 
17H20 .  Because the crystals seemed to  lose acetone so 
readily, it was of interest to determine whether the loss of 
the acetone had any effect upon the structure of the crystal. 
Crystals that had lost most of their acetone (as determined 
from density measurements) retained their sharp, octahedral 
appearance, but were then opaque. This opacity could be 
due either to  frost coating the crystal, or to changes in the 
interior of the crystal, or to both factors.

In order to determine the effect of the loss of acetone upon 
the crystal structure, the following experiments were carried 
out: D ry , cold nitrogen gas was passed slowly over a collec
tion of these crystals held at a temperature between —35 
and —40°. After 7 hours, the density and com position of 
some of them were measured, and X -ray  photographs taken 
of others. For 10 crystals, the range of densities corre
sponds to  0 to 1 acetone molecule per unit cell. Gas chroma
tographic analyses on another sample corresponded to 1%  
by weight acetone present, or less than 0.5 molecule of ace
tone per unit cell. The X -ray  photographs of the crystals, 
however, showed the powder pattern of hexagonal ice, and 
contained only a few spots corresponding to the acetone 
hydrate structure, indicating that the framework structure 
was not stable at —35° when most of the acetone molecules 
had been lost.

This does not necessarily mean, however, that a small 
amount of acetone cannot be lost w ithout destroying the 
structure. As stated above, the X -ra y  measurements which 
showed good hydrate structure usually required a single crys
tal to stand for 10 to 12 hours, and other crystals which had 
stood as long as this typically showed densities corresponding 
to the loss of, say, 20%  of their acetone. This may have been 
responsible for the small amount of diffraction from hex
agonal structure always present on the X-ra_y photographs, 
but the latter also might have come (as we imagined) from 
the unavoidable frost on the capillaries. W e are therefore 
unable either to affirm or to  deny that the structure can 
survive small losses of acetone. The fact that fresh crystals 
seem to have their full complement of acetone is in keeping 
with Glew ’s finding,4 that the hydrate of bromochlorodi- 
fluoromethane, which has the same 17 A . framework, dis
plays essentially com plete occupancy of the interstitial 
sites.

Discussion
X -R ay powder photographs obtained in this 

Laboratory for the acetone hydrate correspond 
quite closely to the powder photographs pub
lished by Cohen and van der Horst. Since the 
acetone hydrate crystal has a face-centered cubic 
lattice, if its X-ray powder pattern were inter
preted as resulting from a primitive cubic lattice, 
one could possibly obtain a value of a =  9.7 A. 
The analytical results of Cohen and van der Horst, 
indicating the absence of acetone in the crystal, were 
probably the result of the ease with which acetone 
escapes from the crystal preparations. The high 
density they reported may have arisen from some 
replacement of acetone by CCL, which was a 
component of the mixtures they used for density 
comparisons (we succeeded in producing a little 
replacement of this kind, and the much larger sur- 
face-to-volume ratio in their material would have 
favored such a process). The fact that they also 
obtained cubic crystals from solutions of acetalde
hyde, propionaldéhyde or pyridine doubtless is 
accounted for by the generality of the phenomenon 
of hydrate formation.

It is also possible that the isotropic cubes, eel a- 
hedra and tetrahedra obtained by Rau5 on eon-

4) D . N . Glow, Can. J. Chem., 38, 208 (1960).
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densing water vapor onto a metal mirror at —72° 
are “ liquid hydrate” type crystals, since other 
researchers6'7 who sought to repeat Rau’s results 
could do so only when they used water contami
nated with organic compounds, such as ethyl alcohol.

Although double hydrates of acetone with some 
of the inert gases have been prepared,8 giving cubic 
crystals with a =  17.3 A., this is the first time, so 
far as we can find, that the acetone hydrate has 
been reported.
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Finegold has recently reported and commented 
on some apparently anomalous features of the 
methylene proton resonance in dialkyl sulfites1 
and in 0 ,0 '-diethy!methylphosphonothioate, 2 and 
similar peculiarities have been noted recently by 
other investigators.34 These may conveniently 
be discussed with specific reference to the situation 
in diethyl sulfite. Instead of the 1:3:3:1 quartet 
expected for the splitting of the methylene reso
nance by the adjacent methyl group, Finegold ob
served two such quartets, slightly displaced from 
one another and showing slightly different cou
pling constants with the methyl group. That is, 
one pair of methylene protons in the molecule is 
clearly not equivalent to the other. Finegold 
made the natural assumption that each of these 
pairs is in fact one of the methylene groups, and 
was thus forced to conclude that the two ethyl 
groups are somehow chemically different, i.e., 
that the two sulfur-ethoxy bonds are differently 
hybridized.

We feel it appropriate to point out that the above 
assumption is not necessary, and that an alterna
tive interpretation can be made and supported 
which does less violence to accepted theories of 
chemical bonding. It simply involves the obser
vation that the two methylene protons of the 
same methylene group are not stereochemically 
equivalent, because of the lack of symmetry of the 
(non-planar) substituted sulfur atom with respect 
to internal rotation about the S -O -C  linkage.

(1) H. Finegold, Proc. Chem. Soc., 283 (1960).
(2) H. Finegold, J. Am. Chem. Soc., 82, 2641 (1960).
(3) J. D. Roberts (to be published).
(4) B. L. Shapiro, private communication.

The situation is more complicated than, but not 
essentially different from, that which is possible 
in simple substituted ethanes, as pointed out by 
Pople.6 The non-equivalence in question persists 
when a time average is performed over all (nine) 
staggered (or eclipsed) rotational isomers. Phe
nomena of this type which depend on the energetic 
non-identity of rotational isomers have been re
ported by a number of investigators.6-8 How
ever, it has perhaps not been adequately recognized 
that when the symmetry of substitution is suffi
ciently low, the non-equivalence of methylene 
protons can in principle still persist when the iso
mers are all accidentally of equal energy, or even 
when the internal rotation is f r e e .6 (This state
ment depends entirely on a symmetry argument. 
It seems unlikely that in practice the asymmetry 
with respect to internal rotation required to produce 
magnetic non-equivalence would not also be re
flected in some angular dependence of potential 
energy.)

If the phenomena observed by Finegold are to 
be explained in this way, it is clearly not necessary 
that the molecule contain two methylene groups. 
In fact, similar compounds containing only one 
methylene group should give “ normal” methylene 
resonances if Finegold’s interpretation is correct, 
but should continue to show non-equivalences if 
our alternative description is valid. To decide 
between these possibilities, we have observed the 
proton resonance spectrum of CoH6-S (0 )-O C H 2- 
CH 3, 9 which differs from diethyl sulfite only in 
replacement of one of the ethoxy groups by a 
phenyl group. The methylene resonance, shown 
in Fig. 1, is readily recognized as attributable to a 
pair of non-equivalent protons, in this case split 
to almost exactly the same extent by the methyl 
protons. An analysis of the spectrum shows that 
the chemical shift between these protons is 0.434 
±0 .005  p.p.m. and the spin-spin coupling between 
them is 10.0 ±  0.5 c.p.s. Each of them is coupled 
to the methyl protons with a coupling constant of
7.1 ±  0.5 c.p.s. All the coupling constants are 
within the normal ranges10'11 for structures of this 
type. It is to be expected that the coupling con
stants will be approximately the same as in diethyl 
sulfite, but the chemical shift between the 
methylene protons is probably quite sensitive to 
the substituents on the sulfur and may well be 
different.

It is to be noted that a non-equivalence such as 
Finegold proposed should lead to a simpler 
methylene spectrum, inasmuch as the spin cou
pling between non-equivalent hydrogens would be 
vanishingly small because of the large separation

(5) J. A. Pople, Mol. Phys., 1, 1 (1958).
(6) P. M . Nair and J. D. Roberts, J. Am. Chem. Soc., 79, 4565 

(1957).
(7) J. N. Shoolery and B. L. Crawford, Jr., J. Mol. Spectro., 1, 

270 (1957).
(8) D. M . Graham and J. S. Waugh, J. Chem. Phys., 27, 968 

(1957).
(9) This compound was kindly prepared by Dr. A. Blake following 

the procedure of R. Otto and A. Rössing, Ber., 18, 2495 (1885), and 
was characterized by C, H and S analyses.

(10) R. E. Glick and A. A. Bothner-By, J. Chem. Phys., 25, 362 
(1956).

(11) H. S. Gutowsky, M . Karplus and D. M . Grant, ibid., 31, 1278 
(1959).
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of the proton pairs from one another. Thus it is at 
first sight surprising that Finegold would not have 
been forced into our interpretation by the complex
ity of his spectrum. Unfortunately, in diethyl 
sulfite, the chemical shift seems accidentally to be 
so small that the additional lines are vanishingly 
weak, so that the two possible kinds of non- 
equivalence are not readily distinguishable from 
one another. From his figure it would appear that 
the relevant chemical shift is in the vicinity of 0.05 
p.p.m. If we assume ¿he spin-spin coupling be
tween the non-equivalent protons to be 10 c.p.s., 
as it is in our compound, it is easy to predict12 
that the satellite lines should have intensities of 
only 1- 2 %  of the central components. 13

Similar phenomena are observed in many other 
molecules.3-4 In diethyl acetal, for example, we 
have observed a complex methylene multiplet 
which has been analyzed to give a chemical shift 
difference of 0.152 ±  0.005 p.p.m., an internal spin 
coupling of 9.2 ±  0.3 c.p.s., and couplings of about
6.7 and 7.2 c.p.s. between the non-equivalent 
methylene protons and the methyl group. 14 It is 
significant that the spectrum of ethylal, which 
differs from acetal only in the substitution of a 
hydrogen atom for the central methyl group, con
tains a perfectly normal methylene quartet.14 
This circumstance is completely in accord with the 
arguments presented here, since the ethylal mole
cule possesses too much symmetry to allow non
equivalence of the protons in the same methylene 
group.

We wish to thank the National Science Founda
tion for support of this work.

(12) J. S. Waugh, “ Proceedings of the IV  International Meeting on 
Molecular Spectroscopy/' 1959, Pergamon Press, London, in press.

(13) D r. Finegold (p iivate communication) has agreed to the prob
able correctness of the interpretation proposed here. He has stated 
tha t in  many other phosphorus compounds he had studied (e.g 
(E tO )2P(0)M e, (EtOhPMe, (ETO)2P(S)Cl, (E tO )2P (0 )H  and 
(EtO )2P(0)SM e all methylene protons appeared to be equivalent 
and tha t these observations caused him to choose his previously pub
lished explanation for his observations on (ETO )2P(S)Me rather than 
the one proposed here.

(14) C. S. Johnson, Jr., J. P. Fackler, Jr., J. S. Waugh and F. A. 
Cotton, unpublished work.

