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THE STRUCTURES OF PHENYLBORON DICHLORIDE,
B-TRICHLOROBORAZOLE, AND N-TRIMETHYLBORAZOLE AS
DETERMINED BY ELECTRON DIFFRACTION1

By Kenneth P. Coffin2and S. H. Bauer
Contribution from the Departent of Chenistry, Comell University, Ithaca, N. Y.
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Visual analysis of electron diffraction photographs obtained from gaseous phenylboron dichloride, B-trichloroborazole

and N-trimethylborazole permitted the determination of their molecular structures.

Within the limits of the data, the first

of these was shown to be planar, while the substituted borazoles resemble symmetrically substituted benzene derivatives.

Non-sector electron diffraction photographs were
obtained for three boron-containing compounds
whose structures are of interest relative to earlier
work on boron trichloride and borazole. These are
phenylboron dichloride, CelUBCL; B-trichloro-
borazole, BINH3, and N-trimethylborazole,
BHNIFJCHIJ3 The materials were received under
vacuum in glass tubes furnished with break seals.
Two vacuum fractionations were made in all-glass
systems in the course of preparing the samples for
use in the camera.

The phenylboron dichloride was furnished by A.
W. Laubengayer and R. W. Baker (Cornell). The
tan color described by Baker3 as appearing upon
standing in the presence of “ Apiezon L” was pres-
ent in these samples, and reappeared in all instances
after fractionations under vacuum in entirely glass
systems. This indicates that the coloration is the
consequence of disproportionation or possibly a
polymerization rather than reaction with an impur-
ity. The B-trichloroborazole was furnished by
Laubengayer and Brown4 (Cornell); the sample
was a fluffy white solid with a few small crystals
and some traces of discoloration. Upon standing,
the fractionated material recrystallized into several
large colorless crystals. The N-trimethylborazole
was furnished by Schaeffer and Anderson6 (the

(1) From the doctoral dissertation of Kenneth P. Coffin, Cornell
University, 1951.

(2) National Advisory Comm ittee for Aeronautics, Cleveland, Ohio.

(3) R. W. Baker, Thesis submitted to the Graduate School of Cor-
nell University, September, 1948.

(4) C. A.Brown, Thesis submitted to the Graduate School of Cornell
University, September, 1948.

(5) G. W. Schaeffer and R. R. Anderson, J. Am. Chem. Soc., 71,

2143 (1949).

University of Chicago). This sample appeared as
a colorless liquid, with traces of a solid material
present. Similar solids were noted after six months
or so in the redistilled portions of the sample. Al-
though no physical constants were measured to de-
termine the purity of the materials used for the dif-
fraction studies, we believe these to be as pure as
the samples prepared by the original investigators
for characterizing these compounds.

The diffraction photographs were taken with elec-
trons of about 47 kv. The nozzle to plate distance
of about 19 cm. was calibrated with gold foil for
each compound. Intensities were estimated visu-
ally and their decrement with angle was adjusted
for rough conformity with the criterion s./(s)e00I52
c-' constant; in the case of CAH®BCI2 this criterion
did not appear to be compatible with the photo-
graphs, and hence was not rigorously applied. Val-
ues of sOand the intensities are given in Tables I,
Il and I11. It is regrettable that in spite of several
attempts, no rings could be obtained beyond the
values of sOreported in the tables. Since extended
trials and use of a sector were prevented by lack of
material and time, we present conclusions derived
from the available visual data in view of the inter-
esting structures of the compounds. No attempts
were made to revise our original visual intensity
estimates after our computation of radial distribu-
tion and intensity curves.

Radial Distribution Curves.—Radial distribu-
tion curves were calculated by I. B. M. methods
according to the equation6using the damping cri-

(6) The Cornell procedure is analogous to that of P. A. Schaffer,

Jr., V. Schomaker and L. Pauling, J. Chem. Phys., 14, 659 (1946).
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rD{r) = K q X l(@e~bvsinr jq
9=1

terion that exp(—5gma? = 0.1, where gw equals
the observed value of q for the largest ring. The in-
tensity curves were extended to zero angle with the
aid of computed curves for reasonable models. The
resulting R.D. curves were analyzed to obtain pre-
liminary results; then new intensity curves were
computed for the small g values. Finally, the radial
distribution calculations were repeated. For each
compound, the “improved” R.D. curve was ana-
lyzed in order to obtain the “most compatible”
model as a basic structure, and as a point of depar-
ture for a series of theoretical intensity curves. The
method of analysis consisted of systematically
“scoring” variations of the distances in the im-
proved model for agreement with the improved
R.D.

r—e
Fig. 1—Radial distribution curves (improved).

The method is somewhat analogous to the param-
eter maps based on intensity curves. It requires the
calculation of a minimum number of intensity
curves, since they are used primarily for confirma-
tory purposes; advantage is taken of the fact that
all the information given in the intensity curve is in-
cluded in the radial distribution curve, although in
a somewhat different form. In particular, for the
case of non-sector data, such as were obtained in
this case, the method minimizes the great emphasis
often put on temperature factors and minor fea-
tures of the visual pattern. The details of its ap-
plication to multiparameter problems and non-
planar molecules have not been considered in
detail. The testing method used is directly applic-
able only to a two-variable problem, as is the case
for B-trichloroborazole where one wishes to deter-
mine the B-CIl and B-N distances after assuming
D 3 symmetry and the N-H distance, or for N-tri-
methylborazole, where one wishes to determine the
C-N and B-N distances, again assuming D 3hsym-
metry and the B-H and C-H distances. In the
phenylboron dichloride, the radial distribution indi-
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cates an essentially planar molecule. Then three
variables appear: B-C, B-Cl and <C1BC1, assum-
ing an undistorted form for the C8H6group. For
the latter compound three values of <C1BC1, 115,
117, and 120° were selected, and the scoring
method applied for each model.

The scoring method is as follows. Intervals of each
variable are selected (0.02 Angstrom here), at A —0.10, A
- 008, A- 006 ...,A ...,A+008 A+ 0.0, etc.,
and similarly for B, where A and B are the approximate
values of the variables under test for the improved model.
Each combination of the interval values represents a point
of intersection on a two-dimensional grid. For each grid
point the various intermolecular distances are determined
either graphically or analytically; the relative ease and
simplicity in the application of the method result from the
high degree of systematization which may be used. Each
significant feature of the radial distribution curve is evalu-
ated rather arbitrarily, and a system set up to “score” the

corresponding computed feature for each grid point. For
example
Within, But noto
A within, A. Score
Sharp peak, small 0.01 3
.02 0.01 2
.03 .02 1
.04 .03 0
.04 Eliminate
Broad peak, large I 0.02 3
.04 0.02 2
.06 .04 1
.10 .06 0
.10 Eliminate
Composite peak 0.015 2
.030 0.015 1
.030 0
Broad peak, medium r 0.03 1

Composite peaks are assumed to be compounded as
Ys'Zizim/Y.'ZtZi
Vv /[ a

By working through the radial distribution curve, peak by
peak, using the more symmetric, non-composite peaks, a
large number of combinations can be eliminated. The re-
maining combinations can then be scored completely. The
final scores are entered on the grid, and contour lines of
constant score are drawn. The center of the contour may
reasonably be accepted as the final parameter ratio, subject
to the assumed distances and symmetry. The size and
shape of the contours give an indication of the probable
error. The reliability of the results, of course, is based
to some extent on the judgments of the reliability of the
individual peaks as reflected in the scoring system.

Figure 1 shows the improved radial distribution
curve for each of the compounds. In all cases there
is an initial maximum followed by a minimum; for
the borazoles these are centered about zero, but for
CEHBCI2 the peak is positive and the minimum
coincides with the base line. For that compound
the entire curve is essentially non-negative; while
this is a desirable feature in general, in this case it
appears more likely that a low frequency positive
loop has been superimposed on the curve. For B-
trichloroborazole, the curve has only small negative
areas; the peak at 3.55 A. corresponds to no dis-
tance under consideration and has been assumed
spurious. The curve for N-trimethylborazole is
good except for a spurious peak at 3.10 A., the deep
negative portion immediately to the right, and a
spurious peak at 5.55 A.
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Figure 2 shows the contour analyses for these
compounds. For CEBH3C12 three contour dia-
grams appear corresponding to the assumptions of
a planar molecule, with (C-C)n,, = 139 A. and
115, 117 and 120° for <C1BC1l. A molecule with
the C1BCL1 plane at right angles to the plane of the
ring would have heavy contributions due to C-ClI
distances at about 3.7 and 4.9 A. At these dis-
tances, minima appear in the radial distribution
curve; hence, the conclusion that rotation about
the C-B bond is highly restricted, the most prob-
able orientation being that with the chlorine atoms
in the plane of the ring. All three contours corre-
spond to identical chlorine positions relative to the
ring. The indeterminancy arises from the rela-
tively small contribution to the scattering of the
distances involving the singleoboron atom. The
CI-Cl distance is 2.93 + 0.01 A. A B-ClI distance
in the range 1.69-1.76 A. is indicated; the centers
of the contours being at 1.74, 1.72 and 1.70 + 0.02
A., respectively, for 115, 117 and 120°. The corre-
sponding C-B distances are 1.46, 1.50 and 155 +
0.04 A.

The radial distribution curve suggests that the
C-C distances in the ring is somewhat shorter than
1.39 A, possibly 1.38 or 1.37 A. Based on the as-
sumption of a 1.37 A. ring the first radial distribu-
tion curve was analyzed, and again, the CI-CI dis-
tance was found to be 2.93 A. The three centers of
the second set of contours again correspond to iden-
tical positions of the chlorine atoms relative to the
ring. The over-all length of the molecule is nearly
the same for the”two cases, the long C-CI distances
being only 0.C4 A. greater for the case of the 1.37 A.
ring and the first radial distribution; this together
with the 0.04 A. difference in ring diameter ex-
plains the approximately 0.08 A. differences in the
C-B distance between the two analyses.

<ciBC1, c-B[C|C, 1.37], C-B[C-C, 1.39],

degree B-ClI, A. A.

115 1.74 + 0.02 155 + 0.04 1.46 + 0.04
117 172 £+ .02 158 £ .04 150 + .04
120 1.70 £+ .02 161 + .04 155+ .04

Hence, median values based on the scoring method

150 + 0.08 A., 115°

C-C 1.38 + 001 A, C-B 154 + 0.08 A, 117°
158 + 0.081., 120°

The analysis of the contour pattern for B-trichloro-
borazole is entirely straightforward except that the
peak at about 1.68 A. on the radial distribution
curve corresponding to B-Cl is nearly 0.1 A. too
short to be consistent with the remainder of the
curve. In this analysis, the 1.68 A. peak was given
only moderate weight as the inconsistency demon-
strates that some error must be present in the data.
[A computed curve was inverted to make certain
there might not be a dislocation inherent in the
manner of damping and terminating the intensity
curve; none was found.] The result indicated is
B-N = 141 + 0.02 A. and B-Cl = 1.78 £+ 0.03 A.

The physical interpretation of the contour pat-
tern for N-trimethylborazole is somewhat ob-
scured by the fact that the B-N and C-N distances
are nearly equal and are weighted quite similarly;

Structures of Boron-containing Compounds
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Fig. 2.—Contour analyses of the radial distribution
curves. Multiply scales by 1.004 for calibration correction.

the contours are especially elongated and the inner
contour seems to indicate the presence of two peaks.
Such a possibility seems perfectly reasonable since
the two major distances are so nearly equal; how-
ever, it seems reasonable to require that C-N be
greater than B-N. This assumption dismisses the
lower portion of the contour as a geometrical coin-
cidence and shifts the best model from the true
center into the lower portion of the upper half, at

about B-N = 142 £+ 0.02 A. and C-N = 148 *
0.03 A.
Tabte |
CEHSBCL
Js
e d initial
Max Min. » estimate AdKD VS/ Bo
2.63 8.4 10 8.5
4.05 12.9 -15 -18.5
4.94 15.7 20 29.0 1.012
5.72 18.2 -12 00.0 1.016
6.23 19.8 15 12.0 1.000
6.90 22.0 -10 +2.5 0.991
7.38 23.5 10 6.5 0.993
8.02 25.5 -9 -9.0 0.994
8.59 27.3 8 9.0 1.024
9.29 29.6 -2 +4.5 1.023
9.71 30.9 5 7.0 0.999
10.43 33.2 -8 -7.0 0.994
11.06 35.2 6 9.0 1.019
11.64 Sh. 37.1 2 4.0
12.73 40.5 -4 -5.5 0.982
13.72 43.7 4 55 Error
14.94 47.6 -3 -3.5 1.004
15.77 50.2 3 4.0 0.998
(55.5) -2 -4.5
18.77 59.7 2 2.4 0.999
Ave. 1.003
Mean dev. 0.010
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Tabie Il
B3ClaN3H3
D iﬁi‘{ﬁu
Max. Min. o) estimate y2rdRD \go/ Aa
4.23 135 -15 14.5
4.80 15.3 20 20.0 1.026
5.93 Sh. 18.9 15 5.5
6.54 20.8 -15 -15.5 0.986
7.04 22.4 14 9.5 1.013
7.70 24.5 -6 -6.0 1.000
8.23 26.2 9 6.5 0.989
8.88 28.3 -10 -8.0 0.978
9.45 30.1 10 8.5 1.007
(32.9) -9 -7.5
11.43 36.4 8 5.5 1.005
(38.4) -5 -4.5
12.70 40.4 5 2.5 0.993
(42.4) -6 -6.0
13.99 445 7 6.0 1.002
(47.8) —5 -2.5
16.16 514 3 2.5 0.990
(55.5) -3 -3.5
18.56 59.1 4 3.5 1.000
(62.7) -1.5 -1.5
20.86 66.4 1 1.0 0.998
(71.0) -2 -2.0
23.50 74.8 2 15 0.984
Ave. 0.998
Mean dev. 0.010
Minima beyond S> 9.5 could not be measured reliably.
Tabte Il
B3H3N3(CH3)3
Max. o Min. ® eé’r[‘lilrFr%g{e «2d RD Wﬁa
4.42 14.1 -10 -12.5
5.34 17.0 20 18.0 1.024
6.81 Sh. 21.7 10 0.0
7.64 24.3 -15 -7.0 0.959
8.88 28.3 15 5.5 1.007
9.71 30.9 —15 -6.0 0.981
10.45 33.3 15 8.0 0.982
11.25 35.8 -8 -4.0
11.85 37.7 6 0.0
ci-c MBD_]F‘CQI'S cyB <cisci 12.50 39.8 -10 -4.5 0.972
Curve AL A A degreel 13.54 43.1 10 6.0 1.002
Aa 1.37 1.69 1.60 120 14.72 46.9 -4 -2.5 1.002
Ab 1.37 1.71 157 117 15.52 49.4 4 1.5
Ba 13  les 184 1o 1700 541 -6 3.0 0989
Bb 1.39 1.71 1.49 117 18.38 58.5 5 3.5 1.002
Be 1.39 1.73 1.45 115 (62.5) -2.0
¢ 1.39 174 1.56 120 20.56 65.4 2 1.0 1.004
gg 'Izllgggr(.)f C1BC1 perpendicular to rin (69.4) 1o
No temperature factgrspare included; %II H terms in- 2336 4.4 4 1.5 0.993
cluded in A and B, except where dotted lines indicate the (78.4) -1.0
effect of damping the long H terms by including only C-H  26.19 83.4 1 0.8
and C-C-H terms. Ave. 0.993
________ - i ] i i
P ) T8 GG ring o peale as in B curves Mean dev. 0.014
.......... , short C-CI distances! combine to twin peaks  « anti”-planar configurations, respectively; they

1.37 C-C ring / asin A curves

Intensity Curves and Final Structures.— Figure 3
shows the visual curve, the intensity curves com-
puted for the various models determined from the
contour patterns, and two curves computed for a
preliminary model for CeHsBCK These prelimi-
nary curves Ca and Cb correspond to the planar and

confirm conclusively the evidence based on the ra-
dial distribution curves regarding the lack of large
amplitude rotation (of the order of 45° from the
plane). Moreover, even the planar Ca differs
sufficiently from the visual curve to justify the
elimination of this particular model from further
consideration.
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Tabte IV
CTTA
V1.545/
c.c /B =N\
Compound B-N B-Cl B-C Vise) Ref.
cehs 1.393 (0.01) 0.902 7
ceh sbciz 1.38 (+0.02) 1.72 (0.03) 1.52 (0.07) 895 CandB
(-0.01)
hsbsnshs 1.44 (0.02) 923 8
cisbanshs 1.41 (0.02) 1.78 (0.03) CandB
1.413 (0.01) 1.760 (0.015) 907 9
HsBsNsMes 1.42 (0.02) 911 CandB
BC1s 1.73 (0.02) 10
BMes 1.56 (0.02) 10
HsBCO 1.540 11
(BN)cryst. 1.446 .927 12
Graphite 1.42 .922 13
The differences in general shape at s = 19 be- curves for variations of the model selected from

tween the A curves and the B curves are predomi-
nantly due to the relatively small differences in the
ratio of the ring dimension to the six C-CI distances
in the two models; their contributions are shown
separately in curves D. When summed, the (C-CI/
C-C) ratio incorporated in the B curves is defi-
nitely favored. Using this latter ratio, the com-
puted curves, based on the C-C = 1.39 A, ring,
checks the visual peak at s = 19 more closely than
does a 1.37 A. ring. The CI-CI distance is identical
for both models and the B-CI distances are identical
for corresponding submodels (a, b andc). The four
C-B distances contribute about 7% of the total in-
tensity as compared to 10% for the four C-H dis-
tances of the phenyl group; this indicates how diffi-
cult any definite assignment of C-B will be, which
in turn introduces some difficulty in the assignment
of B-Cl and <C1BC1.

The shoulder on Ba at s = 14 would tend to ex-
clude that model, but none of the curves fit espe-
cially satisfactorily in this region (presumably an
error in the visual curve); in all cases the magni-
tude of the shoulder can be reduced with a tempera-
ture factor on the hydrogen contributions. In the
region of s = 17, Ac is preferred while Aa and Ab
and possibly Ba are apparently satisfactory.

Based primarily on the outer maximum, the
intensity curves seem to eliminate a ring as small as
1.37 A. ~election among submodels based on a 1.38
or 1.39 A. ring and the over-all dimensions from the
radial distribution curves apparently require data
of greater accuracy than those obtained visually.

Final Structure for caH@C12— Combined radial
distribution curve and intensity curve analysis gives

C-C = 138 0or 1.39 A.

Cl-Cl = 293 ¢+ 0.01 A.

C-B, B-Cl and <C1BC1 such as to be consistent with a
long C-C1 = 538+ 0.03A.; hence <C1BC1
118+ 3°,B-CI1 = 172+ 0.03A. and C-B
1.52 £+ 0.07 A,

1.09 A. and a hexagonal ring assumed.

C-H =

Figure 4 shows the visual curve, three intensity

(7) 1. L. Karle, J. Chem. Phys., 20, 65 (1952).

(8) S. I1l. Bauer, J. Am. Chem. Soc., 60, 524 (1938).

(9) D. L. Coursen and J. L. Hoard, ibid., 74, 1742 (1952).

(10) H. A. Levy and L. O. Brockway, ibid., 59, 2085 (1937).

(11) W. Gordy, H. Ring and A. B. Burg, Phys. ly 78, 1482 (1951).
(12) R. S. Pease, Acta Cryst., 5, 356 (1953).

(13) J. D. Bernal, Proc. Roy. Soc. (London), A106, 749 (1924).

the contour pattern, and one intensity curve of
the preliminary model used for B-trichloroborazole.
Although the B curve contains temperature factors,
the model it represents seems somewhat less ac-
ceptable, based on general relative intensities,
than those represented by the A curves. The region
g = 32-37 favors Aa and Ab, and similarly at q =
48-52; in the region q = 67-76, Ac is less accept-

Fig. 4—BsC]sNsH3 assumed: D3 symmetry and N-1i =

1.01 A.
Models
BoN, B’:CI‘
Curve A. A.
Aa 1.41 1.79
Ab 1.41 1.76
Ac 1.41 1.73
B 1.44 1.74
Bond type c tij
Y —Z (except Y —H) 0.0015
Y Y
7 \ / \
Y Il and X -—Z (except X—-H) 0.0023
Y
/ \
X H and all others 0.0034

No temp, factors; only Y—H and
X-Y-H hydrogen contributions in-
cluded
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able than Aa and Ab because of the intensity in-
creases with g in Ac. In general, Aa and Ab seem
to be more acceptable.

Final Structure for BICIAN3H3— Combined radial
distribution curve and intensity curve analysis

gives
B-N = 141 + 0.02 A.
B-Cl = 178 + 0.03 A.
N-H = 101 A, and DX symmetry assumed

Figure 5 contains the visual curve, three intens-
ity curves for variations of the model selected from
the contour pattern, and one curve for the prelimi-
nary model for N-trimethylborazole. Except for the
absence of long hydrogen distances, damping fac-
tors and a scale factor, curve B lies close to Ab. Al-
lowing for a visual shift in the feature at ¢ — 50 to-
ward larger values of g, Aa and Ab are favored.
At q = 58, Aa shows the largest indication of
broadening, and is most compatible with the visual
curve.

10 20 30 40 50 60 70 8 90

Fig. 5,—BHINICHSs)3, assumed: D& symmetry, B-H =

1.20° A, C-H = 109 A.
Mod?ls GiN
Curve bA.nY A '
Aa 1.42 1.49
Ab 1.42 1.46
Ac 1.42 1.43
B 1.44 1.47
Curve Bond type aZj
A Y—2Z (except Y—H) 0.0015
Y Y
/[ \ I\
A—H and X------ Z (except X------- H) 0.0023
Y
/I \
X=mmm- H and all others 0.0034

3 rotations, H-CN-B, H-CNB-N and
H-CNBN-C introduced as 5 dis-
tances

B No temp, factors; only Y-H and
X-Y-H hydrogen contributions in-
cluded

0.0023

Final Structure for BHN3(CH33— Combined
radial distribution curve and intensity curve an-
alysis gives

Kenneth P. Coffin and S. H. Bauer
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B-N = 142+ 0.02 A,
C-N = 148 + 003 A
B-H = 1.20A.: C-H = 109 A.,, and D3L symmetry as-
sumed
Discussion

For reference and comparison a summary of the
interatomic distances observed in these and re-
lated compounds is listed in Table IV.

The B-CIl distance found for CE8HSBCI2 checks
within experimental error that distance determined
in the trichloride. The obvious analogous resonance
structures may be written for the two compounds.
These suggest that the B-C distance should be less
in the dichloride than in boron trimethyl. Some es-
timate of the relative magnitude of the contribu-
tions to the ground state of Lewis structures con-

taining y>C=B<”, may be obtained from the di-

pole moment determined by Baker3 for CeHsBCL.
He reported 3.07 + 0.15 debye, using benzene as the
solvent. Since the phenyl group and chlorine
atoms are not very different in electron sharing
properties, resonance contributions from the struc-
tures

should produce only a small net moment. To ac-
count for the large value found, an appreciable
contribution from the quinoid structure

seems necessary.

Attention has been called many times to the ex-
pected analogies between the isoelectronic C-C and
B-N systems. That the parallels between borazole
and benzene, and between boron nitride and
graphite may have been over emphasized has been
pointed out by Pease.1214 Insofar as B-trichloro-
borazole is concerned, the B-CI distance does seem
to be larger than in BC13 which is consistent with
the “aromatic” character of the (B-N)3ring. Part
of the ambiguity in the formulation of resonance
structures for this ring is due to the difficulty of
giving meaning to the term “normal single bond”
for the link between adjacent atoms one of which is
a good acceptor while the other is a good electron

donor. It now appears reasonable to postulate
INRs\

that in H2B; "BBHj [R = CH3or H] the B-N
x H/

bonds are close to “single,” and that the Bx B

is a three-center, two-electron unit.’ The ob-
servedl6 B-N distances [1.554 £+ 0.026 A. (R = H)
and 1564 + 0.026 A. (R = CH3] are consistent
with this assumption. Thus, if one accepts the
numbers in the table at face value, the fifth column
shows that the substituted borazoles approach the

(14) R. N. Pease, J. Am. Chem. Soc., /4, 2219 (1952).

(15) W. H. Eberhardt, B. Crawford and W. N. Lipscomb, J. Chem.
Phys.t 22, 989 (1954).

(16) K. Hedberg and A. J. Stosick, J. Am. Chem. Soc., 74, 954
(1952).
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ratio for a benzene type contraction more closely
than does borazole itself.

Further justifications of the assumption made in
computing the fifth column rely on spectroscopic
and thermochemical data. That the molecular
point group symmetry of borazole is D 3hhas been
demonstrated by two infrared studies.7 In the
latter, data on N-trimethylborazole were also ob-
tained. The analysis of the ultraviolet absorption
spectrum of borazolel8 was based on the assumed
similarity of its electronic structure to that of ben-
zene.19 Thus, although the first excited electronic
level in borazole occurs at 6.5 e.v. above the ground
state, compared to 4.9 e.v. for the corresponding
level in benzene, the increment was ascribed to the
electronegativity differences between the boron
and nitrogen.

Rector, Schaeffer and Platt® have made a pre-
liminary study of the gain and loss of “aromatic
character” on substituted borazoles [N-trimethyl-,21
B-trimethyl- and B-trichloroborazole] based on
shifts in the first ultraviolet absorption band.
Their conclusion was that N-substitution increases
aromaticity while B-substitution decreases aroma-
ticity (this is due to the corresponding increase and
decrease of the negative charge on the boron). The
N-trimethyl spectrum resembles that of mesitylene
and indicates a nearly completely aromatic com-
pound; the spectrum of the B-trimethyl compound
resembles that of the simple addition product of
borine and amine absorptions and indicates nearly
complete lack of aromaticity. Finally, the spectrum
of the B-trichloroborazole was found to be very sim-
ilar to that of B-trimethylborazole. Hence, these
workers argue that the ring in B-trichloroborazole
is less aromatic than in borazole itself; their re-

(17) (a) B. L. Crawford, Jr., and J. T. Edsall, J. Chem. Phys., 7,
223 (1939); (b) W. C. Price, et al., Disc. Faraday Soc., No. 9, 131
(1950). See also: R. A. Spurr and S. C. Chang, J. Chem. Phys.,, 19,
518 (1951).

(18) J. R. Platt, H. B. Elevens and G. W. Schaeffer, ibid., 15, 698
(1947) ; L. E. Jacobs, J. R. Platt and G. W . Schaeffer, ibid., 16, 116
(1948) .

(19) C. C. J. Roothaan and R. S. Mulliken, ibid., 16, 118 (1948.)

(20) C. W. Rector, G. W. Schaeffer and J. R. Platt, ibid., 17, 460
(1949) .

(21) The N-CH3distance in this compound is practically identical
with the value reported for N(CHs)3, 1.47 + 0.01 A. V. Schomaker,
private communication to P. W. Allen and L. E. Sutton, Acta Cryst., 3,
46 (1950).
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suits suggest large double bond contributions of the
= +

type > B = CI which counter the electron seeking
inductive influence of the chlorine atoms. These
conclusions, which represent an exception to their
general proposition, are not confirmed by the pres-
ent investigation, which shows the B-N distances
of both the N-trimethyl- and B-trichloroborazole
to be about the same. At any rate, the ultraviolet
absorption spectra of these compounds as well as
their general chemical stability support the notion
that appreciable aromatic type resonance may be
ascribed to the (B-N)3ring. In contrast, if one
were to use 0.80 A. for the “covalent radius” of
boron2 and the usual Schomaker-Stevenson addi-
tion formula, the deduced “single-bond” B-N dis-
tance would be 145 A. Then only a negligible
amount of aromatic character could be ascribed to
the (B-N)3ring.

A recently determined value for the heat of for-
mation of tris-dimethylaminoborine23 suggests that
the B-N bond in that compound has the same de-
gree of multiple bonding as in B-trichloroborazole.
Skinner reports that in B(NMe23 the average
bond dissociation energy for B-N is 89.7 kcal.
(based on the 96 kcal. value for the heat of sublima-
tion of boron) while a reduction of the heat of for-
mation4 of CIB3IN33 gives 92.1 kcal. for the cor-
responding bond, [here D(N2 = 225.8 kcal.]. In
contrast, we point to a rough average bond dissocia-
tion energy of about 52 kcal. for B-N in B2ZHG\NMe2
based (1) on a preliminary heat of formation for
that compound, (2) upon the value for the aver-
age bond dissociation energy of the bridge (B-H-B)
in diborane,% and (3) the assumption that the
(B-H-B) bridge bond in BZHABNR2 is weaker than
those in B2H6by about 6 kcal. This average value
for the B-N bond may be interpreted as half the
sum of 25 kcal. (for N == B) and 79 kcal. (for a
“single bonded” B-B).

This work was supported, in part, by the Office
of Naval Research.

(22) K. Hedberg, J. Am. Chem. Soc., 74, 3480 (1952).

(23) H.A. Skinner and N. B. smith, J. Chem. Soc., 4025 (1953).

(24) E.R.Van Artsdalen and A. S. Dworkin, J. Am. Chem. Soc., 74,
3401 (1952).

(25) Unpublished analyses of various thermochemical and kinetic
data involving the borane-diborane equilibrium, S. H. Bauer.
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THE RATE OF EVAPORATION OF WATER THROUGH FATTY ACID
MONOLAYERS1

By Robert James Archer23and Victor K. La Mer

Contribution from the Departirent of Chemistry, Colurmbia University, New York, N. Y.
Received June 21, 1954

The influence of fatty acid monolayers on the rate of evaporation of water has been studied by measuring the rate of ab-
sorption of water vapor by a solid desiccant supported above the water surface. The data are reported as the specific
resistance of the monolayer to evaporation which is equal to the reciprocal of the specific rate constant for condensation
through the film. These data establish a contamination effect upon which the retardation of evaporation is strongly de-
pendent and which has introduced serious error in all previous work. Our results give a description, of the rate of evapora-
tion through monolayers, which is fundamentally different from earlier work. The resistance to evaporation of monolayers
of the four saturated fatty acids Cu, Cu, Ci8and C2was measured as a function of surface pressure, chain length, monolayer
phase, subphase composition and surface temperature. In the liquid condensed phase, monolayer resistance is IFCHH‘(%‘I(
of surface [ressureand subphase pH; its logarithm is a linear function of chain length. On the other hand, in the solid phase
on an alkaline subphase containing calcium ions, the logarithm of resistance is a linear function of both chain length and
surface pressure. The logarithm of the resistance in the liquid condensed phase of CI8acid monolayers is a linear function of
the reciprocal of the absolute temperature, which substantiates the description of evaporation resistance in terms of an ex-

ponential energy barrier.
of vaporization data agrees well with the experimental values.
of water by a factor of about 104

Introduction

Following Hedestrand's4unsuccessful attempt to
measure the effect of films on the rate of evapora-
tion of water, Rideal5showed qualitatively that a
fatty acid monolayer decreases the rate. Subse-
guently, Sebba and Briscoe6 reported a large de-
pendence of the retardation of evaporation on the
surface pressure of the monolayer. About the same
time, Langmuir and Schaefer7devised an ingenious
and simple method for measuring the absolute rate
of evaporation through films. Previous techniques
measured a relative effect of unknown relation to
the absolute rate. Langmuir and Schaefer found a
pressure dependence of the same magnitude as ob-
served by Sebba and Briscoe.

The principle of the method of Langmuir and
Schaefer was adopted for the present work. How-
ever, it was necessary to modify their technique to
obtain reproducible measurements and to establish
a more reasonable theoretical basis for the method
than had been proposed. Although we had mis-
givings concerning specific points of technique and
theory, it was believed, at the outset, that the data
of Langmuir and Schaefer (L and S) were essen-
tially valid. Early in the experimental work, how-
ever, it was discovered that their monolayers were
subject to a source of contamination which pro-

(1) A review of previous work and some preliminary results were pre-
sented at the Conference on Properties of Surfaces of November 5,
1953, sponsored by The New York Academy of Sciences. The con-
tributions to this conference will appear in Annals of The New York
Academy of Sciences, Archer and La Mer, 58, Art. 6, 807 (1954).

(2) Submitted in partial fulfillment of the requirements for the de-
gree of Doctor of Philosophy in the Faculty of Pure Science of Colum -
bia University, April, 1954, The unabridged dissertation with four
appendices of data and calculations will be available as a microfilm
through the Dissertation Office of Columbia University Library.

(3) We are indebted to Professor Menelaos D. Hassialis for his kind
interest in this work and for recommending one of us (R. J. A.) for a
Socony-Vacuum Fellowship for the years 1952-1953 and 1953-1954.
For this fellowship, thanks are also extended to the Socony-Vacuum
Company and to Columbia University.

(4) G. Hedestrand, This Journal, 28, 1244 (1924).

(5) E. K Rideal, ibid., 29, 1585 (1925).

(6) F. Sebba and H. V. A. Briscoe, J. Chem. Soc., 106 (1940).

(7) 1. Langmuir and V. J. Schaefer, J. Franklin Inst., 235, 119

(1943), reprinted in “Surface Chemistry,” ed. by Forest Ray Moulton,
Amer. Assoc. Adv. Sci.,, No. 21, 1943, pp. 17-39.

A theory is proposed for the source of the energy barrier; calculation of its magnitude from heats
All of the monolayers studied decrease the rate of evaporation

duced a reduction of evaporation resistance of such
magnitude that their results, particularly the re-
ported pressure dependence, are invalid so far as
gquantitative conclusions are concerned. This con-
tamination results from the operations involved in a
standard technique for forming monolayers and
was also present in the work of Sebba and Briscoe.
Although L and S’s measurements were extensive
and posed curious problems, we believe, in the light
of the present investigation, that they have little
relation to the properties of pure monolayers. Most
of the anomalies they reported are traceable to
contamination effects or to unexplainable experi-
mental abberrations. The latter comment refers
particularly to their finding that the effect of a fatty
acid monolayer on evaporation is strongly depend-
ent upon the pH of the subphase. We found no such
dependence.

I. Technique and Theory of Measurements

Apparatus.—A quantity defined as the specific resistance
of the film to the evaporation of water is calculated from
the difference between the reciprocals of the rates of absorp-
tion of water vapor by a solid desiccant supported above the
water surface with and without a monolayer. The measure-
ments are made in the trough of a surface balance so that
the resistance to evaporation can be determined as a func-
tion of the surface pressure of the monolayer. Figure lis a
cross-sectional sketch of the components of the apparatus.
The desiccant container C is a cylindrical lucite box. The
bottom is open except for a membrane M which retains the
desiccant but is permeable to water vapor. The thermome-
ter T, inserted through the rubber stopper S, measures the
temperature of the desiccant. .An airtight lucite lid fits
the bottom face when the container is not in use. In mak-
ing a measurement, the container fits into the lucite ring R
and is supported by the extended rim L. The supporting
ring is inserted into a circular hole in the square lucite plate
P, which rests on the edges of the surface balance trough B,
thus holding the bottom face of the container parallel to and
about 2 mm. from the water surface. A thermometer is
placed just beneath the water surface and another on the
floor of the trough. Extensive examination of various
possibilities led to the choice of anhydrous lithium chloride
for the desiccant and a heavy waterproofed silk cloth for the
container membrane. The entire surface balance was en-
closed in a large wooden box with glass sides and top and a
sliding wooden door.

To determine the rate of absorption, the container, filled
with desiccant, is weighed; the lid is removed and the con-
tainer put into position above the water surface for a definite



Mar., 1955

time. It is then removed, the lid is replaced and the con-
tainer is reweighed. The increase in mass divided by the
time in position gives the rate of absorption.

Definition and Measurement of Evaporation Re-
sistance.—The transport of water from the liquid
phase to the desiccant involves evaporation from
the water surface, diffusion through the separating
air column and the membrane, followed by con-
densation or absorption at the desiccant surface.
The symbols used in the analysis of this process are
defined in Table I.

Tabre |

Glossary op Symbols

<

mass of water vapor absorbed

time of absorption

area of the desiccant surface

distance between the water and membrane surfaces

thickness of the membrane

temp, of r,he water surface

temp, of ~he desiccant surface

mass of water molecule

{KT/2icm)' 2

(KT’ /2inrAh

concn. of water vapor in equilibrium with the liquid
water

concn. of water vapor in equilibrium with the desic-
cant

concn. of water vapor at the water surface

concn. of water vapor at the desiccant surface

concn. of water vapor at the membrane surface

diffusion coefficient for water vapor in air

apparent diffusion coefficient for water vapor in the
membrane

. = fraction of water molecules impinging on the water

surface which condense
0 = fraction of water molecules impinging on the desic-
cant surface which are absorbed

g o> "

EQOE
TR TR TR

U_U%f_é_ :

The net rate of evaporation from the water sur-
face is the difference between the absolute rates of
condensation and evaporation. If these rates are
described as the fraction of the vapor molecules
impinging on the surface which condense, the net
rate of evaporation is

M/t = AaQw —w’) (1)
The rate of diffusion from the water surface to
the membrane is
M/t = DA(w' — wm)/b 2)
The rate of diffusion through the membrane is
M/t = D'A(wm - wo')/&' (3)
The rate of absorption at the desiccant surface is
M/t — AfiQ\V\' — wo) (4)

If these four equations are combined to elimi-
nate wo', wm and w', the result is

M/At = {w - wo)/(b/D + b'/D' + 1/0Q" + 1/aQ) (5)

Equation 5 relates the rate of absorption by the
desiccant to the actual rate of evaporation at the
water surface in terms of the condensation coef-
ficient a and suggests an analogy to Ohm'’s law in
the form
rate = (driving force (/(resistance) (6)
M/t = W - wo)sr (7)

Rate of Evaporation of Water through Fatty Acid
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Fig. 1—Cross-sectional sketch of experimental apparatus.

If specific resistance r is defined by the product of
the total resistance and the area of the film under
the desiccant

r=RA - (8)

the four terms in the denominator of the right-hand
side of equation 5 are, respectively, the specific re-
sistance of the air column, the membrane, the
desiccant surface, and the water surface.

The evaporation rate as effected by surface films
can be expressed in terms of the specific resistance
of the monolayer, which is related to the condensa-
tion coefficient of the film covered surface by the ex-
pression

r = 1/aQ (9)

Henceforth, r will refer only to the specific resistance
of the water surface with the dimensions sec./cm.

From two determinations of the rate of absorp-
tion, one with a monolayer on the surface and one
without, the specific resistance of the monolayer is
calculated from the expression

r = [AW — woytzmlfilm - \A{W - U>o)ilil/nofilm  (10)

which follows from equation 5when 6, T and T' are
the same for the two determinations and when the
specific resistance of the monolayer is much greater
than that for a clean water surface, which is always
the case for the films studied.

Temperature Measurement.— In deriving equa-
tion 5, it was assumed that the various parts of
the system remained at constant temperature dur-
ing a measurement. Actually, the temperature of
the water surface decreases, the desiccant tempera-
ture increases, and a varying temperature gradient
exists in the air column. It is assumed that the
average temperatures of the water surface, the air
column and the desiccant surface can be used to
determine w, woand D in equation 5. These aver-
age temperatures are estimated as follows.

In order to minimize temperature variations in
the water surface, water from a thermostat is
pumped through a Pyrex glass serpentine tube in
the trough. The temperature of the surface is de-
termined from an estimation of the temperature
gradient in the water. A thermometer on the bot-
tom of the trough measures a nearly constant tem-
perature To. The temperature Tt) measured by
another thermometer whose bulb is just beneath the
surface, is assumed to be the mean temperature of
the gradient between the plane at temperature Ta
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and the surface. The temperature of the surface is
then given by

Ta = 2T(— Tc

am

During absorption, the temperature variation
in the surface is not great since the cooling effect
of evaporation is compensated by a heating effect
due to the proximity of the desiccant surface where
the temperature is increasing. Since the variation
is small, equation 11 gives a reasonable value for Ts
within perhaps +£0.1°.

During a run, a temperature gradient is set up be-
tween the lower and upper desiccant surfaces. The
temperature of the upper surface is assumed to be
that of the thermometer reading at that point. If
the contents of the container are mixed and the
thermometer bulb submerged in the desiccant, the
thermometer approximates the average temperature
of the gradient. Therefore, if the temperatures of
the lower surface, the upper surface and the aver-
age temperature are designated 77, T and 7Y

77 = 27Y - 77 (12)

For absorption runs of the duration used, the av-
erage temperature and the temperature of the up-
per surface increase linearly with time, and pre-
sumably the lower surface temperature does also.
Hence, the average temperature of the lower sur-
face will be the average of the two values of Ts' cal-
culated from equation 12 for values of Tt* and TV
measured immediately before and after the absorp-
tion run.

This method for measuring the desiccant surface
temperature is adequate since an uncertainty of
as much as +1° produces a small enough effect
on the uncertainty in wo to be within the precision
of the measurements.

Since a temperature gradient exists in the air
column with the average temperatures of the bound-
ing surfaces equal to 77 and T9 the value taken
for the air column is

fair = (A + T7)/2 (13)

Correction to M.—There will be a contribution to
M from water vapor in the surrounding air. This
contribution must be subtracted from the total
mass absorbed to obtain the correct value for m for
use in the equations developed above. The magni-
tude of this contribution is determined under the
standard conditions by covering the surface with a
thin sheet of aluminum foil instead of a monolayer.
Under typical experimental conditions with the
aluminum foil on the surface, 0.0085 g. of water is
absorbed in 3 minutes, 0.0095 g. in 4 minutes, and
0.0125 g. in 8 minutes. For comparison, the
amounts of water absorbed without the aluminum
foil for times of 3, 4 and 8 minutes are 0.250, 0.333
and 0.666 g. The correction as determined includes
the water vapor absorbed while the desiccant con-
tainer is being put in place above the water surface
and the amount absorbed while the container is re-
moved from the supporting ring and the lid is re-
placed.

If a series of determinations of m as a function of
time are made with a clean water surface and con-
stant b and D, the following relation holds.

M = constant (.. —W(Qt (14)
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This requirement was confirmed experimentally.

Test of the Basic Equation—The validity of
equation 5 and of the approximations proposed can
be established by measuring one of the specific re-
sistances as a function of A(w — wot/M while
holding the other resistances constant. This was
done by determining D A(w —wo)t/M as a function
of the distance b between the water surface and the
membrane. The distance was varied by introduc-
ing supporting rings R of Fig. 1with varying heights
of the rim L. Seven rings were constructed with L
varying from 0 to 0.6 cm. in increments of 0.1 cm.
The position of the water surface was held constant
to within +0.001 cm. by means of a hydrophilic
point of glass submerged in the trough. When the
height of the water decreased, the glass point pro-
truded through the surface. Water was then added
until the point just disappeared.

If B is the height of the rim L and bois the con-
stant distance between the water surface and the
bottom face of the supporting plate, equation 5 can
be written
B = DAw - wo)t/M - (o + Db/D’ + D/0Q’ + D/dQ)

(15)
So that the second term on the right-hand side of
equation 15 will be constant, b is held constant by
cooling the desiccant container, when necessary, to
such an initial temperature that the average tem-
perature of the air column is constant for a series of
determinations.

To testeq. 15, DA(w —w0t/M is plotted against
B. The data fall on a straight line of unit slope
within £ 1%, which is within the experimental er-
ror.8 Thus, the validity of the technique for meas-
uring specific resistance is established.

Of the quantities on the right-hand side of eq.
15, A, tand m are measured directly and w is taken
from standard tables. The diffusion coefficient for
water vapor in air is calculated from the expression

D = (0.220/p)(T,/273) kB cm.2sec. (16)

from the “International Critical Tables.” p isthe
pressure in atmospheres and T is the temperature in
°K.

In these experiments, the desiccant surface be-
came sufficiently moist to behave as a film of satu-
rated solution. A value for wOcorresponding to the
aqueous tension of a saturated lithium chloride
solution rather than the one-tenth as large value cor-
responding to the aqueous tension of the solid mono-
hydrate satisfied eq. 15. Similar results were ob-
tained using calcium chloride, i.e., the aqueous ten-
sion of the saturated solution fitted the data,
whereas values for the solid hydrates did not.
Values for wo for lithium chloride are calculated
from graphical data published by Bichowsky.9

Il. Technique for Measuring Resistance of Mono-
layers

Introduction.—The specific resistances of mono-
layers of margaric acid, stearic acid, nonadecanoic
acid and arachidic acid were studied. These sub-
stances will be referred to by the symbol G, (Ci7
through C2 respectively) where the index indi-

(8) See Appendix | of microfilmed dissertation for detailed data and
calculations.