D 20  ISOTOPE EFFECTS IN  T H E  C A TA LY TIC  
AC TIV A T IO N  OF M OLECULAR H YD R O G EN  

B Y  M E T A L  IONS
B y  J . F .  H a r r o d  a n d  J . H a l p e r n

Department of Chemistry, The University of British Columbia, Vancouver 
Canada

Received December 22, I960

With a view to gaining further insight into the 
role of the solvent in the catalytic activation of 
molecular hydrogen in solution, 1 the rates of reac
tion of hydrogen with a number of metal ions and 
complexes, in H 20  and D 20 , have been compared. 
Our results are summarized in Table I.

Metal ion Rate law
Temp.,

°C.

kuio/
£i)20

(±0 .1) Ref.°

Cu2 + A'[H2] [Cu2+] 110 1.20 e

A g 46 A [H2] [A g+] 2 50 1.23 d

H g2 + A [H2] [H g2+] 75 1.26 a

Hg22 + ¿ [H M H g ,24] 75 1.33 e

C u(O A c)2 A:[H2] [C u (O A c)2] 100 0.93 f
PdCl,2- A[H2] [PdCL2-] 80 0.90 9

RhCls3- A[H2] [RhCl63~] 80 1.00 h

M n O r A [H2] [M n O r] 50 0.99 i

A g + +  MuC>4- A[H2] [A g+] [M nO ,- ] 40 0.93 i

“  Earlier measurements in H20  are described in the quoted
reference. The same procedures were used in the present 
measurements and the results in H20  agree well with the 
earlier ones. b While at higher temperatures, the reaction 
of H 2 with A g + follows a rate law and mechanism similar 
to those for Cu2+, the predominant contribution under 
the conditions of this comparison is from the “ termolecular”  
path rvhich is believed to involve hom olytic splitting of H 2 
according to equation 3 (ref. d, this Table). c E. Peters 
and J. Halpern, J. Phys. Chem., 59, 793 (1955); J. Halpern, 
E. R. Macgregor and E. Peters, ibid., 60, 1455 (1956). 
d A. H. Webster and J. Halpern, ibid., 60, 280 (1956); 
61, 1239, 1245 (1957). * G. J. Korinek and J. Halpern, 
ibid., 60, 285 (1956). ' E. Peters and J. Halpern, Can. J.
Cheni., 33, 356 (1955). " J. Halpern, J. F. Harrod and P. E. 
Potter, ibid., 37, 1446 (1959). * J. F. Harrod and J.
Halpern, ibid., 37, 1933 (1959). 1 A. H. Webster and J. 
Halpern, Trans. Faraday Soc., 33, 51 (1957).

It was hoped, in particular, that these measure
ments would provide a criterion for distinguishing 
those mechanisms2 in which H 2 is split heterolyti- 
cally, transferring a proton to a water molecule, 
e.g.

C u2+ -+ H2 +  H 20  — >  CuH  + +  H 30 +  (1)

from those in which a ligand other than water 
is believed to serve as the proton acceptor, e.g.

C u(O A c) 2 +  H2 — Cu H+  +  HO Ac +  O A c“  (2)

or in which H2 is split homolytically without proton 
transfer

2A g+ +  H2 — >  2A gH + (3)

The results in Tabic I fail, however, to provide 
any clear-cut indication of such mechanistic dif
ferences. All the aquo ions included in the 
comparison (Cu2+, Ag+, Hg2+ and Hg22+) show 
modest reductions in rate, ranging from 20 to 30% , 
on passing from H 20  to D 20 , while the rates for 
complexes containing ligands other than water in

(1) J. Halpern, J. Phys. Chem., 63, 398 (1959); Advances in Cataly
sis, 9, 302 (1957); 11, 301 (1959).

(2) Refs. c. d. Table I.
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their inner coordination shells are nearly equal in 
the two solvents. This pattern, including the 
similarity of the isotope effects for Cu2+ and A g +, 
suggests that differences in the coordinating prop
erties of H 20  and D 20  (for which other evidence 
has been cited3), rather than specific participation 
of water in the reaction, are largely responsible 
for the isotope effect in the case of the aquo ions. 
This is of interest in view of the many other studies4 
of H 20 - D 20  isotope effects aimed at elucidating 
the role of solvent in the mechanisms of various 
reactions of metal ions.

Grateful acknowledgement is made to the 
National Research Council of Canada and to the 
donors of the Petroleum Research Fund adminis
tered by the American Chemical Society for sup
port of this work.

(3) J. Halpern and A. C. Ilarkness, J. Chem. Phys., 31, 1147 
(1959),

(4) J. Hudis and R. W. Dodson, J. Am. Chem. Soc., 78, 911 (1956); 
F. B. Baker and T. W. Newton, J. Phys. Chem., 61, 381 (1957); 
A . Zwickel and I I .  Taube, J. Am. Chem. Soc., 81, 1288 (1959).

POLAROGRAPHIC A N D  COULOM ETRIC  
INVESTIG ATIONS ON TH E R E D U C TIO N  
R A T E  OF COBALT(II) IN  T H E  PRESENCE  

OF CYSTIN E  

B y  E m i l i a n  B. W e k o n s k i

Department of Chemistry, University of Warszawa, Warszawa, Poland 
Received June 28, 1960

Enhancement of the diffusion current has been 
found in “ Brdicka’s electrolyte” and other cobalt 
solutions in the presence of some proteins and amino 
acids containing sulfhydryl or disulfide groups. 
This phenomenon has been attributed to the 
catalytic reduction of hydrogen, 1 but the mech
anism has not been elucidated.2 3 In the case of 
copper(II) or bismuth(III) ions in 1 A  sulfuric 
acid, the author observed a similar “ catalytic 
current” in the presence of very small concentra
tions of hydrocarbons, e.g., benzene, toluene, the 
xylenes, n-pentane, n-hexane and cyclohexane.3 
Since the latter “ catalytic current” is due to an 
increase in the reduction of copper (II) or bis
muth (III) ions, not to catalytic reduction of hy
drogen, the following experiments were carried 
out to re-examine the current of cobalt ions in the 
presence of cystine.

Experimental
The solution studied was a modified Brdicka’a electro

lyte: 0.0025 M  cobalt(II) chloride and 0.00001 M  cystine in 
a 0.1 M  ammonium chloride-0.1 M  ammonium hydroxide 
buffer.

Polarographic measurements, which followed standard 
practice, were made with a Cambridge Polarograph (N o. C 
466573). The capillary had an m-value of 2,06 mg. sec . -1 
and a drop time of 4.5 sec. in twice distilled water at a height 
of the mercury reservoir of 60 cm . (closed circuit) at 18°.

(1) R. Brdicka, Coll. Czechoslov. Chem. Commune., 5 , 148 (1933).
(2) R. Brdicka, ibid.. 11, 614 (1939); Chem. Listy, 34, 59 (1940); 

Klumpar, Coll. Czechosloo. Chem. Commune., 13, 11 (1948); A. G. 
Stromberg, Zhur. Fie. Khim., 20, 409 (1946); J. Heyrovsky, Coll. 
Czechoelov. Chem. Commune., 9, 273 (1937); M . von Stackelberg and 
II .  Fassbender, Z. Elektrochem., 62, 834 (1958).

(3) Some of the experimental results submitted in partial fulfillm ent 
of the requirements for the degree of Doctor, E. B. Weronski, Depart
ment of Chemistry, University Warszawa. 1957.

The solution (0.5 m l.) was electrolyzed in millicoulomotric 
cell. The reference electrode was a layer of mercury 
on the bottom  of the cell connected by a piastic tube to the 
mercury reservoir. The anodic mercury was moved slowly 
up and down at one minute intervals by  movement of the 
mercury reservoir. Owing to this agitation of the mercury 
layer, to the large diameter of the cathode capillary, and to 
the narrowness of the electrolytic cell, the solution was con
tinuously but gently stirred during the electrolysis. Before 
electrolysis the solutions were freed from dissolved oxygen 
by  bubbling hydrogen through them, and during the elec
trolysis hydrogen gas was passed very slowly over the sur
face of the electrolyte. The hydrogen was partially saturated 
with ammonia by treatment with ammonium chloride- 
ammonia buffer of the same concentration as the electrolyte 
solution.

Polarographic curves were recorded before and after 
electrolysis.

Results
The effect of electrolysis on the diffusion current 

of Co(II) ions is shown in Fig. 1. The solutions

were electrolyzed at either — 1.35 v. (where the dif
fusion current of cobalt is not distorted) or at
— 1.65 v. (where the enhancement of current is 
maximal) until the diffusion current measured at
— 1.35 v. decreased by about 30% . Aliquots 
electrolyzed at — 1.35 v. for ¿—1.35 minutes, or at
— 1.05 v. for t - 1.05 minutes gave identical polaro- 
grams (curve 2 ).

We found that the amounts of electricity in
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volved in the two electrolyses are approximately 
the same: i.e ., h - i.36 X  ¿ -1.35 is about equal to 
h -iM  X  ¿-1.65, where h ~ i.36 and h-i.m  are the heights 
of the polarographic steps measured at — 1.35 
and 1.65 v., respectively, before the electrolysis. 
The decrease in the diffusion current of Co(II) 
ions at — 1.35 v. (A h) is proportional to this quan
tity. If ¿— 1 .3 5  is determined experimentally, t - 1 .0 5  

can be estimated within a 10%  error.
These results suggest that the second wave (at 

— 1.65 v.) of Brdicka’s electrolyte is due to an 
increase in the reduction rate of cobalt (II) ions 
rather than to the catalytic reduction of hydrogen. 
It follows that the reaction is no more diffusion 
controlled and probably cobalt ions are provided 
to the electrode surface in a transport process 
similar to that observed in the case of polarographic 
maxima.

SEC O N D AR Y PROCESSES IN  GAS PHASE  
RADIOLYSIS OF HYDROCARBONS

B y  J e a n  H . F u t e e l l

Aeronautical Research Laboratories, W right-P after son AFB, Ohio 
Received August 15, 1960

In recent publications Back and Miller1 and 
Back2 have shown that irradiation studies of hydro
carbon vapors must be conducted at very low con
version if meaningful results are to be obtained. 
They have demonstrated that unsaturated products 
formed with very high yield initially in a-particle 
and 7 -radiolysis act as internal scavengers; thus a 
very low steady-state concentration of unsaturates 
is measured at conversions of a few per cent. This 
is very reasonably attributed to hydrogen atom 
scavenging by the unsaturated products.

We have confirmed these observations in recent 
studies in this Laboratory of gas phase radiolysis of 
n-pentane with cobalt-60 7 -rays. 3 Such behavior, 
however, is distinctly different from that observed 
in an earlier study of normal hexane with 2 Mev. 
electrons from a Van de Graaff accelerator.4 Sev
eral exploratory experiments were performed in an 
attempt to resolve this discrepancy and the results 
are reported in this communication.

In 7 -radiolysis of gases in glass ampoules of 
modest dimensions, the major process of photon 
degradation is the ejection of secondary electrons 
from the walls of the container. Hence in our 
experiments using cobalt-60 7 -rays the gas was 
exposed to a homogeneous flux of high energy elec
trons of 1 Mev. energy or less. Thus in both 
series of experiments the gases were irradiated 
with electrons, and the principal difference in the 
radiation sources employed is that the electrons 
from the Van de Graaff are initially mono-energetic 
while those from cobalt-60 have a broad distribu
tion of energies. W e are therefore reluctant to at
tribute the difference in radiolysis behavior to a 
simple difference in radiation quality.

The electron and 7 -ray irradiations differed sig
nificantly with respect to two other experimental

(1) R. A. Back and N. M iller, Travis. Faraday Soc., 55, 911 (1959).
(2) R. A. Back, J. Phys. Chem., 64, 124 (1900).
(3) J. H. Futrell, ibid., 64, 1034 (I960).
(4) J, H, Futrell, J, Am. Chem. Soc., 81, 5921 (1959).

0 * 1  2 3 4 5 6 7 8 9 I O
PER CENT D EC OM POSITION.

Fig. 1.— Yields of selected products from radiolysis of n- 
paraffin hydrocarbons: A, ethane under all experimental 
conditions; B, ethylene from  Van de Graaff electron irradia
tion using cylindrical reactors; C, inhomogeneous flux 7 - 
irradiation; D , homogeneous flux irradiation; E, pseudo- 
homogeneous flux electron irradiation.

parameters— radiation intensity and distribution—  
and the presently reported experiments attempted 
to separate these parameters. The yields of un- 
saturated products as measured in four different 
types of experiments are presented in the accom
panying figure. The data are presented as the 
quantity G/G0 for convenience in presentation. 
G is the apparent 100 electron volt yield of a given 
product at some particular dose, while Go is the 
yield of that product obtained by extrapolating the 
yield curves to zero conversion in each case.

Curve D presents the data from 7 -radiolysis of n- 
pentane in the low conversion region and affirms 
the conclusions of Back and Miller1 for a-particle 
radiolysis of this compound. It illustrates the 
rapid attainment of a steady-state concentration 
of unsaturates undetectable by usual analytical 
methods at conversions which have been used in 
many previous studies. Curve A  presents the 
same quantity for saturated products ethane and 
propane at these conversion levels for both the 
radiolysis of pentane and electron radiolysis of hex
ane. Curve B presents the yield of ethylene from 
hexane decomposition with Van de Graaff elec
trons.4

The Van de Graaff studies were conducted with 
cylindrical Pyrex vessels 2.5 cm. in diameter and 80 
cm. in length with the beam incident on a thin 
window (1 mm.) at one end of the vessel. Because 
of scattering of the incident beam in passage 
through the window, most of the radiolysis occurred 
in the first few centimeters of the tube. In an at
tempt to simulate the flux gradient of the Van de 
Graaff reactors, a special ampoule 4.5 feet in length 
by 2.5  centimeters in diameter was constructed. 
When pointed at the center of the cobalt-60 source 
the dose at the most intense region was a factor of 
50 ±  20  higher than the dose at the other end of the 
reactor compared to the analogous ratio of inten
sities of the order of 1000 for the electron experi
ments. The dotted curve C presents the data ob
tained in this experiment.

These data suggested that the inhomogeneous 
flux might be responsible for the anomalous behav
ior in the Van de Graaff irradiations. Unfortu
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nately, however, size limitations in using the special 
target required the use of a more intense 7 -source, 
so that there still remained the possibility that 
source intensity is the major factor. Accordingly, 
spherical one-liter Pyrex reactors with thin bubble 
windows were constructed for use in Van de Graaff 
irradiations. While the radiation flux is still not 
homogeneous in these reactors, this condition is 
much more closely approached than with the cylin
drical reactors. With the same incident current of 
10 microamperes used in the earlier hexane experi
ments, the cluster of points designated E was ob
tained for n-pentane radiolysis.

These experiments indicate that a significant 
factor in radiolysis experiments is what may be 
termed target geometry or flux geometry in the 
radiation vessel. The observations are consistent 
with the interpretation that in the earlier Van de 
Graaff experiments using cylindrical reactors un
saturated products which are formed in the reaction 
zone diffuse into the low radiation flux region of 
the reactor where they are not exposed to reactive 
intermediates formed in radiolysis. Thus the 
steady-state concentration of unsaturated products 
is much higher than under homogeneous irradia
tion; and as a result of “ poor” target geometry, 
the measured (?-values at conversions of a few per 
cent may approach the zero dose values. In 
systems approaching homogeneous flux of particles 
we find that G/Go curves asymptotically approach 1 
in the region below 0.15%  conversion. A  limited 
number of experiments conducted at such low 
conversions indicates that values previously reported 
for unsaturated products from n-hexane radiolysis4 
were low by 20 -30%  because of the phenomenon 
described in this note.6

(5) N ote Added in  P roof.— (7-values for products from n-hexane 
radiolysis determined m recent experiments a t conversions of ca. 0.1% 
are Hz, >5.2 (4.3); CH4, 0.6 (0.5); CzHz, 0.3 (0.2); CzH4, 1.4 (1.1); 
CzH6, 0.9 (0.9); C3H fll 0.6 (0.3); C3H8, 1.5 (1.4); C4H8, 0.1 (0.1); 
C4H k>, 1.4 (1.1); CeHi2, 0.2 (0.2). Values in parentheses are from 
reference 4.

R E M AR K S ON TH E AR CH IBALD M ETH O D  
OF M OLECULAR W E IG H T  

D E T E R M IN A T IO N  IN  TH E  
U LTR AC EN TR IFU G E

B y  J a m e s  M . P e t e r s o n  a n d  R o b e r t  M . M a zo

Contribution No. 2608 from the Gates and Crellin Laboratories o
Chemistry, California Institute of Technology, Pasadena, California

Received August 16, 1960 .

The Archibald method for the determination of 
molecular weights in the ultracentrifuge involves 
the measurement of (dc/dr) 1 at the boundary of 
the ultracentrifuge cell.23 This measurement is 
effected by the extrapolation of interior measure
ments to the boundary. There is some uncer
tainty in this extrapolation, and so we began 
to investigate numerical solutions of the Lamm 
differential equation3'4 in order to determine

(1) The Symbols used In this article have the same meaning as those 
of ref. 6.

(2) W. j .  Archibald, </» Rhys. Chem., 51, 1204 (1947).
(3) H. i t .  Sehachmall) “ Ultracentrifugation in Biochemistry¡fi 

Academic Press, Inc., New York, N. Y., 1959.
(4) O. Lamm, Arhiv Mali Aairoh* Fyhih, SUB, No. 2 (1929);

the shape of the gradient curve near the boundary 
for some typical operating conditions.

The Lamm equation was converted into a dif
ference equation, in the standard way,5 and a pro
gram for the solution of the difference equation 
was written for the Burroughs 220 Datatron Digital 
Computer. When the program was substantially 
complete, we discovered previous work by Fujita 
and MacCosham ,6 who present an analytical solu
tion to the Lamm equation based on an approxi
mation which seems to be quite innocuous. We 
therefore decided to use our program to check 
whether the approximation is, in fact, innocuous. 
For this purpose we used the following parameters, 
some of which are derived from experiments in 
these laboratories on a hemoglobin sample: co =
977.9 rad./sec.; n  =  5.7 cm.; mol. wt. =  6.68  X  
104; S  =  4.5 X  1 0 -13sec. - 1 7; D  =  6.56 X  10~7 
cm.2/sec. The grid spacing for the difference equa
tion was Ar/ri =  2.4 X  10-4 , At =  1 sec. The 
numerical integration was begun at the meniscus 
and continued into the cell.

Equation 23 of ref. 6 should have a multiplica
tive factor exp( — z/2), which was omitted by the 
authors since it is approximately unity. If we 
include this factor, for the sake of completeness, 
our numerical results agree with the predictions 
of the so amended equation 23 with a maximum 
error of 0 .01%  for a time of 45 minutes over the 
entire range of r for which dc/dr is not negligible. 
A  time of 45 minutes was chosen because it is a 
standard time for Archibald technique measure
ments carried out in these laboratories.

The conclusion is that further numerical work is 
superfluous. The formula of Fujita and Mac
Cosham is a perfectly adequate solution of the 
Lamm equation under the conditions relevant to 
the Archibald method.

Curves of dc/dr versus r  obtained from the 
numerical work showed a linear region extending 
appreciably into the cell. In our example at 45 
minutes, the curve was quite linear for about 10%  
of the cell (r/ n  =  1.02). In order to see more 
generally how far this linear region should extend 
we have expanded d2(c/co)/d(r/rj) 2 as a function of 
(r/Vi — 1) =  5 up to terms of order <54. This 
function should, of course, be a constant if dc/dr is 
linear in r. The general form of the coefficient is 
rather complicated, and we do not display them 
here, giving only the numerical results for 45 
minutes.

d/(^/co) =  _ 104g _  4  g70  x  1 0 4 5 +  7.408 X  to 6 82 +  
d(r/ri)2

1.208 X  108 53 -  3.3 14 X  10>° 84 +  . . .

It can be seen from this example that the non
constant terms are not small. The linearity ex
tends further into the cell than one has any right 
to expect from the size of the coefficients of 5, 
apparently because the higher terms approximately 
cancel, being of the same order of magnitude and of 
varying sign.

Thus there does not seem to be any general rule
(5) K . S. Kunz, “ Numerical Analysis,”  M cG raw -H ill Book Co., 

Inc., New York, N. Y ., 1957, Chapter 14.
(6) H. F u jita  and V. J. MacCosham, J. Chem. Physn 30, 291 (1959).
(7) Wi D i Hutchinson, private cointriuhibation.
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about the range over which a linear extrapolation 
will be valid. If an accurate extrapolation is de
sired, we suggest that a molecular weight deter
mined by the best extrapolation one can make be 
used to compute the constants in the Fujita-Mac- 
Cosham formula. The formula then can be used to 
compute dc/dr, and the molecular weight can be 
adjusted until a self-consistent result is contained. 
The Fujita-MacCosham formula is relatively easy 
to evaluate numerically.

We wish to thank Dr. J. Vinograd for helpful 
discussions of the experimental aspects of this 
problem.