(9) F. R. Bichowsky, Chem. Met. Eng., May, 302 (1940).
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cates the number of carbon atoms in the fatty acid
molecule. Melting point determinations indicated
initial preparations of high purity which were fur-
ther purified by recrystallization from twice distilled
petroleum ether. The water and organic solvents
were twice distilled from an all Pyrex glass appa-
ratus. Surface pressure was measured with a sur-
face balance arrangement of the vertical-pull
type.0

Figure 2 is typical of the pressure-molecular area
isotherms for the two states exhibited by com-
pressed fatty acid monolayers.ll Curve A-B-C is
obtained on pure water or acid solutions. On an
alkaline subphase which contains calcium ions, or
certain other cations which form insoluble soaps,
curve D-C results. The more compressible state,
A-B, is designated the liquid condensed phase
(LC); the state of low compressibility, B-C and
D-C, is called the solid phase (S). There are minor
variations in the isotherms depending on the chain
length of the acid, but they are not important in the
present discussion.

Fig. 2.—Typical pressure-molecular area isotherm for
the two phases in which compressed fatty acid monolayers
exist. A-B represents the liquid condensed phase and D-C
the solid phase.

Dependence of Resistance on Spreading Tech-
nique.—The initial experiments to determine the
general nature of the resistance of fatty acid films
to evaporation were made using monolayers of the
C19 acid on pure water in the LC phase. These ex-
periments showed that the characteristics of the plot
of specific resistance versus surface pressure are very
sensitive to variations in the technique used to spread
the film. The factors determining this sensitivity
are (1) the choice of solvent used for the spreading
solution, (2) the concentration of the spreading
solution, (3) the pressure of the monolayer immedi-
ately after spreading, (4) the cleanliness of the wa-
ter surface immediately before spreading the film,

(10) W. D. Harkins, “The Physical Chemistry of Surface Films,"

Reinhold Publ. Ccrp., New York, N. Y., 1952, p. 121.
(11) Ref. 10, pp. 116 and 152.
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and (5) the presence of paraffin used to coat the
inside surfaces and edges of the trough.

The metamorphosis of the p-r plot for the Cw
acid on distilled water at 25°, for specific alterations
in technique, is shown in Fig. 3. Each set of data
represents typical results for a fixed spreading tech-
nique. For curves | through 1V, the trough was a
chromium plated brass tiay coated with paraffin on
the inside surfaces and upper edges. It was
cleaned by flushing with warm water and the paraf-
fin was renewed periodically.

P, dynes/cm.

Fig. 3.—Specific resistance for CA acid monolayers in tiie
liquid condensed phase VE&YSLB surface pressure as affected
by the spreading technique.

The initial pressure referred to in each case below
is the surface pressure of the film before compres-
sion. A pressure of zero means that the initial
total area must be decreased by at least one-seventh
before any change in surface tension is detectable.

Curve | was obtained using benzene as the
spreading solvent for a 0.0035 m acid solution and
zero initial pressure. Curve Il resulted from substi-
tuting petroleum ether (boiling range 35-40°) as the
solvent and using the same concentration and ini-
tial pressure. Curve Il was obtained by doubling
the concentration of the petroleum ether solution.
When the concentration was again doubled (now
0.014 m), curve 1V resulted.

The reproducibility of curves IV and V (the de-
termination of curve V is described below) is con-
tingent upon three other factors of technique: the
initial pressure must be 10 dynes/cm. or greater;
the water surface must be swept clean immediately
before spreading the film; and the drops of the
spreading solution must be applied rapidly. Using
the metal trough, no further variation in technique
changes the characteristics of curve 1V.
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If the concentration of acid in the benzene solu-
tion is increased, there is a concomitant displace-
ment of the p-r curve upward on the r-axis, but the
effect is much less marked than with petroleum
ether, and in no case is curve |1V obtained.

To summarize, benzene spreading solutions yield
consistently low values for specific resistance, and the
shape of the p-r curve is approximately exponential.
Petroleum ether solutions give larger values for r and
the p-r curves are nearly linear. Increasing the
concentration of the acid in the petroleum ether
solutions increases the magnitude of r until a limit-
ing concentration of about 0.014 is reached. Fin-
ally, if (a) special care is taken to sweep the sur-
face clean before applying the spreading solution,
(b) the solution is applied rapidly, and (c) the
initial pressure is above 10 dynes/cm., a maximum
result is obtained for the paraffined trough.

Explanation of Spreading Technique Effects.—
We interpret these variations in the p-r plot as
caused primarily by solvent molecules, occluded in
the monolayer when the film is spread, and that
the increase of r with p results from the expulsion
of these occlusions on compression of the film. The
resistance of monolayers is related to the energy re-
quired to form afree site in the film. The magnitude
of this energy depends on the potential energy of
interaction of a film molecule with its neighbors in
the monolayer. Small foreign molecules having
relatively meager interactions with the surrounding
molecules constitute permanent holes in the film or
at least sites of small resistance. Since the total
resistance of the monolayer is the resistance of these
sites acting in parallel with sites occupied by acid
molecules, a small concentration of occluded foreign
molecules can produce a large decrease in resist-

ance. The following calculation will illustrate this
point.
! 0
0 0]
0 0 o 0
o ©° =
A £® 00
0 o
_ i 1 [ (I [
12 14 16 18 20 22 24
P, dynes/cm.

Fig. 4.—Specific resistance V&3S surface pressure for the
Cn, Cis, Cia and CDacids in the liquid condensed phase on
pure water at 25.1°.

Robert Archer and Victor K. La Mer

Vol. 59

Assuming that the foreign molecules constitute
free sites, the specific resistance of these sites is
that of a clean water surface, which is given by

o= 1/a0Q = 1.9 X 10-3 sec./cm. 17)

if, after Alty12 and Baranaev,13 the value of ao is
taken as 0.036. As determined below, the specific
resistance of the Ci9acid when occlusion effects are
presumably eliminated is 3.94 sec./cm. The ob-
served resistance for contaminated films with
small concentrations of occluded molecules is

I/'r = I/rd+ nar,, (18)

where no is the mole fraction of occlusions. Table
Il shows the variation of resistance with the con-
centration of occlusions calculated from eq. 18.
These values show the large decrease in resistance
that accompanies a small number of occlusions;
they agree in magnitude with the observed effects
of Fig. 4.

Table 11
D ependence of Resistance on Concentration of Oc-
W k2 N3 s 5 0
r 0.18 1.3 3.3 3.8 3.94

Since the specific resistances of benzene and pe-
troleum ether molecules probably have about the
same magnitude, more molecules must be occluded
when benzene is the spreading solvent to account
for the lower resistances with this solvent. The
relative degree of occlusion will depend on the abil-
ity of the occluded molecules to interact both with
the neighboring long chain molecules and with the
water surface. That this interaction would be
greater for benzene follows from the facts that long
chain acids are several times more soluble in ben-
zene and that benzene itself will form a monolayer
on water with an equilibrium film pressure of about
10 dynes/cm.l4 A further factor favoring the oc-
clusion and retention of benzene is its lower volatil-
ity compared to petroleum ether.

Besides the occlusion of solvent molecules, three
other sources of impurities are present in the sys-
tem. These are the subphase water, the air above
the surface and the paraffined surfaces of the trough.

The effect of impurities which settle on the water
from the air and which are absorbed at the surface
from the underlying water before the monolayer is
spread will be decreased by cleaning the surface as
soon as possible before applying the spreading solu-
tion. This experimental precaution yields higher
resistance values. Absorption after the film is
formed is minimized by maintaining the film at rela-
tively high pressures since the rate of absorption is
known to depend on surface pressure.

A likely source of impurities is the large area of
paraffined surfaces of the metal trough. The dif-
ficulty of cleaning the paraffined surfaces and the
possibility of surface-active impurities even in par-
affin contribute sources of contamination. To alle-
viate these possibilities, an all glass trough of the

(12) T. Alty, Proc. Roy. Sor. (London), A131, 554 (1931).

(13) M. Baranaev, .7. Phys. Chem. (USSR), 11, 484 (1938).
(14) Harkins, ref. 10, p. 99.
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type described by Andersson and othersBwas con-
structed by sandblasting a cavity 1.5 cm. deep, 65
cm. long and 14 cm. wide in a solid block of Pyrex
glass 2.5 cm. thick. It is unnecessary to paraffin
the inner surfaces of this trough; it can be cleaned
easily with chromic acid cleaning solution. The
upper edges of the trough can be made hydrophobic
by grinding these surfaces lightly and by applying
the paraffin from a stick of the solid and then rub-
bing with a clean towel until only a thin film is re-
tained. This film is then fused by passing a warm
porcelain spatula over the surface.

When resistance measurements were made using
the glass trough and the technique of curve 1V,
curve V of Fig. 3 was obtained.’ Curve V is ef-
fectively independent of the pressure of the film
within the range (10-25 dynes/cm.) measured, in-
dicating that the pressure dependent “tail” of
curve IV can be eliminated by reducing the absorp-
tion of impurities from the paraffined surfaces.

The assumption that measurements employing
the technique of curve V give the correct values for
the specific resistance of fatty acid monolayers and
that this technique is essential for the formation of
such monolayers if they are to be free of impurities
is substantiated by the reproducibility and the con-
sistency of the data to be presented as well as the
simplicity of interpreting the results in respect to
temperature and chain lengths.

Fatty acid monolayers are ordinarily spread us-
ing about 0.2 ml. of an 0.0017 M acid solution,
whereas we use 0.025 ml. of an 0.014 m solution for
resistance measurements. We were unable to con-
struct pressure-molecular area isotherms for films
spread using this technique because the drops of
concentrated solution evaporate so rapidly after
being applied that a small amount of the acid precip-
itates on the water surface as an island of crystal-
line acid in the monolayer. As a result, the quantity
of material i:i the film is not known and the molec-
ular area cannot be calculated. Measurement of
pressure as a function of the total film area, how-
ever, gives, for each of the monolayers, a linear iso-
therm exhibiting collapse at the transition point.
The islands of crystalline acid did not influence the
resistance because they were never permitted on
that part of the film beneath the desiccant container
during an absorption measurement.

In general, the surface pressure remained con-
stant over the period of time in which evaporation
resistance was measured. Occasionally, the pres-
sure would decrease by as much as one to two dynes
during the entire period of measurement (ca. 15
min.), in which case the average pressure is re-
ported.

11l1. Experimental Results

Liquid Condensed Phase.—Having developed a
technique for the reproducible measurement of
specific resistance of compressed fatty acid mono-
layers, we studied the resistances of these films as a

(15) K. J. I. Andersson, S. Stallberg-Stenhagen and E. Stenhagen,
“The Svedberg” (Mem. Vol.), Almqvist & Wiksells Boktryckeri Ab.,
Uppsala, 1944.

(16) The magnitude of I is slightly less in Fig. 3 than in Fig. 4 be-
cause a less puresample of nonadecanoio acid was used in these measure-

ments.
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function of chain length, subphase composition,
state of the monolayer and temperature.

Figure 4 shows the results of the measurements of
the resistances of the CI7, CM CBand CDacids on
pure water at 25.1° in the LC state. For each acid,
resistance depends markedly on the chain length of
the molecule but is independent of pressure in the
range measured. The logarithms of these resist-
ances are plotted in Fig. 5 as a function of the
number of carbon atoms in the acid molecule. The
plot is a straight line for which the following ex-
pression is valid for Ci7to Cdacidsly

logr = -3.5355 + 0.21734n (19)

The resistance of the C« acid in the LC phase
was also determined on dilute hydrochloric acid
solutions. The resistance at pH 1 and pH 3 is the
same, within the experimental error, as given in
Fig. 4 on pure water at pH 5.8-6.0.

16 17 18 19 20 21
n
Fig. 5.—The logarithm of specific resistance in the liquid

condensed phase as a function of the chain length of the
monolayer molecules.

Extension of the measurements on pure water
into the S phase indicates that in this range resist-
ance increases with pressure, but the data are insuf-
ficiently reproducible to be significant. The poor
reproducibility is due to the instability of the films.
As soon as the transition point between the LC and
S phases is passed, the film begins to collapse. Col-
lapse is indicated by a decrease in pressure with
time.

Solid Phase.—A different behavior is exhibited
by the S phase on a subphase of 10-4 m CaCl2and
10-3m KHCO03at pH 8. The resistance of these
fatty acid films is greater than on distilled water
and now varies significantly with surface pressure.

(17) The data are given in the unabridged dissertation, Appendix Il.
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Data for the Cis, C19and Cdacids at 25.0° obey the
linear relation8

logr = -1.9575 + 0.1400n + 6.60 X 10~3 (20)

The data are plotted in Fig. 6.
equation 20.

The curves are for

P, dynes/cm.

Fig. 6.—The logarithm of specific resistance in the solid
phase as a function of surface pressure on a subphase of
10“4M caCl2and 10“3M KHCO03at 25.0° for the C1§
Cis and C2o acids.

It was not possible to obtain reproducible data
for the CI7acid on the alkaline subphase. This mono-
layer is unstable and exhibits a rapid collapse even
at low pressures. As a general rule, when collapse
occurs, specific resistance becomes abnormally low.

Temperature Dependence of Resistance.—As
will be discussed below, specific resistance is
attributed to an energy barrier to evaporation, E,
and can be represented by an expression of the form

r = constant exp (E/RT) (21)

In order to determine the energy barrier and the
coefficient of the exponential, the resistance of the
C19 acid on pure water in the LC phase was deter-
mined as a function of the temperature of the sur-
face. Figure 7 is the plot of log r versus the recip-
rocal of the absolute temperature. Each point on
this curve is the average of four to six determina-
tions on three different monolayers. The method of
least squares yields the following relation for the
straight line of Fig. 7.

log r = -10.103 + 3190.7/T (22)

At all four temperatures, resistance is independent
of surface pressure as in Fig. 4.19

Summary.—Table 11l summarizes the results of
the experiments. The last column expresses the
data in terms of the actual effect on the evapora-
tion rate by means of the ratio of the rate with a

(18) Ref. 17, Appendix Il1.
(19) Ibid., Appendix 1Vv.
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10327 °K.

Fig. 7.—Specific resistance of the CI9acid monolayer as a
function of the reciprocal of the absolute temperature in the
liquid condensed phase on pure water.

film on the surface to that with a clean water sur-
face. This ratio is

VAL = g (23)
A fatty acid monolayer decreases the rate of evapo-
ration by afactor of about 104

Tavie Il

T abulation of Data

1
Acid Subphase T r A.D.® v \‘g)
Liquid Condensed Phase

Ciz Water 251 1.4s5s 0.03 12-25 13
Cis Water 251 236 .02 12-25 7.96
Cie Water-HCI 25,1 394 .06 12-25 4.77
co Water 25,1 6.48 .17 12-25 2.90
Cio Water 30.0 2.64 .06 12-25 7.12
Cie Water 204 584 17 1225 3.20
Cls Water 15.7 8.72 17 12-25  2.15

Solid Phase

Cis 10-4M caCL 25.0 3.65 0 5.15
10“3M KHCOs3 6.66 40 2.82
Ci9 10.3M KHCO3 25.0 5.04 0 3.74
9.24 40 2.04
Cx» 10“3M KHCO3 25.0 6.95 0 2.70
12.75 40 1.47

“ A.D. computed for the 6 to 10 measurements over the
pressure range P as plotted in Fig. 4. Pisin dynes/cm. I
is in sec./cm.

It is of interest to compare specific resistance in
the liquid condensed and solid phases at the transi-
tion point where the two monolayers have the same
surface pressure (about 25 dynes/cm.) and occupy
the same area per molecule (about 20 A.//molecule).
This is done in Table IV. The solid phase resistance
is about twice that of the liquid condensed phase
value for the three films considered.
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Table IV

Comparison of LC and S Resistances at Transition

Point
Monolayer S1LC g Is/ ito
Gi8 2.36 5.31 2.25
Ci, 3.94 7.35 1.89
C2o 6.48 9.28 1.42

IV. Discussion of Experimental Results

Energy Barrier to Condensation—A fundamen-
tal assumption in deriving the relation between the
rate of absorption and specific resistance is that the
absolute rate of condensation is proportional to the
vapor concentration of water at the surface, and, by
definition, the rate of condensation is

\b=w/r (24)

Since specific resistance is the reciprocal of the spe-
cific rate constant, it should obey a relation of the
form

r = Cexp(E/RT) (25)

where ¢ may be a function of temperature and E is
the activation energy for condensation.

The temperature dependence of resistance for the
C acid agrees with eq. 25. Equation 22 written in
the form of eq. 25 is

r= 7.89 X 10-1exp(14,595/iiT) (26)

The activation energy for the Ci9acid is 14,595 cal./
mole.

Theory of Energy Barrier.— It is postulated that
over limited domains the molecules in fatty acid
monolayers form a close packed hexagonal array
and that an unoccupied site must be formed in the
array in order for a water molecule to penetrate
the film. The energy required for this process is
assumed to be the principal source of the activation
energy.

The increase in the potential energy of the film
molecules accompanying the formation of a free
site is determined as follows. Consider a small area
of the monolayer. In the initial state, all sites are
occupied, and, if wvq is the potential energy of inter-
action of a film molecule p with one of its neigh-
bors g, the total interaction energy is the summation

(2

over all of the molecules in the area. In the final
state, one free site is formed, but the number of
molecules in the area is assumed to be unchanged.
The resultant change in intermolecular separation
will be negligible if the area under consideration is
sufficiently large. Due to the presence of the unoc-
cupied site, the interaction energy in the final state
is less than in the initial state by an amount equal
to the interaction of all of the molecules with the
molecule formerly occupying the free site, i.e.

AE = v Wy
q

To restate, the increase in the potential energy of

the film when a free site is formed is just the inter-

action energy of a molecule with all of its neighbors
in the monolayer.

Assuming that each carboxyl group is associ-

ated with two water molecules through two hydro-

YYWpi
p q

(28)
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gen bonds, free site formation entails an energy in-
crease equivalent to breaking one hydrogen bond in
addition to the lateral interaction of expression
28. From this point of view, the interaction en-
ergy of a fatty acid molecule in the monolayer state
should be about the same as that in the liquid state
except for the relatively small interaction of the
non-polar terminal groups with the corresponding
overlying groups in the liquid state. Therefore, the
energy of formation of a free site should be roughly
one-half the energy of vaporization for the liquid
state.

Energy Barrier in the Liquid Condensed State.—
In order to account for the fact that, for the range
reported, resistance is independent of pressure or
molecular area in the LC state, the structure of the
film and the mechanism of compression must be
such that a decrease in molecular area is not ac-
companied by a decrease in intermolecular separa-
tion. Of the current theories of the structure of
monolayers, the “ tilted chain” theory2J2l is in best
accord with this requirement. This theory postu-
lates that at point A on the pressure-molecular area
isotherm (Fig. 2) the film molecules are close packed
with their vertical axes parallel but at some angle
less than 90° relative to the plane of the ivater sur-
face. As the monolayer is compressed, the angle of
tilt increases and the distance between homologous
groups decreases. The perpendicular distance
between molecules, however, is unchanged. There-
fore, the interaction energy is about the same for
molecules perpendicular to the surface and tilted
relative to the surface. There is some variation of
interaction with tilt for the end groups, but for the
methyl groups the change is negligible compared
to the total energy, and the change in the carboxyl
group interaction is assumed to be compensated by
an increase in interaction with surface water mole-
cules as the angle of tilt decreases.

It is consistent with the above theory for the
energy barrier to write eq. 25 in the form

logr = log C+ E'/2.3RT + (n - 2) E(CR2/2.3RT (29)

where E/CEL) is the increment in the energy bar-
rier per CH2 group and E' is the residual energy.
This expression agrees with eq. 19 written

logr = -3.1008 + 0.21734(n - 2) (30)

The experimental value for E/CEL) calculated
from eq. 30 is 296.6 cal./mole.

As a check on the consistency of experimental
equations 19 and 22, equations 29 and 30 can be
equated, the value for ¢ from equation 22 is in-
serted, and the resultant expression solved for E-.
If this is done

E' = 9555.6 cal./mole
and
E =E' + (N —2)E(CH2 = 14,597 cal./mole (31)
in perfect agreement with the value 14,595 cal./
mole for Gig acid from eq. 22.

The magnitude of the activation energy and of
the methylene group increment can be estimated
from energies of vaporization as noted above. An

(20) D. G. Dervichian, J. Chem. Phys., 7, 931 (1939).
(21) C. G. Lyons and E. K. Rideal, Proc. Roy. Soc. (London), A124,
322 (1929).



208

approximation of these values can be obtained
from Lederer's2 evaluation of the constants in
Nernst’'s23 empirical relation for the heat of vapori-
zation. At 25°, which is extrapolating below the
melting point of the acids in question, Lederer’s
data give the following values for the heats of vapor-
ization of the long chain fatty acids.

X = 14,345 + 703N — 1.5Ire2cal./mole  (32)

Taking the energy barrier to condensation as one-
half the heat of vaporization, the total barrier for
the C19acid is 13.7 kcal./mole and the increment per
methylene group is 323 cal./mole. These values
agree well with the experimental values of 14.6 and
297 cal./mole. The good agreement exceeds the
gross uncertainties in the heats of vaporization as
calculated and must be partly fortuitous. Never-
theless, it substantiates the theory proposed for
the energy barrier.

Energy Barrier in the Solid State.—-Resistance
for S phase monolayers on an alkaline calcium ion
subphase is given by

logr = -1.6776 + 0.1400(re - 2) + 6.60 X 10~ (33)

Since the coefficient of p does not involve n, E {CH2
is constant and independent of compression. The
structure of S films may, therefore, be described in
terms of the “tilted chain” theory as for the LC
phase. From the coefficient of n in eq. 33, £(CH2
is 191.0 cal./mcle. Assuming that c has the same
value for both phases, the residual energy is

E' = 11,517 + 9.00p cal./mole (34)

and the total energy barrier for the C19 acid at zero
pressure on this subphase is 14,764 cal./mole.

The increment in the energy barrier per CH?2
group in the S phase is only 2 3the LC phase value,
whereas the total energy for the Cm acid at zero
pressure is 168 cal./mole greater than the LC en-
ergy. A qualitative explanation of these differ-
ences follows.

At the pH of these experiments, the S monolayers
are calcium soaps. The condensation of these films,
i.e., the absence of the LC phase, is due to the form-
ation of soap bonds. This association may be the
formation of Ca(R-COO)2 molecules or coordina-
tion bonding in which each calcium ion is attached
to four carboxylate ions and four water molecules.

(22) E. L. Lederer, Seifensieder-Z., 57, 67 (1930).

(23) W. Nernst, “Theoretische Chemie,”
Enke, Stuttgart, 1921 p. 796.
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In either case, it is supposed that when the soap
bonds are formed, the chains of the acid molecules
are forced close enough together for repulsive forces
to become important. As a result, the interaction
energy per CHo group is decreased and the lowered
value for £ (C H 2 follows.

The increase in the residual energy of 2 kcal./
mole is due to the energy required to break a soap
bond when the free site is formed. The magnitude
of this energy should increase as the separation be-
tween carboxylate ions decreases, thus causing the
observed dependence of resistance on pressure.

The Condensation Coefficient—Comparison of
equations 9 and 26 shows that the fraction of the
impinging vapor molecules which penetrate the
monolayer and condense is

a = 856 X 105exp(-E/RT) (35)

Clearly, c of eq. 25 is a function of temperature
since the maximum value of a isunity. On simple
theory, a could be considered to be the fraction of
the impinging molecules with an energy available
for penetration equal to or greater than E. Or,
from another point of view, a might be described
as the fraction of the monolayer sites which are un-
occupied. Either description should give a approxi-
mately as a Boltzmann distribution, and the large
value of ¢ in equation 35 remains unexplained.

Postulating an intermediate surface phase in
the process of condensation and evaporation may
offer an explanation of the large coefficient. Wyllie2d
has discussed this mechanism for a clean liquid sur-
face at some length. If it is postulated that the
water molecules in condensing and evaporating pass
through an intermediate phase in which they are
adsorbed on the monolayer under conditions such
that the fraction of adsorption sites occupied is
small, the condensation coefficient is given by

a = kd(ke+ wQ) (36)

where ke is the rate of transfer of water from the
liquid phase through the monolayer to the adsorbed
phase on the monolayer. From eq. 35 and an empir-

ical relation for w in terms of the energy of vapori-
zation of water E v, ke is found to be

= 1.4 X 10Bexp[—U + EV/RT] g./cm.2sec. (37)

The energy barrier in this case includes the energy
of vaporization as would be expected since evapora-
tion is being described.

(24) G. Wyllie, Proc. Roy. Soc. (London), A197, 383 (1949).
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ELECTRON DIFFRACTION DETERMINATION OF LATTICE PARAMETERS
OF POLYCRYSTALLINE SPECIMENS GIVING BROAD DIFFRACTION

PEAKS. 1.

DISCUSSION OF TECHNIQUE AND ANALYSIS

OF ERRORS

By G. G. Libowitzland S. H. Bauer
Department of Cheistry, Comell University, Ithaca, N. Y.

Received August 18, 1954

The various errors which arise in the measurement of lattice parameters of compounds giving broad electron diffraction
peaks have been considered. These were found to be (1) the shifting of diffraction peaks by the sharply sloping background,
(2) visual difficulty in locating the true center (maximum density) of a peak, (3) overlap of the tails of adjacent peaks, and

(4) spottiness of the diffraction rings.

was found that the use of a rotating sector was especially advantageous in such cases.

The magnitudes of these errors, and methods of correcting them are discussed. It

A technique of preparing powder

samples for electron diffraction studies of compounds containing impurities is given.

Introduction

In the course of an electron diffraction study of
polycrystalline nickel oxide, it was discovered that
several systematic errors, though not apparent in
the measurement of sharp diffraction rings, enter
into the determination of broad (half-width >300
p) diffraction rings. The four chief causes of these
errors were found to be (1) a sharply sloping back-
ground, (2) visual difficulty in locating the true
center (maximum density) of a diffraction peak,
(3) overlap of the tails of adjacent peaks, and (4)
spottiness of the diffraction rings. Aside from in-
strumental factors which can be eliminated by
proper camera design,2the widths of the diffraction
peaks depend on the crystallite size of the speci-
men, refraction of the electron beam,3and variation
of lattice parameter within a particular sample due
to imperfections in the crystal lattice.4 Because
of the interest in semi-conductors and the presence
of minute amounts of impurities and defects in
crystals, it was necessary to investigate the errors
arising in the measurement of broad diffraction
peaks.

Experimental Procedure

The electron diffraction camera used in these investiga-
tions has been described by Hastings and Bauer.5 The
camera length was increased from 20 cm. to 50 cm. in order
to increase the dispersion and to some extent the resolution,
and to permit greater precision in measuring the diffraction
rings. The sample support was a 5 i6inch brass rod, with
five Vi inch holes to support the grids on which the samples
were deposited. The holes were positioned in the path of
the electron beam by moving the rod (which was lightly
greased with Apiezon N grease) through a rubber gasket
having a slightly smaller diameter than the rod. No break
was made in the vacuum during change of samples; only a
slight leak appeared when the rod was withdrawn for re-
loading.

Thegpatterns were recorded on Kodak Lantern Slide Con-
trast or Medium Plates; contrast plates were found to be
preferable because of their finer grain size. The plates were
developed for 7-9 minutes at 13-16° with Kodak D-II,
with continuous agitation in a fray. The development was
carried out at low temperatures (and therefore required

(1) Now at Department of Chemistry, Tufts College, Medford,
M ass.

(2) J. Hillier and R. F. Baker, J. App. Phys., 17, 12 (1946); R. S.
Page and R. G. Garfitt, J. Sci. Inst., 29, 398 (1952); J. M. Cowley
and A. L. G. Rees, ibid., 30, 33 (1953).

(3) J. M. Cowley and A. L. G. Rees, Proc. Phys. Soc., 59, 287
(1947).

(4) A. L. G. Rees and J. A. Spink, Nature, 165, 645 (1950).

(5) J. M. Hastings and S. H. Bauer, J. Chem. Phys., 18, 13 (1950).

longer times) in order to obtain maximum contrast and
minimum grain size.

Preparation of Samples.—The samples studied were poly-
crystalline nickel oxide containing varying amounts of
lithium oxide as an added impurity. In preparing powder
specimens for diffraction photographs, the usual method of
evaporation and re-crystallization could not be used since
the distribution of crystal defects or impurities would be
changed. It was necessary to devise a procedure for evenly
distributing the specimen in its original state in a well dis-
persed condition so that a maximum amount of surface
would be exposed to the electron beam. A satisfactory
apparatus is shown in Fig. 1. It consists of a glass tube,
135 cm. in length and 1.6 cm. in diameter, with a piece of
coarse sintered glass at the bottom and a side-arm at the top.
The sample was placed onto the sintered glass and a stream
of dry air was passed through the stopcock. This produced
a churning of the powder on the sintered glass, and a large
number of particles was slowly carried up the tube by the
stream of air. The particles were deposited oa a 400-mesh
nickel grid which had previously been covered by a 50 or

100 A. dried collodion film. The grids were ¥, inch in di-
ameter and rested on a small platform at the end of a brass
rod which was placed in the side-arm at the upper end of the
tube. A very fine distribution of particles on the grid was
thus obtained. As far as could be determined, there did not
seem to be a variation in particle size throughout a sampling
run. For a sample requiring a controlled atmosphere, an
inert gas can be used instead of air, and stopcocks A and B
can be closed before shutting off the gas stream.

In order to prevent loss of sample when transferring the
grid to the electron diffraction camera, the powder was
pressed into the collodion film by placing the grid between
two small stainless steel bars which had been ground flat,
and pressing in a small vise. For some samples, the stream
of air failed to agitate the powder because minute channels
were formed. This was eliminated by adding some inert
substance of considerably larger particle size. For example,
porcelain ground to 80-100 mesh was found to be satisfac-
tory. Smaller particles of porcelain could not be used,
since they were carried up in the stream and gave rise to
their own electron diffraction pattern.

Measurement of the Diffraction Photographs.—Thallous
chloride6was used as an internal standard, and was distrib-
uted on the grid in the same manner as the sample. Al-
though an internal standard introduces additional lines thus
enhancing the possibility for overlap of some of the lines
of the standard with those of the sample, for the determina-
tion of precision lattice parameters the advantages of using
an internal standard far outweigh the disadvantages.
Errors due to plate processing, ellipticity of the rings, and
measurement of the rings off center are completely elimi-
nated. The plates were measured with both a travelling
microscope and with a microphotometer. The travelling
microscope (Gaertner Scientific Corp. No. 3231) has a
magnification of about 9X and a 10 mm. field. The linear
scale could be read to 0.001 mm. and has a range of 100
mm. The positions of the maxima were also read from mi-
crophotometer records (Leeds and Northrup Recording

(fiy F. W. C. Boswell, Phys. Rev., 80, HI (1950).
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(OR IN'ERT GAS)

Fig. 1—Apparatus for preparing powder samples for
electron diffraction.

Microphotometer) Patterns recorded at a linear magnifi-
cation of 26X were used. The position of the maximum for
each peak was determined by finding the mid-point along
lines of equal density for the two ends of a diffraction peak
and drawing the best vertical straight line through them.
The diameter of each ring was then determined by measur-
ing the distance between corresponding peaks on opposite
sides of the center with a millimeter rule which could be
read to 0.1 mm. With a magnification of 26X, the actual
reading error was o: the order of 0.004 mm.

Background Effect

In studying the molecular structure of gases by
the radial distribution method, the background
characteristic of all electron diffraction photographs
can be corrected for so as to obtain true intensity
values. However, in the determination of lattice
parameters by the powder method, where only the
diameters of the rings need be measured, the effect
of the background has usually been considered
negligible. This is true for very sharp peaks7;
for the case of relatively broad peaks, however, the
change of slope of the background across the half-
width of a peak :s sufficient to cause an appreciable
shift of the position of the maximum in the direc-
tion of greater background intensity. Before dis-
cussing methods of correcting for this shift, it is
interesting to consider the factors which give rise
to the background.

The usual expression given for the intensity of
primary scattered electrons by a randomly oriented
powder sample, at an angle o to the incident beam is
m =
/ BN\ t coherent

< atomic
(. scatter

incoherent
+ atomic
scatter

structure )
+ dependent >
scatter j

(7) In this discussion the term peak is defined as any portion of
the total intensity curve rising above the background; and the term
maximum refers to the point of maximum density of one of these peaks.
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where pn is the number of scattering units per unit
volume of sample, t is the thickness of the sample
(assumed uniform), rR is the distance from the sam-
ple to photographic plate and s = (4ir/X) sin 0/2.
It is recognized that an appreciable background
appears due to the first two terms. All terms are
functions of the angle s, but the steepest depend-
ence on that variable is due to the factor s-4. How-
ever for sufficiently dense matter (most gases above
10 mm. of Hg and, of course, liquids and solids),
secondary and higher order scattering becomes sig-
nificant, and eq. 1 no longer provides a sufficient
description of the observed intensity function.8
As expected, it was experimentally established
that the slope of the background did depend on the
size of the powder crystallites. As the magnitude
of the secondary and higher order scattering in-
creased with larger crystallite sizes, the slope of the
background decreased.

In addition to the above terms, scattering from
the supporting nickel grid and collodion film must
be taken into account. An experimental deter-
mination showed that although the supporting grid
(400 mesh nickel) obscured 73% of the beam, it
contributed nothing to the diffraction pattern.
Preliminary measurements by Andersen9indicated
that for a thickness of collodion under 150 A., the in-
tensity of the beam transmitted along the incident
ray declined roughly exponentially with thickness;
i.e., Jo/Po = exp(— nt); where JwPo is the ratio
of intensities of the primary electron beam after
and before passing through the collodion film; t
is the thickness of the film in A., and x = 2.8 to 2.5
X 10-'.

A complete expression for the intensity function
would therefore also include terms for the scattering
produced by the collodion, and for multiple scatter-
ing. Although the first two terms in eq. 1 and the
contribution of the collodion can be calculated,
there is no available theory or straightforward ex-
periment which permits the correction of the pat-
tern for multiple scattering. Indeed, the shape
of the background varied from one sample to the
next since the packing of powder particles could not
be reproduced. For this reason, it was necessary
to develop an empirical procedure for making ap-
propriate background corrections. The actual form
of the background was obtained, therefore, empir-
ically from the microphotometer record of each
photograph. The background intensity curve
was sketched in using points remote enough from
peaks so that it was not influenced by the tails of
these peaks. Microphotometer records of pure
collodion films were used to assist in the drawing
of the shape of the background at the broad collo-
dion peaks.

The correction for the effect of the background
on the diffraction maxima could now be determined
by dividing the total intensity curve by the em-
pirically obtained background. Actually, a more
exact correction would be obtained by subtracting
the background due to the collodion film and multi-
ple scattering and dividing by [2,// + 2/?i]/s4

(8) R. B. Harvey, F. A. Keidel and S. H. Bauer, J. App. Phys., 21,

860 (1950)
(9) P- Andersen, private communication.
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the coherent and incoherent atom form factors.
Since there is no way of determining what fraction
of the background to subtract, the total intensity
curve was divided by the total apparent angular
function. That this does not cause any appre-
ciable error will be shown below, eq. 4. Four meth-
ods were used for making background corrections.
These will be described, and a comparison between
them will be made.

Direct Division or Subtraction.—Direct division
was carried out on a microphotometer record by
taking various points along the total intensity
curve and dividing the density value at each point
by the density of the background at that point;
or, in the case of subtraction, by subtracting the
density of the background from the corresponding
density of the total curve. Although this method
of correcting for the background is the most obvi-
ous one, it is not the simplest or most accurate,
since it is a lengthy and laborious process which re-
quires re-drawing of the corrected curve to permit
location of the true maxima, and in turn introduces
additional errors in estimating the positions of the
maxima.

This method was tested on a large number of
curves, and it was found that, although the posi-
tions of the maxima did not depend appreciably
on whether she background was subtracted or di-
vided, the shapes of the peaks were consistently more
symmetrical for the division operation.

Correction Equations.—If a Gaussian shape is
assumed for the diffraction peaks, which was very
nearly the case for the samples studied in this
investigation, the equation for a peak superimposed
on a background of unit intensity is (taking x = 0
at the position of the true maximum)

F(X) = Fuexp (—aV) + 1
This is represented by the solid curve in Fig. 2.
Upon designating the empirically deteimined back-

ground multiplying function as B (x), the observed
intensity curve can be represented by
I(x) = B{X)Fu exp (—axd + B{x)
the dashed curve in Fig. 2. Maximizing this ex-
pression gives the shift of the maximum from its
true position.
AX)/Ax = [—2alxB(X)Fu exp (—aV) +
Fu exp (—aV)\AB{x)/dx) +
AB{X)/ctaIntzm =
When the magnitude of the shift is small, a2m2<<
1, and
A [dS(a;)da](FM + D1
Xm= 2a*B(x)Fu latx = o )
To a good approximation over the width of one
peak, the background function was a straight line,
represented by CE in Fig. 2. If the slope of the
background is not too large, the shift of the maxi-
mum due to the background reduces to
xm= S(Fu + 1)/2aZFu 1b; 8 = A/VATL'A (3)
where s is the slope of the line CE, and Aly, is the
change in intensity of the background across the
half-width of the peak, ww2; also, 1b = B{x = 0).
The intensity of the background at xm is only a
very small percentage larger than 1 B, so that it can
be assumed to equal 7b- If 7P is the difference
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Fig. 2—The effect of a sloping background on the position
of a maximum.

in intensity between the maximum of the shifted
peak, and the background line CE, then 7P =
/ bFm, and eq. 3 becomes, after substituting the
value for a = 2(In 2),/l/IFy!

This is the shift in the position of a peak due to the
multiplicative effect of the background. In a
similar manner, the shift due to adding the back-
ground to a Gaussian peak is shown to be
N
~ o.18(,?/yJFyo 5)
P

This is the “background error” given by Rymer
and Butler.D These authors also state that the
multiplicative constant assumes the values 0.18 +
0.02 for almost all contours other than Gaussian.

A comparison between eq. 4 and 5 indicates that
4 reduces to 5 when the ratio 7p/7b << 1. For
most of the broad peaks in this investigation, this
ratio was less than 0.1. For cases where it was
larger, the peaks were sufficiently sharp not to be
affected by the background. Therefore, for most
broad peaks the background may be removed either
by division or subtraction. Because of the as-
sumptions made in deriving these equations, they
give inaccurate results when the slope of the back-
ground is large. In addition, they cannot be used
when the shape of the peak is highly unsymmetrical
because of overlapping of the peaks, peculiar par-
ticle size distributions, or refraction effects.

Geometrical Method.—Subtraction or division
by the background can be performed geometrically
on microphotometer records of the total intensity
curve. For subtraction, a series of lines parallel
to the background was drawn (taking into account
the non-linearity of the density scale on a micro-
photometer record) onto the total intensity curve.
A vertical line drawn through the mid-points of
these lines gave the position of the true maximum.
Division by the background was carried out in the

2m

(10) T. B.Rymer and C. C. Butler, Phil. Mag., 36, 821 (1946).
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S = (4x/X) sin (0/2).
Fig. 3.—Backgrounds with and without sector.

same way, except that the series of lines were not
parallel to the background, but were drawn so that
any two points with corresponding s values always
had the same intensity ratio for each line. This
method cannot be used when the peaks are unsym-
metrical for reasons other than the presence of a
background.

Table 1 is a comparison of the background cor-
rections obtained on some NiO maxima by the
three methods thus far discussed. Since these data
were obtained for symmetrical peaks, the values
deduced from the geometrical method are the most
reliable, in view of the fact that no assumptions
had to be introduced, and no re-drawing was nec-
essary. Therefore, it can be seen that, in general,
eq. 5 gives slightly low results, although the values
are more reliable than those obtained by direct
subtraction.

Tabte |
or NIiO b ir-

E ffect of Backc-round on the Position

fraction M axima

Background shift

By direct Using By geometric
subtraction, eq. 5, method,
Line cm. cm. cm.

PL 1L (200) 0.0004 0.0009 0.0009
PL 1R (200) .0027 .0007 .0011
PL 2R (111) .0023 .0012 .0018
PL 3L (220) .0019 .0030 .0025
PL 1R (220) .0027 .0033 .0036
PL 4R (220) .0038 .0021 .0036

The Use of a Rotating Sector.— A rotating sector
multiplies the total intensity curve by the reciprocal
of the background function during the recording
of the diffraction pattern. Although the rotating
sector has been used by many investigators since
its introductionll to determine molecular structure
by the radial distribution method, it has not been
used in the determination of lattice parameters of
solids since there was no need to evaluate true in-
tensities. However, as shown above, it is necessary
to correct for the effect of background in the case of
broad diffraction peaks, and the use of a rotating

(11) F. Trendelenburg, Naturwissenschaften, 21, 175 (1933); P. P.

Debye, Physik Z., 40, 66, 404 (1939); C. Finbak, Avh. norske Vidensk
Acad. M.-N. KI., No. 13 (1937).
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factor was found to be the most convenient method
for accomplishing this.

The sector function, in this investigation, was de-
termined empirically from microphotometer rec-
ords of electron diffraction photographs of typical
samples. As mentioned above, the shape of the
background depends upon the distribution of the
particles on the grid, the particle size, the ratio of
the amount of sample to the amount of internal
standard used, and the ratio of both of these
amounts to the thickness of the collodion film.
Since it was impossible to reproduce all these fac-
tors for every run, the shape of the background was
variable. Therefore, use of the sector did not give
a level background on all photographs. However,
the slight residual background was easily corrected
for by using one of the other three correction meth-
ods. Figure 3 demonstrates the effect of the rotat-
ing sector on the background function. Curve 28-3
is the background of a photograph taken without a
sector. This was the background used to cut the
sector employed in these experiments. Curves 63-
4 and 74-4 are the backgrounds of photographs from
two different samples taken with the sector. The
first peak measured occurred at s = 2.3, and the
lastats = 7.5.

A major advantage in using a sector for powder
diffraction work is that the peaks can be more
clearly seen, both visually and on the micropho-
tometer record. Since the positions of the maxima
are determined by measuring the mid-point at sev-
eral places on a peak, this is a great advantage. It
is also a great help in the determination of crystal-
lite sizes from the widths of powder lines. In addi-
tion, some peaks which are lost (i.e., are only points
of inflection) in the rapidly falling background, be-
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come visible in sector photographs. This is illus-
trated in Fig. 4 which shows two microphotometer
records of the same sample. Figure 4a was taken
from a non-sector photograph of NiO and T1C1, and
Fig. 4b is the same set of peaks from a sector photo-
graph.

A significant method for reducing the back-
ground has been introduced by Boersch2whereby a
filter lens inserted in the camera is used during the
recording of the electron diffraction pattern. This
prevents the incoherently scattered electrons from
reaching the photographic plate.

Visual Error

It was observed that the lattice parameters de-
termined by visually measuring the ring radii with
a travelling microscope were consistently lower than
those obtained from microphotometer records. The
reason for this discrepancy was shown by Viervoll13
to be as follows. The maximum of a diffraction
line is actually determined with a travelling micro-
scope by measuring the position of its mid-point;
i.e., by taking the point mid-way between the two
edges of the fine rather than the location of the
point of maximum density. What appears to be an
edge of a line to the eye is in fact a point of inflec-
tion. When abroad peak is superimposed on a rap-
idly falling background, this method of estimating
maxima positions leads to serious errors as illus-
trated in Fig. 5. A and B are what appeared to be
the edges of an NiO (111) diffraction line when
viewed under the microscope. Because of the ef
feet of the sloping background, and adjacent peaks,
these were not equidistant from the true maxi-
mum. The error in the position of the maximum,
when reading this line under a travelling micro-
scope was therefore CD. Since the background was
heaviest at the center of the photographic plate and
decreased monotonically outwards, the error was
always in the direction of high ring radii and there-
fore this method yielded low values for the lattice
parameters. Although this error was in the oppo-
site direction to the background error, the two er-
rors do not cancel each other, since the “visual er-
ror” is usually considerably larger. Table 11 il-
lustrates the magnitudes of the visual error.

Table Il

Error Due to Visual Effect
Error in

Visual lattice

NiO line \éVm'/V Ali/2 e:rl:'n paro%m”
pi.2L (in) 0.068 0.066 0.022 1.9
PI. 2L (220) .093 .037 019 1.0
Pl. 3R (111) .045 .038 .017 1.5
PI. 2R (111) .026 .024 .010 0.9
PL 3L (220) .053 .022 .009 0.4
Pl. 3R (422) 071 016 .000
From Table Il it is clear that the visual error

depends on the slope of the background, Ah/,, and
only to a small extent, if at all, on the half-widths
of the peaks, wi/..
It is possible that the results of Boswelll4 which
show a decrease in lattice parameter with decreas-
(12) li. Boersch, Z. Physik, 134, 156 (1953).