SELF-DIFFUSION OF LIQUID M E R C U R Y

B y  R o b e r t  E. M e y e r
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Tennessee, and University of Illinois, Urbana, Illinois

Received August 17, 1960

Self-diffusion measurements in liquid mercury 
already have been reported twice.2 However, 
these two investigations disagreed in that the values 
of Hoffman2b were 11 to 16%  greater than those 
reported by Nachtrieb and Petit.2a Furthermore, 
both investigations were carried out in the rather 
limited temperature range of 0 to 100°. This 
temperature range is sufficient to determine D 0 and 
Edis in the equation usually assumed, D  =  D 0 exp- 
( —Edit;/RT), where D  is the diffusion coefficient, 
D 0 is an essentially temperature-independent con
stant, and E diS is the experimental activation 
energy. However, a temperature range of 100° 
is not sufficient to determine whether this equation 
actually represents the data if the data are accurate 
to only a few per cent. The Stokes-Einstein3 
and Eyring4 expressions for D  give equations of 
the form D  =  kT/arj where “ a ”  is a constant and 17 
is the viscosity. This equation, when combined 
with the experimentally observed equation rj =
i)o e x p (E viS/ R T ), leads directly to the equation 

D =  (constant) T  exp ( — Evi3/RT) (1)

in which the temperature appears in the pre
exponential term. It also has been suggested6 
that the expression for D  should be D  =  b T 2, 
where b is a constant, and that diffusion in liquid 
metals is an essentially non-activated process. 
It was therefore of some interest to determine 
experimentally the temperature dependence of D  
over a wide temperature range. Mercury was 
chosen because the determinations could be made 
at relatively low temperatures and because mercury 
has a small value of E YiS (^ 5 0 0  cal./mole) so that 
small changes in the pre-exponential term will not 
be masked by large changes in the exponential 
term.

The capillary-reservoir technique6 was chosen
(1) Operated by Union Carbide Corp. for the U. S. Atomic Energy 

Commission.
(2) (a) N . H . Nachtrieb and J. Petit, J. Chem. Phys., 24, 746 (1956); 

(b) R. E. Hoffman, ibid., 20, 1567 (1952).
(3) A. E. Einstein, Ann. Physik, 17, 549 (1905); 19, 371 (1906); 

Z. Elektrochem., 14, 235 (1908).
(4) C. M . Carlson, H . Eyring and T. Ree, Proc. Nat. Acad. Set., 46, 

649 (1960).
(5) R. A. Swalin, Acta Met., 7 , 736 (1959).
(6) J. S. Anderson and K . Saddington, J. Chem. Soc., S381 (1949).

and the experimental procedure was essentially the 
same as that used for liquid sodium.7 Diffusion 
coefficients were calculated from the equation 

In 7r2C'aT/ 8Co =  — ir2Dt/AL2 (2)

where 0%  is the average activity of the tracer 
(Hg203) in the capillary after the run, C 0 is the initial 
activity, t is the elapsed time, and L  is the length 
of the capillary. The capillaries were made from 0.5 
mm. i.d. precision bore Pyrex tubing. Tempera
tures were maintained with an ice-bath, an oil-bath 
for the 42 to 108° runs, and a furnace for the high 
temperature runs (including two of the 108° runs). 
As shown in Table I, the lengths of the capillaries 
and t were varied for different runs at the same 
temperature.

T a b l e  I

S e l f - d i f f u s i o n  C o e f f i c i e n t s  o f  M e r c u r y

T, "If.
D cm.2 sec. _1 

X 105 t, sec. X 10 5 L, cm.

273.2 1.50 3.301 3.28
273.2 1.51 1.962 3.28
315.4 1.88 1.556 4.39
315.4 1.88 2.358 3.28
315.4 1.89 3.371 3.87
352.6 2.44 1.484 3.28
352.6 2.33 2.698 3.28
381.6 2.69 1.636 3.87
381.6 2.71 1.815 3.28
381.6 2.72 1.359 3.28
381.6 2.77 1.039 3.87
414.2 3.26 1.962 3.87
415.1 3.23 0.8802 3.28
452.9 3.80 .8874 3.28
497.6 4.42 .8865 3.28
512.5 4.70 .6264 3.87

The data are given in Table I and are plotted in 
Fig. 1 along with the results of the two previous 
investigations. Also shown in the graph are two 
theoretical curves, the one calculated from the 
relation D  =  kT/1.59  X  10-7  v and the other from 
the relation D  =  1.86 X  10-10 T 2. In each case 
the numerical constant was calculated from the 
average of the experimental value of D  at 108°. 
The viscosity values were experimental.8

Examination of Table I shows that the results 
are reproducible enough to preclude any significant 
random error in the measurement. Figure 1 
shows that the results are quite close to Hoffman’s,2b 
who also used a capillary-reservoir technique. 
The suggestion was made by Nachtrieb and Petit2a 
that the high stirring rate used by Hoffman2b 
(250 r.p.m.) caused convective losses from the 
capillary orifice and therefore raised the apparent 
values of D . In the present work, the capillary 
was rotated about a radius of about 3A  cm. at 
speeds of 3 -4  r.p.m. This could account for the 
fact that Hoffman’s values of D  are slightly higher, 
but it is difficult to see how this effect could account 
for the 10- 12%  discrepancy between these data 
and those of Nachtrieb and Petit. In view of the 
fact that Nachtrieb and Petit used a shear-cell 
technique in their measurements, it appears that

(7) R. E. Meyer and N. H. Nachtrieb, J. Chem. Phys., 23, 1851 
(1955).

(8) S. Erk, Z. Physik, 47, 886 (1928).
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Fig. 1.— Self-diffusion in liquid mercury.

there must be a systematic error inherent in one or 
both of these techniques.

Reference to Fig. 1 shows that the expression 
D  =  Do e x p ( — E,iut/RT) is not a good representa
tion of the data since the plot of log D  vs. 1 /7 ' does 
not give a straight line. The two theoretical curves 
represent the data equally well, although neither 
one is completely satisfactory. Swalin’s theory6 
predicts a value of the constant equal to 1.99 X  
10~ 10 as compared to the value of 1.86 X  10-10 
used in Fig. 1. Eyring’s theory4 gives the expres
sion D  =  1(T/^(Vs/Ny^r) where F s is the molar 
volume of the solid at the melting point (14.13 
cc. for Hg), N  is Avogadro’s number, and £ is a 
constant equal to the number of nearest neighbors 
about a given atom in a plane. In a close packed 
structure, £ should be six and for liquids somewhat 
less than six. The expression £ (F /si W /j, when 
set equal to the numerical constant 1.59 X  10~7 
cm. used in Fig. 1, yields a value of 5.6 for £. Thus 
both Swalin’s and Eyring’s equation predict the 
values of their respective constants quite closely.

Actually, a very good representation of the data 
is provided by the empirical equation log D  =  
1.854 (±0 .018) log T  -9 .3 4 9  (±0 .045). In 
liquid sodium7 the analogous equation is log D  =
2.92 (±0 .1 0 ) log T  -  11.90 (± 0 .2 5 ). The fact 
that the coefficient of log T  for liquid Na is not 
near two but close to three, argues against Swalin’s 
theory.

A possible source of error in these experiments 
is convection and this is most likely to occur at the 
highest temperatures. The presence of convection 
errors would therefore tend to favor the equation 
D  =  kT/arj, because the experimental points are 
above the theoretical line for this equation.

TH E H E A T  STABILITIES OF 
BISA C E T Y LA C E T O N E E T H Y LE N E D IIM IN E  

A N D  ITS M E T A L  CHELATES

B y  R o b e r t  G. C h a r l e s

TVestinghouse Research Labs., Pittsburgh 35, Pa.
Received August 19, 1960

The metal chelates (II) derived from bisacetyl- 
acetoneethylenediimine (I) and divalent metal 
ions have been reported to have remarkable thermal 
stability. 1 According to Morgan and Main Smith

the copper chelate II boils undecomposed at a “ high 
temperature” while the corresponding nickel com
pound “ boils without decomposition at a tem
perature approaching a red heat.” 1
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Such heat stability is surprising in view of the 
much lower stabilities which have been found for 
the similarly constituted metal acetylacetonates
III .2 It has seemed worthwhile, therefore, to re
investigate the heat stabilities of the metal chelates
II. For comparison we have also studied the heat 
stability of the chelating agent I.

The principal experimental method adopted for 
the present work involved heating weighed samples 
of the compounds in sealed evacuated glass tubes. 
The tubes were cooled and broken open, the con
tents dissolved in a known volume of methanol, 
and the ultraviolet absorption spectra determined. 
Any significant pyrolysis of the tube contents should 
result in detectable changes in the spectra when 
compared with the spectra of the pure compounds 
in the same solvent.

In Fig. 1 are given the spectra of the pure sub
stances and of the tube contents after heating for 
four hours at the temperatures indicated. It is 
evident that bisacetylacetoneethylenediimine it
self and its copper chelate decompose to a detect
able degree even at 200 ° and are largely destroyed 
at 250°. The nickel chelate II is more stable and 
shows no changes in the spectrum when heated to 
300°. At 350°, however, the latter compound is 
almost completely pyrolyzed.

It can be seen from Fig. 1 that the chelates II 
are much less stable than hitherto supposed. The 
copper chelate II is very similar in heat stability to 
copper acetylacetonate while the nickel chelate II 
is somewhat more stable than is nickel acetylace
tonate.2 The chelating agent I and the copper 
chelate II appear to be very similar in stability to 
each other.

To supplement the sealed tube experiments we 
have also studied the weight loss as a function of 
temperature as each of the compounds I, II(Cu), 
and II(Ni) was heated, in an atmosphere of argon 
(at atmospheric pressure) on a thermobalance. 
Figure 2 is a plot of the results obtained. Each of 
the three curves shown is characterized by an initial 
region of constant weight at the lower tempera
tures, followed by a region of large weight loss

(1) G. T. Morgan and J. D. Main Smith, J. Chem. Soc., 912 (1926).
(2) J. Von IToene, R. G. Charles and W. M . Hickam, J. Phys. Chem., 

62, 1099 (1958).
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in the temperature range 175 to 350°. Without 
information supplemental to Fig. 2 it would not be 
possible to tell whether the weight losses observed 
result from (a) volatilization of unchanged com
pound, (b) pyrolysis, with the formation of vola
tile products, or (c) some combination of these 
two effects. For each of the thermogravimetric 
runs a considerable amount of apparently amor
phous material was observed to deposit on the cool 
tube above the furnace throughout the temperature 
region 175 to 350°. A  significant amount of solid 
residue remained in the sample container after the 
copper chelate run, but only a few tenths of a mg. 
of residue remained from the other two experi
ments.

To determine the extent to which pyrolysis had 
occurred during the thermogravimetric runs the 
total volatilized materials from each experiment 
were collected, dissolved in methanol, and their 
ultraviolet absorption spectra determined. The 
absorption curve obtained for the volatilized mate
rial from the nickel compound was nearly identical 
with that for the undecomposed chelate shown in 
Fig. 1. The weight loss shown in Fig. 2 for this 
compound is therefore due almost entirely to 
volatilization of unchanged nickel chelate. The 
absorption curve for the volatile matter from the 
copper chelate resembled that for the pure copper 
compound II but the absorbance values of the ab
sorption peaks at 229 and 307 m/t were reduced 
to 0.27 and 0.57, respectively. In addition, a 
shoulder appeared at about 325 m/x which did not 
appear in the spectrum of the pure copper com
pound. The weight loss in Fig. 2 for the copper 
compound must be due partially to pyrolysis and 
partially to volatilization of unchanged chelate. 
The shoulder at 325 m/u may be due to the forma
tion of some compound I as a pyrolysis product 
since the spectrum of this substance has a strong 
absorption peak in this wave length region (Fig. 1). 
The production of I through the pyrolysis of copper 
chelate II would be completely analogous to the 
known formation of acetylacetone as a pyrolysis 
product from copper acetylacetonate.2

The absorption curve for the volatilized materials 
from the chelating agent I was also similar to that 
of the pure compound. The absorption peak at 
322 m/x was, however, reduced in intensity (ab
sorbance =  0.35) and a new absorption peak (ab
sorbance =  0.27) appeared at 215 m/x. The weight 
loss in Fig. 2 for the chelating agent must, like that 
for the copper compound, result partially from vola
tilization of pyrolysis products and partially from 
evaporation of unchanged compound.

A  brief study was made of the non-volatile py
rolysis residue remaining from the copper chelate II 
when this material was heated for 4 hours at 350° 
in argon, at atmospheric pressure, in an open con
tainer. An X-ray diffraction powder pattern 
showed that copper metal was the only detectable 
crystalline component. Elemental analysis showed 
the presence of copper (53.5% ), carbon (30.6% ), 
hydrogen (2 .4% ), nitrogen (3.0% ), and oxygen 
(10.5% , by difference).

The statements of the earlier workers1 relative 
to the heat stabilities of the compounds studied

Cheloting Ageni 10 '
Copper Chelate 10... » Nickel 

A Chelate

Not Heated A \ Not Heated,1 200°C, 250°C, 300°C
Not Heatedv _ 0.5_ /V200#C / 1 0.5- 1
2oo° c y  I \  f-J 350°C A

_ /250°c\
0

\ ;.300°C \  \̂ /<._̂ 250°C \
0

200 250 300 350 200 250 300 350 200 250 " 300 350
A(m/x). Alm/i), X(m/x).

Fig. 1 .— Ultraviolet absorption spectra of bisaeetyl- 
acetoneethylenediimine, its copper and nickel chelates and 
their pyrolysis products, in methanol.

Fig. 2.— W eight loss curves for bisacetylacetoneethylene- 
diimine and its copper and nickel chelates in an atmosphere 
of argon. Fifty-m g. samples were used.

here apparently were based entirely on visual 
observation. Since the chelates are deeply colored 
it would be difficult to determine that decomposi
tion was occurring by visual inspection. It is 
apparent from the results obtained here that, at the 
temperatures used by these authors, complete de
composition must occur in a very short time.

Experimental
Preparation of Compounds. Bisacetylacetoneethylenedi- 

imine.— This compound was prepared by  the m ethod of 
M cCarthy, H ovey, Ueno and Martell3 and recrystallized 
twice from water. The compound was dried in a vacuum 
desiccator; m .p . I l l —111.5°; reported3 111-111.5°.

Bisacetylacetoneethylenediim inonickel(II).— Eleven and 
two tenths g. (0.05 mole) of recrystallized bisacetylacetone- 
ethylenediimine was dissolved in 200 ml. of water by  gentle 
heating. T o the warm solution was added, slowly with stir
ring, a solution of 12.4 g. (0.05 mole) o f nickel acetate tetra- 
hydrate in 200 ml. of water. One hundred ml. of 1 M  aque
ous N H j was then added slowly. The resulting mixture 
was heated nearly to boiling, maintained at this temperature 
for a few minutes, and finally cooled in a refrigerator for 
several hours. The red crystalline product was filtered off, 
washed several times with water and air-dried to give 10.3 g. 
o f crude product.

(3) P. J. McCarthy, R. J. Hovey, K. Ueno and A. E. Martell, J . A m .
C h em . S o c ., 77, 5820 (1955).
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The chelate was recrystallized twice by  the following pro
cedure. Ten g. of the compound was dissolved in 100 ml. of 
methanol by gentle heating. The warm solution was filtered 
and 30 ml. of water added. The mixture was cooled several 
hours in the refrigerator and the product filtered off, air- 
dried and finally dried for four hours at 100°. The recovery 
was 80%  of the crude product taken; m .p . 198-199° (lit. 
195-196°,3 20001). Anal. Calcd. for Ci2H i8N 2N i: Ni,
20.89. Found: N i, 20.9.

Bisacetylacetoneethylenediiminocopper(II).— This com 
pound was prepared by essentially the same method as that 
used for the nickel compound above. Ten g. (0.05 mole) of 
copper acetate monohydrate was substituted for the nickel 
acetate. The yield of crude violet product was 11.1 g.

The product was twice recrystallized by  dissolving in 
methanol (75 ml. for each 11 g .) by  gentle warming. The 
solution was cooled to room temperature and filtered through 
filter paper. About 2 g. of blue copper acetylacetonate re
mained on the filter paper during the first recrystallization 
and was discarded. T o  the filtrate was added, a little at a 
time, 75 ml. of water. The mixture was cooled for two 
hours in the refrigerator. The product was filtered off, air- 
dried, and finally dried for four hours at 100°. The yield of 
recrystallized product was 60 to 80%  of the amount of crude 
product taken; m .p. 137-138° (lit. 141.5°,3 13701). Anal. 
Calcd. for Ci2H i80 2N 2Cu: Cu, 22.24. Found: C u ,21 .9 .

The ultraviolet absorption spectra (in methanol) of the 
three compounds prepared here were essentially identical 
with those reported by  Ueno and M artell.4 The infrared 
spectra of the solid compounds (in K B r pellets) also agreed 
well with the published wave length values of Ueno and 
M artell.5

Sealed Tube Experiments.— Exactly 100-mg. samples of 
each of the compounds above were weighed into 2 m l. Pyrex 
glass tubes. These were connected to a vacuum pump, 
evacuated to a pressure of about 5 tx and sealed with an 
oxygen-gas torch. (The tube contents remained at room 
temperature during this process.) The tubes were heated 
for four hour intervals in a special electric furnace designed 
to minimize temperature gradients. The temperature was 
held constant to ± 1 ° during the runs. A t the end of the 
heating intervals the tubes were cooled rapidly in the air. 
Each tube was then wrapped in polyethylene film and pul
verized with a hammer.

The pulverized tube and polyethylene was stirred with 
100 ml. of spectral grade methanol and the resulting solution 
filtered through acid-washed filter paper into a 250-ml. 
volumetric flask. The residue and filter paper were washed 
repeatedly with additional portions of methanol until the 
contents of the flask were brought to  the mark. Five-m l. 
aliquots of the solutions from the copper and nickel chelates 
were each diluted further to 200 ml. with methanol. Tw o- 
ml. aliquots of the solutions from the chelating agent (I)  
were diluted to 200 ml.

The spectra of these dilute solutions were recorded at 
room temperature with a Cary model 14 spectrophotometer 
using 1 cm . quartz cells, and methanol as the reference liquid. 
Solutions of the pure compounds were obtained by  dissolving 
0 .100-g. samples in methanol and diluting in the same man
ner as above.

Thermogravimetric R im s.— Thermogravimetric curves for 
each of the three compounds were obtained with a thermo
balance constructed in these laboratories and described else
where.6 It  was possible with the balance employed to ex
clude air from the sample with a stream of high purity argon. 
Each of the experiments was performed in a 50 m l./m in . 
stream of argon at atmospheric pressure ( ca. 730 m m .). 
A  50.0-mg. sample of the compound was contained in a 1-ml. 
open platinum crucible. The temperature of the furnace 
surrounding the sample was increased linearly with time at 
2 .1 °/m in . and the weight was recorded automatically with 
time.

A  trap surrounded with solid C 0 2 was connected to the 
outlet tube for the argon to trap any vaporized material 
which did not condense on the inside of the furnace tube, 
immediately outside the furnace. The combined volatilized 
material from each run was dissolved in methanol. The 
resulting solutions were diluted to half the volumes re

(4) K . Ueno and A. E. Martell, J. Phys. Chem., 61, 257 (1957).
(5) K . Ueno and A. E. M artell, ibid., 69, 998 (1955).
(G) R. G. Charles and A. Langer, ibid., 63, 603 (1959).

ferred to  above (to  compensate for the smaller samples used 
in the thermogravimetric runs) and ultraviolet absorption 
spectra were obtained as described in the earlier section.
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FROZEN H YD R O CAR BO N S1
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Several experimental techniques have yielded 
hydrogen atoms of different energies, and variations 
in their reactions have been observed. Hydrogen 
and deuterium atoms produced at a hot tungsten 
ribbon reacted readily with some solid olefins at 
— 195° but did not undergo exchange reactions 
with solid propane.2 Deuterium atoms produced 
by the discharge method3 were found to exchange 
with hydrogen atoms in benzene, normal alkanes 
and cycloalkanes above cyclobutane. No ex
change was observed with cyclopropane or cyclo
butane. On the other hand, exchange of tritium 
for hydrogen occurred when tritium was generated 
by He3(n, p)H 3 reactions in the presence of cyclo
propane.4 Similarly, exchange was the principal 
reaction observed for recoil tritons in a number of 
other instances.5 The present study was under
taken to examine some of the reactions of tritium 
atoms of intermediate energy.

Experimental
Tritium  atoms were generated from molecular hydrogen 

containing tritium at a tungsten filament maintained at 
1750°. The atoms were allowed to  react with frozen 
hydrocarbons (0.1 to  0.25 cc .) which were uniformly de
posited on the inside wall of a 250-ml. flask immersed in 
liquid air. The tungsten filament was suspended at the 
center of the flask. Hydrogen containing tritium was re
leased into the reaction flask by  desorption from titanium 
metal; hydrogen pressures of less than 10 n were maintained 
during the reactions.

The tritium content of the hydrogen was approximately 
0.9 me. per millimole. From 0.1 to 0.2 microcurie was re
leased into the system (reaction flask and pressure gauge) 
at a time. Several times during a reaction, the system was 
evacuated and fresh hydrogen was released into the system. 
The total reaction time was usually less than one hour.

Labeled products (liquid at room temperature, or 0° in 
the case of ra-pentane) were separated by  gas chromatography 
using a 140 cm . Ucon non-polar column. T w o methods 
of radioassay were used: the gas stream from  the chroma
tography column was passed through an ionization cham
ber or proportional counter, or fractions from  the effluent 
stream were trapped in toluene-phosphor solution cooled 
to 0 ° and counted in a Tri-Carb scintillation spectrometer.