(13) H. Viervoll, private communication.
(14) F. w. C. Boswell, Proc. Phys. Soc., 64A, 465 (1951).
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VISUAL

mg crystallite size may be explained by this “vis-
ual error.” As crystallite size decreases, the dif-
fraction lines become broader and the slope of the
background increases because of reduction in mul-
tiple scattering. Since Boswell used an optical
comparator for his measurements, it is likely that
the visual error increased as the crystallite de-
creased, thus leading to fictitious lower values for
the lattice parameters.

Overlapping of Peaks

If two different peaks occur in close proximity,
there may be overlapping of their tails thus intro-
ducing shifts of their maxima, as illustrated by
Archard.® For the case where the two overlapping
peaks were produced by the same compound, and
the relative positions and intensities of the peaks
were known from X-ray data, the shifts were
determined by adding the known peaks together.
When an internal standard or mixture of com-
pounds was used, however, wherein the relative
intensities depended on the relative amount of each
component, and the relative positions varied with
change in lattice parameters of the compounds, the
X-ray data for the individual compounds was of
no value. For cases where the intensity of one of
the peaks was large compared to the other so that
only the smaller peak was shifted, the tail of the
more intense peak was treated in the same manner
as a sloping background with respect to the smaller
peak. It was necessary to remove the normal
background before making these corrections in
order to avoid serious errors from overcompensa-
tion. Since removal of the background by direct
subtraction introduces its own errors, the use of a
rotating sector was especially advantageous in such
cases. If both peaks were approximately of equal
intensity, the only method of making these overlap
corrections was to deduce their true shapes by trial
and error. Since this is not a reliable method, it
is preferable to discard values from peaks overlap-
ping in this manner.

Spottiness

If in a sample there is an insufficient number of
crystallites to give a uniform distribution in orienta-
tion, the diffraction rings appear spotty and un-
even. Since a spot may occur anywhere over the
width of a ring, this may cause large errors in the

(15) G. D. Archard, Brit. J. App. Phys., 5, 19 (1954).
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Fig. 6.—The effect of plate oscillations on microphotometer
records.

determination of the position of the maximum as
read from microphotometer records. The slit of
the microphotometer may pass through one or two
such intense spots which are off the center of the
true maximum, so that the record shows the maxi-
mum density at a displaced position. It is obvious
that the broader the diffraction peak, the larger the
probability and magnitude of such an error. For
the case of NiO, where the average peak width was
0.06 cm., the scanning error could be as large as
0.03 cm. which would lead to an error of 2.5% in the
lattice parameter as determined from the (111) line.

G. G. Libowitz and S. H. Bauer

Vol. 59

Oscillation of the sample during the recording of
the pattern, which is the usual procedure in X-ray
powder work, is impractical for electron diffraction
since the duration of the exposure is very short.
This error was reduced to some extent, however, by
the use of a mechanism which oscillated the elec-
tron diffraction photograph through an angle of 10°
while it was being scanned in the microphotometer.
The angle through which oscillation could be car-
ried out was limited by the ellipticity of the rings.
Another advantage in using this oscillating mecha-
nism was the reduction of the effect of the photo-
graphic grain thus permitting easier recognition of
low peaks. Figure 6a is a microphotometer record
of a portion of a plate taken without the oscillating
mechanism, and Fig. 6b is the identical portion
taken with oscillation.

Application of the above analysis and correcting
procedures to a study of nickel oxide, yielded lat-
tice parameters which were precise to within 0.05%,
precision being expressed as the standard deviation
of the mean value. As shown in the following pa-
per, the lattice parameter Jor NiO checked the X-
ray value to within 0.001 A., for crystallites in the
80-100 A. range.

Acknowledgment.—The authors wish to express
their appreciation to Dr. Henry Viervoll for the
many discussions which were of invaluable aid in
this investigation.

ELECTRON DIFFRACTION DETERMINATION OF LATTICE PARAMETERS
OF POLYCRYSTALLINE SPECIMENS GIVING BROAD DIFFRACTION
PEAKS. IlI. A STUDY OF NICKEL OXIDE

By G. G. Libowitzland S. H. Bauer

Departirent of Chemistry, Comell University, Ithaca, N. Y.

Received August 18, 1964

The lattice parameters of powdered samples of nickel oxide containing varying amounts of lithium oxide were determined.
With increasing N i+3 content, the lattice parameters decrease, and for the same samples the values as determined by elec-
tron diffraction agree with those determined by X-ray back reflection methods to within 0.002 A. The crystallite size as

determined by X-rays and electron diffraction have been compared, and an estimate of the inner potential of NiO was

obtained from the measured relative broadening of the (200) and (111), (220) reflections.

Conditions which must be met

to permit detection of differences between surface and bulk lattice parameters are analyzed.

Introduction

At various times, differences have been reported2
between lattice parameters as obtained by X-ray
and by electron diffraction. It was the purpose of
this investigation to determine whether controlled
impurities would emphasize such differences, which
would arise, of course, if there were a different
concentration of impurity at the surface than in
the bulk. To study the effect of impurites on lat-
tice parameters, the system nickel oxide with lith-
ium impurity was chosen because of the ease of the
preparations, and because of the large effect of

(1) Now at Chemistry Department, Tufts College, Medford, Mass.

(2) G. I. Finch and H. Wilman, J. Chern. Soc., 751 (1934); G. I.
Finch and S. Fordham, Proc. Phys. Soc., 48, 85 (1936); J. Gnan, Ann.
Physik, 20, 361 (1934); E. Pickup, Nature, 137, 1072 (1936); C. Lu

and E. W. Malmberg, Rev. Sci. Jnst., 14, 271 (1943); N. Kato, J.
Phys. Soc. Ja-pan, 6, 502 (1951).

LiD on the lattice parameter of NiO as observed by
Verwey and co-workers.3

Verwey4has shown that the introduction of lith-
ium oxide into the nickel oxide lattice induces the
formation of trivalent nickel according to the equa-
tion
nLid + 2(1 - n)NinO + N/202— >m2Li,Nill1 2NirmO

Thus, for every Li+ ion which enters into the lat-
tice, one Ni+2ion becomes converted to a Ni+3ion
to maintain electroneutrality. The trivalent nickel
ion has a smaller ionic radius and higher charge,
so that its effective potential is considerably
greater than that of the divalent ion. This causes

(3) E. J. W. Verwey, P. W. Haaijman, F. C. Romeijn and G. W.
van Oorterhout, Philips Research Reports, 5, 173 (1950).

(4) E. J. Bull. soc. chim. France, ser. 5, 16,
(1949).

W. Verwey, D122
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a contraction of the lattice which shows up in lower
values for the lattice parameter as reported by Ver-
wey3and Brownlee and Mitchell.6 It is presumed
that the lithium ion has no effect on the lattice par-
ameter since it has the same Goldschmidt ionic ra-
dius as divalent nickel.

Experimental

Preparation of Samples.—The samples of NiO were pre-
pared from basic nickel carbonate. The nickel carbonate
was prepared from J. T. Baker Analyzed Low Cobalt
(0.002%) nickel chloride by the following procedure. A
70% solution of the nickel chloride was heated almost to
boiling and a 50% solution of B and A Reagent quality po-
tassium carbonate was slowly added with stirring, in a
sufficient amount to satisfy the equation

NiCh + KZ 03— >mNiCOs | + 2KC1

Actually, this leaves an excess of potassium carbonate, since
a basic nickel carbonate, NiC03a;Ni(0H)2is formed instead
of NiCOs.

The solution was filtered through a buchner funnel and
washed with warm water. The precipitate of basic carbon-
ate was then transferred to the beaker, washed thoroughly
with boiling water, re-filtered, and washed again in the
buchner funnel. This procedure was repeated four times so
that the precipitate would be completely free of potassium
chloride and residual potassium carbonate. The precipitate
was then dried in a vacuum desiccator over activated
alumina.

Pure NiO (sample no. 5) was obtained from the basic
nickel carbonate by decomposing it at high temperatures.
Sillimanite boats containing the carbonate were placed in a
large quartz cube which rested inside a high temperature
furnace. The quartz tube was connected to a vacuum pump
through a Dry Ice-acetone trap. The system was pumped
down to a pressure of 5 X 10~2mm. and the quartz tube
was heated from room temperature to 1000° over a period of
three hours. It was kept at 1000° for five hours and then
cooled to room temperature.

The nickel oxides containing LiD were prepared as fol-
lows. The required amount of lithium carbonate was dis-
solved in s M acetic acid and the solution was used to make
a paste with the nickel carbonate. The mixture was evap-
orated on a hot-plate and dried overnight in an oven at
110°. The dried powder was then ground in a mortar for
thorough mixing of the carbonate and acetate, and heated
in an alundum tube. Sample No. 11 was kept at 1000° for
4.5 hours before cooling to room temperature. The final
amount of trivalent nickel in the sample was 0.86%.
Sample no. 10 was heated at 600° for 5 hours to decompose
the carbonate and acetate, and then cooled and pressed
into pellets 3 16' in diameter and VM to V / thick. These
pellets were heated to 1000° for three hours, cooled to room
temperature and ground in a mortar. This sample con-
tained 5.31% trivalent nickel.

Chemical Analysis.—The samples were analyzed for tri-
valent nickel by dissolving in 6 N HC1 thus forming free
chlorine, according to the reaction

2Ni+3+ 2C1- — > CI2 f + 2Ni+

The chlorine was passed into a 5% K1 solution with a stream
of nitrogen, thus oxidizing the iodide to iodine which was
then titrated with standard 0.005 N sodium thiosulfate
solution. The apparatus and procedure were checked by
analyzing known amounts of Mn02which produces chlorine
parallel to the above reaction.

Diffraction Photographs.—X-Ray diffraction photo-
graphs (using a Cu target tube) of each sample were taken
with a symmetrical focusing back reflection camera having a
diameter of 10.007 cm. A nickel filter was used to remove
all but the Ken and K«i lines. Kodak Type K X-ray film
was used and processed as recommended. The sample
was dusted onto a celluloid film upon which a thin layer of
Lubri-seal had been spread. Although with our camera
absolute values of the lattice parameter can be obtained if
the proper corrections are made, we decided to use thallous
chloride as an internal standard in order to reproduce the

(5) L. D. Brownlee and E. W. J. Mitchell. Proc. Phys. Soc., 658,
710 (19521.
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conditions used in taking electron diffraction photographs.
The positions of the diffraction lines were measured to 0.1
mm. on a millimeter scale which had been photographed
onto the film.

The values of the lattice parameter were calculated from
the relation

©- G2+ K+ f2'A\

where Xis the distance between two lines of the same index,
D is the diameter of the camera. In the region of the Bragg
angles used, the (420), (421), (332) and (422) thallcus chlo-
ride lines and the (422) and (333) nickel oxide lines appeared.
Since the lines due to Kai and Kaj radiation are distinctly
resolved, there were eight pairs of thallous chloride lines
and four pairs of nickel oxide lines which were utilized.

The procedure for taking electron diffraction pho-
tographs was described in the previous paper.6
The results given below have all been corrected for
the errors described in that paper.

Lattice Parameters.—The values obtained for
the lattice parameters by both methods are given
in Table I. The values for pure nickel oxide check
the most recent value of 4.177 + 0.001 A. given
by Swanson and Tatge.7

Tabte |

Lattice Parameters of Nickel Oxide Samples

Lattice parameters (A.)

Ni+a, By By electron
Sample % X-rays diff.
5 0.00 4.177 £ 0.001 4.176 £0.001
1 0.86 4.175 + .001 4.173 + .002
10 5.31 4.168 + .001 4.167 + .002

Crystallite Sizes.—The crystallite sizes of these
samples were determined using the relation

t= K\V{3cos & (1)

where t is the crystallite size, Ais the wave length
of the radiation used, /3is the true line broadening
in radians, 9 is the Bragg angle, and K is the shape
factor = 1.0 for cubic crystals.8 Because of the
finite width of the electron beam due to instru-
mental factors, the observed line widths could not
be used directly in eq. 1. In order to eliminate the
effect of instrumental design, Jones9 suggested
mixing the sample whose particle size is to be de-
termined with a material having a particle size
which is effectively infinite. The maximum crys-
tallite size which can be determined by eq. 1is 400-
500 A. Therefore, any crystallite size above this
value may be considered infinite. Thallous chloride,
which was used as an internal standard in the lat-
tice parameter determinations, was also employed
as a reference for deducing crystallite sizes of the
NiO by electron diffraction; its crystallite size
was 610 + 40 A. as determined by X-ray diffrac-
tion using the camera described above. A micro-
scopic examination of the thallous chloride re-
vealed well developed crystals and a nearly uni-
form particle size distribution.

The true broadening for the unknown sample, 3
was obtained from its measured half-width, wiz,

(0) G. G. Libowitz and S. H. Bauer, T his Journal, 59, 209 (1955).

(7) H. E. Swanson and E. Tatge, National Bureau of Standards
Circ. 539 V. I, June, 1953.

(8) A. R. Stockes and A. J. C. Wilson, Proc. Camb. Phil. Soc., 38,

313 (1942); C. C. Murdock, Phys. Rev., 63, 223 (1943).
(9) F. W. Jones, Proc. Roy. Soc. (London), 166A. 16 (1938)
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using the method described by Shull.0 Assuming
the peaks to be simple Gaussians, which was very
nearly the case in this investigation, Shull found that
the true broadening is identical with the expression
given by Warren,llwhere
2= (TFa)2- 3 2

/ZAbeing the half-width of the lines of the reference
material. In onr case /3Swas estimated from the
average value of the nearby thallous chloride lines;
the crystallite sizes of samples no. 5 and no. 10 were
calculated from the NiO (200) peaks using eq. 1and
2. The (200) peaks were chosen because these do
not exhibit additional line broadening due to re-
fraction of the electron beam. It was not possible
to estimate the crystallite size of sample no. 11 with
any degree of precision from the NiO (200) lines.
These were quite weak with respect to the back-
ground on all plates, and the shapes of the peaks,
and, therefore, the half-widths could not be deter-
mined. However, the half-widths of the (220)
lines could be measured with a slightly better de-
gree of precision. From the value of the inner po-
tential given below, a rough measure of the crystal-
lite size was deduced for this sample.

The crystallite sizes of these samples were also
determined from X-ray diffraction, photographs
using the same procedure. The results of both
methods are given in Table Il. The larger values
obtained from X-rays is to be expected when a dis-
tribution of crystallite sizes is present. X-Rays are
singly scattered by large crystals as well as the
smaller ones, but the small crystallites produce very
broad diffraction maxima (since Xxrass = 30-
“electrons) which merge into the background. On
the other hand, even quite small crystallites pro-

Tabre Il
Crystattite Sizes of NiO sampies
Crystallite size, A.
Electron X-Ray
Sample diff. difi.
5 85+ 11 300
10 93+ 3 300
n 400 £ 250 >500

duce clearly measurable maxima by electron dif-
fraction, while the crystals larger than a few hun-
dred angstroms contribute mostly to the background,
due to multiple scattering. Therefore, for a broad
size distribution, X-ray diffraction would give
higher values for the crystallite size than would
electron diffraction.

Refraction Effect.—It was observed that the
broadening of the (220) and (111) lines was ap-
preciably greater than that of the (200) lines, as
seen in Table IlI.

Tabie I

Broadening of NiO D iffraction Peaks

Av. S
mmple Peak (radians X 10-i)
5 (200) 6.8
5 (220) 11.8
10 (200) 6.0
10 (220) 11.2
10 (111) 11.2

(10) C. G. Shull, Phys. Rev., 70, 679 (1946).
(11) B. E. Warren, J. App. Phys., 12, 375 (1941).

G. G. Libowitz and S. H. Bauer

Vol. 59

The increased broadening for {(hhh) and (MO)
lines was due to refraction of the electron beam as
explained by Sturkey and Frevel.22 If the assump-
tion is made that the crystals are of regular shape,
so that the (200) lines are not broadened by refrac-
tion, the inner potential of nickel oxide can be cal-
culated from the relation13

P _ -fiffeo — 0201))

0.60
where P is the inner potential and E is the acceler-
ating voltage of the electrons. Using the values
in Table 111, the inner potential was calculated to
be 38 volts for sample no. 5, and 42 volts for sample
no. 10. This average value of 40 volts is consider-
ably higher than the 10 to 20 volts given for most
compounds. Since there is no previous determina-
tion of the inner potential of nickel oxide in the lit-
erature, there is no estimating how reliable this
value is. Cowley and ReesBfound a value of 40 to
50 volts for the (220) reflection of cadmium oxide
containing a stoichiometric excess of cadmium.
It is possible, therefore, that deviations from stoi-
chiometry (which probably existé even in pure
NiO) may cause large deviations in inner potential
since the defects present introduce considerable
changes in the lattice energy.

Discussion of Results

As seen from Table I, for the samples of NiO
prepared in this investigation, there was no dif-
ference in the values of the lattice parameter as de-
duced from X-ray and electron diffraction, within
the experimental error of the electron diffraction
data. Before discussing this result, it would be
interesting to make a comparison of the sampling as
observed by electrons and by X-rays.

If the assumption is made that only singly scat-
tered electrons contribute to the structure sensi-
tive part of the diffraction pattern, it is clear that
the intensity of single scattering will be a maximum
for some thickness of the crystal, since the amount
of single scattering will increase with thickness but
the fraction lost through multiple scattering will
also increase. For transmission experiments, the
fraction of singly scattered electrons as a function
of the sample thickness, t, is

A/No ,,, MPat G (
where n? is an effective extinction coefficient, pais
the atomic density (atoms/cc.) and 1?is the sample
to plate distance. Since the intensity lost by the
primary beam is due only to scattering (other
causes being negligible), the extinction coefficient,
M is simply the ratio of scattered electrons to inci-
dent electrons per unit, area for each atom. Thus,
if to the desired approximation one may neglect the
small interatomic interference terms relative to the
much larger atomic scattering, then

187r2ney rijr/x(Z - 12+ G/AN
= o — U J sds

PePa 0 )

n—
wherel/is the X-ray atom form factor, s = (4w/\)
sin 6, G is the incoherent atom form factor, and

(12) L. Sturkey and L. K. Frevel, Phys. Rev., 68, 50 (1945).
(13) J. M. Cowley and A. L. G- Rees, Proc. Phys. Soc. (London),
59, 287 (1947).



Mar., 1955

to, e, h and z have their usual meanings. For a
Thomas-Fermi model for the charge distribution of
an atom, Boersch#4calculated this to be

Ae = 6.3 X 10~n\Z4'3 cm.2(for Xin A))

The density pa = v/d where v = number of atoms
per cm.2in each Bragg plane, d is the interplanar
distance. The intensity of the structure sensitive
part may be assumed to be proportional to N/No.
For the case of the (200) planes of nickel oxide, d =
21 A, v= 23X l1l0Bbatoms/cm.2 A= 0.056 A. and
z = 18 [using the average between Ni (28) and O
(8) ]. Putting these into eq. 3

R2 = 0.0lf exp (-0 .0 If) (4)

For X-rays the fraction of singly scattering photons
is
l\[ijj (1 + cos28) /e \ ft exp

2 \mc2

where ((1 -f- cos26)72)1/! is the polarization factor,
and px is the absorption coefficient for X-rays (due
to photoelectric and Compton effects). For NiO,
and copper K radiation, jw = 3 X 10~6 OFor the
range of sizesobeing considered here, (50 A. < t <
few hundred A.) and for small angles, (/ = z), the
above equation can be written

N / c2\2
R2Ao \mc() PaH = 27 x 10-4 Q)

From the graphs of eq. 4 and o in Fig. 1, it is seen
that the maximum for single scattering for electrons
occurs at about t = 100 A., although single scat-
tering occurs appreciably over a range from 30 to

200 A. In this region, the intensity of scattering
for X-rays increases linearly with . However, the
effective contribution to the X-ray pattern by very
small crystallites is less than is indicated by the
equation because the diffraction peaks for crystals
< 100 A. are broad and tend to merge into the
background. Since the average crystallite size
was found to be about 100 A., for samples no. 5 and
no. 10, it appears that there was no appreciable pre-
ferred sampling of the surface in the individual crys-
tallites by electron diffraction. However, since
we have indications that a fairly large range of
crystallite sizes was present, it also follows from
Fig. 1that the preferential sampling of the small crys-
tallites by electrons will occur, whereas they will be
overlooked by X-rays. For sample no. 11, where
the crystallite size is larger, this selective sampling
would be even more pronounced.

If there is a surface region for which the lattice
parameter differs from (is either larger or smaller
than) that of the bulk, it is obvious that this would
result in an asymmetry of the diffraction peaks.
This asymmetry would be a more sensitive criter-
ion for the detection of a difference between surface
and bulk lattice parameters than a slight shift in
the position of the maxima. Equations for the

(14) PI. Boersch, Z. Naturforschung, 2a, 615 (1947).
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Fig. 1.—The fraction of singly scattered radiation as a
function of sample thickness, for electrons and for X-rays.

asymmetry effect have been formulated but not
included here because the diffraction peaks studied
in this investigation were almost Gaussian in shape,
and hence any asymmetry present was less than
the error in recording the intensities.

From purely theoretical considerations Lehovech
has shown that an electric potential exists between
the surface and the bulk material in ionic crystals
containing lattice defects. This is due to an une-
qual distribution of lattice defects. For sodium
chloride at 600°K., he calculated that the surface is
0.01% deficient in chloride ion with respect to the
bulk. In view of this estimate and the experi-
mental results reported here, it appears that more
precise methods than diffraction by powder speci-
mens must be used in order to detect any differ-
ence between surface and bulk lattice parameters.
Conversely, the significant fact about the conclu-
sions reached is that small amounts of impurities
will cause a negligible difference to appear between
the lattice parameters as obtained by X-rays and
by electrons. Therefore, the differences which
have been reported by previous investigators could
not have been due to the presence of impurities, as
claimed by some of them. As mentioned in the
previous paper,6it is also unlikely that variation
in crystallite size would cause a difference in lattice
parameter. This is supported by the fact that the
X-ray value for 300 A. average crystallites is the
same as the electron diffraction value for 90 A.
average crystallites. One is led to the conclusion
that many of the differences found by other inves-
tigators were due to errors caused by the sharply
sloping background in the electron diffraction pho-
tographs.6 It should be pointed out that these re-
sults refer to a quantitative variation of the lattice
parameter at or near the surface, and not to the ex-
istence of a different compound on the surface
having its own distinctive diffraction lines which
can be detected.®

(15) K. Lehovec, J. Chem. Phys., 21, 1123 (1953).

(16) L. O. Brockway and J. Karle, J. Coll. Set., 2, 277 (1947):
L. G. Schulz, Acta Cryst., 5, 130 (1952).
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Heat capacity measurements of crystalline 3Ca0AID3 12Ca0-7AID3 Cao -Alo3, Ca0-2A1D 3 and MgO0-AlD 3 were

conducted throughout the temperature range 51 to 298°K. All five substances showed normal thermal behavior.

The

entropies at 298.16°K. are, respectively, 49.1 + 0.3, 249.7 + 15, 27.3 + 0.2, 425 + 0.3 and 19.26 + 0.10 cal./deg. mole.
The calcium aluminates have unusually high entropies of formation from the oxides.

Introduction

There are several compounds in the calcium ox-
ide-alumina system, of which the more important
are 3Ca0-AlD3 12Ca0 7A1203 CaO-Al2D3 and
Ca0-2A1203 In the magnesium oxide-alumina
system, only one compound, MgOAID 3 is known.
Thermodynamic data for these substances have
been virtually entirely lacking; in particular, no
low temperature heat-capacity data and entropy
values are to be found in the literature. This
paper reports heat capacity measurements in the
range 51 to 298°K. and entropies at 298.16°K.
for magnesium aluminate (i.e., magnesium-alum-
inum spinel) and the four calcium aluminates desig-
nated above.

Materials.—The four calcium aluminates were prepared
from pure hydrated alumina (obtained from reagent grade
aluminum chloride) and reagent grade calcium carbonate.
Intimate, stoichiometric mixtures were pressed into pellets
and heated for several periods at temperatures specified be-
low, with intervening grindings, mixings, chemical analyses
and adjustments of composition.

In preparing tricalcium aluminate, three prolonged heats
totaling 39 hours above 1,000°, of which 18 hours was at
1,400-1,450°, were made. The product analyzed 62.25%
calcium oxide and 37.84% alumina, as compared with the
theoretical 62.26 and 37.74%. The material was com-
pletely soluble in hydrochloric acid, and extraction with
absolute alcohol showed the absence of any free calcium
oxide. The X-ray diffraction pattern agreed with those in
the literature.12

The calcium aluminate of composition 12Ca0-7AlD 3
required five heats totaling 48 hours at 1,300° and 21 hours at
1,400°. The product analyzed 48.32% calcium oxide and
51.20% alumina, as compared with the theoretical 48.53
and 51.47%. Ferric oxide in amount of 0.10% was present,
and also an estimated total of 0.25% magnesia and alkali
oxides. No test for free calcium oxide resulted from absolute
alcohol extraction. The X-ray diffraction pattern agreed
.with the work of Brownmiller and Bogue.3

Monocalcium aluminate was made by three heats totaling
18 hours at 1,480-1,500°. The product analyzed 35.49%
calcium oxide and 64.44% alumina, as compared with the
theoretical 35.49 and 64.51%. The X-ray diffraction pat-
tern agreed with the A.S.T.M. catalog.

In preparing calcium dialuminate, five heats totaling 70
hours at 1,400-1,500° were made. The product contained
21.58% calcium oxide and 78.49% alumina, as compared
with the theoretical 21.57 and 78.43%. The X-ray diffrac-
tion pattern agreed with that obtained by Lagerqgvist, Wall-
mark, and Westgren.4

Magnesium aluminate was prepared in a similar manner,
except that pure hydrated alumina and reagent grade mag-
nesia were the starting materials. The stoichiometric mix-
ture was heated for several periods including a total of 15

(1) L.J.Brady and W. P. Davey, J. Chem. Phys., 9, 663 (1941).

(2) H.F.McMurdie, Natl. Bur. Stands. J. Research, 27, 501 (1941).

(3) L. T. Bogue, Amer. J. Sci., 23, 508
(1932).

(4) K. Lagerqvist, S. Wallmark and A. Westgren, Z. anorg. allgem.
Chem.. 234, 1 (1937).

Brownmiller and R. H.

hours at 1,480-1,500°. Analysis of the product gave
28.33% magnesia and 71.62% alumina, as compared with
the theoretical 28.34 and 71.66%. The X-ray diffraction
pattern agreed with that in the A.S.T.M. catalog.

Measurements and Results.—The heat capaci-
ties were measured with previously described appa-
ratus,5 and the following masses of the substances
were employed: 134.91 g. of 3Ca0-Al2D 3 168.80 g.
of 12Ca0-7AlD 3 169.90 g. of Ca0-Al2D 3 149.98 g.
of Ca0-2A1D 3 and 147.77 g. of MgOAID 3

The measured values, expressed in defined calor-
ies (1 cal. = 4.1840 abs. joules) per deg. mole, ap-
pear in Table I. No evidence of any abnormal
thermal behavior was observed during the measure-
ments, and it may be seen from Fig. 1 that all five
substances have regular heat capacity curves.

Entropies at 298.16°K.— The entropy increments
between 51.00 and 298.16°K. were obtained in
the usual manner by Simpson rule integrations of
Op against log T plots. The extrapolated portions
of the entropies (0-51.00°K.), except in the case
of 12Ca0-7AIlD 3 were obtained by use of empirical
combinations of Debye and Einstein functions.
The following function sums represent the meas-
ured heat capacities throughout the range 51 to
298.16°K. to within the limits indicated.

3Ca0-AlD 3 + 4~(294) + BEN-F) +

(0.8%)

Ca0-AlD3 D(u~r) + 2E(Mp) + 3E(™) +
E("r)> (*-9%)

Ca02AID 3 + 4E@I() + de(™ ) +

3e (~ 9), (0.9%)
MgO AUOI: 7)(397) + 2e(527) + 2e (6@P) +
2E (~-), (1.1%)

Because of the very high heat capacity of 12CaO-
7A1D, the comparison method of Kelley, Parks
and Huffman6was used to obtain the extrapolated
portion of the entropy. The heat capacity values
for the other three calcium aluminates were given
equal weights in constructing the “standard”

(5) K. K. Kelley, B. F. Naylor and C. H.
Mines Tech. Paper 686 (1946).

(6) K. K. Kelley, G. S. Parks and Ti. M. Huffman, T his Journal,
33, 1802 0929).

Shomate, U. S. Bur.
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Tabtle |

Heat Capacities

Cp.
T, cal./deg. T, cal./deg. T, cal./cleg.
°K. mole °K. mole K. mole

3Ca0Al203(mol. wt., 270..20)

53.86 7.024 105.00 20.65 216.23 41.65
58.06 8.073 114.74 23.16 226.03 42.86
58.29 8.117 124.82 25.52 236.29 44.13
62.58 9.297 135.88 28.02 245.83 45.23
62.80 9.331 145.54 30.03 256.54 46.32
67.09 10.54 155.59 32.00 266.41 47.36
71.65 11.77 165.92 33.97 276.33 48.33
76.22 12.99 176.02 35.69 286.51 49.25
81.20 14.38 185.96 37.33 296.54 49.96
86.39 15.78 195.92 38.80 298.16 (50.14)
94.90 18.05 206.35 40.28
12Ca0-7A120 3(mol.. wt., 1,386.68)
53.89 35.07 114.69 117.3 216.04 212.6
58.20 40. 33 124.87 129.6 225.99 219.3
62.50 46.33 135.98 142.2 235.94 226.0
67.20 53.28 145.55 152.5 245.78 231.9
72.00 59.90 156.38 163.6 256.20 237.7
76.65 66.36 165.74 172.6 266.08 243.3
82.00 73.92 175.78 181.5 276.25 248.8
86.21 79.78 185.56 189.8 286.54 253.9
94.55 91.08 195.72 198.1 296.75 258.3
104.79 104.5 206.15 205.6 298.16 (259.3) T, OK-
Fig. 1—Heat capacities: A, Mg0-AlD 3 B, Ca0-AlD3

Ca0-AlD 3(mol. wr., 158.14) C. CR02AID2 D 3Ca0AID3 E. 12Ca0-7AID3 (‘A G,
53.52 4.073 114.75 12.55 216.32 23.11 is plotted).
57.74 4.341 124.65 13.79 225.97 23.88
61.99 5.269 136.22 15.17 235.98 24.65 The results of the entropy calculations are in
66.52 5.945 14572 16.26 246.07 25.43 Table 11. It should be noted that magnesium
7116 6.516  155.70 17.34 256.37 26.13 aluminate is a member of the regular class of
75.79 7.264 166.66 18.50 266.38 26.83 . . .
80.40 7923 176 .04 19 45 276.71 2752 spinels and therefore requires no entropy incre-
84.45 8.505 185.85 20.40 286.54 28.16 ment for randomness in its structure. So far as
94.66 9.913  196.25 21.35 296.30 28.68 now known, the calcium aluminates also are free of
106.15 11.43 206.07 22.17 298.16 (28.83) Structural irregularities.

Ca0-2A1D 3(mol. wt., 260..00)
53.50 5.358 114.78 19.17 216.13 37.44 Tabte Il
57.99 6.310 124.71 21.24 226.25 38.88 Entropies at 298.16°K. (ca1./deg. mote)
62.54 7.357 138.27 24.03 236.04 40.17 sei Seottl* —
67.11 8.406 146.60 25.65 245.88 41.54 Substance (extrap.) S°si (meas.) SIHBB
71.69 9.470 155.94 27.38 256.26 42.88 SCaOA|Z)J 277 4634 491 i03
76.24 10.49 165.81 29.25 266.25 44.10 12030-7A|D] 136 2361 2497 1'15
80.30 11.45 175.84 30.99 276.42 45.26
84.70 12.46 185.76 32.69 286.60 46.55 CaO—AIZ)S 160 2570 273 i02
94.76 14.75 195.98 34.35 296.35 47.41 Ca0-2A1D0 3 2.17 40.29 425 + 0.3
104.97 17.00 206.37 35.91 298.16 (47.70) MgO0-AlD 3 0.32 18.94 19.26 +0.10

MgO-AID 3(mol. wt., 142. 28) From the data of Table II, the entropies of cal-
53.55 1.060  114.95 7.384 21632 20.51 cium and magnesium oxides,7 and the entropy of
57.72 1.283 124.87 8.737 228.03 21.75 - o . .
6219 1501 135 80 1020 237 36 22.69 aluminum oxide,8the following entropies of forma-
66.84 1.953 146.36 11.69 245.85 23.47 tion from the oxides at 298.16°K. are obtained:
71.51 2.341 156.37 1311 256.37 24.41 8.4 + 0.7 for 3Ca0 A1.03, 50.6 + 2.9 for 12CaO-
76.17 2.759  165.90 14.43 266.66 izz; 7A1A; 56 * 0.3 for CaO-AlsO»; 8.7 + 0.4 for
80.80 3.211 175.91 15.74 276.12 . .
85.02 3.660 185.86 16.98 286.54 26.89 Ca0-2A120 3, and 0'6_i 0.2 fo_r MgO AlD3 The
94.43 4736  196.21 18.22 296.31 27.52 ASvalues for the calcium aluminates are unusually
105.62 6.181  206.36 19.38 298.16 (27.71) high in comparison with those for other inter-

oxidic compounds studied to date. However,
the same characteristic, although to a lesser de-
gree, is shown by the calcium ferrites.9

heat capacity eurve and in obtaining S°5 and
# 5-0 — Ho for the hypothetical “standard sub-
stance.” Comparison of the heat-capacity data for

“ ” (7) K. If. Kelley, U. S. Bur. Mines Bulletin 477 (1950).
12Ca0-7AlID 3and the “standard” then :/vas made (8) E. C. Kerr, H. L. Johnston and N. C. Hallett, J. Am. Chem.
and the entropy of the former at 51.00°K. calcu-  ggc. 72, 4740 (1950).

lated as described by Kelley, Parks and Huffman. (9) E. G. King, ibid., 76, 5849 (1954).
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Heat contents of the compounds, 3 Cao -Aln3, 12Ca0-7AID 3 Ca0-AlD 3 Ca0-2A1D 3and Mg0-AlD 3 were measured in
the temperature range 298 to 1808°K. Regular behavior was observed except for 12Ca0-7AlD 3which has an anomaly
(heat capacity peak) at 1310°K. Heat content and entropy increments above 298.16°K. are tabulated, and representative

heat content equations are derived.

Introduction

A recent paperlfrom this Laboratory reported
low-temperature heat capacities and entropies at
298.16°K. for magnesium aluminate (M gOAID3
spinel) and the more important of the calcium
aluminates (3Ca0O A1D 3 12Ca0 -7Al203, Ca0-AlD 3
and CaO-2AIl20j). The present paper records the
results of heat content measurements for the same
substances in the temperature range 298 to 1808°K.
The only previous similar measurements are those
of von Gronow and Schwiete2 for 3Ca0-AlD 3
(293-1573°K.) and Ca0-AldD 3 (293-1673°K.).

Materials and Method.—The substances investigated are
portions of the samples used by Kinglin low temperature
heat capacity measurements. His paper describes the
methods of preparation and gives the results of chemical
analyses and X-ray diffractions, so that repetition here is
unnecessary. The indicated purity is 99.5% or better in
each instance.

The heat content measurements were conducted with
previously described3apparatus and methods. The samples
were held in platinum-rhodium capsules, the heat contents
of which were determined by separate experiments. The

300 500 700 900 1100 1300 1500 1700 1900
T, °K.
Fig. 1.—Heat contents above 298.16°K.. A, 12CaO-

7A1D 3(Vsmole is slotted); B, Ca0-2A1D 3, C, 3Ca0 Ab03
D, Mg0-AlD 3 E, Ca0'AlD3

(1) E. G. King, This Journal, 59, 21.8 (1955).

(2) H. E. von Gronow and H. E. Schwiete, Z. anorg. Chem., 216,
185 (1933).

(3) K. K. Kelley, B. F. Naylorand C. H. Shomate, U. S. Bur. Mines
Tech. Paper 686 (1946).

furnace thermocouple was checked frequently against the
melting point of pure gold.

Results

The measured heat contents, expressed in de-
fined calories (1 cal. = 4.1840 abs. joules) per mole,
appear in Table I and Fig. 1. Molecular weights
conform with the 1953 International Atomic
Weights.4 The estimated uncertainty in the
measured heat contents is about +0.2%.

Tabre |

Heat Contents Above 298.16°K. (cat./moute)

T, Ht — T, Ht - T, Ht —
°K. #298-16 K. £42*3.16 K. Haes.16
3Ca0-AlD 3(mol. wt., 270.20)

373.6 3,980 742.4 26,290 1127.4 51,430
381.3 4,280 796.9 29,530 1196.5 56,310
383.8 4,380 811.3 30,520 1215.5 56,770
413.2 6,070 812.7 30,410 1253.3 60,070
482.6 10,120 845.9 32,950 1292.1 62,770
495.7 10,920 909.0 36,680 1361 4 67,300
501.9 11,320 944.9 39,190 1449.8 73,210
502.6 11,440 997.4 42,410 1527.8 78,540
592.7 16,880 1010.2 43,610 1632.6 85,550
598.6 17,090 1031.1 45,230 1731.3 92,470
601.6 17,390 1050.0 46,640 1757.4 94.160
684.9 22,630 1093.1 48,710 1780.8 95,890
713.3 24,220 1099.7 49,480 1807.9 97.910
12Ca0 7A1D 3(mol. wt., 1386.68)

394.4 26,250 983.0 222,480 1322.3 348.900
506.1 60,160 1016.5 235,610 1341.5 355,220
622.0 98,480 1027.9 238,600 1358.0 361.240
637.8 103,540 1029.0 239,810 1378.6 368,870
753.7 142,610 1140.3 279,350 1412.1 381,320
845 .4 174,390 1221.3 309,230 1534.4 427,590
908.6 196,640 1290.4 336,550 1632.6 465,050
924.9 202,020 1306.2 342,730 1651.1 472,180
930.3 204,170 1310.3 344,930 1672.6 482,030

954.7 212,300

CaO-Al2s (mol. wt., 158.04)
402.6 3,250 1000.1 26,340 1443.7 44,980
498.2 6,570 1109.8 30,780 1510.7 48,090
611.4 10,820 1204.8 34,820 1623.2 53,230
710.9 14,560 1307.9 39,220 1721.1 57,610
817.4 18,710 1342.5 40,430 1800.2 61,130
922.6 22,930

Ca0-2A12 3(mol. wt., 260.00)
403.7 5,570 1013.9 45,760 1518.7 82,190
494.5 10,800 1108.1 52,440 1608.3 88,670
578.0 16,070 1207.7 59,470 1714.6 96,620
704.7 24,230 1306.4 66,890 1773.8 100,600
797.0 30,700 1392.4 73,040 1801.5 102,860
910.8 38,530

MgO AlL.Os (mol. wt., 142.28)
421.0 3,830 909.0 22,570 1388.4 43,630
485.7 6,070 1020.9 27,230 1508.2 49,060
584.5 9,760 1109.9 31,150 1610.1 53,590
767.4 16,870 1212.2 35,690 1695.0 57,770
814.4 18,720 1325.5 40,710 1805.5 62,690

(4) E. Wichers, J. Am. Chem. Soc., 76, 2033 (1954).
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Tabile |1
Heat Contents (Cal./M ole) and Entropies (Cal./D eg. Mole) Above 298.16°K.

T = ![]'t S_CaU'AhOSa---:---S - — 12_Ct,0-7A:|z%3€--_--* Ht EIaO.AI«O.E--_-- .-ﬁi-c_ao-z ALOi—;---_-- ---ﬁ-tm_go*.\/\msz{l

. 298-16 0298.16 |98 16 £>298.16 98.16 298.16 He&m £>298-16 #298.16 £>298.16
400 5,380 15.48 27,800 80.0 3,140 9.03 5,340 15.34 3,150 9.05
500 11,180 28.41 58,250 147.8 6,610 16.76 11,200 28.40 6,650 16.85
600 17,280 39.52 90,850 207.2 10,320 23.52 17,480 39.84 10,350 23.59
700 23,570 49.22 124,650 259.3 14,130 29.39 24,050 49.97 14,190 29.51
800 29,990 57.79 158,900 305.0 18,030 34.60 30,830 59.02 18,150 34.79
900 36,510 65.47 193,600 345.9 22,020 39.30 37,760 67.18 22,220 39.59
1000 43,110 72.42 228,750 382.9 26,100 43.59 44,800 74.60 26,390 43.98
1100 49,770 78.77 264,500 417.0 30,260 47.56 51,920 81.38 30,660 48.05
1200 56,460 84.59 301,150 448.9 34,500 51.25 59,100 87.63 35,030 51.85
1300 63,170 89.96 340,250 480.2 38,810 54.70 66,320 93.41 39,490 55.42
1310 344,500 (a) 483.4
1310 344,500 (|S) 483.4
1400 69,900 94.95 376,700 507.2 43,180 57.93 73,570 98.78 44,030 58.78
1500 76,660 99.61 414,400 533.2 47,610 60.99 80,830 103.79 48,620 61.95
1600 83,460 104.00 452,600 557.9 52,090 63.88 88,100 108.48 53,230 64.92
1700 90,310 108.15 491,400 581.4 56,610 66.62 95,400 112.91 57,850 67.72
1800 97,220 112.10 61,160 69.22 102,750 117.11 62,480 70.37
No transformations, isothermal or otherwise, the following equations, which were derived by tl

were observed, except in the case of 12Ca0-7AlD 3
This substance has a heat capacity peak at 1310°K.
The heat capacity increases from 259.3 cal./deg.
mole at 298.16°K. to about 391 at 1310°K., then
falls abruptly to about 357.5, and finally again in-
creases to about 396 cal./deg. mole at 1700°K.

The heat content of MgOAID 3 is higher than
that of CaOAID 3by amounts ranging from <0.1%
at 400°K. to 2.2% at 1800°K. This cannot be
considered abnormal as the structures of the sub-
stances are different. The magnesium compound
has the spinel structure, while the calcium com-
pound has a less symmetrical, although apparently
not yet completely determined, structure.

Kelley5 has examined the data of von Gronow
and Schwiete2 for Ca0OAID 3 and 3Ca0AID 3and
has estimated the uncertainty as 3%, which is
confirmed by the present work. Their data for
Ca0-AlD 3 average about 3% higher than the
present values, while those for 3Ca0AIlD 3 show
agreement to within + 1%.

Table 11 gives smooth values of the heat content
and entropy increments above 298.16°K. The
latter were calculated to match the former, using
the method recommended by Kelley.5

The heat content data of Table Il are repre-
sented, to within the average limits indicated, by

(5) K. K. Kelley, U. S. Bur. Mines Bulletin 4T6 (1649).

method of Shomate6 and which utilize King'sl
heat capacity values at 298.16°K.

3Cal-AlD 3:

# T

— H Bw =
62.28T + 2.29 X 10~3F 2+ 12.01 X 105~-1- 22,801
(0.5%; 298-1800°K.)

12Ca0O7Al,03a);

# T —* #298.16 —

301.9671+ 32.75 X 10-3r2+ 5530 X 109 -' - 111,491
(0.6%; 298-1310°K.)
12Ca0-7Als0,G8):
#t - #2981 = 22852T + 4922 X 10-*T2- 39,327
(0.1%; 1310-1700°K.)
CaOAID 3
#T — #298.16 =
36.0071+ 2.98 X 10-3T2+ 7.96 X 105T-> - 13,668
(0.3%; 298-1800°K.)
Ca0-2A1D 3.
# T — #298.16 —
66.09T + 2.74 X 10“3T2+ 17.80 X 103 “1- 25919
(0.6%; 298-1800°K.)
MgOAID 3;
_i729S 16 =
T 36.807 + 3.20 X 10"372+ 9.78 X |05 -' - 14,537

(0.2%; 298-1800°K.)

Corresponding heat capacity relationships may be
obtained by differentiation.

(6) C. H. Shomate, J. Am. Chem. Soc., 66, 928 (1944).
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The mechanism of peptization of aluminum dilaurate-cyclohexane gels was studied by means of measurement of the

changes in infrared absorption attending peptization.

Effective peptizers, such as ro-cresol, ethyl alcohol and m-toluidine
reduced absorption intensities at 10.1, 6.3 and 2.7 U and increased intensities at 5.8 and 3.0

The presence of a proton

on the functional group capable of hydrogen bonding was shown to be essential in peptization, and steric factors were found

to be more important than relative basicity.

It is proposed that aluminum soaps exist as

linear polymeric molecules in

which aluminum has a coordination of six, the octahedra being joined by coordinate bonding through both hydroxyl groups

and carboxylate groups of the fatty acid from which the soap is derived.