Results
Table I summarizes the results of tritium atom 

reactions with six hydrocarbons. Use of carriers
(1) W ork performed under contract A T  ( ll- l) -5 8 4  w ith the U. S.

Atomic Energy Commission. Contribution No. 608, K.A.E.S.,
Manhattan.

(2) R. Klein and M . D. Scheer, J. Phys. Chem., 62, 1011 (1958).
(3) H. I .  Schiff and E. W. R. Steacie, Canad. J. Chem., 29, 1 (1951).
(4) J. K . Lee, B. Musgrave and F. S. Rowland, J. Am. Chem. Soc., 

81, 3803 (1959).
(5) See, for example, F. S. Rowland and R. Wolfgang, Nucleonics, 

14, No. 8. 58 (1956).
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was made in some instances; the carriers indicated 
were added prior to the gas chromatographic sepa
rations.

T a b l e  I
T r it iu m  A n a l y s is  o f  C h r o m a t o g r a p h ic  F r a c t io n s

Distribution of tritium , %

Compound
Compd.
reacted

Light®
frac
tion

Heavy®
frac
tion Carrier

Benzene 21 1 4 Cyclohexane-35, cyclo-

Cyclohexane 81 6 13
hexene-39

Cyclohexene 22 4 5 Cyclohexane-69
1-Hexene 27 1 3 w-Hexane-69
n-Hexane 83 5 12
n-Pentane 83 13 4

“ Light and heavy fractions were those collected before 
and after the emergence of the compound reacted, respec
tively, but do not include the activity in a carrier when one 
was present.

Both methods of radioassay showed the pres
ence of minor amounts of tritiated compounds 
which had chromatographic retention times dif
ferent from either the compound reacted or the 
carriers. Identification of these compounds has not 
been completed. Tritiated hexadiene, if present 
in reacted benzene, was eluted with one of the 
other components.

The pressure dropped from 10 to less than 1 n 
within a few seconds during reactions with un
saturated compounds and decreased slowly dur
ing reactions with saturated compounds. Pro
viding the tungsten filament was sufficiently out- 
gassed, a pressure of less than 1 n could be main
tained in the closed system with the filament 
heated to 1750°. Therefore, evaporation of hy
drocarbon as a result of radiation was not exten
sive.

Discussion
With unsaturated compounds, both addition 

and substitution were observed; with saturated 
compounds, substitution was the principal re
action that occurred. Unlike previous results,2 
the hydrogen atoms reacted with both n-pentane 
and 1-hexene. This probably was due to a change 
in experimental conditions. In the present study 
a smaller reaction vessel was used as well as lower 
hydrogen pressures. Conditions were chosen such 
that the distance between the filament and wall of 
the vessel was less than the mean free path of 
hydrogen atoms. Therefore the atoms reached 
the walls with more energy than in the previous 
experiments.

The high yields of labeled target compounds 
observed indicate that this method might be used 
for labeling organic molecules with tritium. Fur
thermore, the amount of sample degradation should 
be less than with either the gas exposure or recoil 
labeling technique.

Results of reactions with alcohols and carbonyl 
compounds will be reported when these studies are 
more complete. Reaction rates were not de
termined in the present study. These and the 
effects of variation of pressure and temperature are 
being investigated.

Acknowledgment.— The authors express thanks 
to Dr. R. H. McFarland for his advice in construct
ing the experimental equipment.
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Many azo compounds have been studied and 
found useful for thermal and photo-initiation of 
polymerization. Among these, dimethyl 2,2'-azo- 
bis-isobutyrate (DAIB) has favorable solubility 
properties and is especially applicable in circum
stances which involve solubility problems.2 To 
complement and extend the dilatometrie kinetic 
data which have been reported,3-4 the rate of ther
mal decomposition of D AIB has been studied by 
a spectrophotometric technique. The decomposi
tions were allowed to proceed within the heated 
cell compartment of a spectrophotometer and the 
concentration of D AIB was followed by absorb
ance measurements. With this method time de
lays, temperature changes, and other disadvantages 
associated with sample handling were avoided, and 
the advantages of direct and accurate spectro
photometry were obtained.

Experimental
The walls and bottom  of the cell compartment of a Cary 

M odel 11 spectrophotometer were lined with a quarter- 
inch thickness of asbestos. The top of the compartment 
was fitted with an asbestos cover which accepted a cali
brated thermometer and a heating unit b y  which air within 
the compartment was circulated over a nichrome heated 
ribbon. An electronic temperature controller, which used 
a thermister within the cell compartment for sensing tem
perature and a thyratron tube for regulating current through 
the nichrome ribbon, maintained temperature constant 
within ± 0 .2 °.

For each determination of decomposition rate, the cell 
compartment was allowed to reach thermal equilibrium 
before the sample was introduced. A  10 m m . quartz cell 
was filled with a solution of D A IB  in isoòctane (0.05 m ole /
1.), purged with nitrogen, and covered with a rubber cap 
which was slit to permit nitrogen to  escape under slight 
pressure as it was produced during the reaction. The cell 
was placed in the heated compartment, where it quickly 
reached equilibrium temperature. A t time intervals the 
D A IB  absorbance was measured at its 3620 A . maximum, 
against pure isoòctane. T o avoid photochem ical complica
tions, no light was allowed to strike the sample except 
briefly during the absorbance measurements.

Adherance to Beer’s law was verified for D A IB  absorb
ance at 3620 A ., over the concentration range studied. Ab
sorption at 3620 A. by  reaction products was measured 
after 24 hours reaction at 84.5°, and proved to be too small 
to affect measurements of D A IB  absorbance at this wave 
length.

Results and Discussion
Plots of the logarithms of absorbances against 

times of decomposition of D A IB  were linear with 
very little scattering of points. Least squares 
treatments were used to determine the first-order

(1) E. H. Plesset Associates, Inc., 1281 Westwood Blvd., Los Angeles 
24, Calif.

(2) W. M . Padgett and E. Perry, J. Polymer Sci., 37, 543 (1959).
(3) F. M . Lewis and M . S. Matheson, J. Am. Chem. Soc., 71, 747 

(1949).
(4) K . Ziegler, W. Deparade and W. Meye, Ann., 567, 141 (1950).
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Fig. 1.— The temperature dependence of the rate of 
thermal decomposition of dimethyl 2 ,2 '-azo-bis-isobutyrate: 
□, Lewis and M atheson; 0 , Ziegler, Deparade and M eye; 
O, this work.

rates of thermal decomposition. At temperatures 
of 53.6, 68.9, 84.5 and 95.3°, the decomposition 
rates were 1.31 X  10-6, 2.07 X  10-s , 1.96 X  10-4  
and 9.31 X  10-4  sec.-1 , respectively. These 
results are comparable to those that have been 
reported for similar azo compounds.

The data were used to construct the Arrhenius 
plot shown in Fig. 1. The results of dilatometrie 
rate determinations by earlier workers3’4 also are 
indicated. The following rate expression is ob
tained

K {sec.-1) =  1.17 X  10is e- 37,3o°/Kr

The activation energy obtained here, 37.3 keal., 
agrees within experimental error with that re
ported by Lewis and Matheson,3 35.8 keal. How
ever, neither of these values agrees well with that 
reported by Ziegler, Deparade and Meye ,4 30.9 
keal. By reference to Fig. 1 it can be seen that 
the discrepancy in activation energy might be re
garded simply as a discrepancy in the rate of de
composition at 80°. However, a preferable ex
planation is that it results from the influence of the 
solvent. The activation energies reported here, 
and by Lewis and Matheson, were determined 
using hydrocarbon solvents, while that low value 
was determined using nitrobenzene as solvent. 
Ziegler, Deparade and Meye give the result of a 
determination of the decomposition rate at 80°

in a hydrocarbon solvent, undecane; that result 
falls squarely on the line shown in Fig. 1.

The pre-exponential factor obtained here is
1.17 X  1015. The corresponding entropy of acti
vation, under the assumption that the reacting 
solution is ideal, is 28.2 e.u. While not unprece
dented, these values are uncommonly large. They 
are entirely plausible, however, upon consideration 
that (1) they apply to the decomposition of an 
unstable compound, (2) resulting in an increased 
number of molecules, (3) including nitrogen, which 
has a high molar entropy.

T H E  EFFECT OF A N ILIN E  A N D  ITS  
D E R IV ATIV ES ON O X A N IL IC  AC ID

B y  L o u is  W a t t s  C l a r k 1

Department of Chemistry, Saint Mary of the Plains College, Dodge City,
■ Kansas

Received September 19, 1960

It has long been known that the first two mem
bers of the homologous series of dicarboxylic acids, 
oxalic acid and malonic acid, readily undergo de
carboxylation when heated either alone or in cer
tain solvents. Recently the mechanisms of both 
reactions have been established on the basis of ki
netic studies.2 3 It appears highly probable that the 
rate-determining step of both reactions is essentially 
the same, namely, the formation, prior to cleavage, 
of a transition complex involving coordination 
between one of the polarized, electrophilic, carbonyl 
carbon atoms of the un-ionized diacid with an un
shared pair of electrons on a nucleophilic atom of a 
solvent molecule. Since only one carboxyl group 
is involved in the rate-determining step it would be 
deduced that mono-derivatives of both acids also 
should be capable of undergoing decarboxylation 
in polar solvents according to the same mechanism. 
This deduction has been confirmed already in the 
case of the decarboxylation of oxamic acid-in several 
aromatic amines.3

Preliminary experiments in this Laboratory re
cently revealed that oxanilic acid, another mono
derivative of oxalic acid, likewise undergoes de
carboxylation when warmed in polar solvents. 
Since this compound, apparently, has never been 
the subject of any kind of kinetic study, it was 
thought worthwhile to carry out an investigation of 
the kinetics of the reaction in order to ascertain 
whether or not it proceeded by the same mecha
nism as that of the other related acids. For this pur
pose kinetic studies where carried out in this Labo
ratory on the decarboxylation of oxanilic acid in ani
line, o-toluidine and o-ethylaniline. The results of 
this investigation are reported herein.

Experimental
Reagents.— (1) The oxanilic acid used in this research was 

100 .0 %  pure as revealed by the fact that in every decar
boxylation experiment the theoretical volume of CO2 was 
obtained. (2 ) The solvents were reagent grade. Each 
sample of each solvent was distilled at atmospheric pressure 
directly into the dried reaction flask immediately before the 
beginning of each decarboxylation experiment.

(1) Western Carolina College, Cullowhee, N. C.
(2) (a) G. Fraenkel, R. L . Belford and P. E. Yankwich, J. Am. Chem. 