Evidence is presented to support a mechanism of

peptization involving hydrogen bonding of the peptizer to the carboxylate oxygen with the resulting rupture of the poly-
meric linkage rather than preferential coordination with aluminum.

Introduction

Aluminum soaps are notable for their ability to
form soap-hydrocarbon gels of high viscosity.
Properties of individual systems have been shown
to depend on such factors as the nature of the hy-
drocarbon and the fatty acid group involved, the
temperature, and the presence of peptizers.2-4
Investigations have shown aluminum soaps to be
definite chemical compounds,66 and evidence has
been presented that the soaps exist only in the di-
soap form.6 Polymeric structure of the aluminum
soap molecules7-10 has been proposed in explanation
of their ability to thicken hydrocarbons. Numer-
ous investigators have proposed various structures
for aluminum soaps derived mainly from X-ray dif-
fraction and viscosity studies.11-18 Gray7 sug-
gested a linear polymer based on octahedral coor-
dination, and this conception was extended by
Gray and Alexander,4who retained the octahedral
coordination with four corners occupied by fatty
acid groups. The octahedra were joined through
coordinate bonds between aluminum atoms and
the oxygen atoms of hydroxyl groups. McGee9
advanced a structure similar to that of Gray and
Alexander with adjacent chains held together by
van der Waals forces and hydrogen bonding be-
tween the hydrogen of the shared hydroxyl groups

(1) Abstracted from W. O. Ludke's Ph.D. Dissertation, Rensselaer
Polytechnic Inst., Troy, N. Y., January, 1954.

(2) C. M. Cawley, J. H. G. Carlile, J. G. King and F. E. T. King-
man, J. Inst. Petroletcm, 33, 649 (1947).

(3) W. H. C. Rueggeburg, T his Journal, 52, 1444 (1948).

(4) V. R. Gray and A. E. Alexander, ibid., &,9 (1949).

(5) W. W. Harple, S. E. Wiberley and W. H. Bauer,
24, 635 (1952).

(6) J. J. Bulloff,
April, 1953.

(7) V. R. Gray, Trans. Faraday Soc., 42B, 196 (1946).

(8) J. W. McBain and R. B. Working, T his Journal, 51,
(1947).

(9) C. G. McGee, J. Am. Chem. Soc., 71, 278 (1949).

(10) H. Sheffer, can. J.Research, B26, 481 (1948).

(11) H. S. Seelig, M.I.T.-MR. No. 192,
CWS Development Laboratory, Cambridge, Mass., Sept. 26, 1945.

(12) S. S. Marsden, K. J. Mysels and G. H. Smith, J. Colloid Sci.,
72, 265 (1947).

(13) K. J. Mysels, Ind. Eng. Chem., 41, 1435 (1949).

(14) S. Ross and J. W. McBain, Oil and Soap, 23, 214 (1946).

(15) S. S. Marsden K. J. Mysels, G. H. Smith and S. Ross, J. Am.
Oil Chem. Soc., 25, 454 (1948).

(16) A. E. Alexander, and V. R.
A200, 162 (1950).

(17) T.S. McRoberts and J. H. Schulman, Nature, 162, 101 (1948).

(18) J. C. Arnell, Chem. in Canada. B5, No. 11, 29 (1953).
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Gunther and Kingston,

Gray Proc. Roy. Soc. London,

and the oxygen atoms of the carboxyl of the adja-
cent molecules. Infrared studies619 have shown
free and no bonded hydroxyl in both aluminum di-
soaps and the hydrocarbon gels formed therefrom,
indicating that hydrogen bonding is not an essen-
tial factor in gel formation.

Infrared spectra of all aluminum soaps show char-
acteristic absorption bands at 2.7, 6.3, and 10.1
microns, ascribed to free hydroxyl, stretching vi-
brations of carboxylate ion, and an aluminum oxy-
gen linkage, respectively. Peptization of alumi-
num soap-hydrocarbon gels may be caused by such
compounds as water, alcohols, amines and phenols.4
Reduced viscosity of gels and lowered ready solu-
tion temperatured of the soaps in the presence of
peptizers are accompanied by a corresponding de-
crease in the intensity of the infrared absorption at
10.1 microns.19 It appeared likely, therefore, that
a study of the changes in infrared absorption in-
tensities accompanying peptization of gels would
afford information both as to the nature of peptiza-
tion and the type of linkages in aluminum soap poly-
mer responsible for their gel forming characteristics.

Experimental

Materials.—Laurie acid was Eastman Kodak White
Label grade. The purity of this acid was previously deter-
mined.® Eastman Kodak 2-ethylhexoie acid was purified
by distillation at 5 mm. pressure after removal of unsaponi-
fiable material. The fraction used in this investigation
had a neutralization equivalent of 144.2. Cyclohexane
from Shell Chemical Corporation was dried, filtered and
distilled. The fraction used had a boiling point of 80.5-
80.6° at 760 mm. pressure. The cyclohexane was stored
over metallic sodium in an all-glass dispersing unit. Alco-
hols, ethers and m-cresol were dried over Drierite, and the
alcohols and ethers were distilled from calcium hydride.
Amines were dried over sodium hydroxide before distilla-
tion. Aluminum hydroxy dilaurate and aluminum hy-
droxy 2-ethylhexoate were prepared as previously described .9
Aluminum analysis showed that the ratio of moles of fatty
acid per mole of aluminum was 1.99 in the laurate, and
2.03 in the 2-ethylhexoate. The laurate soap was precipi-
tated at 50-60°, and the hexoate at 25°.

Gel Preparation.—Aluminum soap-hydrocarbon gels
were prepared by the addition of dried, weighed portions of
soap to measured weights of solvent in culture tubes. The
soaps were dispersed by hand shaking of the aluminum foil
covered, capped tubes. After gel formation, the tubes
were placed in a rotating mount and aged for 24 hours at
60°. Gels were cooled at 20° for 24 hours prior to use.

(19) F. A. Scott, J. Goldenson,
58, 61 (1954).

(20) H. S. Jackson, Ph.D. Dissertation, Rensselaer Polytecli. Inst.,
June. 1951.

S. E. Wiberley and W. H. Bauer,
T his Journal,
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Appropriate quantities of peptizer, when used, were added
to cyclohexane before the gels were prepared. Extreme
care was taken to avoid entry of water.

Infrared Absorbance Measurements.—The techniques of
absorbance measurements and apparatus have been pre-
viously described.® For studies at 10.1, 6.3 and 5.8 ), a
sodium chloride prism was used, and at 2.7 and 3.0 P, a
lithium fluoride prism was used. Gels were introduced to
the absorbance cell by means of a hypodermic syringe.
Values of the absorbance are the logarithm to the base 10 of
the reciprocal to the transmittance, p/po, where p and pOare
the intensities of the light transmitted by the solute and
solvent, respectively.

Results and Discussion

Absorbance as a Function of Soap Concentration.
— A series of gels were prepared in which the con-
centration of aluminum dilaurate in cyclohexane
varied over the range of 0 to 7.5% soap by weight.
Infrared absorbances were measured at 10.1, 6.3,
with a fixed cell thickness of 0.10 mm., and at 2.7 p,
with a cell thickness of 0.4 mm., and the results
are shown in Fig. 1

Wt. % aluminum laurate in cyclohexane.
Fig. 1.

Effect of Peptizers.—Absorption intensities at
10.1, 6.3, 5.8 and 2.7 p were measured on a series
of gels containing a fixed weight of aluminum di-
laurate in cyclohexane with varying amounts of m-
cresol, ethyl alcohol, isopropyl alcohol, pyridine and
m-toluidine. The results of these measurements
are shown in Figs. 2, 3, 4 and 5. In addition, a
similar study of triethylamine was made, with re-
sults similar to those obtained for pyridine and t-
butyl alcohol. These additives were chosen for
study of the effects of steric hindrance and the pres-
ence of an available proton. That triethylamine, a

Moles of peptizer/molc dilaurate soap.
Fig. 2
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0 0.5 10 15
Moles of peptizer/mole dilaurate soap.
Fig. 3.

20

Moles of additive/mole di-laurate soap.
Fig. 4.

Fig. 5.

poor peptizer, is ineffective as compared to m-tolui-
dine is ascribed to steric hindrance. Pyridine, also
ineffective as a peptizer, should be less sterically
hindered than m-toluidine, and thus there remains
only the basic difference of lack of an available
proton on the functional group to account for the
results.

Ethyl alcohol, m-toluidine and m-cresol were the
most effective of the peptizers studied. They gave
comparable lowering of the gel viscosities together
with a reduction in intensity of absorbance at 10.1,
6.3 and 2.7 p, and an increase in absorbance at 5.8 p.
Since m-toluidine, ethyl alcohol and m-cresol pro-
duced similar effects on the absorbance at the vari-
ous wave lengths, it is apparent that the relative
basicity was of minor importance in these cases.
The effect of steric hindrance is illustrated by the
results of measurements in the series of alcohols,
ethyl, isopropyl and ¢-butyl, when compared on a
molar basis. The decrease of absorption intensity
in the series of alcohols is concurrent with decrease
in effectiveness as a peptizer.

Effect of Ethers.—Gels of aluminum dilaurate
were prepared in cyclohexane with di-n-amyl ether
and 1,4-dioxane at concentrations of 2 moles of pep-
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Fig. 6.

tizer per formula weight of soap. No change in
viscosity from that of the unpeptized gel was
noted, and no decrease in the absorbance at 10.1
and 6.3 xwas found.

Hydrogen Bonded Hydroxyl.—The absorption at
6.3 i1 of both aluminum soaps and their cyclohexane
gels is attributed to a resonance structure of the car-
boxylate ion with very little of the carbonyl char-
acter found in fatty acids. The acids are largely
associated as

R—C—OH -m=0
I 1
O == HO—C—R

This acid type of carbonyl group shows absorption
at 5.8 and 3.0 i1, ascribed to the carbonyl group and
the bonded acidic hydrogen, respectively. It ap-
peared likely that one action of a peptizer is to rup-
ture a bond depending on the ionic carboxylate
linkage and to modify the carboxylate ion to the
type of structure exhibited by associated fatty acids,
as the result o: hydrogen bonding of the free hy-
droxyl hydrogen to the carboxylate oxygen. The
decrease in absorbance at 2.7 n, Fig. 5, on peptiza-
tion is ascribed to the disappearance of the free hy-
droxyl hydrogen. Accordingly, absorbance meas-
urements were made on all the peptized gels of alu-
minum dilaurate in cyclohexane, in the region of
3.0 /x at which wave length the disoap shows only
very slight absorbance. In all cases, peptization
was accompanied by an increase in absorption at
3.0 fi. In Fig. 6 are shown results for gels peptized
by m-cresol and m-toluidine. All peptizers
used, with the exception of m-toluidine are
highly capable of hydrogen bonding to themselves
as their concentration in cyclohexane increases.
There is less tendency to form a hydrogen bond of
the N-H . . .N type than to form the O-H ... O
type of bond, with the bond energy ofan N-H .. .0
type falling intermediate between the two.2
In Fig. 6, hydrogen bonding as shown by absorb-
ance at 3.0 /is definitely taking place upon peptiza-
tion of the aluminum dilaurate with m-toluidine,
and in this case there is no complicating feature of
the peptizer molecule bonding to itself. This con-
firms the supposition that during peptization the
free hydrogen of the hydroxyl group is becoming

(21) L. Pauling, Cornell Univ.

Press, Ithaca, N. Y,

“Nature of the Chemical Bond,”
1948, pp. 313-314.
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bonded, and that the peptizer molecule is itself
acting through hydrogen bonding. Assuming the
structure of the aluminum soap polymer to be as
shown below, the mechanism of peptization can be
illustrated as follows, where the fatty acid ion is

b
represented by ~>C—R and the peptizer mole-
O
culeby R'-H
AL AL
O 0 O O
/ /
R—C OH C—R R—C OH 'V -R
\
v o' 0 0
AL Al
I\ /v
0 O O
/ \
R—C OH C—R R—C HO C—R
% / V -- /
o O 0--H—R
Al + H—R' AL
O 10 O
[ I\ \
R—C OH C—R R—C OH C—R
% / \ S
0 (6] 0 0
AL AL
/'\
O (6] 0
/ / \
R—C OH ——R R—C OH C—R
\V/ / \
0 0 (6] 0

Comparison of Peptizer Effect on Branched and
Straight Chain Soaps.—Aluminum hydroxy di-2-
ethylhexoate is known to have a higher molar
gelling capacity than aluminum hydroxy dilaurate.
To compare the action of a peptizer, gels of both
soaps in cyclohexane were made up at concentra-
tions of 0.14 molal, based upon the formula Al-
OHR2 A series of gels of this concentration con-
taining ethyl alcohol of varying amounts were also
prepared and absorbance measurements were con-
ducted on all gels at 10.1, 6.3, 2.7 and 5.8 /x Re-
sults of these measurements show that ethyl alco-
hol acting as a peptizer produces much less effect
on the 10.1 and 2.7 /x absorbance bands of the alu-
minum di-2-ethylhexoate gel than on the corre-
sponding bands of aluminum dilaurate gel. On the
other hand the decrease in absorbance at 6.3 and
the increase at 5.8 Kxis nearly the same in each case,
as shown in Fig. 7.

Assuming the action of a peptizer presented pre-
viously to be correct, the difference in effect at 10.1
and 6.3 jubetween the aluminum dilaurate and the
aluminum di-2-ethylhexoate may be explained on
the basis of the inductive effect of the 2-ethyl
group. The strength of the (O-Al) bond of the
(C-0O-Al) group is increased by the increase of the
electron density about the oxygen atom through the
inductive effect of the 2-ethyl substituent. This
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increased strength prevents the rupture of the (0-
Al) bond by the peptizer. Thus the breaking of a
second and a third (O-Al) bond and the bonding of
the hydroxyl hydrogen is prevented. The fact that
carboxylate absorption at 6.3 p. and the carboxyl
carbonyl absorption at 5.8 p are affected in the
same manner by the alcohol in the case of either di-
laurate or di-2-ethylhexoate soap, is ascribed to
the hydrogen bonding of the peptizer to the car-
boxylate oxygen with the resulting loss of resonance
in the ion and the modification to a more truly car-
bonyl structure. Although no actual rupture of
bonds is taking place, the resultant effect on the
absorbance at 6.3 and 5.8 p is the same as if the
bonds were broken.

The comparatively smaller reduction in absorp-
tion at 10.1 p shown by peptized gels of aluminum
di-2-ethylhexoate soaps is in accord with the greater
resistance to lowering of gel viscosity on peptiza-
tion shown by these gels compared to aluminum
dilaurate gels, corresponding to less rupture of the
polymer linkage -0-A1-0-.

It may be assumed that when peptization occurs
bonds associated with the polymeric linkages of
the aluminum soaps in a gel must be broken or
modified. It is evident from the proposed struc-
ture of the aluminum soap polymer that associated
with each aluminum atom are six (Al-O) linkages,
four involving the carboxylate oxygens and two in-
volving the hydroxyl oxygens. All six are not
equivalent. Consideration should be given to the
fact that the 19.1 p absorption may arise from an
(Al-O-Al) type of linkage rather than a (C-O-Al)
type. Infrared studies of organosilicon compounds
by Simon and McMahon2 have led to the assign-
ment of 9.3 absorption band to an Si-O-Si linkage.

(22) 1. Simon and H. McMahon, J. Chem. Phys., 20, 905 (1952).
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Moles of alcohol/mole di-soap in cyclohexane.
Fig. 7.

Compounds with numerous (SiO) linkages, but
without Si—O-Si linkages, showed no absorption in
this region. Richter2 has ascribed an absorption
band in the 10 p region to the Al-O-Al linkage in
aluminum oxide. The reduced peptizing action of
alcohol on aluminum 2-ethylhexoate soap gels com-
pared to its action on aluminum dilaurate gels in
respect to viscosity lowering may indicate that
though in each case there is much modification of
carboxylate ion linkages, in the case of aluminum di-
2-ethylhexoate soap gels comparatively fewer Al-
O-Al linkages are broken. The absorption phe-
nomena shown in Fig. 7 are in agreement with this
mechanism.
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The interaction of deuterium and a variety of alkanes and cycloalkanes on evaporated nickel films and on a reduced nickel

oxide catalyst leads to very similar results.
one to all hydrogen atoms exchanged.
but not total exchange.
changed one.
atoms are exchanged.

cyclobutane, in which case its rate is comparable to that of exchange.
hydrocarbon molecule with cleavage of a carbon-hydrogen bond.
a-a and a-y shifts are relatively uncommon.
carbon skeleton does not impede migration of the point of attachment but a gem-dimethyl group blocks it.

with isotopic exchange accompanying each shift,

Isotopic exchange occurs conveniently at 150-200° to produce species with from
With heptane and 3-methylhexane, the most abundant species are those of extensive
With cyclopentanes, cyclohexanes and 2,3-dimethylbutane, the most abundant is the fully ex-
In cycloalkanes no anomaly appears in the concentration of the species in which one-half of the hydrogen
Under the experimental conditions, hydrogenolysis of carbon-carbon bonds occurs only with ethvl-

The data seem to require initial adsorption of the
The point of attachment then shifts in an &/S process
A single branch in the
Since racemiza-

tion of (+ )3-methylhexane is closely correlated with the total number of molecules exchanged, a symmetric intermediate is

required during the exchange process.

A recent paper from this Laboratory?2 presented
a study of the interaction of hydrogen and deute-
rium with heptane, (+)3-methylhexane, 3,3-dimeth-
ylhexane and 2,2,3-trimethylbutane on a nickel-

(1) Presented at the September, 1954, meeting of the American

Chemical Society.
(2) R.L.Burwell, Jr., and W. S. Briggs, J. Am. Chem. Soc., 74, 5090
(1952).

kieselguhr catalyst. Of those molecules which ex-
changed, most suffered exchange of many hydrogen
atoms. Most of the molecules of (+)3-methyl-
hexane which were exchanged were also racemized.
It appeared that initial adsorption of alkane in-
volves dissociative adsorption with rupture of a
carbon-hydrogen bond followed by migration of
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the point of attachment of the alkyl fragment with
accompanying isotopic exchange. With (+)3-meth-
ylhexane, at some stage a symmetric intermediate is

formed. It seemed wise to see in how far these

initially rather surprising results are characteristic
of nickel catalysts in general. This paper reports a
study of eleven alkanes and cycloalkanes on evapo-
rated nickel films, on reduced nickel oxide and on
another type of nickel-kieselguhr catalyst.

Experimental

Materials.—The following Phillips Petroleum Company
Research Grade hydrocarbons were used without treatment:
cyclopentane, methylcyclopentane and methylcyclohexane.
Heptane was percolated through silica gel and fractionated
in a 50-plate Podbielniak Heli-Grid column, ré&d 1.3853.
Phillips Pure Grade 2,3-dimethylbutane was similarly
treated, n2d 1.3724, as was Eastman Kodak Company cy-
clohexane, NFD1.4234. Neopentane was kindly furnished
by Professor H. Pines and 1,1-dimethylcyclohexane, 99.9
mole % pure, by Dr. Kenneth Greenlee of the American
Petroleum Institute Project 45, Dr. Cecil Boord, director,
at the Ohio State University.

3,3-Dimethylpentane was prepared by interaction of t
amyl chloride and ethylene in the presence of aluminum
chloride at —40°.3 The resulting I-chloro-3,3-dimethyl-
pentane was converted to 3,3-dimethylpentane by prepar-
ing and hydrolyzing the Grignard reagent. After prelim-
inary distillation, the material was percolated through silica
gel and distilled in the 50-plate column, jiZd 1.3886.

Ethylcyclobutane was prepared by R. G. Armstrong
following Pines, Huntsman and Ipatieff,&n2D 1.4018. It
was percolated and distilled as above.

(+ )3-Methylhexane was prepared from active amyl
bromide6 by reaction of the Grignard reagent of this com-
pound with acetic anhydride at —78°.6 The resulting 4-
methyl-2-hexanone was reduced to the hydrocarbon by the
Wolff-Kishner method.7 The product was distilled, per-
colated through silica gel and distilled on the 50-plate
column. The infrared spectra of several batches were shown
identical with “hose of the Bureau of Standards Standard
Sample of this hydrocarbon by a substitution method.
This method of preparation is superior to the one formerly
described.2

Tank deuterium gas was secured from the Stewart Oxy-
gen Company under allocation from the Atomic Energy
Commission. Before use it was passed over copper at 450°
and then through a Dry Ice trap.

The nickel catalyst was prepared by Mr. W. S. Briggs
from nickel carbonate which was precipitated from a solu-
tion of nickel nitrate by the rapid addition of sodium car-
bonate. The precipitate was thoroughly washed by decan-
tation, filtered: dried at 110° and treated with oxygen at
300° for four hours. 20-40 mesh material was selected and
reduced at 300° in hydrogen before placing in the catalyst
chamber where it was rereduced. Harshaw Chemical Com-
pany’s nickel-kieselguhr catalyst was crushed and 20-40
mesh material was selected.

YSIS—Products were examined on the Baird re-
cording infrared spectrograph. The C-D band at 4.6 Nwas
used to get an immediate estimate of the degree of exchange
and to select suitable samples for mass speetrographic
analysis.

Mass speetrographic analyses of hydrocarbons of mo-
lecular weight of 98 and higher were performed on a Con-
solidated mass-spectrometer under the direction of D. V.
Kniebes at the Institute of Gas Technology, Chicago,
Illinois. Those of lower molecular weight were examined
on a manual Westinghouse mass-spectrometer in the De-
partment of Chemical Engineering at Northwestern Uni-
versity under the supervision of D. M. Mason. Relatively
high pressures of hydrocarbon were used to get as much sen-
sitivity in the determination of the isotopieally exchanged
species as possible. The % of each exchanged species was

(3) L. Schmerling, J. Am. Chem. ftoc., 67, 1152 (1945).

(4) IT. Pines, W. 1). Huntsman and V. N. Ipatieff, ibid., 75,
(1953).

(5) R. L. Burwell, Jr., and G. v Gordon, T11, ibid., 70, 3128 (1948).

(ft) M. S. Newman and A. S. Smith, J. Org. Chem., 13, 592 (1948).

(7) Fluang-Mir.lon, J. Am. Chem. Soc., 68, 2487 (194ft).
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computed from the parent peaks save for neopentane in
which case mass 57 was employed and 3,3-dimethylpentane,
mass 85. The treatment of the mass spectroscopic data
was as before.2

Evaporated Nickel Films.—Evaporated nickel films were
prepared by customary procedures including careful de-
gassing at elevated temperatures. Owing to the necessity
of collecting enough 3-methylhexane for polarimetry, the
scale of operation was much larger than that generally used
by previous workers.

The catalyst chamber was a section of glass tubing 45 mm.
in inside diameter and between 50 and 75 mg. of nickel was
evaporated onto the inner surface of this tube while the tube
was cooled in ice-water. Gaseous mixtures of deuterium
and hydrocarbon were prepared by bubbling deuterium gas
through a sample of previously degassed hydrocarbon held
at a suitable temperature. The mole ratio of deuterium
to hydrocarbon was about 3 save with (+ )3-methylhexane
in which it was about 2. The reactant stream entered at
the bottom of the catalyst chamber Via8 mm. tubing coiled
helically around the large tube. The whole was surrounded
by a furnace so that the reactant stream entered the cata-
lyst chamber at reaction temperatures. A furnace sur-
rounded the catalyst tube. A hemispherical shell of glass
about 40 mm. in diameter was placed open end up immedi-
ately above the joint of the entrance tube to the catalyst
tube. This served to start the gas stream up the inner face
of the catalyst tube.

The effluent stream was passed into a trap cooled with
liquid nitrogen and containing a calibrated section of small
bore tubing at the bottom. Flow rates lay between 0.3 and
0.7 cc. of liquid hydrocarbon per hour.

Nickel Catalysts.—Experiments on reduced nickel oxide
and on nickel-kieselguhr were run in an apparatus which
will be described elsewhere. It is generally similar to that
formerly used2but contains a positive action pump deliver-
ing degassed hydrocarbon into an evaporator provided with
deuterium flow. Two cc. of catalyst was employed. Flow
rates were about 3.4 cc. of liquid hydrocarbon per hr. and
of deuterium, 0.0265 mole per hour. The catalysts were
reduced initially at 325°. The catalyst from nickel oxide
declined in activity with use. Activity could be restored
by repeating the treatment with hydrogen at 325°.

Experimental Results

The activities of the evaporated films and of
the reduced nickel oxide were rather similar. Meas-
urements on the former were made at 130-200°
and on the latter at 156-210°.

From the data of Beeck, Smith and Wheeler8
one expects evaporated nickel films to have surface
areas of 10 sq. meters per gram at 0°. About 0.22
cc. of vapor (STP) would, then, completely cover
the surfaces of our films in adsorption with two
point attachment. This would apply to films at 0°,
sintering would reduce this figure. It is not surpris-
ing that we had some troubles with poisoning. Af-
ter a run, the hydrocarbon in the evaporator was
often replaced by another. Attempt was made to
avoid the introduction of oxygen during this proc-
ess. It was commonly possible to get two runs on
the same film and occasionally three before serious
loss of activity occurred. Particularly in early
runs, there seemed to be some variation in initial
activity of different preparations.

Typical exchange distribution patterns are shown
in Figs. 1 and 2. (Tabulated data for these and
many other runs will be supplied on request to
Robert L. Burwell, Jr.). In general, very simi-
larly shaped curves were observed on nickel
films and on reduced nickel oxide.

At 86°, on the sample of nickel-kieselguhr pre-
viously studied, heptane gave a curve characterized

(8) O. Beeck, A. 10 Smitli and A. Wheeler, Proc. Roy. =, (London),
A177, 63 (1940).
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Species with given no. of deuterium atoms.

Fig. 1—Distribution patterns of deuterated alkanes:
pattern A, Harshaw nickel-kieselguhr, heptane, 96°;
pattern B, reduced nickel oxide, heptane, 176°; pattern C,
reduced nickel cxide, 3-methylhexane, 210°; the heptane
pattern under these conditions differs mainly in ¢ being
but half so great; pattern D, reduced nickel oxide, 3,3-
dimethylpentane 210°.

by decline to D7 followed by relatively constant
abundance nearly to Di6 (Fig. 1 of ref. 2). At 96°
another sample of nickel-kieselguhr (Harshaw)
exhibits a small maximum i:i the distribution pat-
tern as shown in Pattern A, Fig. 1

On reduced nickel oxide at 160-210°, heptane and
3-methylhexane give patterns of the type B and C.
The maximum is at Du at 160°. As the tempera-
ture is raised, the maximum moves to the left as
shown in patterns B and C. The two hydrocarbons
give very similar curves under similar conditions.

Nickel films give the same kinds of patterns but
less definite statements are possible since fewer
comparable runs were made and partial poisoning
may partly confuse the issue.

Consequent to isotopic exchange, hydrogen ac-
cumulates in the gaseous deuterium. This causes
the maximum in the distribution pattern to shift
to the left with increasing extent of reaction. The
observed shift with increasing temperature is but
partly caused by this effect.

The relative extent to which the differences be-
tween patterns A and B result from difference in
temperature and from difference in particle size is
under investigation. Nickel-kieselguhr as reduced
at 300° exhibits variation of magnetization with
temperature2 indicative of small particle size.9
The plot of magnetization against temperature for

(9) P. W. Selwood, T. R. Phillips and 8. AdIfir, J. Am. Chem. Soc.,
76, 2281 (1954).
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Species with given no. of deuterium atoms.

Fig. 2.—Distribution patterns of deuterated hydro-
carbons: pattern E, evaporated nickel film, 2,3-dimethyl-
butane, 200°; pattern F, reduced nickel oxide, cyclohexane,
176°; pattern G, 1,1-dimethylcyclohexane, evaporated
nickel film, 201°; pattern H, evaporated nickel film, cyclo-
pentane, 200°.

reduced nickel oxide is very similar to that of bulk
nickel.10 This is indicative of relatively large par-
ticle size.

Pattern D (3,3-dimethylpentane) is character-
istic of both evaporated nickel and of reduced nickel
oxide. The minimum at D2is observed on both.

Cycloalkanes exhibit similar patterns on both
catalysts. The comparatively large abundance of
Dr seems characteristic of cyclohexane (pattern F).
Methylcyclohexane on nickel films and methylcy-
clopentane on both catalysts gave curves closely
resembling the parent cycloalkane but with an ex-
change pattern extending to two more deuterium
atoms.

Passage of ethylcyclobutane and deuterium over
an evaporated nickel film at 150° resulted in some
hydrogenolysis since some species of mass number
greater than CiD” were observed. The results
may be presented as follows, CsHnD, 3.03%; D2
1.63; D3 1.07; D4 0.90; D5 1.01; D,, 1.29; D7,
1.74; D8 2.03; D9 241; DIg 2.48; D,, 2.26;
D12 1.74; D13 1.18; D4 0.68; Du, 0.28; Du,
0.23. It is assumed here that all species have the
same sensitivity as ethylcyclobutane.

The relative rates of exchange of heptane, 3-
methylhexane, 3,3-dimethylpentane, cyclohexane
and methylcyclopentane were determined or. the
reduced nickel catalyst in order to compare chem
with the relative rates of exchange of several hy-
drocarbons published previously.2 A run on each
of the last four hydrocarbons was sandwiched be-
tween two runs on heptane. The catalyst was as-
sumed to be in the same state throughout if the

(10) We are indebted to Dr. T. R. Phillips for this determination.
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depth of the C-D absorption band in the heptanes
was nearly the same. One of the heptanes was ex-
amined mass spectroscopically. The percentage of
heptane molecules exchanged thus found was cor-
rected to the average values for the two reference
runs on the basis of the absorption at the C-D
band (4.6 g). In one case, the heptane runs dif-
fered by 10%, in the other cases by no more than
3%. Duplicate agreeing sets of runs are available
for 3,3-dimethylpentane and methylcyclopentane.

Where the mass spectroscopic patterns permit
unequivocal sorting of the exchange patterns of two
different hydrocarbons, a mixture of hydrocarbons
may be passed over a catalyst and the relative rates
of exchange thus determined. Heptane and 3,3-
dimethylpentane exemplify this situation. Since
the latter compound has a negligible parent peak,
there is no interference with the heptane analysis.
3,3-Dimethylpentane has a large peak at mass 85
and heptane has a small peak the effect of which
can be subtracted out. In a run at 200° on an
evaporated nickel film, 58.8% of the heptane mole-
cules had exchanged, 21.7% of the 3,3-dimethyl-
pentane.

Data on relative rates of exchange are presented
in Table I in terms of the number of molecules of
hydrocarbon exchanged referred to heptane as 1.0.
It was assumed that the rate of appearance of ex-
changed molecules was first order in unexchanged
molecules. Thus the relative rate is

InZ/In Za

where z is the fraction of molecules which has not
exchanged and zo that fraction for heptane under
the same conditions. Since cyclohexane and
methylcyclopentane were fed at the same liquid
volume rate as heptane, correction was made for
contact time.

Tabte |

R ates of Exchange Relative to Heptane"

Evaporated UOP nickel- Reduced
nickel films kieselguliré nickel oxide
Heptane 1.0 1.0 1.0
3-Methylhexane 0.75(120°) 1.16(170°)
3,3-Dimethyl-
pentane 0.27(200°) 0.48(210°)
3,3-Dimethy Ihexane 0.36(86°)
Cyclohexane 0.52(176°)
Methylcyclopentane 8.5 (160°)
2,2,3-Trimethylbutane 0.13(120°)

° The relative rates are followed by the temperature at
which the comparison with heptane was made. The ratios
are of numbers of molecules of hydrocarbon exchanged.
6 From ref. 2.

On nickel catalysts, the rate of exchange of 3-
methylhexane is about the same as that of heptane,
that of molecules containing r/m-dimethyl groups
and short side chains is smaller: 3,3-dimethylpen-
tane, 3,3-dimethylhexane, 2,2,3-trimethylbutane.
Neopentane exchanges very slowly. Cyclohex-
ane exchanges more slowly than heptane but its
isomer, methylcyclopentane, exchanges much more
rapidly.

The nickel films were evaporated from 0.020 in.
nickel wire manufactured by the Driver-Harris
Company. Emission spectroscopy indicated the
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presence of copper, 0.02%; iron, 0.03%; magne-
sium, 0.4%; manganese, 0.3% and silicon, 0.02%.
Since but 15-20% of the wire was evaporated, one
cannot say just what the analysis of the film would
have been. Presumably, particularly volatile im-
purities would concentrate in the first part of the
film.  In one experiment, about 40 mg. of nickel
was evaporated. This film was removed and a film
made from the remaining wire. The activity of the
second film and the exchange patterns of 3-methyl-
hexane and of cyclohexane were indistinguishable
from those of the other films.

Discussion

As previously proposed,2 the exchange reaction
seems to require initial adsorption of the alkane
with cleavage of a carbon-hydrogen bond followed
by migration of the position of attachment with
consequent exchange of one deuterium atom for
each such migration.

The propagation reaction (that is, the migration
of the position of attachment) is not significantly
affected by the presence of a single branch in the
alkane. This is clearly shown by the resemblance
of the results with heptane with those of 3-methyl-
hexane. Nor do two branches on different carbon
atoms interfere as is shown by the exchange pat-
tern of 2,3-dimethylbutane, Fig. 2, pattern E.

However, as previously found for 3,3-dimethyl-
hexane,2a double branch on the same carbon atom
blocks the propagation reaction. This is shown by
3,3-dimethylpentane in which only one of the ethyl
groups exchanges, Fig. 1, pattern D. The slight
concentration of species containing more than five
deuterons results from double adsorption of the
same molecule, the probability of which is V2N 2
where x is the fraction of molecules which have ex-
changed once.2

Limitation of the exchange of 1,1-dimethylcyclo-
hexane to ten deuterium atoms (the number of
hydrogen atoms attached to the ring) illustrates
the same point, Fig. 2, pattern G. These runs show,
however, that the double branch does not seriously
interfere with exchange of hydrogen atoms at-
tached to the carbon atom adjacent to the branch.

Neopentane exchanges very slowly. The princi-
pal species which appears is C8H1ID. Concentra-
tions of doubly and trebly exchanged species are
small. In one run at 200° on nickel film, the con-
centrations of C5H1D, C5HI0D2 and C5H D3 were
1.38, 0.12 and 0.08%, respectively. No CH&4
could be detected. Therefore, a-a migration of the
position of attachment is not very frequent, a-y
migration is not the dominant type. It hardly oc-
curs at all past a double branch as shown by 3,3-
dimethylpentane and 1,1-dimethylcyclohexane.
With cyclohexane were it to occur exclusively,
then only the six hydrogen atoms attached to car-
bon atoms 1 (the atom at which adsorption first
occurs), 3 and 5 would exchange. The complete
absence of any anomaly in the concentration of
CeEH @ eproves that this reaction is not dominant at
these temperatures, Fig. 2, pattern F.

On the other hand, as shown by multiple ex-
change in 3,3-dimethylpentane, a-(3 migration oc-
curs. It seems likely, then, that aﬁmigration is
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the reaction which is principally responsible for
multiple exchange.

If cycloalkanes were adsorbed flat and so re-
mained, one would expect an anomaly to appear at
the concentration of the species in which half of the
hydrogen atoms in the ring were exchanged. No
such anomaly appears in cyclopentane, methyl-
cyclopentane, cyclohexane, methylcyclohexane or
dimethylcyclohexane at these temperatures. Fur-
thermore, one might expect hindrance to the flat
adsorption of the last hydrocarbon, but its ex-
change pattern closely resembles that of cyclohex-
ane.

The migration of the position of attachment in
cyclic systems is relatively stereo-insensitive under
the conditions studied. Thus, if migration were to
occur exclusively to an adjacent cfs-position, cyclo-
pentane and cyclohexane would exchange but half
of their hydrogen atoms. If migration were to
occur exclusively to the ;rans-position, cyclohex-
ane would exchange but six hydrogen atoms.

Furthermore, migration of the point of attach-
ment does not require the hydrogen atom adjacent
to the point of attachment to be in a gauche- or a
Zrans-position since the relatively rigid molecule,
cyclopentane, exchanges without difficulty.

On the whole, evaporated nickel films and re-
duced nickel oxide behave very similarly. Ex-
change patterns for heptane, 3-methylhexane, 3,3-
dimethylpentane, cyclohexane and methylcyclo-
pentane were closely similar on the rwo catalysts.
There is no sign of anything unusual about evapo-
rated nickel films. Once this material has been ex-
posed to reactant it behaves in a standard fashion.

Nickel films prepared by evaporation in 1 mm.
of nitrogen rather than in vacuo gave exchange pat-
terns with 3-methylhexane and with cyclopentane
which were of the same general type as those given
by films prepared in high vacuum. After Beeck,
et ah,8the crystallites of such films are oriented with
the 110 faces parallel to the backing. The oriented
film was, however, much more active than any
other films both absolutely and relatively since its
weight was but about one-fifth that of the unori-
ented films but it gave nearly twice the conversions
of the usual films. As will appear, the ratio of ex-
change to racemization with (+)3-methylhexane
was also the same as with unoriented films. Ori-
ented films are more active in ethylene hydrogena-
tion than are unoriented ones.8

Leaving out of consideration the b.ocking of the
propagation reaction, the exchange patterns fall
into two groups. 3-Methylhexane resembles hep-
tane while all the cycloalkanes resemble 2,3-di-
methylbutane (pattern E). The difference must
lie in variation in the ratio of the probability of the
propagation reaction to that of desorption. This
ratio may also depend upon whether the position
of adsorption is in the center or at the end of the
acyclic alkanes. However, it is the more compact
molecules which give curves with the maximum at
the most exchanged species. This would seem to
result in some degree from surface steric require-
ments for completion of the propagation reaction.
(Compare, for example, 3-methylhexane and meth-
ylcyclohexane.}
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One might suggest that multiple exchange re-
sults from diffusion of an alkane molecule into a pore
in which it has many chances of adsorption with
single exchange before it diffuses out of the pore.
The possibility of this kind of a diffusion mecha-
nism is often very difficult to eliminate. It can be
eliminated unequivocally in the present -case.
If such a mechanism were to obtain, at low total
conversions, at least ten hydrogen atoms of 3,3-
dimethylpentane would be subject to exchange in-
stead of but five.

One expects hydrogenolysis of carbon-carbon
bonds at temperatures somewhat above those at
which exchange starts.112 In our experiments,
hydrogenolysis was generally absent. We passed
heptane and light hydrogen over a freshly evapo-
rated nickel film at 200°. The infrared adsorption
spectra of the products were indistinguishable
from those of the reactant. As tested mass spec-
troscopically no significant amount of methane ap-
peared in the off gas. This experiment was re-
peated with the same results. With cyclohexanes
and cyclopentanes, hydrogenolysis would lead to
species of mass numbers greater than those of the
fully exchanged alkanes. None was observed.

However, with ethylcyclobutane on an evapo-
rated nickel film, species heavier than CeDi2 were
observed (see section “Experimental Results”).
D13, DX Du and Di6 must correspond to exchanged
hexanes. Thus, exchange of the cyclobutane ring
is accompanied by extensive ring opening to pro-
duce mainly 3-methylpentane.2 On the other
hand, the peak corresponding to Di must be singly
exchanged ethylcyclobutane. If one allows that
hydrogenolysis of the ring would necessarily intro-
duce at least two deuterium atoms, then D2and D3
are doubly and trebly exchanged ethylcyclobutane.
Whether these one, two and three deuterium atoms
are in the ring or in the ethyl side chain could not
be ascertained.

By the use of optically active 3-methylhexane,
one may determine the stereochemistry of the ex-
change reaction. If both the production of ex-
changed species and the loss of rotation proceed as
first order reactions, the ratio of the rate of exchange
to that of racemization is

In Z/In (&l of)

where z is the fraction of molecules which have
suffered no exchange.2 Table Il presents the re-
sults obtained in the present work. The probable
error when small is determined by the % exchange,
when larger, by the accuracy of polarimetry.

On the Universal Oil Products Company nickel-
kieselguhr used before2 the ratio was about 1.6, in
agreement with that on the Harshaw catalyst.
The reduced nickel oxide and particularly the evap-
orated films give lower values, closer to 1.2. With
all catalysts there are some species with but a few
deuterium atoms introduced in which exchange has
probably not propagated to the optical center and,
therefore, would not have resulted in loss of rota-

(11) K. Morikawa, W. S. Benedict and H. S. Taylor, J. Am. Chem.
Soc., 58, 1445 (1936); 58, 1795 (1936);
and H. S. Taylor, ibid., 59, 1103 (1937).

(12) V. Haensel and V. N. Ipatieff, ibid., 68, 345 (1946); but see,
also, B. A. Kazanskii and M. Yu. Lukina, Doklady Akad. Nauk
S.S.S.R., 74, 263 (1950).

K. Morikawa, N. R. Trenner
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tion. The fraction of molecules having 3 deute-
rium atoms or less is listed in Table Il. The choice
of 3 deuterium atoms is, of course, rather arbi-
trary.

Table Il

Ratio of Rate of Exchange to that of Racemization fob
(+ )3-Methylhexane

Fraction

Run Dl + DI +
Catalyst no. Ratio® ql>
ITarshaw nickel-kieselguhr 107 1.7+ 0.1 0.24
Reduced nickel oxide 122 14+ 3 .24
136 16+ .2 21
153 12+ 1 .16
Evaporated nickel film 192 11+ 1 A2
199 15+ .3 19
228" 11+ 1 .08
22h' 12+ 1 A2

“ The ratio of the rate of formation of exchanged species
to that of loss of rotation. 6Fraction of total molecules
exchanged which had 1, 2 or 3 D-atoms. COriented film.

The assumption that such molecules are responsi-
ble for the ratio exceeding 1.0 is consistent with
the exchange patterns. There are relatively more of
the less extensively exchanged molecules with
nickel-kieselguhr than with the other catalysts.
In run 17 of ref. 2 on a nickel-kieselguhr which has
been reduced at 250° rather than at 300°, a/a(
was 0.979, whence the ratio is 3.2 + 0.6. On this
run, there is nearly an exponential decline in con-
centration with increasing degree of exchange and
a much larger proportion of slightly exchanged spe-
cies.

Our previous conclusion that racemization ac-
companies substantially all exchange at the tertiary
carbon atom applies also to the catalysts studied in
this paper.

A study of isotopic interchange between deute-
rium and ethanel3and between deuterium and pro-
pane and isobutanel4 on a series of evaporated
metal films including nickel has been reported. Mul-
tiple exchange was observed but, with nickel at 0°
and long contact times, considerably less multiple
exchange was observed than with the hydrocar-
bons we have studied at higher temperatures.
Whether this difference results from the differences
in the hydrocarbons or in the differences in temper-
ature and pressure (Anderson and Kemball worked
at much lower total pressures) is not clear. In
contrast to our results, oriented and unoriented
nickel films give rather different types of exchange
patterns with ethane, the oriented film giving less
multiple exchange.

Kemball and Anderson interpreted multiple ex-
change by the same general type of process which
had been suggested for nickel-kieselguhr.2 How-
ever, their suggestion that the propagation of the
exchange reaction proceeds through

(13) J. R. Anderson and C. Kemball, Proc. Roy. Soc. (London),
223A, 361 (1954).

(14) C. Kemball, ibid., 223A, 377 (1954).
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suffers from the difficulty that it cannot explain
the racemization of (+)3-methylhexane.2 Further,
it is equivalent to adsorbed ethylene, which, in the
presence of deuterium, returns considerable deu-
teroethylene to the gas phase as is also true of
adsorbed butylenes.13 One would have to assume
that no such return would occur in exchange be-
tween alkanes and deuterium since, at the tempera-
tures under consideration, the equilibrium concen-
tration of olefin would be infinitesimal. Similar ob-
jection can be raised to two of the symmetric inter-
mediates suggested to allow for racemization.2
This consideration alone, however, is not necessar-
ily fatal since the rate of olefin desorption could
vary with surface conditions as influenced by the
partial pressure of olefin in the vapor phase.

One symmetric intermediate previously sug-
gested2could account for the results and would con-
fine the propagation reaction to an a-8 shift. As
applied to (+)3-methylhexane it takes the form

An ¢,
/ v/

c

On the other hand, an adsorbed alkyl group might
have a less classical structure. Our knowledge of
surface orbitals does not seem adequate to specify
exactly the nature of an adsorbed radical. If the
adsorbed alkyl group was planar and if the plane
of the radical was perpendicular to the surface, ad-

%\

R2 Ra R3

SSSSSSSSSsS SSSSSSSSSS

sorbed (+)3-methylhexane would pass through a
symmetric form. The details of the exchange of
cycloalkanes would also be intelligible. This pro-
posed intermediate is equivalent to a free radical in
which the p-orbital interacts with surface orbitals.
Addition of a hydrogen atom to the central carbon
atom would result in desorption while simultaneous
removal of a hydrogen atom from one of the ad-
jacent carbon atoms would result in propagation
of exchange. The stereochemistry would be satis-
fied if the adsorbed alkyl group merely passed
through the proposed structure. The adsorbed
alkyl group would not necessarily exist mainly in
such a form. There is some interrelation between
the two possibilities given above since, in the first,
either the plane of the non-adsorbed free radical
must be perpendicular to the surface or there must
be free rotation about the central carbon-carbon
bond.

We have derived an expression for the exchange
pattern of cyclopentane on a model involving ini-
tial adsorption at a single point coupled with ran-
dom migration of this point of attachment with ex-
change of a deuterium atom at each shift. This

(15) T. I. Taylor and V. H. Dibeler, This Journal, 55,

(1951). This paper is a leading reference to previous work in the field
of olefin hydrogenation and exchange.
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model does not, confine the propagation reaction to
a-fi shifts but mathematically it is less refractory.6
When probability of migration of the point of at-
tachment at any stage is about 0.91 (or the proba-
bility of desorption is 0.09), the exchange pattern is
one in which all exchanged species have about the
same concentration. When the migration proba-
bility exceeds 0.91, the concentration steadily in-
creases with increasing exchange, and when it is less
than 0.91 it declines with increasing exchange. The
exchange pattern of cyclopentane cannot result
from such a model. However, if the migration
probability was below 0.9 on one crystal face and

(16)
solution of this combinatorial problem.

The Scattering of Light by Sucrose Solutions

We are indebted to Mrs. H. C. Rowlinson for the mathematical
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above 0.93 on another face, then a curve of the ob-
served form Fig. 2, Pattern H would result. An-
derson and KemballBtreated ethane from a rather
similar model with similar conclusions. In any case,
considering that many of the exchanges accom-
panying the propagation reaction would merely
replace a deuterium atom by another deuterium
atom, the net probability of desorption at any
stage must be small in order that exchange of all
hydrogen atoms in a substantial fraction of cyclo-
pentane would result.
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Previously published agreements between the measured turbidities of sucrose solutions and turbidities calculated from
osmotic pressure data prove to be fortuitous, and are due to a compensation of calibration errors by neglect of some
important corrections, particularly that due to depolarization of the scattered light. Consequently, the turbidities and
depolarization ratios of sucrose solutions up to a concentration of 0.59 g. per cc. have been redetermined at 25° and at two
wave lengths, 4358 and 5461 A. The newly observed turbidities are shown to be in very good accord with those calculated
from concentration dependence of osmotic pressure, and they yield for the molecular weight of sucrose 338 + 6 g. per mole,

as against the theoretical 342.

Introduction

Debyel and Halwer2 have both measured the
turbidities of sucrose solutions, and have presented
results to show that the measured turbidities were
in satisfactory agreement with those calculated
theoretically from the osmotic pressures of the so-
lutions. Debye’s measurements were based on the
turbidity of the Cornell standard polymer, whose
value was taken to be 2.70 X 10~3cm.-1 at 4358 A.
and 25°, a value shown subsequently to be consid-
erably in error3and equal actually to 3.50 X 10-3
cm.-1. Again, although Halwer employed an
opal glass as a turbidity standard, he obtained on a
cross-check a value of 256 X 10y3cm.-1 for the
Cornell standard polymer at 4358 A., a value which
would suggest that his measurements were also
based on an incorrect standard. These facts came
to light when we attempted to compare the turbid-
ities of sucrose solution as based on Ludox calibra-
tion4 witli the published values, and found the
former to be invariably higher by a considerable per-
centage.

The apparent agreement with theory obtained
by Debye and Halwer, even though their standards
were incorrect, has been found to be due largely to
neglect by these authors of the depolarization cor-

(1) P. Debye, T his Journal, 51, 18 (1947).

(2) M. Halwer, J. Am. Chem. Soc., 70, 3985 (1948).

(3) C. 1. Carr and B. H. zimm, J. Chem. Phys., 18, 1616 (1950);
B. A. Brice, M. Halwer and R. Speiser, J. Opt. Soc. Am., 40, 768
(1950); P. Doty and R. F. Steiner, J. Chem. Phys., 18, 1211 (1950);
H. P. Frank and H. Mark, J. Polymer Set., 10, 129 (1953); S. H.
Maron and R. L. H. Lou, ibid., 14, 29 (1954).

(4) S. H. Maron and R. L. H. Lou, J, polymer Sri., 14, 29/
(1954).

rection. This correction is, as will be shown below,
quite appreciable for sucrose solutions, and its neg-
lect compensates to a large degree for the error in
the standards. In view of this situation, we de-
cided to reinvestigate this question of the turbidities
of sucrose solutions and their relation to osmotic
pressure, because this system offers an excellent
means of testing the theory of scattering of light by
solutions under conditions where dissymmetry is
absent. The results obtained in this study are
presented here.

Theoretical Considerations.—Debye5 has shown
that, for a solution of small isotropic particles, the
excess turbidity, t, due to solute is related to the
osmotic pressure of the solution, P, by the expres-
sion

r32,rw /d -] CRT
T- L 3N\ vac) J (bP/bC)
Here nois the refractive index of the pure solvent, m
that of the solution of concentration c, N is Avo-
gadro’'s number, T the temperature, R the gas con-
stant, and Athe wave length of the light employed.
In deriving this equation Debye introduced the ap-
proximation that (. + me)2 ~ 4 mo2- Although this
approximation is quite valid for dilute solutions, in
sucrose solutions of 0.6 g. per cc. concentration it
can introduce an error of ca. 4%. Consequently,
for our purposes the more exact equation to be used

is

[8ugm + m)2/'4mV I CRT (2a)
~ L 3A\4 \dC/ J (OP/OC)

HCRT
~ (OPIOO) (2b)

(5) P. Debye, J. Appi. Phys., 15, 338 (1944).
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where H is equal to the quantity in brackets in (2a).

When the solute particles are non-isotropic, and
the scattered light is depolarized, equation 2 has
to be modified by the introduction of the depolari-
zation correction factor (6 + 6pu/(6 — 7pu,
where pu, the depolarization ratio, is the ratio of
the horizontal to the vertical components of the
light scattered by the solute at 90° to the direction
of the incident unpolarized light. Equation 2 be-
comes thus

HCRT (6 + spi\
T (bP/dC) ve - 7pj (1}

and this expression permits then the calculation of
r from the osmotic pressures and the depolarization
ratios of the solutions at the various concentrations.

Experimental

The sucrose employed in these studies was the highly
purified product supplied by the National Bureau of Stand-
ards for calorimetric work, and it was used without further
purification. The aqueous solutions of this sucrose showed
considerable dissymmetry which could not be removed by
filtration through even ultrafine sintered glass filters. To
effect the required optical cleanliness of the solutions, the
following procedure was finally adopted. The sucrose
solutions, adjusted to 25°, were introduced into Corning
ultrafine sintered glass filters containing about a 0.5-inch
layer of fresh and dry activated carbon powder. The solu-
tion and carbon were then thoroughly mixed by shaking,
and the mixture filtered under nitrogen pressure directly
into the scattering cell kept in an isolated dust-proof at-
mosphere. The solutions thus obtained were tested then
for dissymmetry, and only those which showed none were
employed for the light scattering measurements.

Fig. 1—Dependence of dp/dC of sucrose solutions on
concentration at 25°.

Since the abcve purification procedure may modify the
concentrations of the solutions, the latter were checked in
all cases by determination of the density of the filtrates.
A density-concentration curve prepared from the same
sucrose allowed then the establishment of the concentration.

The turbidities of the sucrose solutions were determined
by 90° scattering measurements in the manner described
before,4 and are based on calibration of the light scattering
photometer with Ludox dispersions.s From the observed
90° intensity c930, the intensity of scattering solute, IND
was obtained by the relation

130° — ¢90°(¢LCt) x@Wsotventy (4)

where C, is the correction for refractive index variation, Cv
is the correction for the volume observed by the phototube,s
and 900 (sohvert) is the intensity observed when the cell was
filled with purified water. There is no CnCT correction re-

(6) S.H.Maronand R. L. H. Lou, J. Polymer Sci., 14, 273 (1954).
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quired for the latter quantity because in our case this cor-
rection is referred to water as areference.®

The variation of refractive index with concentration,
dp/dc, was determined at 4358 and 5461 A. with a Phoenix
differential refractometer. The refractive index of water
at 4358 A. was taken from the literature, while poat 5461 A.
was determined by use of a Bausch and Lomb precision
refractometer.

The depolarization ratios for the various sucrose solutions
were measured in the light scattering photometer as follows.
The photomultiplier tube, with a polaroid analyzer mounted
in front of it, was set at o ° angle and exposed to the incident
light beam attenuated through a suitable set of neutral
filters. The dynode voltage was then regulated to give a
selected constant reading (corrected for dark current).
Next the scattering cell was shifted into the beam, the
photomultiplier tube moved to the 90° position, and a
reading of intensity taken. The same operation with the
same filters and constant setting was repeated to obtain
readings for the other plane of polarization. By employing
this procedure for every scattering measurement, any errors
which may arise from possible shifts in light intensity,
fluctuations in photomultiplier sensitivity, and differences
in sensitivity of the latter toward different planes of polari-
zation, were minimized. Finally, in order to obtain inten-
sity contribution due only to solute, the solvent readings ob-
tained in identical manner were subtracted from all solu-
tion readings.

All the optical measurements described in this paper were
performed within about a degree of 25° and hence they can
be considered to be applicable to this temperature.

Results and Discussion
In Table I, Column 8, are given the turbidities
found in the present study for the series of sucrose
solutions at 4358 and 5461 A. Figure 1, in turn,
shows d/x/dc as a function of concentration. Since
these plots are linear within experimental error over
the concentration range of interest, we may write

o a bC (5)

and hence on integration

M=w+ aC- | C* (6)
For the sucrose solutions at 4358 A. a =
b = 0.0053, while at 5461 A. a = 0.1431 and b =
0.0050. These equations were used to calculate the
fi and dju/dc values shown in columns 3 and 4 of
Table I. A check of ix as given by equation 6 with
directly determined refractive index showed the
equation to be more than adequate for the purpose
at hand.

The bp/bc values for the various sucrose solu-
tions, shown in column 5 of Table I, were obtained
by graphical differentiation of large scale plots of
(P — Pi) vs. C, where P is the experimentally ob-
served osmotic pressure in atmospheres and P; =

0.1453 and

(crT/M) is the osmotic pressure according to
Van't Hoff's law of ideal solutions. From such
slopes bP/bc follows at 25° as
oP RT b(P- PO
aC M + bC
- b(P - PO
= 7150 + ( bC (7)

The differentiation was performed with the aid of a
precision tangentimeter made in this Laboratory.
Up to 1 molal solutions the osmotic pressure data of
Morse7 at 25° were used after conversion to g.
of sucrose per cc. of solution with aid of the densi-

(7) Morse, Publ. Carnegie Inst. Washington No. 198, 1914, p. 184.



Mar., 1955 T he Scattering op Light ry Sucrose Solutions 233
Tabte |
Summary of Light Scattering Data for Sucrose Solutions at 25°
oP

Concn. M oc 6 + 6ou r x 104(cm.')
c,g./cc. x, A. dC atm. ec./g. 6 - 7PU Eq. 3 Obsd. X 10*
0.0000 4358 1.3397 1.07 2.81
5461 1.3339 1.07 2.72
.0352 4358 1.3448 0.1451 77.9 1.08 0.689 0.680 2.99
5461 1.3389 . 1429 77.9 1.08 0.269 0.279 2.84
.0614 4358 1.3486 .1450 80.9 1.09 1.17 1.16 3.05
5461 1.3427 .1427 80.9 1.09 0.457 0.474 2.91
.106 4358 1.3551 1447 87.5 1.09 1.86 1.86 3.29
5461 1.3491 .1425 87.5 1.09 0.726 0.775 3.08
.163 4358 1.3633 .1445 98.0 1.11 2.63 2.67 3.54
5461 1.3571 1422 98.0 1.11 1.03 1.11 3.32
.251 4358 1.3760 .1440 118.4 1.12 3.38 3.47 4.20
5461 1.3696 .1418 118.4 1.12 1.32 1.41 4.03
314 4358 1.3850 1437 132.8 1.14 3.86 3.80 4.83
5461 1.3786 1414 132.8 1.14 1.50 1.53 4.67
.353 4358 1.3907 .1435 143.7 1.14 4.01 3.97 5.20
5461 1.3841 .1413 143.7 1.14 1.57 1.58 5.11
434 4358 1.4023 .1430 172.2 1.17 4.22 4.05 6.26
5461 1.3955 .1409 172.2 1.17 1.65 1.65 6.03
.587 4358 1.4241 1423 304.6 1.33 3.69 3.66 9.44
5461 1.4170 .1401 304.6 1.33 1.44 1.52 8.84

ties of water and sucrose, and the volume contrac-
tion data given by Morse. For higher concentra-
tions the data employed were those of Frazer and
Myrick8and of Lotz and Frazer.9

Figure 2 shows the results obtained for the de-
polarization ratio, pu, and the depolarization cor-
rection factor, (6 + 6p,)/(6 — 7pu), as a function
of the concentration of the sucrose solutions. pu
has been found to be identical at the two wave
lengths employed, and hence the depolarization
correction factor is also the same as for both wave
lengths. From Fig. 2 it may be seen that this cor-
rection is concentration dependent and varies from
1.07 at zero concentration to 1.37 at a concentra-
tion of 0.6 g. of sucrose per cc. Consequently, omis-
sion of this correction by both Debye and Halwer
introduces errors into the theoretical calculation of
r which amount, depending on the concentration,
to from 7-37%. The depolarization correction
factors corresponding to the concentrations shown
in Table | were read from Fig. 2, and are given in
column 6 of the table.

C, g./cc. of soln.

Fig. 2.—Depolarization of scattered light by sucrose solu-
tions at 25°.

(8) J. C. W. Frazer and R. T. Myrick, J. Am. Chem. Soc., 38, 1907
(1916).
(9) P. Lotz and J. C. W. Frazer, ibid., 43, 2501 (1921).

Employing the data shown in Table I, r values
corresponding to the various concentrations have
been calculated from the osmotic pressure coef-
ficients by means of equation 3, and these are given
in column 7 of the table. The calculated r’s are
to be compared with the experimentally observed
values, and such a comparison is shown in Fig. 3.
In this figure the solid lines correspond to the « s
given by equation 3, while the points are r’'s meas-
ured experimentally. It may be seen that the
agreement between the two sets of r’sis very good.

Fig. 3.—Comparison of theoretical and experimental
turbidities of sucrose solutions at 25°.

Another way of testing the agreement between
osmotic and light scattering theories is by inter-
comparison of the quantity (I/rRT) (0pP/0cC), which
is based entirely on osmotic measurements, with
(Hcse) [(6+ 6pu/(6 - 7 pu], which is aquantity
exclusively dependent on optical measurements.
According to equation 3 the two quantities should
have identical values for a given concentration.
In Fig. 4 the solid line gives the plot of (I/RT)
(0pPs0OC) as a function of concentration, while the
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points are the experimentally observed values of
(Hcst) [(6 + 6pu/(6 — 7pu] at the two wave
lengths. Again the agreement between the two
sets of measurements is satisfactory.

C, g./cc. of soln.

Fig. 4—Comparison of (I/RT)(pP/dC) with (HC/t)[(6 +
6PH)/I(GC — 7Ht) for sucrose solutions at 25°.

Finally, Fig. 5 shows the conventional plot of
the experimental Hc/+« values, given in the last
column of Table I, vs. c. From this plot the limit-
ing vajues of Hc/+ are found to be 2.81 X 10~3at
4358 A. and 2.72 X 10“3at 5461 A. and, hence, the
molecular weight of sucrose, m, follows as

1
M (He\ /16 + 6P ®)
v T 70\6 — 7pwo

Equation 8 yieldsdor m 332 and 344 g. per mole
at 4358 and 5461 A., respectively, or an average of
338 + 6. This figure is in very good agreement
with the theoretical molecular weight of sucrose,
namely, 342.3.

Samuel H. Maron and Richard L. H. Lou
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Fig. 5—Hc /e vs. C plot for aqueous sucrose solutions at
25°.

The results presented in this paper confirm the
relation between turbidity and osmotic pressure as
epitomized by equation 3, and, further, yield the
correct value for the molecular weight of sucrose.
However, the r values obtained for the various con-
centrations of sucrose are in all cases higher than
those given by Debye or Halwer, in some instances
by as much as 27%. As has been indicated, the
low results of Debye and Halwer were due to use
of the incorrect value for the turbidity of their
standards. Again, the turbidities obtained by
these men from the osmotic pressures of sucrose
solutions were also low due to neglect of the de-
polarization correction. The compensation of the
two errors gave them an apparent agreement be-
tween osmotic pressure and light scattering which
was fortuitous, and which resulted in assignment of
incorrect turbidities to the sucrose solutions.

Acknowledgment.—The work discussed herein
was performed as a part of the research project
sponsored by the Reconstruction Finance Corpora-
tion, Office of Synthetic Rubber, in connection with
the Government Synthetic Rubber Program.
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Thermodynamic stepwise equilibrium formation constants are given for the reaction in agueous solution of the acetyl-

acetonate ion wish Cu2+, Be2+, U022+, Ni2+, Co2+, Zn2+, Mnu , Cd2+, Mg2+ and Ce3+ at 10, 20 and 40°.

Constants at

30° have been given in previous publications.46 Values of the thermodynamic quantities, AH, AS and AF are given over
the temperature range 10 to 40 ° for the formation of the first complex, MCM"-0 +, in each case (except U022+>0of MCh2" 2>+

in each case (except Zn2+ and Cd2+), and of MCh3~ in the case of Ni2+.
also given for the dissociation of acetylacetone over the above temperature range.
Comparisons are made with other thermodynamic values in the literature

is discussed in the light of the reactions involved.
involving several of these same ions with other ligand types.

Introduction

This study was undertaken (1) to learn the ap-
proximate temperature coefficients of the formation
constants for the acetylacetonates of a variety of
metal ions and (2) to compare the thermodynamic
quantities obtained with those for various other lig-
ands with the same metal ions. The thermody-
namic data available on the chelation of metal ions
are not sufficient to enable one to draw any exten-
sive conclusions concerning the energy changes which
occur. In order that the resulting thermodynamic
quantities may be reliable, measurements should be
made at more than two temperatures and all mo-
larity quotients should be converted to the ther-
modynamic constants before calculating AF, AH
and As values. This has not always been done in
the past.

Experimental

Stock solutions of the perchlorates of Cu2+, U022+, Ni2+,
Co2+, Zn2+, Mn2+, Cd2+, Mg2+ and Ce3+ and the nitrate
of Be2+ were prepared and standardized by conventional
methods. All perchlorate solutions (except UO02+) were
prepared by dissolving the metal salt (G. F. Smith Chemical
Co.) in water. The UO0ZC10,i)2 solution was prepared by
dissolving U03 (Fisher Scientific Co.), in a known amount
of HC104 and diluting to volume with water. The Be-
(NC32solution was prepared by dissolving the salt (Brush
Beryllium Co.) in water and determining the Be2+ in a
portion of the solution as the sulfate.3 Portions of these
solutions, except in the case of Cu2+, were mixed with
acetylacetone, HCh (Eastman Kodak Co.), and diluted to a
known volume. In the case of Cu2+ a portion of the Cu-
(C1042was diluted to volume without adding HCh since the
blue copper(ll) chelate precipitated when the two were
mixed under these conditions. lIdentical portions of each of
these solutions were taken and diluted to 100 ml. with water.
Following this dilution, a known volume of a standard
aqueous HCh solution was added to the Cu2+ solution.
In each case, the final solution was about 5 X 10 3 M in
Mn+and 20 X 10~3Min HCh. These solutions were placed
in the water-bath and allowed to come to thermal equilib-
rium for at least 30 minutes. Potentiometric titrations
were carried out using a Beckman Model G pH meter
equipped with glass (Beckman Type E. No. 1190-80) and
saturated calomel (Beckman 1170) electrodes. The elec-
trodes were periodically checked against standard Beckman
buffers (at 10° pH 4.00 and 7.06, at 20° pH 4.00 and 7.02,
at 40° pH 4.03 and 6.97). Measurements were made at

(1) From a portion of a thesis presented by Reed M. lzatt in partial
fulfillment of the requirements for the degree of Doctor of Philosophy,
August, 1954.

(2) Mellon Institute of Industrial Research, Pittsburgh 13, Pa.

(3) V. cupr, Z. anal. Chem., 76, 173 (1929).

Values for these thermodynamic quantities are
The significance of the values obtained

10, 20 and 40° with the bath temperature automatically
controlled to +0.1°. While the solutions were stirred con-
tinuously, increments of standard NaOH (0.200 N) were
added, and the pH was measured after each addition.
One set of measurements was made at each temperature
in all cases except Cu2+, where four sets were made at each
temperature to establish the precision of the results.

The pKV of the HCh was determined at each tempera-
ture. One determination was made at each temperature,
and the PKV values were calculated from five separate
points on each titration curve. The pKn values calculated
from these points agreed to £+0.01. The reproducibility of
these PKV values from different determinations, however,
would likely not be better than about +0.02 to 0.03. If it
were desired to conduct more detailed studies of these or
other metal ion-HCh systems, it would be desirable to ob-
tain more exact PKO values.

The thermodynamic formation constants involving the
reaction of these metal ions with the acetylacetonate ion,
Ch-, at 30° have been given in previous publications.46

Calculations.—The method used to calculate the
thermodynamic formation constants has been given
in a previous paper.4 The free energy, enthalpy
and entropy changes involved were calculated by
the customary methods. The log K{n values are
tabulated in Table | together with the calculated
thermodynamic quantities, AHn, AFn, and Asn.
The = values given for Cu++ are the maximum
deviation from the average of the four Cu++ deter-
minations at each temperature. The plots of log
Ktnvs. I/T from which AHn was determined are
given in Figs. 1 and 2. Thermodynamic quantities
were not calculated in cases where good linear rela-
tionships were not evident (see the — marks in
Table ).

Discussion

The greatest single source of error in these ex-
periments lies in the reading obtained from the pH
meter. Under optimum conditions each reading
should be accurate to pH + 0.02. In a previous
paper3 the precision, measured as the 95% confi-
dence interval, for a large number of log K tnvalues
involving Ni2+and Zn2+with Ch~ at 30° was shown
to be about +£0.10 in the log. Since only one de-
termination has been made at each temperature in
the present paper, care must be taken in drawing
any definite conclusions concerning the data. The

(4) R. M. lzatt, C. G. Haas, Jr., B. P. Block and W. C. Fernelius,
This Journal, 58, 1133 (1954).

(5) R. M. lzatt, W. C. Fernelius and B. P. Block,
(1955).

ibid., 59, 80
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but differs considerably from the value at 30° re-
ported by Schwarzenbach (8.88).7 The values of
pKu at the other temperatures agree very closely
with those found by Cartledge8: 9.14 (10°), 9.04
(20°), 8.89 (40°). The results for the metal ion-
acetylaeetonate ion association in general resemble
those obtained by Carini and Martell9for the alka-
line earth ions with the ethylenediaminetetraace-
tate ion.

Several determinations of thermodynamic data
have recently been made in this Laboratory involv-
ing Cu2+, Ni2+, Zn2+ Dand Cd2+ 11 with polyam-
ines and Cu2+ and Ni2+ with amines containing
oxygen and sulfur.12

Several comparisons between Ch~ and the am-
ines may be noted. (1) Less negative enthalpy
changes are observed in the case of Ch~ with Ni2+,
Cu2+,Zn2+and Cd2+. (2) As values appear, in gen-
eral ,to be less for the reaction of these metal ionswith
amines and substituted amines than with Ch~. A
large negative value of A s is found for the formation
of the tris-(2,4-acetylacetonate)-nickelate(ll) ion.
Mclntyrelalso found a large negative value for As
in the formation of the corresponding tris-(ethylene-
diamine)-nickel(ll1) and tris-(N-methylethylenedi-
amine)-nickel(ll) ions (—10 and —13 e.u., respec-
tively). (3) Of ten ligands studied with Cu2+
those containing two nitrogen atoms had the largest
AH values (about —11 to —15 kcal./mole), those
with combinations of sulfur, oxygen and nitrogen
had distinctly lower AH values (—6.1, —5.0 and
—7.4 kcal./mole), and those with Ch~ had the low-
est AH values (—4.7 kcal./mole).

Two general conclusions appear justified on the
basis of the data described above and that recently
Helv. Ckim. Acta,

(7) G. Schwarzenbach, H. Suter and K. Lutz,

23, 1191 (1940).
(8) G. H. Cartledge, J. Am. Chem. Soc., 74, 6015 (1952).
(9) F. F. Carini and A. E. Martell, ibid., 76, 2153 (1954).
(10) G. H. Mclintyre, Ph.D. Thesis, The Pennsylvania State
University, 1953.
(11) H. A. Droll, unpublished results.
(12) J. R. Lotz, Ph.D. Thesis, Pennsylvania State University, 1954.
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reported in the literature.l314 (1) The entropy
changes vary regularly in the case of Ch~ as the
charge types in the solution change, whereas in the
case of the amines small entropy changes are ob-
served since the charge type remains constant
throughout the titration. (2) The enthalpy change
in the case of each metal ion studied is considerably
greater in the case of the amines than in the case of
the Ch*. This would be predicted on the basis of
the relative electronegativities of the bonding oxy-
gen and nitrogen atoms.% The ligands containing
the less electronegative nitrogen atoms would be
expected to share electrons more readily and, thus,
contribute to the formation of a more covalent
bond than would be the case with Ch~. The en-
ergy changes resulting from the formation of this
bond would appear in the enthalpy term.1314

Several interesting facts are observed in the case
of Ce3+. (1) The enthalpy change in forming the
first complex is approximately zero. (2) The solu-
bility of the complex formed with Ce3+ increases
rather markedly as the temperature decreases.
For this reason values are not given for log Kt,
at 30 and 40° and for log K ¢ at 40°. Under iden-
tical experimental conditions, except for the chang-
ing temperature, precipitation was noted at pH 9.8
(10°) and pH 7.1 (40°) for Ce3+ = 4.0 X HU3m
and HCh = 195 X 10 2m. It has also been ob-
served that the solubility of the rare earth sulfates
decreases with increasing temperature.’6
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(1£) C. G. Spike and R. W. Parry, J. Am. Chem. Soc., 75, 2726
(1953).

(14) C. G. Spike and R. W. Parry, ibid., 75, 3770 (1953).

(15) T. Moeller, John Wiley and Sons,
Inc., New York, N. Y., 1952.

(16) D. M. Yost, H. Russell, Jr., and C. S. Garner, “The Rare
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Values of the optical absorbance of solutions of nitrogen dioxide in nitric acid were measured at 0° and_1 atmosphere using

light at a wave .ength of 425 mu.

The data obtained were applied in a study of the ionization occurring in the solutions.

The numerical solution of simultaneous equations based on equilibrium expressions indicates that in nitric acid solutions
containing less than 1 formal weight per cent, nitrogen dioxide the nitrogen dioxide is about 70% ionized into nitrosonium

(N O+) ions, whereas the nitric acid is about 5% ionized into nitronium (NOj+) ions.

order of magnitude of these values is correct.

Introduction

Although Raman spectral2 conductance34 and
cryoscopic5 measurements have given evidence of
the existence of nitrosonium (NO+) and nitronium
(N02+) ions, it was believed desirable to obtain
further information about the existence of these
ionic species. Use of another physical property
such as optical absorbance was thought to be a pos-
sible approach to the determination of the extent
of their presence in solutions of nitrogen dioxide6
and nitric acid. The optical absorbance, —log//To,
at 425 nMi was selected as a means of analyzing the
solutions since it was believed that at this wave
length the nitrogen dioxide molecule could be as-
sumed to be the only absorbing species. Two ter-
nary systems, nitric acid-nitrogen dioxide-water
and nitric acid-nitrogen dioxide-potassium nitrate,
together with the binary system nitric acid-nitro-
gen dioxide, were used in the absorbance measure-
ments.

0.001 C.002 0.003 0.004

WEIGHT  TRACTION

0.005 0.006 0.007
NITROGEN DIOXIDE.

Fig. 1

0.008

Equipment and Methods.—The equipment and the pro-
cedures used have been described in detail in a previous
report.7 The absorbance of light was measured with a Beck-

(1) E. D. Hughes, C. K. Ingold and R. I. Reed, J. Chem. Soc., 2400
(1950)

(2) J. D. S. Goulden and D. J. Millen, ibid., 2620 (1950).

(3) G. D. Robertson, Jr., D. M. Mason and B. H. Sage, Ind. Eng.
Chem., 44, 2928 (1952).

(4) E. G. Taylor, L. M. Lyne and A. G. Follows, Can. J. Research,
29, 439 (1951).

(5) W. J. Dunning and C. W. Nutt, Trans. Faraday Soc., 47, 15
(1951)

(6) Unless otherwise specified, the term nitrogen dioxide refers to the
formal concentration of this species. Weight fraction of other sub-
stances is also expressed on a formal basis.

(7) S. Lynn, D. M. Mason and B. FIl. Sage, “Optical Absorbance of
the System Nitric Acid-Nitrogen Dioxide-Water at 32°F. and 1 At-
mosphere,” Progress Report No. 20-147,
Laboratory, January 5, 1953.

Pasadena, Jet Propulsion

Although the uncertainty is high, the

man model DU spectrophotometer modified to allow the
cell8 to be placed in an ice-bath.

Nitric acid was prepared by vacuum distillation at a tem-
perature of approximately 100°F. from a mixture of pure
potassium nitrate and concentrated sulfuric acid according
to the procedure described by Giauque.9 Titration of a di-
luted sample with sodium hydroxide indicated that the
sample contained less than 0.001 weight fraction of mate-
rial other than nitric acid.

Nitrogen dioxide was obtained from the Allied Chemical
and Dye Corporation and was fractionated in a column
provided with 16 glass plates. The central 70% portion
of the overhead was collected and dried over phosphorus
pentoxide. Samples similarly prepared from the same stock
yielded less than 0.2 pound per square inch change in vapor
pressure with a change in quality from 0.02 to 0.5 at a tem-
perature of 160°F. The water used in the investigation
was distilled and deaerated but not otherwise purified.
The concentration range studied was from zero to 0.008
weight fraction nitrogen dioxide. Samples were prepared
volumetrically by adding to pure nitric acid small incre-
ments of a 3 weight per cent, solution of nitrogen dioxide in
nitric acid. A hypodermic syringe was used to make the
additions. The weight of nitrogen dioxide added was
known with a maximum uncertainty of 0.5%. The absorb-
ance readings were reproducible within £0.3%.

Results
Figure 1 and Table I show the effect of small
amounts of water and potassium nitrate on the
absorbance of solutions of nitrogen dioxide in ni-
tric acid. These experimental data, together with
other absorbance measurements, were previously

Tabie |

W eight Fraction op Nitrogen Dioxide in Nitric A cid

Solutions for Even Values of Absorbance at 425 m/x

and 0°
< —Nitrogen dioxide (wt. frac.)=———=-- '
Absorb- Potassium
ance nitrate Pure W ater
— /og 0.02 0.04 nitric 0.003 0.06
I/h wt. frac. wt. frac. acid wt. frac. wt. frac.
0 0 0 0 0 0
0.200 0.00072 0.00058 0.00093 0.00102 0.00111
400 .00144  .00120 .00185 .00204 .00220
.600 .00216 .00185 .00277 .00305 .00331
.800 .00292 .00244  .00369 .00406 .00436
1.000 .00365 .00310 .00462 .00507 .00540
1.200 .00440 .00373 .00554 .00604  .00642
1.400 .00511 .00433 .00647 .00705 .00741
1.600 .00583 .00495 .00743 .00804 .00842

reported.7 Qualitatively the absorbance behavior

is as would be expected by assuming that the ab-

sorbance is due solely to the nitrogen dioxide mole-

cule. Furthermore, the following equilibria, which
(8) The light path in the cell was 1.000 cm

(9) W. R. Forsythe and W. F. Giauque, J. Am. Chem. Soc,., 64, 48
(1942).
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were first proposed on the basis of Raman spectra,12 Nomenclature

appear to be in accord with the data

N 204 2NO:2 NO+ + NO3 (1)

2HNO: NO2++ NO3 + HD )

Chédin and Fénéant® showed the following equi-
librium to obtain

NO3 + 2HNOs~+1 (HNO%2NO3 (3)

Calorimetric measurementsll indicate another re-
lation to be

hno3+ zh 2 hno3hd), (r

There is evidence that equilibrium in reactions 3
and 4 lies far to the right. Equations 1 and 3 may
be combined to give

2NO2 + 2HNO3

N2D4

NO+ + (HNO3)2NO3~ (5)

and a combination of reactions 2, 4 and 5 gives,
where x is arbitrarily taken as unity

5HNO3 NO2+ + HNOsH®D + (HNO3):NO3 (s)

When the nitric acid contains less than 3% water,
reaction 6 predominates over the ordinary ioniza-
tion of nitric acid to hydronium ion H® + and ni-
trate ion. Qualitatively these facts seem to be sup-
ported by conductivity measurements,34 freezing
point measurements,5 and absorbance measure-
ments.7 Considering reactions 3 and 5, it is seen
that the addition of nitrate ions from potassium
nitrate shifts the equilibrium shown in reaction 5 to
the left, increasing the concentration of the species
nitrogen dioxide and thus the absorbance for a
given formal concentration of nitrogen dioxide.
On the other hand, the addition of small amounts
of water drives reaction 6 to the left, reducing the
concentration of the (HNO32N 03 ion and giving
more nitric acid. By a reduction in the concentra-
tion of the (HNO32NO0 3_ion, more of the species
nitrogen dioxide ionizes according to reaction 5,
thus reducing the absorbance for a given formal
concentration of nitrogen dioxide.

In these considerations it was assumed that the
nitrogen dioxide molecule was the only species ab-
sorbing light at the wave lengths of the measure-
ments. It is known22 that nitrogen tetroxide does
not absorb at these wave lengths when in the gas
phase and hence is not likely to absorb in the liquid
phase. Nitrosonium, the only other ion not pres-
ent in pure nitric acid, has an even number of elec-
trons and forms a colorless crystalline perchlorate
and bisulfate, the solutions of which in sulfuric acid
are also colorless. Hence it would not be expected
to absorb light in the visible range of solutions of
nitric acid. Since (HNO032N03, HNO3XHD,
and the nitronium ion are present in pure nitric
acid, which is colorless, these species may also be
considered colorless.

(10) J. Chédin and S. Fénéant, Compt. rend., 228, 242 (1949).

(11) R.. Leclerc and J. Chédin, Mém. services chim. état (Paris), 32,
87 (1945).

(12) T. C. Hall, Jr., and F. E. Blacet, J. Chem. Phi/s.,, 20, 1745
(1952).

I, intensity of light transmitted by sample

In, intensity of light transmitted by reference blank of air
K, equilibrium constant

log, logarithm to the base 10

@, fractional ionization of nitrogen dioxide to give NO +
3 fractional ionization of HNO3to give N02+

7, fractional ionization of HNO3to give H® +

g, standard deviation

(*), mean values

Subscripts
a, point on an absorbance curve of system containing nitric
acid-nitrogen dioxide-potassium nitrate
b, point on an absorbance curve of system containing
nitric acid-nitrogen dioxide
¢, point on an absorbance curve of system containing nitric
acid-nitrogen dioxide-water
5, Equation 5
6, Equation 6
Calculations using the absorbance data as a basis
were made to establish the values of the fractional
ionization of nitrogen dioxide according to equation
5 and the fraction of nitric acid giving the nitronium
ion as shown in equation 6. In the calculations the
following equilibrium expressions were used.

_ (NO+)((HNO32NO03)

5 (NO2ZHN032 (1
(NO2+)(HNOZHD)((HNO032N03) /n
Ks ~ (HNO036 w

In the use of equations 7 and 8 it was assumed that
the activity coefficient for each species was inde-
pendent of concentration.

Use was made of data shown in Fig. 1 to develop
the necessary equations for obtaining the equilib-
rium constants and thereby to calculate the de-
gree of ionization of the nitrogen dioxide and nitric
acid into the species noted. Concentrations were
converted from a weight-fraction basis to a volume-
formality basis for use in the mass action expressions
7 and 8. These formal concentrations were ob-
tained by assuming zero partial specific volumes of
potassium nitrate, nitrogen dioxide and water in
nitric acid. A value of 1.5430 g./cc. was used for
the specific weight of pure nitric acid at 0°.

For one set of calculations at a given absorbance,
data were taken from three curves in Fig. 1. The
curve for pure nitric acid was used in each instance,
together with any other pair of curves. For any
arbitrary value of the absorbance in the range of
Fig. 1, assuming that the nitrogen dioxide molecule
is the only color-absorbing species, the following
typical relationship may be written

(NO.), = (N02b = (N020 ©)

In this equation the subscripts designate the se-
lected curves intersected by the line of constant
absorbance. A combination of equation 9 with
equations 7 and 8 gives six simultaneous equations
with six unknowns which are the values of the ioni-
zation in various solutions of nitrogen dioxide and
nitric acid according to equations 5 and 6, respec-
tively. In this treatment the quantity y, the ioni-
zation of nitric acid to give the H® + ion, was
neglected as it was considered small in the calcula-
tions compared with a and ;3 when less than 3% wa-
ter was present.3-5 The association of the species
nitrogen dioxide to nitrogen tetroxide was not
neglected, but it was not found mathematically
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possible to consider this association independently
in calculating values of a and /3so that a is truly the
dissociation of the combined species NO2and N2 4
Also R is the dissociation of HN03and any associ-
ated13 forms. The equilibria expressed in equa-
tions 3 and 4 were assumed to lie quantitatively to
the right.

The six simultaneous equations were solved by
trial and error for ab and /A, which are the ioniza-
tions of nitrogen dioxide and of nitric acid, respec-
tively, in this binary system. Values were ob-
tained at absorbances of 0.600, 0.900 and 1.200.
All combinations of the curves shown in Fig. 1 fit-
ting the described procedure were used in the calcu-
lations so that six values of ab and db were obtained
at each absorbance. It was found that the re-
sults were very sensitive to the relationships be-

tween absorbances and concentrations. A sum-
mary of the calculations is given in Table II.
Tabre |11
Degree op lonization op Nitrogen Dioxide and Nitric
Acid in Solutions op Nitric Acid at 0°
Absorbance fib® a 3b<* er
0.600 0.68 0.32 0.043 0.024
0.900 69 .25 .045 .018
1.200 71 .27 .048 .021

“ Average of six values. In each group of six, one value
for ab was greater than 1.0. Since 1.0 represents complete
ionization, it was taken as the maximum allowable value;
and where necessary ft was accordingly corrected.

To determine the validity of assuming y small
with respect to a and /J, additional equations were
developed by using four curves in Fig. 1 for each
mathematical analysis. Values of a and /Sobtained
as a first approximation in the simplified case were
used in solving for y. It was found that y was
practically zero. Thus the original assumption in
regard to y appeared valid.

Values for the degree of ionization of anhydrous
nitric acid to give the nitronium ion according to
equation 6 have been reported in the literature.
Using cryoscopic techniques, Gillespie, et al.,u ob-
tained a value of 0.034 at —40°, and Dunning and
Nutt5a value of 0.08. Ingold and Millen1l made
Raman spectra measurements and found the de-
gree of ionization to be 0.03 at —15°. These values

(13) R. Dalmon and R. Freymann, Compt. rend., 211, 472 (1940).

(14) R. T. Gillespie, E. D. Hughes and C. K. Ingold, J. Chem. Soc.,

2552 (1950).
(15) C. K. Ingold and D. J. Millen, ibid., 2612 (1950).
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of ionization for anhydrous nitric acid compare
favorably with values of  shown in Table Il and
obtained from absorbance measurements in nitric
acid containing 0.008 weight fraction of nitrogen
dioxide.

Goulden and Millen2showed that the ionization of
nitrogen dioxide when present up to 0.087 weight
fraction in nitric acid solutions has a value of about
1.0 at 20°. This value compares favorably with
values of ab obtained from absorbance measure-
ments and shown in Table Il.

Analysis of Results

It is apparent from the calculations that have
been made, based only on absorption data, that
not all of the salient features have been taken into
account. The uncertainty of the identity of all
the absorbing species contributes to the possibilities
of error in calculating quantities such as ab and /S
in addition, there would be a contribution to the
error from the fact that the activity coefficient for
each species in the solutions was assumed not to
change with composition. Presence of species
other than those stated which would affect the
equilibria is another possible source of uncertainty.

Optical absorption data are difficult to interpret
in describing thermodynamic equilibria since there
are uncertainties as to the nature and effect of the
absorbing species. It is believed, however, that by
making reasonable assumptions the information on
optical absorbance can at least be used to show the
order of magnitude of the ionizations. It appears
that the work qualitatively supports the existence
of equilibria as shown in equations 5and 6. For fur-
ther investigation it would be desirable to supple-
ment the absorption data with more direct informa-
tion such as would be available in magnetic-suscepti-
bility measurements on solutions of nitrogen diox-
ide in nitric acid. The fact that in this system ni-
trogen dioxide is the only molecule having paramag-
netic properties would allow direct measurements
of its presence. 6T/
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The possible relation between the properties of six commercial carbons and their gasification rates with carbon dioxide at a
series of temperatures between 900 and 1300° has been investigated. The following properties of the carbons have been
determined: quantitative and qualitative ash analyses, hydrogen content, interlayer spacing, average crystallite size, true

and apparent density, porosity, surface area and effective diffusion coefficients of hydrogen through the carbons.

No general

correlation between these properties and the carbon gasification rates was found.

Introduction

The heterogeneous gasification reactions of car-
bon are of considerable theoretical and industrial
interest and have been the subject of extensive re-
search in recent years. Although a number of
comprehensive kinetic studies have been reported,
where equations of the Langmuir type have been
found to describe the rate data, little attention has
been given toward explaining these rates in con-
junction with properties of the given carbon. The
authors feel that the final test toward the under-
standing of gas-solid reactions (be it carbon or not)
is to amass sufficient data about a solid to be able
to predict its relative reactivity.

A long-range program, on this basis, has been
set up in this Laboratory with the present investi-
gation serving as an exploratory look into the suc-
cess of relating what are commonly considered im-
portant properties of a carbon to its gasification
rate.

Experimental

Samples.—Six different commercial carbons were studied.
The samples were in the form of carbon rods 2 in. long by
y2 in. in diameter, weighing approximately 10 g. All
samples were extruded, using coal tar pbch as the binder.
Four of the six samples used petroleum coke flour as the
filler—lampblack and carbon “D” being the exception.
Carbon “D” used a mixture of 13% graphitized carbon
“A” and 87% carbon “C” as filler material. Graphitized
carbons “A” and “B” were heated to approximately 2500
and 3000° respectively. The Ilampblack and carbon
samples were gas baked at approximately 1000°. A more
detailed description of the manufacture of these carbon
samples can be found elsewhere.3

Reaction Rate Apparatus.— The reactor was the same as
that described in a recent gasification study.4 Briefly, a
porcelain “top plate” and “bottom cone” were cemented
to the top and bottom, respectively, of the carbon rod to
restrict reaction to its sides. The sample was suspended
from a balance into a vertical porcelain reactor tube and the
gasification rate determined by frequent weight readings.
A platinum platinum-10% rhodium thermocouple, with hot
junction located at a point level with the top of the sample,
indicated reaction temperature, which could be maintained
within 2° of the desired value. The carbon dioxide flow
rate through the reactor was maintained constant within
+1%.

X-Ray Diffraction Apparatus.—A 164° (20) General
Electric X-ray diffraction unit, XRD-3, with copper radia-
tion was used to determine interlayer spacings and average
crystallite sizes of the carbons. Standard X-ray procedures

(1) Based on an M.S. thesis submitted by F. Rusinko, Jr., to the
Graduate School of The Pennsylvania State University.

(2) Presented before the Division of Gas and Fuel Chemistry at the
126th meeting of the American Chemical Society in New York, N. Y.,
September 12-17, 1954.

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

(4) P. L. Walker, Jr.,, R. J. Foresti, Jr.,, and C. C. Wright, Ind. Eng.
Chem., 45, 1703 (1953).

and subsequent calculations, discussed in detail in recent
papers,66have been used in the present investigation.