Soc., 76, 15 (1954); (b) L . W. Clark, J. Pkys. Chem., 61, G99 (1957).
(3) L. W. Clark, ibid., 65, 180 (1961).
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sidering also the greater bulk of the phenyl group 
as compared with the hydrogen atom, it would be 
expected that, in the approach of the attacking 
molecule to the nitrogen atom of the amine, oxanilic 
acid should encounter more steric hindrance than 
would oxamic acid— in other words, for the reaction 
in a given solvent, the AS* for the reaction should 
be less for oxanilic acid than for oxamic acid. Both 
these predictions are seen to be confirmed by the 
data in Table III.

In the studies of the decarboxylation of oxamic 
acid in aniline and in o-toluidine3 it was shown that 
the presence of a methyl group ortho to the amino 
group has two effects, namely, (1) a + 1  effect which 
increases the electron density on the nitrogen atom 
of the amine giving rise to a decrease in A H *, and
(2 ) an ortho or steric effect8 which hinders the ap
proach of the oxamic acid to the nitrogen atom, re
sulting in a decrease in AS*. Analogy suggests 
that oxanilic acid should behave in this respect in a 
manner similar to oxamic acid. The experimental 
data in Table II confirms this expectation. It is 
seen that, on passing from aniline to o-toluidine, a 
progressive decrease in both A H *  and AS* takes 
place for both the oxamic acid and the oxanilic acid 
reactions. A  further decrease in the parameters 
takes place in the oxanilic acid reaction on going 
from o-toluidine to o-ethylaniline. For each solvent 
it will be noted, also, that both A H *  and AS* are 
lower for the decarboxylation of oxanilic acid than 
for that of oxamic acid. This is due to the fact 
that, in the first place, the effective positive charge 
on the coordinating carbonyl carbon atom of oxa
nilic acid is greater than it is on that of oxamic acid, 
and, secondly, the molecule of the former is the 
more complex.

These circumstances leave little doubt but that 
oxanilic acid decomposes in polar solvents by the 
same mechanism as does oxamic acid, oxalic acid 
and malonic acid.

In aniline solution, the AS* for the decarboxyla
tion of oxanilic acid is 18.5 e.u. smaller than it is for 
that of oxamic acid (see Table III, lines 3 and 4). 
This difference in AS* is commensurate with the 
increased steric hindrance which would be expected 
from the substitution of a phenyl group for one of 
the amide hydrogen atoms of oxamic acid. Since 
oxanilic acid is considerably larger than oxalic acid 
the AS* for the reaction in aniline would be ex
pected to be larger for oxalic acid than for that of 
oxanilic acid provided the same number of mole
cules of each acid were involved in the solvation 
step. We find, however, that, in aniline, the AS* 
for the oxalic acid reaction is actually 30 e.u./mole 
less than it is for that of oxanilic acid. It is well 
known that the dicarboxylic acids in solution as
sociate through hydrogen bonding to form a cluster 
composed of at least 3 -4  molecules.9 When one of 
the hydroxyl groups of a dicarboxylic acid is re
placed by some other group such as the N-phenyl 
amide group association evidently can no longer 
take place past the dimer stage. In view of the 
great differences in the activation entropies of

(8) L . P. Hammett, “ Physical Organic Chemistry,”  McGraw-Hill 
Book Co., Inc., New York, N . Y ., 1940, p. 204.

(9) W. Hiickel, “ Theoretical Principles of Organic Chemistry,”  
Vol. I I ,  Elsevier Pub. Co., New York. N. Y., 1958, p. 329 et seq.

these two reactions it may be deduced that, in the 
case of oxanilic acid, probably only a single mole
cule coordinates with the solvent, whereas, in the 
case of oxalic acid, a supermolecule consisting of an 
association cluster of 3 -4  single molecules coordi
nates. A  similar interpretation has been advanced 
for the oxamic acid data.3

In Table III it will be observed that, at 140°, 
oxalic acid and oxanilic acid decompose in aniline at 
about the same rate. This evidently is due to the 
circumstance that, even though the A H *  for the 
decarboxylation of oxalic acid is nearly 10 kcal./ 
mole less than it is for that of oxanilic acid, the 
improved entropy factor in the case of oxanilic 
acid exactly compensates for this disadvantage.

Further work on this problem is contemplated.
Acknowledgment.— The support of this research 

by the National Science Foundation, Washington,
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H E A T  OF N EU TR ALIZATIO N  OF STRONG  
ACIDS B Y  STRONG BASES IN  M IX E D  

W A T E R -D IO X A N E  SOLUTIONS1

By H id e h ik o  K id o  a n d  W. C o n a r d  F e r n e l it t s

Department of Chemistry, The Pennsylvania State University, University 
Park, Pa.

Received August 4, I960

In determining formation constants of complexes 
of organic ligands with metal ions, it is common 
practice to use the mixed solvent water-dioxane to 
secure the necessary solubility.2“ 7 A  careful analy
sis of this mixed solvent has shown that measure
ments made with ordinary glass and calomel elec
trodes and a pH meter can be used to calculate 
thermodynamic dissociation constants of weak 
electrolytes and formation constants of com
plexes.8 This signifies that even a 75 volume %  
dioxane-water mixture (mole fraction of dioxane =  
0.388) is functioning essentially as a “water” sol
vent. Indeed, the activity of water at 25° in a 
75%  dioxane solution differs by only 10%  from 
that of pure water.9 Nevertheless, many are con
cerned that the state of hydration of ions in this

(1) This investigation was carried out under contract AT(30-l)-907 
between The Pennsylvania State University and the U. S. Atomic 
Energy Commission.

(2) M . Calvin and K . W. Wilson, J. Am, Chem. Soc., 67, 2003 
(1945).

(3) D. P. Mellor and L. E. Maley, Nature, 159: 370 (1947); L. E. 
Maley and D. P. Mellor, Australian J. Sci. Research, 2A, 92 (1949).

(4) H. Freiser, R. G. Charles and W. D . Johnston, J. Am. Chem. 
Soc., 74, 1383, 1385 (1952); W. D. Johnston and H. Freiser, Anal. 
Chem. Acta, 11, 201 (1954); T. R. Harkins and H. Freiser, J. Am. 
Chem. Soc., 77, 1374 (1955); 78, 1143 (1956); 80, 1132 (1958); G. E. 
Cheney, H. Freiser and Q. Fernando, ibid., 81, 2611 (1959).

(5) F. Basolo, Y. T. Chen and R. Kent Murmann, ibid., 76, 956 
(1954).

(6) L. G. Van Uitert, C. G. Haas, W. C. Fernelius and B. E. Doug
las, ibid., 75, 455 (1953); L. G. Van Uitert, W. C. Fernelius and B. E. 
Douglas, ibid., 75, 457, 2736, 2739 (1953); L. G. Van U ite rt and W. C. 
Fernelius, ibid., 75, 3862 (1953); 76, 375 (1954); C. M . Callahan, 
W. C. Fernelius and B. P. Block, Anal. Chim. Acta, 16, 101 (1957); 
D. F. M artin  and W. C. Fernelius, J. Am. Chem. Soc., 81, 1509 (1959); 
B. B. M artin  and W. C. Fernelius, ibid., 81, 2342 (1959).

(7) H. Irv ing  and H. Rossotti, Acta Chem. Scand., 10, 87 (1956).
(8) L. G. Van U ite rt and C. G. Haas, J. Am. Chem. Soc., 75, 451 

(1953); L . G. Van U ite rt and W. C. Fernelius, ibid., 76, 5887 (1954).
(9) F. Hovorka, R. A. Schaefer and D. Dreisbach, J. Am. Chem. Soc., 

58, 2264 (1936).
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solvent may be different from that in water.10 De
terminations of the heat of neutralization of strong 
acids by strong bases in solutions of dioxane-water 
varying from 0 to 75 volume %  dioxane show a 
variation of only 2 .4% . The condition of solvation 
of the proton and hydroxide ion must thus differ 
only by very little in the two solvents.

Experimental
The apparatus and procedures for enthalpy titrations are 

essentially those described by  Jordan and Alleman .11 
For each run, 100 ml. of 0.01 M  sodium hydroxide in the 
given solvent was titrated with 1 .0M  hydrochloric acid in 
the same solvent. The results assembled in Table I  are the 
average of 5 -9  determinations at each mole fraction of 
dioxane.

T a b l e  I
H e a t s  o f  N e u t r a l iz a t io n  in  W a t e r - D io x a n e

Dioxane-
Voi. % Mole fr. AH neut.

0 0 .0 0 13.57 ±  0.02
25 0.066 13.65 ±  0 .14
50 0.174 13.70 ±  0 .04
75 0.388 13.89 ±  0 .04

(10) Private communications.
(11) J. Jordan and T. G. Alleman, Anal. Chem., 29, 9 (1957).

SO LU BILITY A N D  T H E R M O D Y N A M IC  
FUNCTIONS OF E T H Y L E N E  IN  D IE T H Y L  

SULFATE

B y  A . M . T r u c h a r d , H .  G. H a r r is  a n d  
D. M . H im m e l b l a u

Department of Chemical Engineering, The University of Texas, Austin 
12, Texas

Received October 24, 1960

As part of a study of the reaction of olefins with 
sulfuric acid, a thorough investigation of the 
solubility of ethylene in diethyl sulfate has been 
made. From the solubility data the partial molai 
heats and entropies of solution have been calcu
lated.

(a) Apparatus.— The experimental apparatus consisted 
of two calibrated volumetric bulbs which contained ap
proximately equal volumes of gas after 200 ml. o f diethyl 
sulfate had been added to the larger bulb. The flasks were 
immersed in a thermostat (good to ± 0 .0 5 ° )  and attached 
to a mercury manometer. The system was evacuated by 
prolonged pumping, and ethylene at about 2 atm . pressure 
was added to the em pty smaller flask. Pressures in the sys
tem were measured, and then the ethylene was admitted to 
the bulb containing the diethyl sulfate. The system was 
allowed to reach equilibrium while being stirred.

For each temperature successive additions of ethylene 
were brought into contact with the diethyl sulfate at pres
sures ranging from 50 to 1300 mm. Plots of corrected partial 
pressure of ethylene vs. mole fraction ethylene dissolved in 
diethyl sulfate could be fit with excellent precision by 
straight lines. The diethyl sulfate was Eastman prac
tical grade purified by  washing with NaaCCh solution and 
drying with CaCL. A t temperatures much higher than 100 ° 
diethyl sulfate begins to degrade so the maximum tempera
ture reported is 80 ° .