Gas Adsorption Apparatus.—A standard gas adsorption
apparatus was employed and has been recently described.4
Carbon dioxide (99.95% pure and bone dry) was used as the
adsorbate with adsorption occurring in a bath consisting of
a 50-50 mixture of carbon tetrachloride and chloroform in
Dry Ice. Results4 indicated that although the B.E.T.
areas determined from carbon dioxide adsorption on carbon
rods were up to 20% smaller than areas determined from
nitrogen adsorption, the trends of the results were similar.
In the present case, relative differences and changes in sur-
face areas were of primary importance.

Diffusion Apparatus.—The gas-flow apparatus described
by Weisz and Prater7was used to determine effective diffu-
sion coefficients of hydrogen through the carbon rods. (The
authors are indebted to Dr. P. B. Weisz of the Socony-
Vacuum Laboratories who determined experimentally the
diffusion data.) Briefly, the experimental setup consisted
of heating a Vs-in. long by Vs-in. diameter carbon rod and
forcing it into a piece of Tygon tubing, which fused around
the sample’s periphery. The Tygon tubing was mounted in
the diffusion apparatus, and equal pressures of nitrogen and
hydrogen applied at the adjacent ends of the rod in the form
of a high-velocity gas stream. The diffusion rate of hydro-
gen through the carbon rod was determined by analyzing the
percentage of hydrogen in the nitrogen stream, as a function
of time, with a thermal conductivity cell. Effective dif-
fusion coefficients for hydrogen were based on the geometri-
cal dimensions of the carbon rod.

The Vs-in. long by Vs-in. diameter samples used were cut
on a lathe from rods, similar to those used in the reaction
rate studies. Effective diffusion coefficients were deter-
mined on six separate samples of each carbon with the aver-
age value being reported. Results on a given carbon were
duplicated within £5%.

Results

Carbon Gasification Rates.—Table | presents
the gasification rates of the carbons investigated

Tabre |

R eaction Rates of Cabbons at Various Tempebatubes

(G./Hb.)
Reaction temp., °c.
900 1000 1100 1200 1300
Graphitized carbon “A” 0.04 0.40 1.83 6.00 12.°°
Graphitized carbon “B” 24 115 3.40 7.10 12.30
Carbon “C” 19 1.13 3.98 8.88 13.95
Carbon “D” .23 0.98 4.04 855 13.20
Carbon “E’'m 20 0.44 171 550 12.72
Lampblack 21 0.95 3.00 6.84 10.32

“ Reaction rates taken after 1 g. weight loss.

at a series of temperatures. The rate curves were
similar to those previously discussed,4 with the
rate increasing sharply at the start of the run and
then remaining constant over a considerable period

(5) P. L. Walker, Jr., H. A. McKinstry and J. V. Pustinger, ibid.,
46, 1651 (1954).

(6) P. L. Walker, Jr., and F. Rusinko, Jr., submitted to Fuel.

(7) Paper #48 presented before the Division of Physical and In-
organic Chemistry at the 125th Meeting of the American Chemical
Society in Kansas City, Mo., March 23-April 1, 1954,
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of time. The rates reported are those over the
constant rate portion of the curve with the excep-
tion of carbon “E.” The rates could be duplicated
within +2.5%.

The gasification rate of carbon “E” failed to
reach a constant value; instead it continued to in-
crease with reaction time. This can probably be
explained by the fact4that carbon “E” also failed
to attain an essentially constant surface area upon
reaction, although data on this point and the ex-
planation as to why its area development should be
different from the other carbons are not yet forth-
coming.

At the lowest reaction temperature of 900°,
where the chemical reactivity of the carbon should
play its most important part in determining the
gasification rate,8it is seen that rates of five of the
carbons are very similar and considerably higher
than that of graphitized carbon “A.” It is note-
worthy that the reaction rate of graphitized car-
bon “B” at 900° is slightly higher than the rates for
the four ungraphitized carbons.

Over-all activation energies for the gasification
of the carbons have been determined over the lower
temperature range (900 to 1000°), using the Ar-
rhenius equation.4 They range from 43 kcal./mole
for carbon “C” to 68 kcal./mole for graphitized
carbon "A.”

P. L. Walker, Jr., and F. Rusinko, Jr.
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of graphitized carbon “A.” Its average interlayer
spacing and crystallite size can be considered as
being intermediate between graphitized carbon
“A” and carbon “C.”

In agreement with Biscoe and Warren,9 among
others, the carbon-carbon bond distance within
the carbon plane was found to=be constant for all
carbons, having a value of 1.42 A.

Using the Franklin correlation,D the carbon in-
terlayer spacings have been related to the percent-
age of graphitic structure in the carbon, as seen in
Table IV.

Densities and Porosities of Carbons before and
after Gasification.—Table V presents data for the
densities and porosities of carbons before and after
the gasification. Samples gasified at 900 and
1100° reacted to one and two grams weight loss,
respectively. These weight losses were selected
since it placed the reaction in all cases, except car-
bon “E,” on the constant rate portion of the reac-
tion curve. Due to the different weight losses em-
ployed at the two gasification temperatures, un-
fortunately interpretation of the data for each car-
bon at the two temperatures is impossible. How-
ever, comparison and interpretation of the data at
a particular gasification temperature for all car-
bons are fruitful. (Work is now in progress where
carbon rods are gasified to different weight losses at
a constant temperature and their change in proper-
ties investigated.)

The true densities have been calculated from the
unit cell parameters of the different carbons, as
determined by X-ray diffraction. Apparent densi-
ties were determined by mercury displacement at
atmospheric pressure in a pycnometer. Pore vol-
umes were calculated as the difference in the recip-
rocals of the apparent and true densities times the
weight of carbon remaining in the rod.

Tabte 111

Spectrographic Analyses of Carbons*,

Tabtle 11
Analyses of Carbon Samples
Analyses, %
c H Ash ho 0+ N
Graphitized carbon “A” 99.77 0.08 0.07 0.02 0.06
Graphitized carbon “B” 99.37 .06 .06 .01 0.50
Carbon “C” 97.37 28 .24 .58 1.53
Carbon “D” 97.61 A3 58 .05 1.63
Carbon “E” 98.32 .07 .32 .00 1.29
Lampblack 98.93 .09 .22 .05 0.71
Carbon Sio2 Fe2Ch Al120j
Graphitized carbon “A” 0.028 0.017“ 0.009“
Graphitized carbon “B” .023 .017¢ .015*
Carbon “C” .032 .054 .068
Carbon “D” .088 124 .068
Carbon “E” .051 .052 .053
Lampblack .044 .066 .039

“ Maximum vames. 6 Not detected.

in %
MgO cao MnO cuo \VZ8 ] PbO

0.001  0.004 b 0.003  0.028 b
.001 .005 b .003 .029 b
.008 .009 .005 .004 038  0.04*
.007 .006 .005 .004 .055 o
.007 .009 .005 .005 .038 o4+
.003 .006 .005 .004 .030 b

¢ Ni, all samples 0.00X % except Carbon “D” which had 0.029%; Sn, present in

trace amounts in graphitized carbon “B,” not detected in others; Cd, may be present in trace amounts in Carbon “C,”
not detected in others; Cr, Na, Ti, present in all samples in trace amounts; Ag, As, B, Be, Bi, Co, Ga, Ge, Mo and Zn,

sought but not detected.

Analyses of Carbons.—Table Il shows the over-
all analyses of the carbons with oxygen and nitro-
gen reported as the difference. Table 111 shows
detailed spectrographic analyses of the carbons.

Interlayer Spacing and Average Crystallite Size
of Carbons.—Table 1V presents data for the inter-
layer spacing and average crystallite size of the
carbons. Since carbon “D” was a mixture of
graphitized carbon “A” and carbon “C,” its X-ray
diffraction peaks were all unsymmetrical in shape,5
consisting of the superposition of the broader and
weaker peak of carbon “C” onto the sharper peak

(8) A. Wheeler, “Advances in Catalysis,”
Inc., New York, N. Y. 1951, p. 280.

Vol. 3, Academic Press

Tabie IV
Average Interlayer Spacing and Crystallite Size of
Carbons
Gra-
phitic
carbon
d Spacing, content,
A Lc, A. La, A. %
Graphitized carbon “A” 3.360 900 1100 80
Graphitized carbon “B” 3.357 1200 © g9
Carbon “C” 3.456 33 55 0
Carbon “D” 10
Carbon “E” 3.450 41 62 0
Lampblack 3.484 28 59 0

(9) J. Biscoe and B. E. Warren, J. App. Phys., 13, 304 (1942).
(10) Rosalind E. Franklin,, Acta Cryst., 4, 253 (19.51).
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Tabte V

Densities and Porosities of Carbons before and after
G asification

True
density,
g.lcc.

Apparent Total
density, Porosity, pore voi.
g.lcc. % cc.

Graphitized carbon “A”

Reaction
conditions

Unreacted 2.248 1.549 31.1 1.889
900° 1.390 38.2 2.364
1100° 1.189 47.1 2.897
Graphitized carbon “B”

Unreacted 2.250 1.561 30.6 1.937
900° 1.418 37.0 2.243
1100° 1.280 43.1 2.498
Carbon “C”

Unreacted 2.186 1.579 27.8 1.664
900° 1.438 34.2 2.070
1100° 1 390 36.4 1.854
Carbon “D”

Unreacted 2.194 1.512 31.1 1.916
900° 1.440 34.4 1.957
1100° 1.312 40.2 2.150
Carbon “E”

Unreacted 2.192 1584 27.8 1.734
900° 1 447 34.0 2.162
1100° 1.362 37.9 2.257
Lampblack
Unreacted 2.168 1.361 37.2 2.311
900° 1.224 43.6 2.761
1100° 1.074 50.5 2.983

Naturally there was a marked increase in porosity
of the samples upon gasification, but differences
and similarities in the degree of porosity develop-
ment for the different samples should be noted.
Porosity development of the two graphitized car-
bons was quite similar, as was the development for
the comparable non-graphitized carbons “C” and
“E.” The unreacted lampblack rod is seen to
have had a significantly higher porosity than the
other unreacted samples and to have maintained
its higher porosity upon gasification over the other
gasified carbons.

Total Surface Areas of Carbons before and after
Gasification and their Specific Gasification Rates.—
Table VI presents data for the total surface area of
the unreacted and reacted carbon rods. As much
as a 10-fold difference is noted in the surface areas
of the unreacted carbon rods. Furthermore, it is
seen that there was a marked (but not a uniform)
increase in surface area upon gasification. For
some reason, the area of graphitized carbon “A”
was increased much more markedly upon gasifica-
tion than that of graphitized carbon “B.” The
same can be said for carbons “D” and “E,” which
had essentially the same original area. It is fur-
ther seen that for five of the carbons the surface
area developed after 2 grams weight loss at 1100°
was greater than after 1 gram weight loss at
900°. Carbon “C,” however, was a notable ex-
ception to this fact. Other interesting comparisons
in Table VI are possible.

From a knowledge of the surface areas and the
reaction rates of the carbons, as presented in Table

Gasification of Carbon Rods with Carbon Dioxide
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Tabte VI
Total Surface Areas of Carbons before and after
G asification and their Specific Reaction Rates
Specific Specific
rate rate
g/(hr.) g/(hr.)
Total (m.2of Total Cm.2 of
Reaction surface surface) Reaction surface surface)
conditions area, ra.2 X HU conditions area, m.2 X HP
Graphitized carbon “A” Carbon “D”
Unreacted 4.7 Unreacted 5.4
900° 24.7 1.6 900° 10.9 211
1100° 49.5 36.9 1100° 26.8 -50
Graphitized carbon “B” Carbon “E”
Unreacted 3.7 Unreacted 5.0
900° 6.0 342 900° 5.3 37.7¢
1100° 9.2 2833 1000° 14.1 180.6“
Carbon “C” Lampblack
Unreacted 36.5 Unreacted  27.3
900° 205.6 0.9 900° 63.8 32.9
1100° 116.0 34.3 1100° 111.8 26.8

° Reaction rates at 1 and 2 grams weight loss, re-
spectively.

I, the specific reaction rates can be calculated and
are also shown in Table VI. In the case of carbon
“E,” which failed to attain a constant rate, the
slopes of the tangents to the rate curves at the par-
ticular weight losses used were taken as the rates.

Effective Diffusion Coefficients of Hydrogen in
Carbon Rods.—-Table VII presents data for the
effective diffusion coefficients of hydrogen in the
carbon rods. These results are discussed in detail
in an accompanying publication.1l

Tavie VII

Effective D iffusion Coefficients of Hydrooen in

Carbon R ods
Deff.,, cm.Vsec. (H. at STP)

Graphitized carbon “A” 0.046
Graphitized carbon “B” .032
Carbon “C” .028
Carbon “D” .035
Carbon “E” .039
Lampblack .049

Discussion

Perhaps the best way to analyze the results is to
enumerate properties of carbon which are commonly
thought to have an effect on its gasification rate
and compare the present reaction rates of the car-
bons with their known properties.

Long and Sykes®2postulate that the top and bot-
tom edge atoms of a carbon crystallite are most re-
active to gasification. From this, the conclusion
is drawn that the smaller crystallites, with their
higher concentration of edge atoms per unit weight,
should be more reactive than the larger crystallites.
It is seen from Table I, however, that even though
the average crystallite size of graphitized carbon
“B” was more than an order of magnitude larger
than that of the non-graphitized carbons, its gasi-
fication rate at 900 and 1000° was larger than these
carbons. On the other hand, graphitized carbon

(11) P. L. Walker, Jr., F. Rusinko, Jr., and E. Raats, T his Journal,
59, 245 (1955).

(12) F.J. Long and K. W. Sykes, Proc. Roy. Soc. (Lo7id.cn), A193,
377 (1948).
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“A,” which also had a much larger average crystal-
lite size than the non-graphitic carbons, did have
significantly smaller reaction rates at 900 and 1000°.

Franklini3raised the question as to whether non-
graphitic carbons with their larger interlayer spac-
ings would be substantially more available to attack
by gases than graphitized carbons. Data in Table
I indicate that this apparently was not a major
factor in determining gasification rates. Graphi-
tized carbon “B,” with a smaller spacing than the
non-graphitic carbons, had a higher gasification
rate. Furthermore, lampblack which possessed a
significantly higher spacing than either carbon
“C” or "E” had a smaller gasification rate.

Long and Sykes¥4and Gulbransen and Andrew®
have shown the marked effect which inorganic
and metallic impurities have on the chemical reac-
tivity of carbon toward gases. Comparison of
Table Il with reaction rate data shows, however,
that the carbon with the highest ash content, car-
bon “D,” was not the most reactive at either 900
or 1000°. Again graphitized carbon “B,” with
its very low ash content, gave anomalously high re-
action rate results. As a matter of fact, no single
constituent of the analyses listed in Table Il can be
correlated with the carbon reactivity.

It is generally conceded that the analysis of the
ash, as well as ias magnitude, is of importance in af-
fecting chemical reactivity of carbons. However,
the spectrographic analyses presented in Table 111
fail to indicate, among other things, why the
gasification rate of graphitized carbon “B” was
comparatively nigh. For all elements determined,
their concentration level was less in this carbon
than in any of the non-graphitized samples. Un-
fortunately the state (free metal, oxide, carbide,
etc.) and location of the impurities in the carbon
matrix cannot be determined and this could well be
of importance in determining reaction rates.

Individual carbon particles are known to be com-
posed of a large number of crystallites.’6 In line
with previous reasoning, it would be expected that
the larger the average crystallite forming the parti-

(13) Rosalind Franklin, J. chim. phys., 47, 573 (1950).

(14) F.J. Long and K. W. Sykes, ibid., 361 (1950).

(15) E. A. Gulbransen and K. F. Andrew, Ind. Eng. Chem., 44, 1048
(1952).

(16) W. D. Schaeffer, W. R. Smith and M. H. Polley, Paper #11
presented before the Division of Gas and Fuel Chemistry at the 124th
meeting of the American Chemical Society in Chicago, 111, Sept. 6-11,
1953.
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cle the fewer the number of top and bottom edge
carbon atoms in the surface of the particle. If as
previously reasoned, these atoms have a greater
chemical reactivity for gasification than other at-
oms, the specific reaction rate of a carbon should de-
crease with increase in average crystallite size.
Table VI, however, showed that such was not the
case at either 900 or 1100°, with the specific reac-
tion rates of graphitized carbon “B” having been
greater in all cases and the rates of graphitized car-
bon “A” having been greater in three instances
than those of the non-graphitized carbons. Fur-
thermore, even though lampblack and carbon “C”
had very similar crystallite sizes, the specific reac-
tion rate of carbon “C” at 900° was markedly less
than that of the lampblack. It is further difficult
to explain why carbon “D,” which was a mixture of
87% carbon “C” and 13% graphitized carbon “A,”
had considerably higher specific reaction rates than
either of the original materials.

It might be thought, in light of the inability of
the carbon properties which should affect chemical
reactivity to satisfactorily explain differences in
reaction rate, that the factor which controlled the
gasification rates, even at 900°, was the resistance
to mass transport of the carbon dioxide to the in-
ternal active carbon sites. However, this is not
substantiated by fact if the relatively high reac-
tion rate of graphitized carbon “B” is explained
as being due to a relatively high diffusion rate of
gas through its porous network. The effective dif-
fusion coefficient of hydrogen in this carbon was
lower than three of the non-graphitized carbons.
Furthermore, the effective diffusion coefficient of
hydrogen in lampblack was the highest of any
carbon and yet it did not have the highest gasi-
fication rate. Another case was the graphitized
carbon “A,” through which hydrogen had the second
highest diffusion rate and yet a gasification rate at
900° appreciably smaller than the other carbons.

In conclusion, it is obvious that no property or
properties of the carbons investigated has satis-
factorily explained differences in reaction rates.
It is felt that the behavior of graphitized carbon
“B” toward gasification where all of its presently
discussed properties predict that it should have a
relatively low reaction rate and yet it has the oppo-
site, points most strikingly to the necessity of a
more complete understanding of how the charac-
teristics of a carbon affect its gasification rate.
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IN CARBON RODS UPON

GASIFICATION WITH CARBON DIOXIDEL1

By P. L. Walker, Jr., F. Rusinko, Jr., and E. Raats
Department of Fuel Technology, Pennsylvania State University, State Gdllege, Pa.

Received September IS, 1964

Macropore distributions in six carbon rods before and after different degrees of gasification have been determined over the

pore-radius range 350 to 130,000 A.

It was found that the majority of the macropore volume is concentrated within a nar-
row pore-radius range, probably produced by the voids between particles composing the rods.

Indications of pore constric-

tions in the carbon rods were found. Corrected diffusion coefficients of hydrogen through the unreacted rods are seen to be

significantly lower than the comparable bulk diffusion coefficient.

ture of the carbons and their gasification rates.

Introduction

Wheeler2 and Weisz and Prater3have made an
important contribution toward the understanding
of gas-solid reactions by emphasizing the impor-
tance of the physical structure of porous catalysts
in determining reaction rates. They show that in
the case of very fast reactions the small pores most
remote from the surface of the particle play small
part in catalysis of the reaction. In general, the
faster the reaction and the smaller the average
pore size the smaller the fraction of the internal sur-
face of the catalyst which participates in the cata-
lytic reaction. This is due to the fact that the
rate of internal diffusion of a gas decreases with de-
creasing pore size.

The concepts of Wheeler and Weisz and Prater
apply equally to the heterogeneous gas reactions of
carbons. Since in this case the solid is continually
reacting with the gas, the physical structure of the
carbon should not only be important in determin-
ing gasification rates but in determining the mag-
nitude and uniformity of the internal development
of the carbon with regard to surface area and poros-
ity.

Petersen4 showed the increasing non-uniformity
of gasification of 1 2inch graphite rods with in-
creasing temperatures by determining bulk-density
profile data, after a fixed carbon weight loss. At
900°, the profile, from the surface to the center of
the rod, was uniform indicating a uniformity of
reaction; but as the gasification temperature
was increased in increments to 1200°, the profiles
became continually more uneven, with the smallest
bulk density being found at the carbon surface.
Data in an accompanying paper5indicate that the
over-all surface area and porosity development in six
different carbons are in many cases not the same,
which again may, in part, be attributed to differ-
ences in pore size and pore distribution in the car-
bons.

With these facts in mind, the nature of the in-
ternal pore structure of the six different carbons was

(1) Presented before the Division, of Gas and Fuel Chemistry at the
126th meeting of the American Chemical Society in New York, N. Y.,
September 12-17, 1954.

(2) A. Wheeler, “Advances in Catalysis,”
Inc.,, New York, N. Y., 1951, pp. 249-327.

(3) P.B. Weisz and C. D. Prater, “Interpretation of Measurements
in Experimental Catalysis,” proposed chapter for “ Advances in Cataly-
sis,” Vol. 6, contribution from the Soeony-Vacuum Laboratories.

(4) E. E. Petersen, Ph.D. thesis, The Pennsylvania State Univer-
Slté) P. L. Walker, Jr., and F. Rusinko, Jr., This Journal, 59, 241
(1955).
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No correlation was fdund between the macropore struc-

determined in an attempt to further explain their
gasification rates, internal structure development,
and effective diffusion coefficients to hydrogen.

Experimental

Mercury Porosimeter.—Pore size distributions in the car-
bon rods were determined with a mercury porosimeter similar
to that described by Ritter and Drake.6 The main part of
the apparatus was a precision bore Pyrex dilatometer tube.
A carbon rod was placed in the bottom of the tube through
a ground-glass joint and it in turn was placed in a lucite
casing. The lucite head was screwed on the casing and the
platinum-iridium wires, running through the dilatometer,
were connected to the lucite head. The dilatometer, in the
casing, was placed in a 24-inch long by 1.5-inch diameter
mercury filling tube, and two electrical leads of the head
were connected to two tungsten leads fused through the
top of the filling tube. The top was placed on the filling
tube and the system evacuated to 1 V. pressure. Mercury
was allowed to fill the tube and spill into the dilatometer,
filling it completely. By stepwise release of the vacuum
back to atmospheric pressure, a series of readings of voltage
drop, through the platinum-iridium wire circuit in the dila-
tometer, as a function of pressure was taken. Prior cali-
bration of the dilatometer tube made possible the conver-
sion of voltage increase to volume of mercury entering the
carbon rod.

Upon reaching atmospheric pressure, the lucite casing
was removed from the filling tube and placed into a pressure
vessel where the leads were reconnected. By bleeding
nitrogen into the system from a cylinder, corresponding
readings were again taken of pressure and voltage drop
across the platinum-iridium wires up to the top gas pressure
of approximately 2500 p.s.i.

Using the relation between pressure and pore size, dis-
cussed by Ritter and Drake,6 and assuming an average
contact angle between mercury and carbon of 130°7and a
surface tension for mercury of 480 dynes/cm.,6 the results
were converted into cumulative pore volume as a function of
pore radius. Total pore volumes were taken from the ac-
companying paper.5 With the above pressure limitation,
the lowest pore radius into which mercury could be forced
was 350 A. Therefore, even though the usual dividing line
between micro- and=maeropore size is arbitrarily taken at a
pore radius of 100 A.,8in the present case the dividing line
is taken as 350 A.

Results and Discussion

Macropore Distributions.—Figures 1 through 6
present the macropore distribution data for the six
carbon rods before and after gasification at differ-
ent conditions. As the original weight of the carbon
rods was approximately 10 g,, (this weight var-
ied slightly with the apparent density of the differ-
ent carbons), 1 and 2 g. weight losses represent ap-
proximately 10 and 20% burn-off, respectively.

(6) H. L. Ritter and C. L. Drake, Ind. Eng. Chem., Anal. Ed., 17,
782 (1945).

(7) Leslie G. Joyner, Elliott P. Barrett and Ronald Skold, J. Am.
Chem. Soc., 73, 3155 (1951).

(8) S. Brunauer, “Adsorption of Gases and Vapors,” Yol. 1, Prince-
ton University Press, Princeton, N. J., 1943, p. 376.
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Fig. 1—Change in macropore volume of graphitized carbon
“A” rods upon gasification.

Fig. 2—Change ir. macropore volume of graphitized carbon
“B” rods upon gasification.

10,000 100,000
Pore radius, A.

Fig. 3.—Change in macropore volume of carbon “C” rods
upon gasification.

1,000

For all the rods, both reacted and unreacted, it is
seen that the majority of the macropore volume is
concentrated in a relatively narrow range of pore
size. An understanding of the manufacture of

P. L. Walker, Jr., F. Rusinko, Jr., and E. Raats

Vol. 59

Fig. 4—Change in macropore volume of carbon “D” rods
upon gasification.

Fig. 5—Change in macropore volume of carbon “E” rods
upon gasification.

10,000 100,000
Pore radius, A.

Fig. 6.—Change in macropore volume of lampblack rods
upon gasification.

1,000

carbon electrodes makes the interpretation of the
above fact obvious. The original rods were a mix-
ture of roughly 25% coal tar pitch (binder) and
75% petroleum coke flour or lampblack (filler).
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Table |
Pore Volumes and Surface Areas in M acro- and Micropores of Carbons
All pores Pores over 350 A. Pores under 350 A.
Carbon rod Vol., cc. Area, m.2 Voi., cc. Area, in.2 Vol., cc. Area, m.2 Av. radius, A.

Unreac. 1.889 5.7 1.626 4.80 0.263 0.90 5,840
Graphitized carbon “A” 900° 2.364 24.7 2.088 13.0 .276 11.7 472

1100° 2.897 49.5 2.683 18.72 .214 30.78 139

Unreac. 1.937 3.94 1.356 3.63 0.581 0.31 37,500
Graphitized carbon “B” 900° 2.243 6.0 1.829 7.43 414

1100° 2.498 9.2 2.019 5.49 479 3.71 2,580

Unreac. 1.664 36.83 1.073 2.87 0.591 33.96 348
Carbon “C” 900° 2.07 205.6 1.44 4.20 .630 201.4 62.6

1100° 1.854 116.0 1.22 3.91 .634 1121 113

Unreac. 1.916 5.4 1.460 2.58 0.456 2.82 3,230
Carbon “D” 900° 1.957 10.9 1.764 6.34 193 4.54 850

1100° 2.150 26.8 1.605 4.42 .545 22.4 487

Unreac. 1.734 4.49 1.395 3.97 0.339 0.52 13,000
Carbon “E” 900° 2.162 5.52 1.881 5.89 .281

1100° 2.257 14.1 1.914 6.10 .343 8.0 857

Unreac. 2311 27.3 1.733 22.15 0.578 5.15 2,245
Lampblack 900° 2.761 63.8 2.077 29.92 .684 33.88 403

1100° 2.983 111.8 2.185 24.71 .798 87.1 183

ion baking of these rods at 950°, a considerable
portion of the pitch binder was volatilized away
and the residue formed into a coke. The particles
of the petroleum coke were in turn coated with a
thin layer of the pitch coke thereby giving strength
to the carbon rod. The concentration of a large
percentage of the macro-porosity in a small pore-
radius increment undoubtedly represents the void
volume between the particulate system. The ex-
tent of the pore radius increment over which the
void volume is concentrated should be primarily
determined by the range of particle size present in
the carbon rods. It is seen for the rods which used
petroleum coke as the filler that this large void vol-
ume is concentrated in the pore-radius range of
roughly 8,000 to 20,000 A. On the other hand, lamp-
black with its much smaller average particle size
than petroleum coke flour, has its void volume con-
centrated in the region of 1,300 A.

Figures 1 through 6 can be converted to the
normal or modified Gaussian distribution plots,67
if desirable. However, the present plots are ade-
guate for both qualitative and quantitative discus-
sion. Qualitatively, several points should be
made about the macropore distributions.

1 It is seen that 4 of the 6 unreacted carbons
have a normal Gaussian (or uni-modal) macro-
pore-volume distribution over the pore range
studied. Carbon “C” and lampblack are the ex-
ceptions, showing bimodal distributions. The mac-
ropore volume of carbon “C” is chiefly concen-
trated at a pore radius of 15,000 A., but it also
has a smaller, peak concentration of pore volume
at 45,000 A. The macropore volume of lampblack
is chiefly concentrated at a pore radius of 1,300 A.,
but a second distribution peak is found at 7,000 A.
Probably the bimodal pore-volume distribution is
caused by bimodal particle-size distributions in
these two rods. It is further seen that gasifica-
tion of these two carbons at the two specific condi-
tions did not remove their bimodal pore-volume
distribution.

2. It is seen from Fig. 1 that gasification
graphitized carbon “A” to 2 grams weight loss at
1100° produced a marked bimodal pore-volume
distribution; whereas, the unreacted rod showed a
normal distribution. Aside from the concentration
of macropore volume at a pore size of 15,000 A., as
in the unreacted rod, a second concentration of
pore volume is found at 1,700 A. Gasification of
graphitized carbon “Ar and graphitized carbon
“B” to one gram weight loss at 900° and carbon
“D” to two grams weight loss at 1100°, also pro-
duced a slight bimodal distribution of the macro-
pore volume.

3. It is seen that the total pore volume devel-
oped upon gasification of two grams at 1100° is
greater than that developed after one gram gasified
at 900°, for five of the carbons. Carbon “C” is an
exception.

Pore Volumes and Surface Areas in Macro- and
Micropores of Carbon Rods.— Considerable in-
formation can be obtained about the internal pore
structure of the carbon rods, before and after gasi-
fication, if the surface area contributions in the
micro- and macropore range are estimated. Total
surface areas of the carbons were reported in an
accompanying paper.6 By assuming cylindrical
pores,9 the expression r = 2v/A can be used to
calculate the total surface area in the macropore
range. That is, for each volume increment, shown
in Figs. 1 through 6, a corresponding surface area
increment can be calculated by taking the arith-
metic average pore radius over the increment.
Since the pore radius increments are small, this
assumption of an arithmetic average pore radius is
reasonably good. Table | then lists the total pore
volumes and surface areas along with the pore vol-
umes and surface areas in pores over 350 A. for all
carbon samples. It is seen that the fraction of the
total surface area in pores greater than 350 A.
varies considerably with the carbon studied.

9) P. H. Emmett and Thomas W. Dew itt, J. Am. Chem. Soc., 65,

1253 (1943).
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It is well to consider what should constitute the
surface areas in the micro- and macropore regions
of carbon rods before continuing with the discus-
sion. The surface area in the macropore region
would be expected to be provided by the macro-
scopic, geometrical shape of the particles and by
the major portion of their surface roughness.
The surface area in the micropore region can be en-
visioned as being supplied primarily by internal
particle porosity and by the remainder of the par-
ticle surface roughness. The internal particle poros-
ity can be thought of as the void volume between
carbon crystallites and imperfections in crystal-
lites. D

It is seen for all the unreacted carbon samples,
except carbon :C,” that the surface area in the
macropore region is an important contribution to
the over-all surface area. For carbon “C,” ap-
parently due tc considerable internal particle po-
rosity, the surface area in pores over 350 A. is less
than 10% of the total surface area.

It is further seen that upon gasification there was
a relatively small change of the surface-area contri-
bution in the macropore range, graphitized carbon
“A” being the exception. The indication is that a
large portion of the surface area increase for five of
the carbons was due to the formation of new micro-
pores or unblocking of previously existing ones.

An idea of the extent of pore constrictions and/or
bottle-neck pores in the carbon rods can be obtained
by calculating the average pore size of pores under
350 A. by knowing the pore volume and surface
area under this radius. Table I also includes these
data. It is seen that for all of the unreacted car-
bon rods, except carbon “C,” the average pore
radii calculated are considerably above 350 A.
At least one explanation for this fact exists. With
mercury penetration, the poreovolume reported to
be between 130,000 and 350 A. will only be cor-
rect if there are no pore constrictions within the
solid less than 350 A. If mercury is unable to pene-
trate into a fraction of the pores in the above size
range because they are connected to the external
surface through pores less than 350 A., the reported
pore volume will be less than the correct pore vol-
ume. Furthermore, if there are only pore con-
strictions in the size range of 130,000 to 350 A., the
pore volume distribution will be in error, even
though the total pore volume will be correct. In
this case, more of the pore volume would belong
in larger pores than reported. The effect of pore
constrictions oncthe calculations of an average pore
size below 350 A. is then twofold—too large a pore
volume reported under 350 A. and too large a sur-
face area reported over 350 A. Therefore, when the
average pore radius below 350 A. is estimated by
the expression r = 2v/A, the value could well be
above 350 A., its deviation depending upon the
frequency of the pore constrictions and the pore
volume blocked off beyond these constrictions.

A further understanding of the nature of the
pore constrictions in the carbon rods can be ob-

(10) W. D. Schaeffer, W. R.
presented before the Division of Gas and Fuel Chemistry at the 14th

meeting of the American Chemical Society in Chicago, 111, Sept. 6-11,
1953.
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tamed by observing the change in calculated, aver-
age pore radius upon gasification, as also shown in
Table I. It is seen in each case, except graphitized
carbon “B” and carbon “C,” that the calculated,
average pore radius decreased upon gasification.
For these two samples, a radius could not be calcu-
lated since the calculated, surface area in pores
above 350 A. was greater than the total, experi-
mental surface area. Previously it was noted that
the calculated area in pores above 350 A. for a sam-
ple containing pore constrictions would be greater
than its true area. Furthermore, it is seen that the
greater the ratio of blocked-off pore radius to pore
constriction radius the more in error the calculated
surface areawill be. The case could wed exist where
the calculated area in pores over 350 A. could ex-
ceed the total experimental surface area. In es-
sence, the above results appear to imply that graph-
itized carbon “B” and carbon “C” have the largest
ratio of these two radii. Apparently the reason the
calculated surface area did not exceed the total area
for these two unreacted carbons was that a large
portion of the blocked-off volume was originally
behind pores of less than 350 A.

Relation between Pore Structure and Gas Dif-
fusion Rate in Carbon Rods.—Experimental dif-
fusion rates of hydrogen through the carbon rods
have been reported in an accompanying paper.6
Logically the mass transport of gas through the in-
terior of the carbon rods should take place within
the macro-void volume. To test this premise, the
void volume in the particulate system has arbitrar-
ily been taken as the volume between inflection
points of the curves in Figs. 1 through 6. These
data are shown in column 1of Table Il. In column
2 of Table Il, the surface areas, calculated as pre-
viously discussed, between the inflection points
are presented. Column 3 gives the average pore
radius between the inflection points, obtained by
dividing the pore radius increment in half. Column
4 shows the average pore radius in the void volume
range, calculated from the expression r — 2v/A.
Good agreement between columns 3 and 4 is noted.

The expression given by Wheeler,2L = A24uE,
has been used to estimate the total length of the
pores in the macro-void-volume region, and these
data are presented in column 5 of Table Il. It is
seen that lampblack, because of its high surface
area, has a considerably greater pore length in this
range than the other carbons.

Column 6 presents the experimental data for the
diffusion coefficient of hydrogen in the carbon rods.
A relation between the diffusion coefficient and
pore volume between the inflection points is found.
The smaller the void volume, the smaller the dif-
fusion coefficients, in the case of the unreacted car-
bon rods. It is noteworthy that this volume is ap-
parently of more importance in determining diffu-
sion rates than the average pore radius over which
this void volume is concentrated. For example,
lampblack has the largest void volume and the high-
est diffusion coefficient and yet the average pore
radius over which its void volume is concentrated
is from 5- to 13-fold less than the other carbons.

The diffusion coefficient of hydrogen was also
determined through graphitized carbon “A” after
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Structure of pores between inflection points of distribution plots
- L 0-', Deff.,  1.41 Deil./O, o
V, co. A, in. r, A. A cm cmVsec. cm.Zsec.  ro, A
Graphitized carbon “A” 1.43 1.739 16,500 16,270 1.72 0.0460 0.209 374
Graphitized carbon “A”, 10% re-
acted at 900° 1.46 1.564 18,500 18,670 '1.33 .0779 .288 562
Graphitized carbon “B” 1.23 1.664 15,000 14,787 1.79 .0315 .145 244
Carbon “C” 0.80 1.169 13,700 13,680 1.36 .0275 139 232
Carbon “D” 1.31 1.347 20,000 19,450 1.10 .0350 .159 275
Carbon “E” 1.36 3.515 8,800 7,738 7.22 .0392 .199 356
Lampblack 1.72 21.94 1,500 1,568 222.3 .0486 .184 321

one gram was gasified at 900°. It is seen that even
though the void volume has been increased only
slightly over the unreacted sample the diffusion co-
efficient has been markedly increased. Further-
more, the above trend no longer holds, with this
sample having a larger diffusion coefficient but a
smaller void volume than the lampblack.

It is next of interest to compare the experimental
hydrogen diffusion coefficients in the carbon rods
with the bulk diffusion coefficient. In order to do
this, the experimental, effective diffusion coeffi-
cients were corrected for the fact that they were ori-
ginally calculated on the basis of the external, geo-
metrical length and diameter of the carbon pellet
(Vs-in. by Vg-in.). In solids, Wheeler2has shown
that the internal path length, on the average, is
expected to be 1.41 times the external, geometric
length of the solid. Furthermore, he shows that the
pore area which admits gas internally is approxi-
mately given as the external, geometrical area of the
sample times its porosity. Column 7 then shows the
corrected diffusion coefficients at STP conditions.
These are to be compared with the bulk diffusion
coefficient of hydrogen through nitrogen of 0.674
cm.2sec.

According to Wheeler,2 for pores larger than
10,000 A. in radius, a molecule within the pore
structure will collide with other molecules far more
often than with the pore wall. Hence, the diffusion
coefficient will be independent of pore radius and
will reach the ordinary bulk value of the diffusion
coefficient. Such is seen to not be the case in the
present work, with the diffusion coefficients being
3- to 5-fold less than the bulk values. It is, of
course, possible that pore constrictions make the
“deviousness factor,” 1.41, too low and the effec-
tive porosity value too high. For example, gasifi-
cation of graphitized carbon “A” to only a 10%
weight loss at 900° increased the corrected diffusion
coefficient by almost 50%.

An indication of the average pore size which is
controlling the internal diffusion rate of gases within

the carbon rods can be obtained by use cf the
Wheeler expression2

D = Dh1 - e-2ew/3n) 1)
where
D = corrected diffusion coefficient, as given in col. 7 of
Table 11
Db = bulk diffusion coefficient, taken as 0.674 cnrA/sec.
at STP conditions
ro = effective pore radius
V = av. mol. velocity, taken as 106cm./sec.
Column 8 of Table Il lists the calculated values of
Re. It isseen that they are considerably less than

the values of the average pore radius in the void-
volume range.

Relation between Carbon Gasification Rates and
Macropore Structure—No apparent relationships
exist between the macropore structure of the car-
bons and their gasification rates, as presented in an
accompanying paper.5 The only inkling of a cor-
relation that can be seen is the fact that the gasifi-
cation rate of lampblack at 1300° (where mass
transport would be expected to play a prominent
part in controlling the gasification rated was con-
siderably lower than the other carbons, as was its
average pore radius in the macro-void-volume range.
However, this comparison stops when it is noted
that carbon “E” has the next smallest, average pore
radius in the macro-void-volume range but yet not
the next smallest gasification rate at 1300°.

It is realized that the only way to systematically
study the possible effect of pore structure on gasifi-
cation rate is to take a given carbon and vary its
pore structure by particle size variation, etc. In
the present case, there were too many variables,
other than pore structure variations, which could
well have affected gasification rates. Future work
along the above line is planned.
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The vapor density of acetic-d3acid-d (CHICOOH2) is reported as measured in the ranges 100 to 800 mm. pressure and 80 to

170°.

culated heats of di- and trimerization are —14,100 and —23,200 cal./mole.

The data are best explained by the assumption that the vapor is an equilibrium mixture of 1-, 2- and 3-mer. The cal-

The data of Ritter and Simons3on CHOOH

have been recomputed on the basis of new vapor pressure values and the ordinary acid has been shown to contain the same

molecular species as the deuteroacid.
cal./mole.

as a difference in the zero-point vibrational energies of the two dimers.

Corresponding values for the heats of di- and trimerization are —13,700 and —22,800
The difference between the heats of dimerization for CH3ZOOHland CHICOOHZis accounted for approximately

A discussion is given of an observation of Johnson

and Nash that the logarithm of the apparent equilibrium constant for dimerization is linearly related to the vapor density.

Changes produced in the properties of water,%6
acetic acid6 and hydrogen fluoride6 by deuterium
substitution are believed to be largely the results of
an increase in the extent of association. A study of a
deuterated acetic acid by means of vapor density
measurements was undertaken in this laboratory
in order to obtain quantitative information con-
cerning this effect. The completely deuterated acid,
acetic-d3acid-d, was chosen for the study in order to
eliminate the intramolecular hydrogen-deuterium
exchange otherwise encountered.

Vapor density, grams/liter.

Fig. 1—Variation of log K with density for acetic-d3
acid-d.

Materials.—Acetic-d3acid-d was prepared by decarboxyla-
tion of malonic-d2acid-d2formed by the reaction of DD and
C32 The detailed method of preparation and purification,
as well as the liquid density and vapor pressure of this com-
pound, are given elsewhere.7 The percentage of deuterium
in the final product was determined by mass spectrometer
as 95 £ 3% of the theoretical, corresponding to a formula
weight of 63.8.

(1) Abstracted from a thesis by A. E. Potter, Jr., submitted to the
faculty of the University of Wisconsin in partial fulfillment of the re-
quirements for the degree of Doctor of Philosophy, June, 1953.

(2) To whom inquiries concerning this article should be addressed
at: Department of Chemistry, Miami University, Oxford, Ohio.

(3) H. L. Ritter and J. H. Simons, J. Am. Chem. Soc., 67, 757
(1945).
(4) G. N. Lewis and R, T. MacDonald, ibid., 65, 3057 (1933).

(5) G. N. Lewis and P. W. Schutz, ibid., 56, 493 (1934).
(6) W. H. Claussen and J. H. Hildebrand, ibid., 66, 1820 (1934).
(7) A.E. Potter and H. L. Ritter, This Journal, 58, 1040 (1954).

Vapor Density.—The method used for vapor density
measurements has been described by Simons and Ritter.8
The performance of the apparatus was somewhat improved
by the use of a short wide buret in place of the long and nar-
row one as in the original design. Loss of accuracy in
volume measurement due to the shortening of the buret was
prevented by improved control of the buret temperature and
the use of a more accurate cathetometer. As in the work of
Ritter and Simons,3a dual system was used to correct the
measurements for adsorption on the glass walls of the sys-
tem. In order to facilitate analysis of the data, the vapor
densities were determined at constant temperature over a
range of pressures. The results of the vapor density meas-
urements are given in Table I.

Monomer-Dimer Equilibrium.—If it is assumed
that acetic acid vapor is a Dalton’s law mixture of
monomer and dimer, it has been shown9that for the
dimerization equilibrium, 2AcOH <> (AcOH)2 the
apparent equilibrium constant, A 2, is given by

R>—P N
(2P - Po)2 @
where p is the observed pressure of the vapor, and
Po is the pressure the vapor would exert if com-
posed entirely of ideal monomer. It follows from
the definition of P othat

P0 = dRT/m 2)

where d is the observed vapor density, R is the gas
constant, T is the temperature, and m is the molec-
ular weight of the monomer.. These two equations
may be combined to give

. dRT/m —P m)
2 (2P - dRT/m)2 1]

A2 was calculated from experimental values of
density, temperature and pressure by this equation.
The results are shown in Table I, where log K 2 is
tabulated. The values found for kK 2 increase mono-
tonically with pressure. The thermodynamic
equilibrium constant must be obtained by extrapo-
lation to zero pressure. In the following discus-
sion, the apparent equilibrium constant kp, cal-
culated from equation 3, is distinguished from the
thermodynamic equilibrium constant A2 by an
accent mark.

Johnson and Nash9 have proposed that A2 be
found by extrapolation to zero density of a plot of
log AV against density. Such a plot is a straight
line within the precision of the. experimental data,
so that extrapolation is much simpler than in a
plot of Kz against pressure. In addition, graphical

(8) J. H. Simons and H. L. Ritter, Rev. Sci. Instr., 16,
(1945).

(9) E. W.
(1950).
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Vapor Density, A

Trimerization and

Pressure,
mm.

100.2
122.7
147.2
178.7

124.5
151.8
178.6
221.2

04.9
146.9
201.5
251.7
296.8
329.8

102.6
149 5
204.1
302.7
398.5
444.7

97.8
150.8
205.8
302.0
399.8
500.3
597.9
712.0

149.2
205.2
301.0
397.0
495.2
636.8
752.8

149.2
207.9
301.3
397.6
497.6
636.4
748.7

206 3
300.0
403.5
497.6
632.0
745.2
793.4

Density,

g./l.

0.455
.570
.700
.867

0.537
.670
.806

1.024

0.359
.587
.841

1.079

1.302

1.465

0.354
.542
772

1.205

1.647

1.868

0.311
.508
717

1.112

1 528

1.971

2.416

2.956

0.464
.663
1.022
1.403
1.803
2.409
2.937

0.424
.615
.928

1.273

1.645

2.179

2.641

C.570
.862
1.202
1.523
1.996
2.427
2.608

Table |
pparent D imerization
Tetramerization
ACETicd3AciDd
—log Ks, mm,
Ki'a X 106
80.3° Isotherm
1.515 25.7
1.499 24.2
1.466 27.7
1.441 26.2
88.9° Isotherm
1.725 11.9
1.715 11.3
1.687 12.5
1.658 12.5
99.1° Isotherm
1.992 5.58
1.984 4.02
1.956 4.73
1.941 4 38
1.910 4.84
1.898 4.76
109.9° Isotherm
2.247 1.58
2.238 1.44
2.225 1.52
2.204 1.40
2.174 1.54
2 142 1.75
119.3° Isotherm
2.433 1.46
2.412 1.45
2.430 0.711
2.402 .841
2 389 811
2.369 .798
2.342 .860
2.300 .982
128.4° Isotherm
2.614 0.597
2.613 418
2.606 .334
2.590 .397
2.576 .378
2.543 441
2.494 .560
140.3° Isotherm
2.864 0.111
2.837 .209
2.845 .106
2.829 .143
2.815 .158
2.799 .168
2.764 220
150.3° Isotherm
3.023 0.0987
3.019 .0853
3.009 .0891
3.002 .0926
2.995 .0830
2.960 124
2.955 .126
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Constants,

Constants

2

Ki, mm.
X 10»

29.9
25.2
251
21.3

3.29
1.64
1.07
0.935
748
728
.789

for

160.8° Isotherm

207.3 0.540 3.199 0.0785 0.258

303.0 .815 3.201 .0473 107

399.0 1.105 3.192 .0487 .0382
493.6 1.403 3.180 .0557 .0950
593.1 1.722 3.179 .0435 .0582
708.4 2.108 3.167 .0508 .0307
790.5 2.391 3.157 .0560 .0597

171.3° Isotherm
206.9 0.513 3.361 0.0561

298.1 .759 3.352 .0428
398.5 1.035 3.373 0193
496.7 1.321 3.359 .0219
592.9 1.608 3.352 .0276
705.7 1.955 3.343 .0270
789.2 2.220 3.333 .0334

“KAt molecular weight of 63.8 was used for the calculation
of Kt'

extrapolation of the curved plot of kK2 against
pressure tends to give special weight to the least
accurate data, namely, those at low densities.

Plots of log K 2' against density for acetic-dg acid-d
are shown in Fig. L The linearity of these plots is
apparent. Consequently, the experimental values
of AY found over a range of density at a particu-
lar temperature were fitted by the method of least
squares to an equation of the form

log AY = logK2+ Bd @
The resulting values of log kK 2 and B at each tem-
perature of measurement are tabulated in Table I1.
The heat of dimerization was found from the slope
of a plot of log A2against \/T. The equation of
the line was found by the method of least squares to
be log k2 = —10.322 + 3083/T. The resulting
heat of dimerization is AH 2 = —14,100 cal./mole.

Dependence of log AY on Vapor Density.—No
simple explanation has been given for the apparent
linearity of a plot of log K 2 against vapor density.
It was therefore thought advisable to examine the
behavior of this plot. It was found possible to ex-
pand log AY as a power series in vapor density, the
coefficients in the series involving the several equi-
librium constants for i-merization. The develop-
ment is given in the Appendix, the final series being

s w s .ow o, 2K3FUTI 4/Ccr
laK* =InKA+ K Ly1s 47 —4K3— +
s Ai~] VRT . 12As2 24K
K2) Lm] 'y _|f1—:t 48 A3A2 - K2 + K2 +
1.6[_(V _ 48Ki 36 A3KT] 'fl'_TJp )

where K 2, K s, . . . are the equilibrium constants for
2, 3, . . . -merization, defined for the equilibrium
i(AcOH) <> (AcOH)i. For sufficiently small d, the
higher terms are apparently negligible within the
range of density used in those experiments where
the linearity has been confirmed, presumably be-
cause the higher k 's are small.

Higher Polymers.—Exact definition of the nature
of the higher polymers that have been shown to
exist in carboxylic acid vapors39D is exceedingly
difficult. This difficulty is due primarily to the
present-day practical impossibility of obtaining
sufficiently accurate data. As the data obtained in

(10) F. H. MacDougall, J. Am. Chem. S 0c63, 3420 (1941).
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this research are comparable in accuracy to those
recently obtained by Ritter and Simons3and John-
son and Nash,9the essential criterion used by these
workers to establish the probable nature of the pre-
dominant higher polymer has been employed here
also. This criterion for the predominance of a
higher polymer of order i is that the equilibrium
constant for i-merization should be substantially
independent of pressure.

In order to calculate k 3,n the following proce-
dure was used. For a Dalton’s law equilibrium mix-
ture of monomer, dimer and trimer, it may be
shown3that

171012

2 2pMaS )
ma3
3pM 2i3 ¥
=WK2[{1 +pKi<-3 ~ M/m))'" « 1] (8)

where ah a% and a3are the mole fractions of mono-
mer, dimer and trimer, respectively, m is the molec-
ular weight of the monomer, and m is defined as
dRT/p. At each temperature the value found for
K 2 was combined with each pair of experimental
values of d and p for the calculation of the corre-
sponding ai from equation 8. Equation 6 was then
used to compute a2 Using the further relation-
ship that 2a = 1, it was possible to compute a3,
and finally Kk 3was computed from equation 7. In-
spection of these results, tabulated in Table I, re-
veals that K 3exhibits only a small pressure depend-
ence; indeed, the experimental scatter of the data
generally obscures the trend of K 3 with pressure.
Since the precision of the data does not justify an
extrapolation to zero pressure to obtain the ther-
modynamic equilibrium constant, an average value
of Kk 3was computed at each temperature. The plot
of the logarithm of the average K 3 against 1/T is
linear. The equation of the line, as found by the
method of least squares, was log K 3 = —18.984 +
5080/T. The resulting value of AH 3 is —23,200
cal./mole.

It is possible to compute k% in another way.
Combining equations 4 and 5 gives, to the first de-
gree ind
2303 BK2

2 mRT ©)

This relation gives an “independent” means of cal-
culating K 3. In addition, the results of such a cal-
culation provide some measure of the reliability of
the extrapolation procedure used to compute K 2.
Using the slopes given in Table Il with equation 9,
K 3was found at each temperature of measurement.
The equation of the straight-line plot of log K 3

K3 =

Tabre Il

Log K,and Bfor Acetic-A AciD-d1

Teo(r?p., log Ke |% Tg}rgp., log Ki |,/Bg’,
80.3 -1.601 0.186 128.4 -2.648 0.047
88.9 -1.807 .145 140.3 -2.876 .039
99.1 —2.0S1 .089 150.3 -3.048 .034
109.9 -2 274 065 160.8 -3.216 .024
119.3 —2.453 .047 171.3 3.374 .016

(11
n>

The data do not justify a distinction between Knand Kn' for
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against 1/T was found by the method of least
squares to be log k 3 = —18.755 + 4924/T. The
corresponding value of AH 3is —22,500 cal./mole.
The agreement between this result and that ob-
tained previously by the more rigorous method is
felt to be satisfactory.

The assumption that a tetramer was the predom-
inant higher polymer was also tested, in order to
make sure that this assumption would not give re-
sults as satisfactory as were found when a trimer
was taken as the predominant higher polymer.
Equilibrium constants for tetramerization were cal-
culated for several isotherms by a method3similar
to that employed for the trimer. Values of K\ are
given in Table I, where it may be seen that dis-
plays such a large pressure dependence, compared
to K 3 as to make it unreasonable that the predomi-
nant higher polymer is a tetramer. In addition, the
pressure dependence is in the opposite sense from
that which might be expected. The fact that the
experimental data produced a straight line plot of
log K 2 against density is also evidence that the tri-
mer predominates; for should the tetramer be the
major higher species, log kK 2 should vary as d2
rather than d, according to equation 5. The possi-
bility that a tetramer is present in addition to tri-
mer has not been excluded; vapor density data of
extraordinary accuracy would be required to es-
tablish the existence and nature of such higher
polymers.

Acetic Acid.—Johnson and Nash have made
precise density measurements for the vapors of
several carboxylic acids, using a magnetically con-
trolled gas density balance. From consideration
of their data, they have concluded that a stable
trimer is present in the acid vapor in addition to the
dimer. This observation is in opposition to that
of Ritter and Simons, who, using a procedure similar
to that of this research, found the predominant
higher polymer in acetic acid vapor to be a tetra-
mer. In addition, Johnson and Nash found for
acetic acid, AH2 = —13,820 + 100 cal./mole as
compared with Ritter and Simons’ value of —14,500
+ 200 cal./mole. Both workers covered similar
ranges of pressure and temperature, and the preci-
sion of their results is comparable. The lack of
agreement is strange, and would appear to be due
to a systematic error in one case or the other.

The calculations of Ritter and Simons involve
the vapor pressure and liquid density for acetic
acid; those of Johnson and Nash involve the equa-
tion of state for carbon tetrachloride. Ritter and
Simons used the vapor pressure of acetic acid as
determined by Ramsey and Young. The vapor
pressure of acetic acid was remeasured in the
course of this research,7 and the results are con-
sidered to show that the data of Ramsay and
Young are in error by about 2% at the boiling
point. As an error of this magnitude in the
vapor pressure causes an appreciable error in K/
Ritter and Simons’ data have been recalculated
using the new vapor pressures. The recalculated
values are shown in Table Ill. Values of log Kd
calculated from the 44.7 and 829.8 mm. isobars
deviated considerably in a systematic manner from
a straight line plot of log kK 7 against density. Con-
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Tavie Il

Acetic Acid: Recalculated Vapor Density Data of

Ritter and Simons
(The first column in each subtable is M =
second is the temperature, CC).
V =939 mm. p = 148.2 mm.

dRT/P; the

p = 44.7 mm.

105.2 51 9 102.5 63.3 97.7 77.6

95.9 66.2 100.9 67.2 94.5 83.7

91.3 74.2 92 7 80.0 84.5 102.0

84.4 83.9 89.0 87.1 81.6 109.0

80.9 92.0 82.8 98.0 76.9 119.3

77.5 97.3 76.9 109.1 73.9 122.8

73.6 105.3 73.6 115.6 72.5 130.1

67.2 123.6 68.5 127.8 69.0 137.9

66.3 127.6 67.6 132.9 66.0 148.2

63.8 145.5 64.3 151.1 64.7 160.0

63.7 151.5 63.2 160.1 62.9 177.9
V= 212.8 mm. V = 309.2 mm. V = 433.0 mm.

94.3 93.4 97.2 96.9 96.4 105.2

93.1 96.1 95.2 99.8 94.0 109.6

88.6 104.4 92.2 105.4 88.6 119.3

85.6 109.8 89.5 108.8 81.1 134.9

79.2 120.2 84.1 119.2 73.9 153.2

75.5 129.8 81.5 125.1 71.4 157.7

70.8 142.7 77.7 140.4 68.6 169.3

67.7 155.0 69.2 158.0 66 6 178 3

63.3 185.0 62.8 197.8 65.9 189.5
\V = 612.5 mm. V=829.smm.

96.8 114.3 93.9 129.4

94.1 120.0 88.5 141.2

91.2 124.8 82.8 151.5

89.1 129.1 79 3 159.4

85.6 135.7 74.4 171.8

80.8 146.0 71.7 180.0

76.5 154.9 67.9 194.8

70.8 174.1

66.0 193.7

sequently these isobars were discarded in further
treatment of the data. Values of log Kk 2and B were
determined at each temperature in the same way as
for acetic-d3aeid-d. The results are shown in Table
IV. The equation of the straight line obtained by

Table IV

Log Kiand B for Acetic Acid

Temp., Temp,,

°c. log Ki B. l./g. °C. log Ki B. I./g.
80.0 -1.704 0 353 130.0 -2.697 0.064
90.0 -1.901 215 140.0 -2.876 .056
100.0 -2.109 128 150.0 -3.060 .053
110 o -2.301 .079 160.0 -3.232 .033
120.0 -2.504 .076 170.0 -3.349 017

plotting log Kk 2 against 17T was found by the
method of least squares to be log k 2 = —10.149 +
3000/T. The corresponding value of AIL, is
—13,730 cal./mole, which is in good agreement with
the value obtained by Johnson and Nash. The
close agreement in heat of dimerization between
these two sets of data suggested that further agree-
ment might be found concerning the nature of the
predominant higher polymer. Accordingly, the
pressure dependence of K 3 and K 4 was examined.
Kz and K t were computed in the same way as for
acetic-d3acid-d. Some typical results are given in
Table V. It may be seen from this table that the
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pressure dependence of K d is small compared to
that of In addition, as with acetic-d3 acid-d,
the pressure dependence of K 4 is quite opposite to
that expected. This result indicates that the trimer
is the predominant higher polymer in acetic acid
vapor, as well as in acetic-d3acid-d vapor.

Table V

Representative Values of K3and K4 for Acetic Acid

Pressure, K., Ki.
mm. mm. 2X 106 mm.-3 X 10
90° Isotherm 93.9 12.2 13.0
148.2 9.35 7.21
212.8 13.7 7.91
309.2 14.7 6.49
120° Isotherm 93 9 1.54 1.32
148.2 1.36 0.740
212.8 1.32 544
309.2 0.891 .268
433.0 1.10 .262
612.5 1.25 221
160° Isotherm 93.9 a a
148.2 0.0332 0.0136
212.8 .106 .0277
309.2 .0230 .00279
433.0 .0306 .00309
612.5 .0568 .00721

“ Experimental error causes K¢, and K4to be negative.

Values of the logarithm of the average Kz
were plotted against 1/T and found to fall on a
straight line. The equation of the line was found by
the method of least squares to be log kz = —18.591
-f- 4970/T; the corresponding heat of trimerization
is AHz = —22,700 cal./mole. Kz was also calcu-
lated using equation 9 and the slopes given in Table
IV. The equation of the resulting straight-line
plot of log Kz against 1/ T was found by the method
of least squares to be log kz = —19.119 + 5090/7.
The heat of trimerization found from this slope is
—23,300 cal./mole.

Comparison of the Heats of Dimerization of
Acetic Acid and Acetic-d3 Acid-d.—A primary ob-
jective of this research was the measurement of
the changes produced by deuterium substitution in
a compound extensively associated through hydro-
gen bonds. It is therefore of interest to compare
AHz for acetic-d3acid-d with AH 2for acetic acid
—14,100 cal./mole

—13,730 cal./mole
—13,820 cal./mole

Acetic-cfe acid-d
Acetic acid312
Acetic acid912

It is seen that the energy of dimerization found for
the deuterated acid is greater by about 300 cal./
mole than that found for the ordinary acid. It is
generally believed that replacement of hydrogen
by deuterium does not affect the electronic struc-
ture of a molecule. Accordingly, the observed dif-
ference should be explicable on the basis of a mass
change alone. The most important properties of the
acetic acid system affected by a mass change are
the zero-point vibrational energy of the dimer and
the resonance energy of the hydrogen bond. Re-
placement of hydrogen by deuterium will decrease
both of these quantities. A decrease of zero-point

(12) Other values have been reported by various workers, ranging

up to —16,400 cal./mole. A recapitulation is given in reference 9.

The value given here as from reference 3 is the corrected value. .
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vibrational energy, however, corresponds to an in-
crease in the absolute value of the heat of dimeri-
zation, while a decrease of resonance energy results
in a decrease in this quantity.

In order to calculate the effect of deuterium sub-
stitution on the zero-point vibrational energy of
the dimer, equations given by Halford3 for the
normal modes of vibration of a hypothetical acetic
acid dimer molecule were used. The change in zero-
point vibrational energy produced by replacement
of all the hydrogen by deuterium was found to be
122 to 133 cal./mole, depending upon what values
of the force constants were chosen for the calcula-
tion. This difference compares favorably in mag-
nitude and direction with the observed change of
300 cal./mole. It follows that the resonance energy
of the hydrogen bond in acetic acid must be small,
since deuterium substitution would be expected to
change the resonance energy considerably. As an
additional point of interest, the ratio of the dimeri-
zation constants of the isotopic acids was calcu-
lated and compared with the experimental ratio
computed from the recalculated data of Ritter and
Simons and the data of this research. The ratio of
the dimerization constants is given by

AYP> QM [QIP , _gapo /R T
AY»  Q@*m

Here, A2 and if2l) are the dimerization constants
for the heavy and light acids, Q2h) and Q2@>are the
total partition functions of the heavy and light
dimers, Qi(h) and Qi(> are the total partition func-
tions of the heavy and light monomers, and 5AHS
is the difference between the heats of reaction at
absolute zero. Translational, rotational, internal
rotational and vibrational partition functions were
included in calculation of the total partition func-
tion. The calculation was vastly simplified by the
assumption that the acetic acid monomer molecule
could be regarded as rigid. The structure used by
HalfordBB was taken for calculation of the parti-
tion functions. Internal rotation partition func-
tions for the hydroxyl group were calculated from
the tables of Pitzer,4 using 3000 and 10,000 cal./
mole as the depth of the potential well hindering
rotation in the monomer and dimer, respectively.
The difference between the heats of reaction at
absolute zero is the difference between the zero-
point vibrational energy of the dimers, already
calculated above. At 120° (using SAH° = —133

(13) J. 0. Halford, J. Chem. Phys., 14, 395 (1946).
(14) K. S. Pitzer and W. D. Gwinn, ibid., 10, 428 (1942).
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cal./mole) the ratio A 2Mh)A 2{) was found to be
1.23, which compares well with the observed ratio
of 1.17.

From the preceding discussion, it appears likely
that the differences observed between the isotopic
acids, with regard to the heat of dimerization and
the extent of association, are due largely to the ef-
fect of the mass increase on the zero-point energy
of the dimer.

Acknowledgments.— The authors are indebted
to the du Pont Company for financial assistance to
one of them (AEP), and to Prof. C. F. Curtiss for
many helpful discussions.

Appendix
Substituting d = m/V in equation 3, where m is
the molecular weight of the monomer and V is the
volume occupied by one mole of monomer mole-
cules (whether associated or not)
., [L- PV/RT] V. m
2 [2PV/RT - 1]2RT K>

If we now express PV/RT in terms of the virial
equation of state, this equation becomes
K,=_ [B+ C/V+ D/V2+ E/Vs+ ..]

2 RT [1 + 2B/V + 2C/F2+ 2DIV* + .. ]2

(ii)

where B, C, D, ... are the 2nd, 3rd, 4th, etc., virial
coefficients. From equation ii, noting that In KV -*m
InK2as1/F—0, In AY may be expanded in a Mac-
laurin series in \/V to give

Inki* = Ink, + |'g —4BJy +
1F2BD + 8B*- Cc2- 8BXH 1
21 B2 JV:

1BE - 6BZD + 2BC3- 24B%&) + 48BSC - 32BH
3L B4 J

yi T mEem

For a gas which is associated to form a Dalton’s
law mixture of polymeric forms in equilibrium,
Woolleyl6has shown that the virial coefficients may
be written as

B=-KRT

C = [4AY - 2K3[RT]2

D = [20kzB+ 1SKK3- 3if4[RT]3

E = [112fvs + 18AY - 144KX2+ 32A2A4 - [é{ﬁi
By substituting these relations in equation iii and

placingd = m/V, one obtains equation 5 of the text.

(15) H. W. Woolley, ibid., 21, 236 (1953).
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SURFACE TEMPERATURES OF BURNING LIQUID NITRATE ESTERS

By Rudolph Steinberger and Kenneth E. Carder
Allegany Ballistics Laboratory, Hercules Poader Conparty, Qumberland, Maryland
Recsived Septerrber 17, 1954

Temperature profiles of burning liquid nitrate esters have been obtained by allowing the liquid to burn past a fine wire

thermocouple.

The results show that the temperature at the liquid-gas interface is not appreciably above ambient. A

mechanism consistent with this observation involves a free-radical attack on the nitrate ester as the initial step in the chemi-

cal reaction sequence.

In a study of the mechanism of burning of double-
base propellants, knowledge of the detailed tem-
perature distribution through the reaction zone
would be very helpful. Such knowledge would sup-
plement the scanty analytical data which are avail-
able for such systems and indicate, in rather
broad fashion, the general nature of the reaction
sequence.

Previous attempts in this fieldl have been suc-
cessful in providing reproducible, and presumably
correct, temperature profiles of double-base pro-
pellants. Some difficulty was encountered, how-
ever, in interpreting these curves, since no satis-
factory method could be found for fixing a point of
reference which would relate the temperature profile
to observable changes within the reaction zone.
The obvious point to use as an origin is the surface of
the solid propellant strand. However this surface
is usually somewhat irregular in shape and difficult
to define, especially since the thickness of the perti-
nent reaction zone is on the order of 0.1 mm.

It was thought that progress could be made by
making similar measurements on liquid nitrate
esters burning as strands in glass tubes. These
compounds have ballistic properties (burning rate
levels, pressure coefficients, temperature coeffi-
cients) very similar to those of double-base propel-
lants with comparable heats of explosion and can,
therefore, be regarded as suitable models. More-
over, from the point of view of measuring tempera-
ture profiles, the liquids have several special ad-
vantages.

(1) Under suitable conditions the liquids burn
with a smooth, meniscus-shaped surface, so that an
easily definable reference point exists.

(2) Liquid strands are transparent, so that rela-
tively simple photographic techniques can be used
for synchronization of the physical situation with
the temperature record.

(3) By means of suitable fuel-feeding mecha-
nisms the rate of travel of the reaction zone past a
thermocouple can be reduced below the normal
level, so that thermocouple response times and high
speed photography cease to be a problem.

Experimental

Apparatus.—Combustion was carried out in a window
bomb, a horizontally mounted cylindrical vessel with 4"
diameter windows both front and rear. The fuel was
contained in a 3 mm. i.d. Pyrex tube connected in IT-tube
fashion to a 12 mm. i.d. reservoir. The thermocouple was
mounted horizontally through the smaller tube, the junc-
tion centered in the tube and the leads sealed through the
glass with Armstrong A-22 adhesive. Ignition was ob-
tained by means of a loop of 0.005" platinum wire extending

(1) R. Klein, M. Mentser, G. von Elbe and R. Lewis, T his Journal,
54. 877 (1950).
(2) Armstrong's Products Co., Warsaw, Tnd.

approximately 3 mm. into the liquid and connected to a
24 v.a.c. source. In order to get smooth ignition with some
liquids it was found helpful to introduce a plug of fibrous
nitrocellulose into the top of the burning tube.

The thermocouple was made of 0.0005" Pt and Pt, 10%
Rh wires fused by means of a micro-torch. The junction
diameter was estimated to be approximately twice the wire
size, or 25 microns. The thermocouple output was re-
corded by an oscilloscope-drum camera combination.
Drum speed could be varied by changing synchronous mo-
tors. Such equipment is normally used for the static-testing
of rockets, and characteristics such as frequency response
and stability are thought to be more than adequate for the
present purpose.

Photography was done by means of a Ciné Kodak Special
camera, using a lens with a focal length of 2" or 3" and a 3"
variable extension tube. Efforts to obtain still higher
magnification resulted in the use of a microscope tube with
32 mm. objective and 10X eyepiece. This combination
was used without any further camera lenses, producing 40-
fold magnification. When using the camera with a motor
drive, it was found necessary to calibrate the framing speed
for every experiment. However when the spring drive was
used, only occasional recalibration was necessary. In gen-
eral, a back-lighting scheme, using a #2 Photoflood bulb
was found most effective for delineating the liquid meniscus
and thermocouple. Synchronization between the oscillo-
scope and movie records was accomplished by means of a
flashbulb which was actuated by the drum camera shutter
and served to blank out one frame of the movie film.

Materials.—While several different nitrate esters were
used in this study, the material found most suitable was
triethylene glycol dinitrate (TGDN). This was prepared
by mixed-acid nitration of redistilled triethylene glycol.
(Uitrogen analysis by TiCl3titration: 11.96% N, theoreti-
cal 11.6% N.) Other nitrate esters were the standard
commercial products, not further purified.

Experimental Conditions.—Inasmuch as some of the
methods used were relatively new?, experimental conditions
were varied over the widest possible range in order to show
up any systematic error.

1. Several different liquids wére burned, including ethyl
nitrate, ethylene glycol dinitrate (EGDN), and a mixture
of 2,2-dimethylol-l-propanol trinitrate, 82.2%, and tri-
acetin, 17.8%.

2. Pressures were ordinarily varied between 500 and
1000 p.s.i. (nitrogen). Some experiments were carried
out, however, at pressures as low7as atmospheric.

3. Burning tube and reservoir diameters were varied in
order to show up effects due to rate of travel of the liquid
surface, subsurface liquid turbulence caused by temperature
gradients at the walls, etc. No effects were noted. Even
when the reservoir was removed completely, the tempera-
ture profile retained its shape.

4. The original method of mounting thermocouples
involved introduction of the leads from below, the final
wires forming an inverted V at the bead. This method was
thought to be inferior to the one finally adopted, which was
developed by Dr. Don H. Hildenbrand of the U. S. Naval
Ordnance Test Station. However, results obtained by the
two methods wére identical.

5. Photographic techniques were changed constantly.
At first a front-lighting scheme was used, because the bomb
had only one window. This served to highlight the ther-
mocouple and leave the liquid fairly dark. A slightly dif-
ferent method, in which the light beam was directed at a
white background, served to demonstrate the advantage
of a silhouette-type photograph and led to the two-window
method finally adopted. The photography can be a source



256

of considerable error in this type of experiment. However,
the various approaches used here all led to the same result.

6. Inasmuch as previous work had shown that catalytic

activity by the thermocouple wire can be important,1some
experiments were done with a borax coating on the thermo-
couple. Results were not significantly different from the
usual ones.

The range of experimental conditions quoted above covers
some situations which are quite obviously more suitable for
accurate observations than others. In particular it was
found advantageous to work with relatively non-volatile
materials at high pressure. In this way one reduces to a
minimum the effect of a thin, foam-like layer which forms
at the surface at low pressure and with volatile fuels and
makes the location of the liquid-gas interface very difficult
and somewhat meaningless. Under suitable conditions,
however, the burning surface is sharply defined, and re-
sults can be quoted with considerable confidence.

Results

A typical temperature record, obtained by burn-
ing TGDN at 800 p.s.i., isshown in Fig. 1. Accord-

Fig. 1—Temperature record of TGDN burning at 800
p.s.i.

ing to the movies corresponding to this record, Point
A marks the moment at which the burning surface
meets the thermocouple. Thus the temperature
of the burning surface is equal to the ambient tem-
perature. In only one case, EGDN burning at at-
mospheric pressure, an appreciably elevated sur-
face temperature was found (70°, see Fig. 2).

Fig. 2.—Temperature record of EGDN burning at atmos-
pheric pressure.

These records do not give a true picture, how-
ever, of the temperature in the gas phase. It ap-
pears that as the thermocouple attempts to rise
out of the liquid it drags along a cusp of liquid and
remains coated through the greater part of the com-
bustion zone. The film of liquid which coats the

Rudolph Steinberger and Kenneth E. Carder
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thermocouple is presumably burning but is replen-
ished continually by capillary action. The recorded
temperature thus approximates that of the film,
which is hotter than the normal surface, because it
projects into the flame zone. Eventually the film
drops off, point B of Fig. 2, and the thermocouple
records the flame temperature. Evidence for this
picture consists of two types of observations. (1)
Some of the photographic records, especially those
taken at low pressure, distinctly show a rapid drop
of the surface at point B. (2) Temperature records
obtained with the burning surface approaching the
thermocouple from below, so as to avoid the forma-
tion of the film (see Fig. 3), show a smooth, rapid
temperature drop from the flame to the surface
rather than the long plateau characteristic of rec-
ords obtained in the normal direction.

MM

SEC.

Fig. 3.—Reverse temperature record of TGDN burning
at GO0 p.s.i.

Thus the present work gives essentially no in-
formation as to the gas-phase temperature profile.
However, the observation of a low surface tempera-
ture leads to some important conclusions.

Conclusions

Several mechanisms can be postulated for accom-
plishing the phase transition which occurs at the
liquid-gas interface of a burning liquid. The present
data can be used to distinguish between these possi-
bilities.

1. A mechanism suggested in the past34 in-
volves the evaporation of the liquid and subsequent
combustion of the vapor. The rate of burning then
would depend on the rate of heat transfer by con-
duction from the flame. The observed tempera-
ture gradients are too low, however, to account for
the burning rates of these materials. Thus the tem-
perature gradient at point A, Fig. 1, is zero, so that
no heat is flowing through this point. In the case
of EGDN, burning at atmopsheric pressure (see

(3) A. F. Belajev, Acta Physicochim. U.R.S.S., 8, 703 (1938).

(4) G. K. Adams, W. G. Parker and Il. G. Wolfhard, Disc. Faraday
Soc., 14, 101 (1953).
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Fig. 2), a constant gradient of 2000°/cm. is re-
corded over the entire curve up to the drop-off
point, B. This leads to a rate of evaporation lower
than the burning rate by a factor of 38. It is clear,
therefore, that the available data do not support a
phase-change mechanism involving simple vaporiza-
tion of the fuel.

The calculations pertinent to this point are based on the
equations

Hi= H,r
_ kdT
H2= dr

where Hi is the rate of heat absorption necessary for vapori-
zation, cal./cm.£ sec., H, is the rate of heat conduction to
the surface, cal./cm.2sec., H, is the volumetric heat of va-
porization of the liquid, cal./cm.3 ris the burning rate, cm./
sec.; Kis the heat conductivity of the gas, taken to be 5 X
10-5 cal./cm. °C. sec, and AT/dX is the temperature
gradient in the gas just outside the surface, °C./cm., as-

sumed to be equal to the temperature gradient in the liquid
of fnp gurffiPP

In the case EGDN, Hv = 124 cal./cmA'r = 0.031 cm.2
sec.., so that Hi = 3.8 cal./cm.2sec., whereas H, = 0.1 cal./
cm.2sec.

It is recognized that, if a very steep temperature
gradient did exist at the surface, the thermocouple
used here would be too large to record it accurately.
In a purely thermal model the temperature would
be expected to rise to a surface temperature of
about 500° over a distance of 10 microns,6whereas
our thermocouples are approximately 25 microns
in thickness. However, since the thermocouple
indicates an average temperature across its diame-
ter,7 the record should give evidence of such large
changes in some manner. In actual fact, the rec-

(5) T. E. Jordan, “Vapor Pressure of Organic Compounds,” Inter-
science Publishers, Inc., New York, N. Y., 1954.

(6) R. H. Olds and G. B. Shook, U. S. Naval Ordnance Test Station
Technical Memorandum 917, 1952.

(7) N. P. Bailey, Mech. Eng., 53, 797 (1931).
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ords in the neighborhood of the surface are
smooth, free from discontinuities, and low in slope.
Therefore this difficulty would not appear to be
present.

2. A second phase-change mechanism involves
a chemical reaction, the usual postulate being in-
voked that the nitrate ester forms gaseous products
by a unimolecular decomposition. However, the
surface temperature necessary for this reaction to
g%lée place at the observed rate is on the order of

°6891so that this mechanism also is incompat-
ible with the experimental observations.

3. A third mechanism, also chemical in nature,
involves the attack on the nitrate ester by a second
species. Such a mechanism is in accord with the
temperature data, provided a material can be
found which will react with the nitrate ester at the
required speed at room temperature. Clearly, one
is looking here for highly reactive free radicals.
It is postulated that such reagents are generated
in appreciable concentration in the flame and that
they diffuse back to the liquid surface to initiate
reaction. This type of chemical mechanism, there-
fore, requires that a diffusion mechanism of flame
propagation be operative. Unfortunately, no una-
nimity exists in the literature as to the relative
importance of thermal and diffusion processes in
flames. The present data tend to underscore the
latter. It is hoped that studies now in progress
will help to clarify this point further.
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Solubility relationships in the system sodium sulfate-sodium molybdate-water at various temperatures are reported.
At temperatures where it exists as a stable phase, the deeahydrate of each of these salts takes up the other in solid solution,

but the amount of sodium sulfate taken up by sodium molybdate deeahydrate is very small.

Boundary conditions for some

of the three-phase equilibria in the system have been determined, as have the locations of two quadruple points.

The work reported in this paper is similar, in
methods and in significance, to previously reported
studies of the systems sodium sulfate-sodium
chromate-waterl and sodium chromate-sodium
molybdate-water.2 Ricci and Linke3have studied
the system sodium sulfate-sodium molybdate-wa-
ter at 25°.

Experimental

The salts used were C.p. grade sodium sulfate and sodium
molybdate which had been recrystallized once as decahy-

(1) W. E. Cadbury, Jr.,, W. B. Meldrum and W. W. Lucasse, J.

Am. Chem. Soc., 63, 2262 (1941).
(2) W. E. Cadbury, Jr., ibid., 67, 262 (1945).
(3) J. E. Ricci and W. F. Linke, ibid., 73, 3607 (1951).

drate. To determine solubility, the pure salt, a batch of
mixed crystals prepared by crystallization as deeahydrate,4
or a mixture of salts of about the desired composition, was
placed in a test-tube, 150 mm. X 25 mm. Unless solu-
tion was formed by transition, the desired amount of water
was added. The tube was placed in a thermostat. After
a few hours, with occasional stirring, equilibrium was
reached, as indicated by agreement in analysis when the
period of stirring was varied and whether the approach
was from undersaturation or supersaturation.

Liquid free from solid phase, and moist solids, were ob-
tained by filtration through paper on a small biichner fun-
nel.

Data for the condition of equilibrium resulting when
liquid and a second solid phase were formed by transition of

(4) Ref. 1, p. 2263; ref. 2, p. 262.
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deeahydrate were obtained as follows: a sample of deca-
hydrate solid solution of suitable composition was warmed
until partial transition had occurred; the tube containing
the mixture was placed in the thermostat, set at approxi-
mately the desired temperature, and when the tempera-
ture of the mixture was constant, a liquid sample was filtered
off and analyzed.

For analysis, the samples, whether liquid or moist solid,
were transferred to weighed weighing bottles. Percent-
age water was determined from the loss in weight after the
sample had been heated for several hours to about 150°.
In samples where sodium sulfate was in excess, sodium
molybdate was determined directly, and M0e V&g, the
other salt was determined by difference. As a check on the
analytical method, both salts were determined directly in a
few cases.

Sodium molybdate was determined by the indirect Vol-
hard method, as in ref. 3. Sodium sulfate was determined
as follows. The sample, dissolved in about 100 ml. of water,
was heated to boiling and a slight excess of silver nitrate
solution was added to remove molybdate as insoluble silver
molybdate. This precipitate was filtered off, and a slight
excess of hydrochloric acid solution was added to remove
excess silver. After the precipitate of silver chloride was
filtered off, sulfate was determined in the usual way by
precipitation as barium sulfate.

Results

In Table | are given representative data on solu-
bility measurements at the various temperatures.
The solid phases are indicated as follows: A,
NaZM 004, A2 NaaMo0042H2D; Aio, NaJVIoChTO
HD; B, Nax04, B1) NaXsS0410HD; Sa, deca-
hydrate'solid solution containing very little Bio; Sb,
deeahydrate solid solution containing appreciable
Aio-

The relations covered are indicated in the poly-
thermal diagram, Fig. 1. For clarity, the figure is
distorted somewhat; correct quantitative values
can be inferred from the tables and from later
figures. Dotted segments of the boundary curves
indicate the general direction of some equilibrium
conditions possible in this system which were not
investigated in this study.

HO

Fig. 1—Polythermal solubility diagram for the system
Na2So4-Naz2Moos-Hz20 (not to scale).

Each of the polythermal boundary curves, on
which the direction of decreasing temperature is in-
dicated by arrows, represents equilibrium among
liquid solution and two solid phases. These solid
phases are as follows: along bP, Sb and B; along
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PQ, SeandA2 along aQ, Saand A2, along QR, Sa
and Sb; along pP, A2and B.

Table |
Solubility Data: System Na2So +Naz2Mooa-1120

Satd. soln. Moist solid
Temp., Na2504, NasMoO,, Na2x 04, Na2M 004, Solid
°C. % % % % phase
0 4.46 0 Bio
3.32 7.00 38.48 111 Sb
2.23 13.86 36.62 3.02 Sb
1.16 29.10 33.55 8.34 Sb
1.08 31.24 8.40 38.40 Sb, Sa
0.81 31.52 1.02 48.80 Sa
0.56 31.12 0.72 54.15 Sa
0 30.60 Aid
8.5 7.74 0 B io
5.74 7.75 37.89 1.68 Sb
3.40 20.66 30.71 7.73 Sb
2.45 31.37 30.10 11.98 Sb
1.90 36.91 6.10 41.82 Sb, Sa
1.51 36.95 1.83 47.56 Sa
0.81 37.67 0.89 49.32 Sa
0 37.29 Ao
121 9.65 0 B io
8.85 2.40 40.40 trace Sb
6.32 12.68 36.76 3.21 Sb
4.00 23.29 39.90 2.50 Sb
3.02 34.03 31.46 11.36 Sb
2.87 36.57 31.47 12.54 Sb
2.93 36.52 0.76 73.54 a2
0.49 38.60 0.13 70.32 a2
0 39.08 a2
20.0 15.96 0 B io
13.82 5.04 40.20 0.66 Sb
10.97 14.22 37.15 3.48 Sb
7.03 28.49 34.75 8.11 Sb
6.42 34.10 27.09 22.82 Sb, A2
6.22 34.36 2.74 61.07 a2
2.99 37.28 1.58 56.78 a2
1.96 37.56 1.44 52.18 a2
0 39.30 a2
28.0 25.54 0 B io
20.80 10.11 41.48 1.26 Sb
17.22 17.87 36.71 5.80 Sb
15.78 22.97 62.30 2.97 Sb, B
12.42 28.09 90.33 3.45 B
1. 2106 89.09 4.53 B
10.06 31.56 58.63 25.36 B, A2
7.07 33.69 2.73 64.52 a2
1.78 38.17 0.78 64.09 a2
0 39.74 a2

Points a and b represent transition points, Aio +
cal. A2+ L, and Bu + cal. B + L, respec-
tively. The curves aQ and bP are transition
curves, along which a new solid and solution, L,
are formed by adding heat to a deeahydrate solid
solution: Sa + cal. A2+ L and Sb + cal.

B + L, respectively.

The curve PQ represents equilibrium among
solution, Sb, and A2: L -* SB+ A2+ cal.; i.e,
Sb and A2separate out when the saturated solution
is cooled.

The points P and Qare quadruple points, invariant
points at constant pressure in a three-component
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system. They are transition points at which the
reactions on cooling are: at P: L + B “mSb +
A2+ cal., and at Q: L -f- A2 —-Sa -f- Sb 4" cal.

Isothermal solubility data were obtained at five
temperatures: 0, 85, 121, 20.0 and 28.0°. In
their study of this system at 25° Ricci and Linke3
observed that sodium sulfate deeahydrate dis-
solves some sodium molybdate deeahydrate in
solid solution, but that sodium molybdate dihy-
drate does not dissolve detectable amounts of so-
dium sulfate. The data reported here lead to the
same conclusion at these temperatures, as well as to
the conclusion that sodium molybdate deeahydrate
dissolves a small amount of sodium sulfate deca-
hydrate at temperatures at which the molybdate
deeahydrate is stable. There is no evidence that
anhydrous sodium sulfate dissolves any sodium mo-
lybdate.

Figure 2 shows the data for 0°, plotted to scale
on rectangular coordinates. The line EF on this
and subsequent figures represents calculated com-
positions of deeahydrate solid solutions of sodium
molybdate and sodium sulfate. The tie lines, lo-
cated after analysis of solutions and corresponding
slightly moist solids, show that the solid phases in
equilibrium along the two branches of the curve are
respectively sodium sulfate deeahydrate (Bio) con-
taining some sodium molybdate in solid solution,
and sodium molybdate deeahydrate (Ato) contain-
ing very little sodium sulfate in solid solution.
These are the phases designated above as Sb and

0 20 40 60
NajMoOi, %.
Fig. 2—System NazZ04Na2M004H D at 0°.
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Sa, respectively, indicated on the polythermal dia-
gram (Fig. 1) by the solid portions of the line join-
ing Al0 and Bio. The break in the curve in Fig. 2
gives the location of the 0° point on QR of Fig. 1

Figure 3 shows the data for 12.1°. The tie
lines in this figure show that the solid phases are
deeahydrate solid solution, Sb, as before, and so-
dium molybdate dihydrate, A2. The break in this
curve gives the location of the 12.1° point on PQ of
Fig. 1

Naavio04 %.
Fig. 3.—System Na2S04Na2M004H D at 12.1°.

Isotherms at 8.0 and 20.0° are omitted, since
they are similar in all except quantitative aspects to
those at0° and 12.1°, respectively.

Figure 4 is a plot of the data obtained at 23.0°.
Three different solid phases can exist at this tem-
perature, as indicated by the three branches of the

NajMoOi, %.
Fig. 4'—System NazZ04Na2Mo0i-H2D at 28°.

curve. Two of these solids are Sb and A2, the same
as those which can exist at 12 and 20°; the third,
represented by the middle branch of the curve, isan-
hydrous sodium sulfate. The break, J, in the 28°
isotherm corresponds to a point on bP of Fig. 1,
and the second break, K, on the same isotherm
gives a point on Pp.

Other points along the curve bP were located, as
described above, by analyzing the solutions formed
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at measured temperatures by partial transition of
decahydrate solid solutions, Sb, of various composi-
tions.

Attempts to locate the curve aQ by an analogous
method, by warming solid solutions Sa, gave results
which were not satisfactorily reproducible. Since
this curve is so short, however, it was located with
sufficient precision by determining its extremities
only, points aand Q.

Data for curves bP and aQ, Fig. 1, are given in
Table I1.

Table Il

Concentrations along T ransition Curves
Along curve bP

32.4 0 33.1 Bio, B

31.1 8.9 26.2 Sb, B

29.0 18.5 19.0 Sb, B

27.0 25.2 14.2 Sb, B

24.8 30.3 11.0 Sb, B, A2

Along curve aQ

10.3 39.0 0 Aio, A2

9.8 37.3 2.2 Sb, A2, Sb

The curve QR is the locus of points representing
breaks in the appropriate isothermal solubility
curves, such as those at 0 and 8.5°, where Sb and
Sa can exist in equilibrium with solution.
The curve PQ is the locus of points representing
breaks in the isothermal curves where Sb, A2 and
solution can coexist, as at 12.1 and 20°.

The quadruple point, P, was located as follows:
A mixture of B and B1] together with solution of
approximately the right composition, and another
mixture of B and A2 with the appropriate liquid,
were prepared. These mixtures were placed in
two test-tubes in a thermostat at 28°, and after
equilibrium was reached, a sample of liquid was
removed and analyzed. This was repeated at
temperatures of 25.8 and 24°. The data obtained
are given in Table I11.

As the temperature goes down, the % sodium sul-
fate in the first mixture decreases and the % sodium

William E. Cadbury, Jr.
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Table |11

D ata for Location of Point P, Fig. 1

Mixture L-B-Bio Mixture L—B_-A2
E Na, SOt  NasMoO,, NaiSO*, NaiMoOa,
°C. % % % %
28.0 15.7 23.0 10.1 31.5
25.8 12.5 27.2 10.8 30.5
24.0 9.6 30.9 11.0 30 3

molybdate increases; in the second mixture, the
reverse is true. The ratio of sodium sulfate to so-
dium molybdate was plotted against temperature
for each mixture; the temperature where the two
curves cross—24.8°—is the desired point, the tem-
perature at which a liquid phase of definite compo-
sition can exist in equilibrium with three solid
phases. The composition of the liquid at this
point, determined by analysis of a solution in equi-
librium with the three solids at this temperature, is
given in line 5 of Table II.

The quadruple point, Q, was located by mixing
the three solids, Aio, Bw, and A 2 with a little water
at 9.5°. (On standing, the solids Aw and B Dwere
doubtless converted to solid solutions, Sa and Sb;
whether diffusion is sufficiently rapid to result in
internal equilibrium in the solid is immaterial,
since equilibrium between the solution and the sur-
face of the solid is established rapidly.) After this
mixture had stood for some time, with occasional
stirring, in a thermostat adjusted to the tempera-
ture of the mixture, the temperature became con-
stant at 9.82°, and a sample of the solution was
removed for analysis. As a further check, the rest
of the liquid was returned to a tube in the thermo-
stat, set at 9.8°, containing a mixture of the three
solids. This mixture was stirred from time to time;
after temporary slight changes, the temperature
became constant at 9.81°. Analysis of samples of
the liquid gave results not significantly different
from those obtained before. The composition,
which is that of point Q, is given in the last line of
Table I1I.