(b) Results.— Table I shows the Henry’s law 
constants from 0 to 80° computed as 3C =  p  
(atm .)/# (mole fraction). Since the logarithms 
of the Henry’s law constants were not exactly a 
linear function of temperature, a curve to fit the 
values of 3C of the form

log 3C =  3.04666 -  0.132845 X  10s -

5.9302 X  10 - 4 (1)

was calculated by the least squares technique 
to give an excellent fit (maximum deviation from 
0 to 80° was 1.51% ). With the aid of this equa
tion, the partial molal heats of solution were cal
culated as

( /? L° -  Ho) =  2 .303« (2)

and the partial molal entropies of solution were 
calculated as

The calculated thermodynamic values are listed 
in Table I. Nomenclature and discussion related 
to equations 2 and 3 is in reference 1.

T a b l e  I
H e n r y ’s L a w  C o n s t a n t s  a n d  T h e r m o d y n a m ic  D a t a  f o r

t,
.TC/ atm. \  

\m o le  f r . /

E t h y l e n e

-  (#L° -  HQ), 
cal./g. mole°

—  (ÄL —  Sg), ca l./ 
(g. m ole)(°K .) b

°c. In  E t2S04 In  EtaSOé In  H 2O In  E t2S04 In  mo
0 68.71 2430 5260 17.9 3 6 .4

20 92.24 2300 4390 16.8 33 .3
25 98.73° 2270 4170 16.7 32 .6
30 105.1 2240 3880 16.6 31 .7
40 117.3 2180 3340 16.4 29 .9
60 144.2 2080 2100 16.1 26 .0
80 172.8 1995 850 15.9 22 .3
“ Standard State: “ infinite dilution.”  6 Standard State

mole fraction =  1.0. c Calculated.

Discussion
The reliability of the Henry’s law constants 

was excellent since the standard deviation for 5C 
for any temperature was less than 0.01. The 
accuracy of the apparatus was tested by measuring 
the solubility of ethylene in water at 0 °. 3C was 
determined to be 5.28 X  10s, which is 4 .5 %  less 
than the value of Winkler.2 Winkler’s value may 
be high, however, since the data of Davis and M c- 
Ketta3 and Bradbury, McNulty, Savage and M c- 
Sweeney,4 when extrapolated to lower tempera 
tures, yields a lower value (less than 5 X  103) for 
3C.

The partial molal heats and entropies of solu
tion of ethylene in diethyl sulfate do not change 
as much with temperature as do corresponding 
values for ethylene dissolved in water, which have 
been calculated from the data in reference 5, al
though the trend with temperature is the same. 
The values of ( S l  — S g ) in diethyl sulfate are one- 
half as negative as those in water and correspond 
closely to the values shown in Table II for other 
non-polar compounds. The values in Table II 
have been computed from the data of Horiuti.6

(1) D. M . Himmelblau, J. Phys. Chem., 63, 1863 (1959).
(2) L. W. Winkler, Z. physik. Chem., 55, 350 (1906).
(3) J. E. Davis and J. J. M cKetta, J. Chem. Eng. D a t a ,  5, 374 

(1960).
(4) E. J. Bradbury, D. M cNulty, R. L. Savage and E. E. Mc- 

Sweeney, Ind. Eng. Chem., 44, 211 (1952).
(5) D. M . Himmelblau and E. Arends, Chem. Ing. Tech., 31, 791 

(1959).
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An interpretation of the thermodynamic data 
is that the quasi-ice-like structures caused by the 
dissolution of ethylene in water are more rigid 
or penetrate to a greater distance from the ethylene 
molecule than those created in diethyl sulfate and 
other non-polar compounds. Presumably this 
is due to the hydrogen bonding in water. Fur
thermore, the type of structure in the non-polar 
compounds is quite stable as the temperature 
changes; the thermodynamic functions for the com
pounds listed in Table II have essentially constant 
values over the temperature range for which data 
are available. The arrangement of the structure 
surrounding the ethylene molecule in diethyl sul
fate appears to be independent of the nature of 
the solvent for both diethyl sulfate and those com
pounds listed in Table II.

(6) J. Horiuti, Bull. Inst. Phys. Chem. Research (Tokyo), 9, 697 
(1930); Sci. Papers Inst. Phys. Chem. Research (Tokyo), 17, 125 (1931).

T a b l e  I I

P a r t ia l  M o l a l  H e a t s  a n d  E n t r o p ie s  o f  So l u t io n  f o r  

E t h y l e n e  D is s o l v e d  i n  N o n - p o l a r  So l v e n t s '* (0 t o  40°)

Solvent
-  (IIl0 -  Ha), -  (SL -  So), ca l./ 

cal./g. mole& (g. m o le )(°K .)c

CCI, 2420
CH3COOCH3 2260
CiiHe 2220
(CH+CO 2130

16.5
16.5 
16.2 
16.1

“ Calculated from data of reference 6 . 4 Standard State:
“ infinite dilution.”  e Standard State: mole fraction =
1.0.
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C O M M U N I C A T I O N  T O  T H E  E D I T O R

SPECIFIC REFR ACTIVE IN C R E M E N T  OF 
POLYPROPYLENE IN  

a-CH LORONAPH THALENE
S i r :

We have determined the specific refractive in
crement for solutions of isotactic polypropylene in 
a-chloronaphthalene at 125°. Our weighted aver
age value is dn/dc =  —0.189 ±  0.005 cc./g. for 
mercury green (5460 Â.) light. The measurements 
were made using a differential refractometer of the 
Debye1 design as modified by Schulz.2 The in
strument was calibrated with aqueous solutions of 
potassium chloride using the data of Stamm .3

The value obtained is consistent, as expected, 
with measured values of dn/dc for the system poly- 
ethylene-a-chloronaphthalene.4-6 It is also in 
good agreement with that reported by Chiang,7
— 0.188 cc./g. at 140°. (Chiang’s value becomes
— 0.191 cc./g. at 125° using a temperature coeffi
cient equal to that for the polyethylene-a-chloro- 
naphthalene system, approximately + 0.0002  cc ./ 
g.°C .)

Flowever, our results do not support the value 
of —0.216 cc./g. at 145° reported by Parrini8 (which 
becomes —0.220  cc./g. when similarly corrected

(1) P. P. Debye, J. Applied Phys., 17, 392 (1946).
(2) G. V. Schulz, O. Bodmann and H.-J. Cantow, J. Polymer Sci., 

10, 73 (1953).
(3) R. F, Stamm, J. Opt. Soc. Am., 40, 788 (1950).
(4) F. W. Bilîmeyer, Jr., J. Am. Chem. Soc., 75, 6118 (1953).
(5) R. Chiang, J. Polymer Sci., 36, 91 (1959).
(6) V. Kokle, F. W. Bilîmeyer, Jr., L. T. Muus and E. J. Newitt, 

presented a t the 139th National Meeting of the American Chemical 
Society, St. Louis, Mo., A p ril 23, 1961.

(7) R. Chiang, J. Polymer Sci., 28, 235 (1958).
(8) P. Parrini, F. Sebastiano and G. Messina, Makromol. Chem., 38, 

27 (1960).

to 125°) or the value of —0.227 cc./g. at 125° re
ported by Kinsinger and Hughes. 1 2 3 4 5 6 7 8 9 Although 
Parrini’s value was measured directly, that of 
Kinsinger and Hughes was obtained from an ex
trapolation to 125° of values measured at 25° and 
50°, and was supported by calculations based on 
the Gladstone-Dale relationship which, as the 
authors noted, is highly unlikely to be applicable 
to hydrocarbon polymer-a-chloronaphthalene sys
tems. Kinsinger10 also used a value of 1.532 for 
the refractive index of a-chloronaphthalene at 
125°. The correct value for this quantity for 
mercury green fight is 1.594 ±  0.0002, as measured 
several times in our laboratory over the past 
decade, and supported by calculation from the data 
of Auwers and Friihling. 11

Until the apparent discrepancy is resolved be
tween values of dn/dc reported by ourselves and 
Chiang and those reported by Parrini and Kinsin
ger, it would appear advisable to apply with cau
tion the viscosity-molecular weight relations pub
lished for the system polypropylene-a-chloro- 
naphthalene.7-9'12
Polychemicals Department N. E. Weston
E. I. du Pont de Nemours and C o., Inc.
Du Pont Experimental Station
Wilmington 98, Delaware F. W. Billmeyer, Jr.

Received December 6, 1960
(9) J. B. Kinsinger and R. E. Hughes, J . Chem. Phys., 63, 2002 

(1959).
(10) J. B. Kinsinger, Ph.D. Thesis, University of Pennsylvania, 

1958.
(11) K . V. Auwers and A. Fruhling, Liebig’s Ann., 422, 192 (1921), 

reproduced in  part in  the “ International Critical Tables,”  Vol. V II, 
p. 49.

(12) S. Shyluk, paper presented at the 138th National Meeting 
of the American Chemical Society, New York, N. Y,, September, 
1960.
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] GATION OF THE HYDROGEN BOND IN ACID SILICATES AND PHOSPHATE 

ALTERNATION OF BOND LENGTHS IN LONG CONJUGATED MOLE 
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JONEJR-60-O0C 
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SALEL -60-ABL 
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YAMAT -60-PST 
DEARJC-60-SHB 
G00DCH-60-BSR 
MCLEAD-60—CDH 
DEARJC-60-SHB 
EBERL —60-PMR 
ZANKV -60-LAF 
BAERN -60-HEA 
BURGAB-60-PAB 
PONOVA-60-VFS 
VASIVG-60-TSC 
VUKSMF-60-PTC 
VLCEAA-60-PSB 
SHIGDN-60-NSC 
MIKHBM-60-OBC 
CHRICL-60-CCS 
STRUUT-60-CND 
HOLLAK-60-RAT 
BIENA -60-RDS 
MOSSKC-60-TAT 
*4l KHBM-60—OBC 

■-AO-OBC
.mSV
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KARÉvÉ-6¿-Íp&
NOVISS-60-SDB 
NAZAIN-60-SDD 
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STRUCTURAL INFORMATION  
FROM PROTON COUNTING

no 7 3 N M R  A T  W O R K  S E R I E S

Interpretation: An organic compound known to be a monocar- 
boxylic acid was examined as a CDCb solution. The 60 me spec
trum exhibits the signal from the carboxylic acid hydrogen at 
5 =10.03. Using this signal as an internal standard corresponding 
to one proton, the integral curve reveals that the peak at 5 =7 .31 , 
characteristic of hydrogen on aromatic rings, is equivalent to five 
protons. The signals around 5 =  6.19 and those in the group

around 5 = 5 .7 0  correspond to four protons and are typical of 
olefinic hydrogen. The remaining signals are in the region of the 
spectrum which is characteristic of protons on aliphatic carbon 
and are equivalent to twelve hydrogens making the total proton 
count equal to 22. This confirms the empirical formula C21H22O2 

obtained from combustion data.
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For literature which fully explains the 100 kc 
EPR Spectrometer and its application to basic and 

applied research in physics, chemistry, biology and 
medicine, write the Instrument Division.
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