The author wishes to express his thanks to the
Chemistry Department of the University of Colo-
rado for making available to him their facilities
while much of this study was being made.
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THE SODIUM DIFFUSION FLAME METHOD FOR FAST REACTIONS. 1.
THEORY OF THE EXPERIMENTAL METHODI12

By John F. Reed3and B. S. Rabinovitch
Contribution fram the Departent of Chemistry of the University of Washington, Seettle Washington

Received October 1, 1954

A critical analysis of the diffusion flame method for sodium atom reactions has been made.

When the streaming velocity

is considered in the differential equation of continuity and the flow of sodium into the system used as a boundary condition,
flame shapes are distorted from spherical and calculated rate constants lowered from those calculated in the conventional

manner.
perimental variables and the reaction rate constant.
In the flame is briefly discussed.

The reaction between metal vapor, usually so-
dium, and alkyl halides in the gas phase has been
studied by numerous workers4 and demonstrated
to be essentially the removal of the halogen atom
from the alkyl halide by the sodium atom in a bi-
molecular step. The reaction occurs with an ac-
tivation energy generally less than 10 kcal./mole
and flow systems have been used to study the ki-
netics of the reactions.

The system used is frequently patterned after the
diffusion flame method so brilliantly pioneered by
Hartel and Polanyi.4 The usual measurements
made on the system when it has attained the steady
state are the halide pressure, the total pressure, the
temperature of the reaction zone, the diameter of
the flame and the pressure of sodium as it is fed into
the system. This latter quantity is identified with
the vapor pressure of sodium at the temperature of
the carburetor from which the sodium is swept by
carrier gas. To relate the measurements to the
specific rate constant, the hydrodynamic equa-
tion of continuity has been used with approxima-
tions.4 The original treatment of Hartel and Pol-
anyi was semi-quantitative. Later, in an impor-
tant extension, Heller6 evaluated experimentally a
number of aspects of the flow and placed some re-
strictions on the allowed range of variation of some
of the experimental parameters.

A number of aspects of the above treatments
warrant further examination. It also appears de-
sirable to attempt a solution of a more accurate rep-
resentation of the equation of continuity applied to
the transport of sodium and halide. In the present
paper, a number of features of the experimental
method are investigated. The main conclusions
apply to reactions between other materials as well.

The General Equation of Continuity—In the
flame, sodium is depleted chemically by a bimolecu-
lar step in which sodium halide is formed and a free
radical liberated. Processes wherein sodium is
depleted by additional reactions, e.g., with halogen-
ated free radicals, are discussed later and in a fol-

(1) Presented before the Division of Inorganic and Physical Chemis-
try of the American Chemical Society at the Los Angeles meeting,
March, 1953.

(2) Abstracted in part from a thesis submitted by John F. Peed in

partial fulfillment of the requirements for the degree of Doctor of
Philosophy at the University of Washington.

(3) Department of Chemistry, Loyola University, Chicago, Illinois.
(4) H. V. Hartel and M. Polanyi, Z. physik. Chem., B 11, 97 (1930);
reviews have been given by M. Polanyi, “Atomic Reactions,” Williams

and Norgate, London, 1932; C. E. H. Bawn, Chem. Soc. Ann. Reps., 39,
36 (1942); E. Warhurst, Quart. Revs., 5, 44 (1951).
(5) W. Heller, Trans. Faraday Soc., 33, 1556 (1937).

Consideration of halide back diffusion leads to an interpretation of the lower V/D limit which is determined by ex-
Heller’s lower limit is found to be a special case.

Halide distribution

lowing paper.6 The general equation of continuity
for any species in an isothermal system is given by
V(PiVpi) - v(p.V) + Q = bpJbt 1)
where Di is the ordinary diffusion coefficient of the
ith species in the gas mixture, pi is the pressure of
the ith species, Qi is the rate of production of the ith
species in an element of volume and V is the mass

averaged velocity of the gas mixture at the point,
ie.

V=X yr 12)

where Vi is the velocity of the ith component, and Y\
is the weight fraction of the ith component.

In the steady state, bp/bt = 0. For both so-
dium and halide in the flame, Qi is given by —kpp",
where p and p' are the respective pressures and K
is the specific rate constant. Since the pressure in
the system is constant, the diffusion coefficient is
taken to be constant in space. The steady-state
differential equation for sodium transport is thus
given by

Dvd —v(pV) —kppl= 0 (3)
A similar equation may be written for alkyl halide.
The solution of these equations for various approxi-
mations and applications will now be considered.

Halide Back Diffusion. No Wall Reaction.—An
important aspect of the flow of sodium is the
problem of alkyl halide back diffusion into the noz-
zle from which the sodium streams. As a model con-
sider that sodium streams down a uniform nozzle
tube in a gas mixture traveling with constant veloc-
ity from the source (carburetor), at z = °°, to the
nozzle at z = 0. The velocity is given as V =
—vk where v is a constant scalar and k is the unit
vector along the positive z-axis. The cross-section
of the tube is taken constant and equal to irrl where
rOis the radius. The steady-state equation of con-
tinuity for alkyl halide is

H)

As a useful simplification, the pressure of sodium
in the tube is considered constant and equal
to the pressure in the carburetor, p*, and wall re-
action is neglected. The latter problem is discussed
below. An analytic solution for the halide pres-
sure as a function of zmay be found (App. 1)

P’ = Pexp[—a Dz/2]; a= v/D\
b*= a2+ 4kp*/D' (5)
(6) J. F. Reed and B. S. Rabinovitch, This Journal, to be sub-

mitted.



262

where p0 is the pressure of halide at z = 0. Since
all the halide that enters the tube is consumed, the
net flow of halide into the tube is found by inte-
grating the amount of reaction over the entire
volume of the tube. Use of the sodium carburetor
pressure gives the maximum flow of halide into the
tube. From the net flow of sodium out of the tube,
the effective pressure of sodium as it leaves the
nozzle, pe, is then given by (App. I).

pe= (1 —2pMa+ b)p* 6)
This is an upper limit to depletion since sodium
pressure was set constant at the largest value, p*.

Several conclusions may be drawn from equa-
tion 6. In line with qualitative reasoning, it is evi-
dent that the sodium pressure is depleted less for
slow reactions, low halide pressure at the nozzle,
low diffusion coefficient of halide into the gas mix-
ture and high streaming velocity. In particular, it
is seen that a fixed value of the v/D' (or v/D) ratio
does not suffice to specify the depletion of sodium due
to back diffusion of alkyl halide. Not only does one
need to know the collision yield (as fc), but also the
halide pressure at the nozzle and, further, the actual
streaming velocity. These questions arise because
the conclusions of Heller6have frequently been as-
sumed to imply that only the v/D ratio (for reac-
tions with collision yields of the order of 50-5000)
is needed to effectively evaluate back diffusion.
Heller had selected a lower allowable limit of v/D
of 5.5 cm._1 on the basis that it is at this value that
the halide pressure in front of the nozzle, pOris re-
duced by streaming to about 10% of the halide pres-
sure outside the flame; for some experimental con-
ditions, this would make the halide and sodium
pressures about equal at the nozzle. However,
even under such circumstances, back diffusion and
reaction could be sufficient to deplete the sodium
pressure significantly. It is evident that a fixed
lower v/D limit is too arbitrary. The finding here is
that a number of additional factors enter explicitly
into the determination of sodium depletion due to
back diffusion.

Application of the above equation to some actual
data6 indicates that with an arbitrary allowable
depletion of sodium of 2% (i.e., p/p* = 0.98) a
v/D ratio of as low as 1.0 cm.-1 could be used in
some cases. By varying the parameters of a run,
such as the total pressure or the streaming velocity
of gas out of the nozzle, various suitable lower
limiting values may be found. In particular, the
above equation can be used to evaluate the net
pressure of sodium as it is fed by the nozzle when
the flow parameters and reactivity are known for
any run.

The upper limit for v/D given by Heller is 12
cm.“1and corresponds to an arbitrary, practical
limitation on the allowable depletion of halide in
the flame just outside the nozzle due to streaming
from the nozzle; Heller also suggests that turbu-
lence in the flame becomes appreciable at higher
values. In a later section a distribution function
for halide in the flame, for the case v ~ 0, is given
(equation 15). This is based on the approxima-
tion of a constant velocity averaged through
the flame and has only qualitative validity. If a
precise distribution function for halide in the flame
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were known then, for this factor, values of v/D
considerably in excess of Heller’s upper limit would
obviously become acceptable. In the absence of
such a function, the errors are limited by restrain-
ing the upper limit of v/D as much as is experi-
mentally feasible.

Halide Back Diffusion. Wall Reaction.—The
extent of wall reaction in the nozzle tube affects the
sodium pressure as it issues from the nozzle. If
wall reaction is insignificant, then the above calcu-
lations on the net sodium pressure at the nozzle
are unaffected. The sodium nozzle pressure is
less if wall reaction takes place. Some conclusions
may be obtained as follows.

The steady-state equation for halide in the nozzle
tube is

D'vV + v"(Q - kpp' =0 (7)

If a gradient in the direction perpendicular to the
wall exists due to wall reaction, then a solution to
equation 7 may be found in terms of the coordi-
nates z and p. A satisfactory solution (App. Il) is
given by

p' = B' exp[—X + v/2D)z\JQnp) (8)

where B' is a constant of integration, X2 = (v/
2D")2+ n2 nis a separation parameter of the dif-
ferential equation and Jo(yp) is a zero-th order
Bessel function. On the assumption that reaction
at the wall is equal to the net amount of halide dif-
fusing to the wall in the steady state, the ratio of
total amount of gas phase reaction to wall reac-
tion, w, reduces to

w = kp*/D'n2 9)

The magnitude of n depends on the boundary value
of the halide pressure at the wall relative to that at
the center of the tube. If this ratio is designated
a, (1 ~ a ™ 0), nisdetermined by the first root of

lo(nro) = a

where rQs the radius of the tube.

Heller has implied that wall reaction is rapid.
Unfortunately, there is no clear information on
the magnitude of wall reaction, whether indeed it is
different from zero, so it is impossible to specify
the value of a. If a ~ 0, then for some reasonable
values for the parameters of equation 9 wall reac-
tion would be approximately 2000 times that of the
gas phase. Such an immense amount of reaction
would reduce the sodium pressure to a negligible
value and essentially no sodium would issue from
the nozzle. It would appear therefore that wall
reaction does not occur on every collision. For a =
0.9, wall reaction could still be as much as 80 times
the gas phase reaction, which would reduce the
sodium flow out of the nozzle to a relatively small
value. Polanyi and Hartel4suggest that heteroge-
neous reaction occurs with alkyl fluoride but this
seems unsubstantiated.

If wall reaction in the nozzle tube, which must
take place on an alkali halide coated surface, were
significant with respect to gas phase depletion, then
the entire treatment of sodium flames might be in
error; inasmuch as there may be some nucleation
of sodium halide in the flame, the presence of which
would provide surface for heterogeneous reaction.

(10)
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The tacit assumption seems always to have been
made in the literature that either heterogeneous
reaction is negligible, or else nucleation does not
take place in the flame. Explicit experimental evi-
dence on the magnitude of heterogeneous reaction
is highly desirable.

Halide Distribution in the Flame.— Cvetanovic
and Le Roy,7 in an interesting extension, have
examined the problem of halide distribution in the
flame on the basis of diffusion as the sole transport
process for both sodium and halide in the flame.
The pressure of halide was obtained as an analytic
function of the sodium pressure and the radial co-
ordinates, r. This halide pressure function was not
suitable for an analytic solution of the sodium
steady-state aquation. However, it was possible to
determine the effect of using such a variation of
halide pressure in space on the value of a computed
rate constant. An undetermined parameter of their
result was the pressure of halide at the nozzle, i.e.,
at r = rn; in their computation it was necessary to
assume a value. This pressure was taken by them
to be zero, although, as they point out, other
boundary values could be used. Utilizing the pres-
sure distribution function given by Cvetanovic
and LeRoy, the pressure of halide at the nozzle
may be related to the sodium flow into the system.8
The calculation shows that under the usual experi-
mental conditions the halide pressure is not signifi-
cantly reduced at the nozzle if the one transport
is by diffusion. The actual halide pressure at the
nozzle as shown experimentally by Heller is of
course appreciably reduced, but due to streaming, a
process which is usually neglected in the transport
equation. It thus appears desirable to consider
this type of transport since under the conventional
conditions of large excess of halide over sodium this
is the process which results in halide depletion in the
flame.

For the case where the amount of sodium in the
flame is much smaller than halide, reaction may be
neglected. Then for the halide steady state

D'vY - v(p'v) =0 (13)

Introducing as a simplification for V a constant
average velocity in the flame, V = vk, the above

becomes
D'vY - vbphz =0 (14)

A solution to this equation possessing cylindrical
symmetry and satisfying the boundary conditions

p'("*) = p*, p'(rQ = pO<p*is
p' —p* —Y* —Po)~ exp [z —r + rQot;
where a = v/D1 (15)

This function is compatible with a pressure of
halide at r = rOthat is significantly reduced, even to
zero. This pressure function, however, when av-
eraged over the flame gives a value only slightly
less than p'*. The pressure fall with distance is
significant only in the region of the nozzle. Use of
this function in the sodium equation of continuity

(7) R. J. Cvetanovic and D. J. Le Roy, Can. J. Chem., 29, 597
(1951).

(8) For further details, see J. F. Reed, Ph.D. Thesis, University of
W ashington, 1953; available on microfilm, University Microfilms,
Ann Arbor, Michigan,
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would consequently not change the results much
since the halide pressure is relatively constant, at
p'*, throughout the flame. Hence the halide distri-
bution obtained in this approximation agrees only
qualitatively with the experimental finding of
Heller. Failing a solution to the equation incorpo-
rating a space dependent function of velocity it is
felt that a reasonable practical approach to the na-
ture of halide distribution is acceptance of a correc-
tion factor based on Heller's data. His data, how-
ever, appear to be unique for the conditions used.
The nozzle size (or cross-section of the flux out of
the nozzle) in particular does not enter expressly
into his suggested correction. By a dimensional
argument, this can be taken into account8 this
analysis yields

where/ is the correction factor to be applied to yield
the average pressure of halide in the flame, rH the
radius of Heller's nozzle, rOthe radius of the nozzle
of any other system, and / h the correction factor
deduced by Heller. The values of / h are found
in Heller's work as a function of flame size and of
Vo/D.

Very recently, a calculation of the effect of at-
mosphere reactant distribution in the flame on rate
constants has been developed by Smith9in which a
diffusion model is used and an analytical solution
obtained.

Sodium Distribution in the Flame. Pressure
at the Nozzle.—Polanyi and Hartel4and following
workers have assumed in their treatment of the
sodium diffusion flame that the effect of streaming
of gas out of the nozzle is negligible for the transport
of sodium in the flame. To this approximation,
the steady-state equation of continuity for sodium
is

Dvd» —kpp' =0
This equation was solved by using a spherical Lap-
lacian in the radial coordinate, r, and by setting the
pressure of halide, p* (present in large excess), con-
stant in the flame. The solution subject to the
boundary condition p (<») = Ois

p = A exp(—Cr)/r; C2= kp'/D (18)

From the second boundary condition, p(r = pa
there is obtained

17)

p = ~A%exp[-C(r - )] (19)
Polanyi and Hartel used the nozzle radius for rcand
set p0equal to the carburetor pressure of sodium,
p*. Some question arises with regard to this lat-
ter assumption inasmuch as the locus of points
for which r = rOcorresponds not to the nozzle but
rather to a sphere of radius rQ, and the pressure of
sodium on this hypothetical sphere may correspond
to some value other than p*.

A different method of evaluating the constant A
may be used as suggested by the work of Garvin
and Kistiakowsky.D Since all of the sodium is
consumed in the flame, the total amount of sodium
reaction per second in the steady state is set equal

(9) F. T. smith, J. Chem. Phys., 22, 1605 (1954).
(10) D. Garvin and G. B. Kistiakowsky, ibid., 20, 105 (1952).



264

to the flow rate of sodium into the system in moles
per second, bQ When this is done the constant A
is found to have the value

. _ boRT exp (CrQ

A - 4ip 1+ CrO ~ ]

Further, the quantity to be taken for pO may be
evaluated from the relation A = paOexp(CV,) and is

\b = r@@*/iD(l + Or,) (21)
where W0 is the average streaming velocity of the
carrier gas at the nozzle.

In general, CrO< 1 For a nozzle with rO= 0.1
cm. and withv/D = 10cm.  somewhat represent-
ative of values normally used, it is seen that pOis
approximately 0.25 p*. The evaluation of con-
stant A by this method obviates the need to ex-
plicitly associate any particular pressure with the
points r = rQ From the form of this last equation,
it may appear that pOwould exceed p* at high val-
ues of vQ Of course this cannot occur and when
velocities of this magnitude are encountered, it is
apparent that the original differential equation of
continuity must allow for transport by streaming.

If the pressure at the edge of the flame is the lim-
iting detectible pressure, ph at r = R, the specific
rate constant is obtained as

. (In p/piR)D
R- 1y p
For purposes of comparison, the rate constant cal-
culated by use of equation 22 is designated 79
when pOis set equal to p*, as done by Polanyi and
and Hartel, and /clwhen pOis taken from equation
21.

Sodium Distribution in the Flame. The Case
of Constant Streaming Velocity.—Measurement of
the flame diameter has conventionally been made
“head-on” to the flame, along the flow axis. Ob-
servations of the flame perpendicular to the flow
axis however show that the flame is not actually
spherical, but rather slightly oval, with the major axis
along the flow axis and with the apparent center of the
flame displaced along the flow axis. Since the dif-
fusion velocity of sodium at the nozzle and the
linear streaming velocity of the issuing gas mixture
at the nozzle may be shown explicitly to be of the
same order of magnitude under the usual condi-
tions,8 it is not surprising that some effect occurs
due to streaming. Streaming is taken into account
explicitly in the equation of continuity by a term
V(pV). Unfortunately, the nature of the variation
of V with the radius vector in the flame for a nozzle
source is not known, and even for some assumed
simple ideal functional forms, e.g., r~2 the differen-
tial equation of continuity appears analytically
insoluble. Perhaps the simplest manner of introduc-
ing a term to account for the effect of streaming is
by using a constant velocity in the flame. This con-
stant velocity is to be interpreted as an average
over the entire flame, and to arise from the stream-
ing of gas out the nozzle. This velocity should be
directed along the flow axis corresponding to origi-
nation of the momentum flux in the nozzle. To de-
termine the effect of including such a term in the
equation of continuity, the velocity is first included
as a parameter with an unspecified value, i.e., set

VvV = WK (23)

(22)
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where v is a constant scalar, and k is the unit vec-
tor along the flow axis designated as the z-axis. The
equation of continuity for sodium now becomes

Dvd —vdp/dz —kpp' = 0 (24)
A solution for p, satisfying the boundary condition

that at infinity the pressure of sodium is reduced to
zero, is1l

p = — exp(az —fir); a = w/2D; fi2= a + kp'/D
(25)

where r is the radial coordinate (App. Ill1). The
constant A' is evaluated as before by setting the
flow rate of sodium into the system equal to the to-
tal amount of reaction per second. Thus

A, = (r/i)(vo/D)p*raexp(cro)
1 +0r, + aw/2) K1

The functional dependence of p on the coordinates
is identical with the previous case except for a fac-
tor exp(az), the effect of which is essentially to re-
move some of the sodium from behind the nozzle
and place it in front, which is the effect that
streaming actually has on the symmetrical distri-
bution. The solution gives the pressure contour an
oval shape with an apparent center of the oval dis-
placed along the flow axis. When the velocity
parameter, V, is reduced to zero, the solution for p
reduces to that obtained previously on the assump-
tion that the velocity was negligible.

In order to put the pressure dependence in a form
analogous to that used by Polanyi and Hartel, a
guantity #0is defined corresponding to the points
for which r = T z = 0. Such points lie on a ring
at the nozzle. Then

(ro/4)(pp/D)p*
(1 +(3ro+ aVvy?2)
(27)

The flame “height,” P, is a measured quantity, cor-
responding to the maximum distance from the z-
axis to the edge of the flame along the pxcontour.
This measurement is made at distance Z along the
A-axis in front of the nozzle. The distance from the
nozzle to the flame edge at the point in question is
R. Thus

vV —T’exp[az - fir - r01; x0

R2= P2+ z2 (28)

Further
{bp/dz)s,z =0 (29)

Using this condition on the pressure function given
by equation 27, there results

z = aRv@ + fin (30)

The value of the specific rate constant in terms of R
and Z is designated /c(2 and is given by

k2= jpnLWpdz) + aZ) _ D (3
Equations 28, 30 and 31 give three relations
among the variables 7¢(2 v (contained in a), P, R and
Z; all other quantities will be known in a given
experiment. Now since P is measured, only one
additional measurement or quantity is needed to
find the value of the specific rate constant. If the

(11) H. A. wilson, Phil. Mag., [6] 24, 118 (1912), has treated a

similar equation but with no reaction term.
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parameter Vvis specified by means of some averaging
process,8 then the rate constant can be calculated
from the usual measurements made on the system,
i.e., from P. However, if instead an additional
measurement is made, namely, Z, then v is deter-
mined. Recourse may thus be had to the experi-
ment for the evaluation of v. Thus K is calculable
from the data of the experiment alone. It is rather
obvious that the parameter v is dependent on the
linear streaming velocity of gas out the nozzle, \G;
the higher the value of \Q the greater will be the
value of Z and consequently of v.

Comparison of the Various Computed Rate
Constants.— The various computed rate constants
have the relation

o> > Jed > (32)
The difference between the last two is small, but
the difference between the first two is significant,
lc()) being generally of the order of one-half to one-
tenth fo@. The treatment by which A@Q is derived
gives an oval rather than spherical shape to the
flame. This last treatment corrects in principle an
outstanding discrepancy of the treatment of sodium
atom reaction data. It may be noted that an un-
reasonable result that follows from the conventional
derivation of fo0) is that the size of the flame and
total amount of reaction is independent of the
amount of sodium fed to the flame. Calculation of
pOin equation 21 and t0in equation 27 introduces
the flow parameter W into the expressions for k(>
and fc(2).

Activation energies computed in the conventional
manner from rate constants at a single temperature
vary by as much as 2.5 kcal. depending on the ex-
tent of approximation in the treatment of the equa-
tion of continuity. In general, under usual flow
conditions, the activation energy computed from
k{l) and k(& is about 1 kcal. higher than that com-
puted from fo(@. In making comparisons of rate
data, the differences tend to disappear. The abso-
lute magnitude of sodium atom-alkyl halide rate
constants in the literature should be corrected in the
direction of decreased reactivity, and the conven-
tional activation energies raised correspondingly.

Some Other Factors.—One factor which has
not been treated concerns the observation of the
flame edge. It has been assumed that the edge of
the flame can be distinguished at a previously de-
termined limiting visible pressure of sodium. How-
ever, observations are generally made through a
finite thickness of emitting sodium and it is the inte-
grated intensity over the observation path length
that is detected by the eye. This can simply be
accounted for by assuming that emission intensity
is proportional to sodium concentration and, by in-
tegrating the point intensities over the path length
through which observation is made, the actual in-
tensities can be found. This should be done for both
the limiting visibility determination and for the
length through the flame edge. Correcting the ob-
servations in this way would normally correct dif-
fusion flame data so as to make the rate constant
higher than conventionally reported. A rough calcu-
lation on this basis indicates that activation ener-
gies would be lowered by a few tenths of a kilocalo-
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rie when the limiting pressure calibration measure-
ment is made through a thickness of about 6 mm.
This correction disappears when differences in ac-
tivation energies are calculated or compared.

A correction neglected in computing a rate con-
stant for sodium reactions is concerned with deple-
tion of sodium by halogenated species, other than
the parent molecule, that appear in the flame, e.g.,
halogen-containing free radicals. In the simple
case where the radical contains n halogen atoms
which are all removed by sodium rapidly, relative
to the initial process, it is obvious that the rate con-
stant for the primary process computed in the usual
way will be in error by at most a factor of n -f 1
An approximate treatment of the situation for
radicals where there is incomplete reaction is dis-
cussed elsewhere.6

The diffusion coefficient of sodium into the gas
mixture enters the calculations. The approxima-
tion to this quantity has been the binary diffusion
coefficient of sodium into the carrier gas. Use of
calculated2ternary diffusion coefficients for sodium
in halide-carrier gas mixtures offers a more precise
quantity.

It may be noted that the treatment given for the
flame with a constant streaming velocity corresponds
exactly to a system wherein there is diffusion from a
point or spherical source into a moving stream.
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Appendix
I. Halide Back Diffusion. No Wall Reac-
tion.—
Vo M w0 @

This is a linear, second-order differential equation
with constant coefficients. A solution satisfying
the boundary conditions p'(°°) = 0, p'(0) —p0 is

p’ = pd exp[—0 + b)z/2];
a=v/D, 2= a2+ 4kp*/Dr (5

The net flow of sodium is given by
m\®/RT = imp* v/RT — kp*p’ r2dz/RT
pe=p*~— p.da exp[—@ 4 6)z/2]dz
pep* = 1 —2p0/(a + Bii (6)
Il. Halide Back Diffusion.
7)'V2D' + vapsaz —kpp' — O

Wall Reaction.—

Set
P = <KIR(P) @

Substituting into the above equation and dividing
through by p'

1aR IaR
Rap2 @
By setting the terms in pequal to —n2 and those in

106V
£oz2+ vk-»/p -

(12) C. F. Curtiss and J. O. Hirschfelder, J. Chem. Phys., 17, 550

(1949); C. R. Wilke, Chem. Eng. Prog., 46, 95 (1950).
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z equal to kp/D' + n2 the resultant equations may
be solved giving

R{p) = Jo(np)] ) = exp (-vz/2D")[A’ exp(Az) +
B' exp(—x2)] (8)
where
x2 = wi2D'Y + w2+ ~
A' = 0 from the boundary condition §¥*°) * ®
Then

_ gas phase reaction _ Jkpp'dv
wall reaction
27rfodz
® Mo t a
X1 (X232l dp *
dz

The integrals in dz in the numerator and the denom-
inator are the same and thus cancel. From the
properties of the Bessel function, the above ratio
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The ratio of halide pressure at the wall to that at
the center of the tube is given by a

- Jainro) m
since Jo(0) = 1
It is seen that this treatment is identical to the
previous one if wall reaction is neglected, in which
case n = 0.
I1l. Solution to Equation (24).—

o/

DVZa2r - v E - kpp'

is solved by setting p = exp (a2<tX(r), where r is the
radial coordinate. Then with a = v/2D, separa-
tion of variables is accomplished giving a solution

b= A—;,I exp (—/Sr) -|--';B—- exp Q3r)

where fi2= a2-f- kp'/D. Sincefi ~ a,r ~ z and
p(a) =0, then B' = 0. Thus

Av
p = — exp (az —jén) (25)

reduces to
w = kp*/D'n2 (9)

ELECTROKINETIC STUDIES ON FIBRINOGEN. V. THE
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Streaming potential experiments were performed to determine the zeta potentials for 0.09% fibrinogen solutions (97%
clottable) in contact with Pyrex capillaries as a function of pH and ionic strength. It is observed that the slopes of the f
\S pH lines decrease as the ionic strength increases and that there are no discontinuities in these lines. Within the limits
of the ionic strength range investigated, 0.004-0.013 (phosphate and acetate buffers), it is found that the zero f for fibrinogen
solutions varied from pH 5.85 to 5.95, respectively. These pH values are the isoelectric points for fibrinogen at these ionic
strength levels. The pH of the isoelectric point extrapolated to zero ionic strength occurs at 5.80. It is found that the thick-
ness and tenacity of fibrinogen layers adsorbed on the capillary wall will depend on the pH of the initial coating and the pH-

sequence of subsequent buffer streaming.

The zeta potentials observed for the fibrinogen-solid interface are due to the thick-

ness and electrical surface properties of the adsorbed protein layer and to the concentration of electrolyte in solution.

Introduction

The evaluation of the isoelectric point of proteins
by the streaming potential technique was first
considered feasible by Briggs4in 1928. In our in-
vestigation of the electrostatic forces involved in
blood coagulation,6the streaming potential method
was used to calculate the zeta potential for fibrino-
gen solutions, in contact with capillary surfaces, as
a function of pH. It was found that the zero stream-
ing and zeta potentials occurred at pH 5.8 for both
human and bovine fibrinogen obtained from Cohn'’s
fraction 1.6 It was stated that this pH was also

(1) This is paper number 6 in the series “Electrostatic Forces In-
volved in Blood Coagulation.” This work was supported, in part, by
the Office of Naval Research, U. S. Navy undercontract N6éonr-264, T.
O. 10 and also by grants from the Kress, Lasker, Hyde and Hampil
Foundations.

(2) Departmentof Physiology and Pharmacology, Wayne University,
College of Medicine, Detroit, Michigan.

(3) To whom inquiries concerning this paper should be addressed.

(4) D. R. Briggs, Proc. Soc. Exptl. Biol. Med., 25, 819 (1928).

(5) E. Sheppard and I. S. Wright, Arch. Biochem. Biophys., 52, 414
(1954).

(6) E.J. Cohn, L. E. Strong, W. L. Hughes, Jr., D.J. Mulford, J. N.
Ashworth, M. Melin and H. L. Taylor, J. Am. Chem. Soc., 68, 459
(1946),

the isoelectric point for the adsorbed proteins.

When Laki7described a method to purify bovine
fraction 1 from 40-45% clottable to better than
90%, the determination of the isoelectric point
for this purified fibrinogen was undertaken in or-
der to compare the results for the two degrees of
purity. Since it has been shown8-12 that the pH
of the isoelectric point is dependent on the ionic
strength of the solution, p, the zeta potentials of
fibrinogen solutions were determined as a function
of pH at several low ionic strength levels. It was
also of fundamental importance to investigate
whether the zeta potential for fibrinogen was due
entirely to the adsorbed protein on the capillary
wall or to an equilibrium between the adsorbed and
the soluble material or electrolyte in the bulk of
the solution. Finally, the nature of the adsorbed
layer on the capillary wall with respect to its thick-

(7) K. Laki, Arch. Biochem. Biophys., 32, 317 (1951).

(8) E. R. B. smith, J. Biol. Chem., 113, 473 (1951).

(9) G. Scatchard and E. S. Black, This Journal, 53, 88 (1949).

(10) R. A. Alberty, ibi , 53, 114 (1949).

(11) L. G. Longsworth and C. F. Jacobsen, ibid, 53, 126 (1949).
(12) s. F. velick, IId, 53, 135 (1949).
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ness and tenacity in the presence of phosphate and
acetate buffers was also studied. The results of these
experiments are reported herein.

Experimental

Apparatus.—The theoretical aspects of the streaming po-
tential technique used to determine the zeta potential, and
the apparatus and methods employed in these investiga-
tions have been described previously.eis'i4 In the work
being reported, the thermionic amplifier was used exclu-
sively since dilute protein solutions in low ionic strength
buffers were studied. The pH of the solutions was taken
with a Beckman pH meter. The optical densities of the
fibrinogen solutions were obtained with a Beckman model
DU quartz spectrophotometer.

Materials.—Bovine fraction I (Armour and Co., Chicago,
111) containing 42-48% clottable fibrinogen and 40% so-
dium citrate was purified by the (NHASCfi fractionation
technique of Laki.z The preparations, hereafter designated
B.Fr.I-L, were dialyzed against 0.3 M KC1 and were found
to contain approximately 97% clottable fibrinogen. Lor-
andis has demonstrated that during the thrombin induced
polymerization of fibrinogen, 3% of the total nitrogen ap-
pears as non-protein nitrogen. Therefore, the preparations
used in these investigations are to be considered pure fibrino-
gen. The protein concentrations for the stock B.Fr.I-L
solutions were around 0.9%, the details, however, for each
subsequent dilution will be given in the text.

The buffers used in these studies were the KH2PO#K 2-
HPO4 and sodium acetate-acetic acid combinations and
were prepared at varying pH and ionic strength levels.
The acetate system was made according to the data of
Boydis and the phosphate according to Cohniz and Green.is
Analytical reagent grade materials and water distilled in an
all Pyrex glass apparatus were used throughout.

Methods.—The clottability of the B.Fr.lI-L solutions
was assayed by the method of Laki.z The protein concen-
trations of these solutions were obtained by comparing the
optical densities of diluted fibrinogen samples at 280 ium
with the values obtained for similar preparations whose
nitrogen content had been determined by the Dumas pro-
cedure. A nitrogen to protein conversion factor of 5.9 was
used.7

Clarification of the B.Fr.I-L solutions was achieved by
centrifugation at 7000 r.p.m. for 15 min. in a Servall Model
SS-: angle centrifuge. The fibrinogen solutions were pre-
pared prior to the streaming experiment by diluting either
0.5 or 3.0 ml. of B.Fr.I-L to 50.0 ml. with the appropriate
buffer also freshly prepared. The former concentration
was used in the investigation of the variation of f \S pH at
different ionic strength levels and the latter was used in the
coating experiments. The pH values of the solutions were
taken before and after the streaming experiment, and the
mean value was recorded. It is important to point out that
the temperature at which the pH was measured and the
streaming experiments were conducted was the same,
namely, room temperature. No provision was made to
maintain constant temperature control since it has been re-
ported by Bull and Gortnerio that the zeta potential of
aqueous systems has a negligible temperature coefficient in
the vicinity of 25°. The zeta potential was calculated from
the equation f = AMINE/DP where 2 is the viscosity co-
efficient, kis the specific conductance of the liquid in the
capillary, E is the streaming potential when the liquid is
forced through under nitrogen pressure P and D is the aver-
age dielectric constant of the liquid in the ionic double layer.
The 7and D values for water at 25° were used.

Results

The Variation of f for Fibrinogen Solutions as a
Function of pH at Varying p,—Fibrinogen solutions
containing 0.09 mg. protein/ml. were prepared
in 0.001, 0.0025, 0.005, 0.0075 and 0.010 ionic

(13) F. E. Horan, F. G. Hirseh, L. A. Wood and I. S. Wright, J.
Clin. Invest., 29, 202 (1950).

(14) G.Jones and L. A. Wood, J. Chem. Phys., 13, 106 (1945).

(15) L. Lorand, Biochem. J., 52, 200 (1952).

(16) W. Boyd, J. Am. Chem. Soc., 67, 1035 (1945).

(17) E. J. cohn, ibid., 49, 173 (1927).
(18) A. A. Green, ibid., 55, 2331 (1933).
(19) H. B, Bulland R. A. Gortner, This Journal, 35, 456 (1931).
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strength acetate and phosphate buffers of varying
pH. The KC1 solvent for the B.Fr.I-L solutions
contributed an additional 0.003 to the ionic
strengths of these series making the final values
equal to 0.004, 0.0055, 0.008, 0.0105 and 0.013.
These fibrinogen solutions were streamed in the
apparatus, a clean Pyrex capillary being used for
each experiment, and the zeta potentials for the
fibrinogen-Pyrex interfaces were determined.

The low streaming potentials, which were pro-
duced in the higher ionic strength buffers, ap-
proached the lower limit of the thermionic ampli-
fier's sensitivity. As a consequence, it was neces-
sary to include more experiments in the p = 0.0105
and 0.013 series than at the lower levels in order to
have a sufficient number of experimental points for
the evaluation of these data. The method of least
squares was used to determine the best line describ-
ing the variation of the f vs. pH relationship for the
fibrinogen solutions at each p level.

In Fig. 1, a plot of f in mv. vs. pH, are shown the
experimental points for the 0.09% fibrinogen solu-

least squares.

tions in p = 0.004 and 0.013 buffers, the lowest and
highest p levels investigated. The equations de-
scribing the relationship between the dependent
variable, f, and the independent variable, pPI, for
the fibrinogen solutions at all p levels are shown in
Table 1. Also tabulated are the number of solu-
tions studied in each series and the value of the pH
when the zeta potential was set equal to zero in
the equation. The latter is considered the isoelec-
tric point (1.P.) for fibrinogen at that particular
ionic strength.5
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Table |

The Variation of the Zeta Potential as a Function of
pH and the lsoelectric Point for 0.09% Fibrinogen

Solutions at Various » Levels

g(%é?if— Eq. obtd. (p!l'—l?'at
p ments by least squares 1 =0
.004 13 = -15.35 pH + 89.82 5.85
.0055 13 f = -14.06 pH + 82.05 5.84
.008 13 r = -12.42 pH + 73.50 5.92
.0105 21 r = -10.96 pH + 64.60 5.89
.013 2 r = -10.52 pH + 62.57 5.95

It is interesting to note that as p increases, the
slopes of the lines and their intercepts on the ordi-
nate axis decrease in a regular manner. However,
the pH values for the isoelectric points, as calcu-
lated above, did not vary in a regular manner with
p. In order to find the isoelectric point extrapo-
lated to p = 0, the method of least squares was em-
ployed again to establish the best line for the data
describing the variation of the pH of the isoelectric
point as a function of p. The equation for this
line was found equal to pH = 10.88 p + 5.80.
Therefore, the pH for the isoelectric pointatp = 0
is 5.80.

Fig. 2.—The variation of f \& pH for phosphate and ace-
tate buffers (p = 0.005) streamed through capillaries fibrino-
genated at pH 6.1-6.2: curve A, acetate — > phosphate
streaming sequence, ®, initial fibrinogen deposition; curve
B, phosphate — > acetate streaming sequence, ®, initial
fibrinogen deposition; dashed line C obtained by method
of least squares for 0.09% fibrinogen solutions in /i = 0.0055
buffer.
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The Variation of f for Fibrinogenaied Surfaces
in Contact with Phosphate and Acetate Buffers at
Varying pH and p = 0.005.—The purpose of the
next series of experiments was to investigate the
origin of the streaming potentials produced by the
fibrinogen solutions. The problem was studied by
coating a fibrinogen layer on the capillary wall and
then attempting to elute the protein by subsequent
streaming of buffer solutions through the appara-
tus. The initial fibrinogen coatings were deposited
at approximately pH 6.1 and 4.4 by streaming
solutions through the apparatus containing six
times the concentration of fibrinogen previously
used. At the higher pH, the protein has a small
negative charge and would presumably adhere to
the negatively charged capillary surface. In the
more acid region, the fibrinogen, having a high
positive charge, would be attracted to the negative
wall. With a minimum of rinsing in between ex-
periments, but following a standard procedure,
buffer solutions (p = 0.005) were subsequently
streamed through these fibrinogenated capillaries
either from the phosphate side (pH 6.9, 6.3 and
5.9) to the acetate region (pH 5.4, 4.9, 4.4 and 4.0)
or in the opposite direction starting at pH 4.4 and
going to pH 6.8.

The results of these experiments are shown in
Figs. 2 and 3 wherein are plotted the variation of f
for the fibrinogenated surfaces as a function of pH.
The series of experiments in which the initial fibrin-
ogen coatings were deposited on the capillary sur-
faces at pH 6.1-6.2 and pH 4.4 are shown in Figs. 2
and 3, respectively. In these figures, curves A and
D represent the results for the streaming of buffer
solutions from the acetate to phosphate direction
and curves B and E from the phosphate to acetate
direction. For purposes of comparison, the lines
obtained by the method of least squares for 0.54
and 0.09% fibrinogen solutions in 0.005 and 0.0025
ionic strength phosphate and acetate buffers are
also shown and are designated curves F and C, re-
spectively. Due to the presence of KC1 in the
fibrinogen stock solutions, the total ionic strengths
for these solutions were 0.0055 and 0.023 for the
0.09 and 0.54% fibrinogen solutions, respectively.
Finally, to serve as a control for these experiments,
the phosphate and acetate buffers (p = 0.005)
were streamed through an uncoated capillary.
These data are shown in Table 1.

Table Il

The Electrokinetic Data for Buffer Solutions in
Contact with an Uncoated Capillary at Various pH

Values
X X .
pH T, °C. mhos.Jich?n. rﬁ\ﬁcm. fiv.
Acetate, D = 0.005
4.04 23.0 0.4493 +0.87 +37.0
4.46 24.8 4268 + .05 + 19
4.96 24.2 4183 - .53 -21.2
5.58 24.1 A127 - .88 -35.2
Phosphate, 0 ® 0.005
5.90 23.7 0.4794 -1.01 -46.5
6.30 24.0 4550 —1.16 -51.0
6.86 23.5 4155 -1.41 -56.5
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These findings will be interpreted on the basis
that curve C, showing the f vs. pH relationship for
0.09% fibrinogen in p = 0.0055 buffer, represents
the electrical surface properties for surfaces in con-
tact with a low protein concentration and a low p
solvent. The latter is comparable to the p value
for the buffer solutions streamed through the fibrin-
ogenated capillaries in series A, B, D and E. Simi-
larly, curve F is for the higher protein and salt
concentrations; conditions which were comparable
to the fibrinogen solutions streamed through the
apparatus initially at pH 6.1 and 4.4. The low zeta
potentials obtained for the 0.54% fibrinogen solu-
tions in 0.023 p buffers (series F) were due to the
high protein and salt concentrations which pre-
sumably permitted thicker fibrinogen coatings on
the capillary walls than those possible in the C ser-
ies. Also to be considered are the zeta potential
values obtained for the buffers streamed through
the uncoated capillary.

It is interesting to note that buffers streamed in
the phosphate to acetate sequence through a capil-
lary originally fibrinogenated at pH 6.1 (curve B)
produced zeta potentials close to the values ob-
tained in the C series. However, when the pH-
sequence of buffer streaming was reversed (curve A),
the positive zeta potential values obtained for the
first and second buffers at pH 4.5 and 5.0 were close
to the values obtained for curve F, whereas in the
phosphate region, the curve indicated a marked
trend to high negative values, much higher, in
fact, than the C series. This latter behavior was
observed in series D and to a lesser degree in E for
buffer solutions streamed through capillaries fibrin-
ogenated in the acetate region at pH 4.4. More-
over, it is evident that positive zeta potential
values identical to the C series were obtained at pH
4.4 and 4.9 for either direction of buffer streaming
in series D and E.

Discussion

The variation of f for dilute fibrinogen solutions
as a function of pH in the p range of 0.004-0.013
demonstrated the influence of pH and p on the mag-
nitude and sign of the electrokinetic potential. At
any given pH, f decreased as p increased. This ob-
servation is in accordance with the inverse rela-
tionship of /i to the thickness of the diffuse double
layer (the reciprocal of the Debye constant k). The
zeta potential, in turn, varies directly with the
thickness of the diffuse double layer as shown by
the equation f = 4wed D where eis the charge on
the surface, d is the thickness of the diffuse double
layer and D is the dielectric constant. The magni-
tude and sign of the charge on the capillary wall is
affected by the electrical surface properties of dhe
adsorbed protein which are influenced by the pH
of the solution, and by the nature and extent of
the ion-protein binding.

The evaluation of the pH at which f = 0 for the
fibrinogen solutions in contact with Pyrex surfaces
was of interest since this is the pH of the I.P.
Within the limits of the ionic strength range in-
vestigated, it was found that the I.P. at p = 0.004
occurred at pH 5.85 and at ja = 0.013, the pH of
the I.P. was 5.95. A similar trend, that is, in-
creasing I.P. values with increasing p, was reported
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Fig. 3.—The variation of f \& pH for phosphate and ace-
tate buffers (p = 0.005) streamed through capillaries
fibrinogenated at pH 4.4: curve D, acetate — > phosphate
streaming sequence, ®, initial fibrinogen deposition; curve
E, phosphate - » acetate streaming sequence, ©, initial
fibrinogen deposition; dashed line F obtained by method of
least squares for 0.54% fibrinogen solutions in p = 0.023
buffer.
by Smith8for collodion-coated ovalbumin particles
in the presence of low p levels of polyvalent cations.
The uni-univalent salts exhibited the opposite ef-
fect but all lines depicting the variation of I.P. with
p extrapolated to the same value at p = 0. A de-
crease in the pH of the I.P. with increasing u has
been generally observed in mobility studies em-
ploying the moving boundary technique. In these
investigations, the findings have been attributed
to the variation of mobilities with ionic strength
which is due, in part, both to electrostatic interac-
tion9 and to binding of buffer ions to the pro-
teins.” <2 The isoionic point, which is at a higher
pH than the I.P. under these experimental condi-
tions, is found when the latter is extrapolated to
zero ionic strength.9-12

As studied by the streaming potential method,
the net charge on a colloidal particle will be influ-
enced by the ionic strength of the solvent, pH, and
the type of electrolyte in solution. Thus, as to be
expected, the slopes of the f vs. pH lines decreased
with increasing p. However, the increase in the pH
of zero zeta potential (1.P.) with increasing p and
the intersection of the f vs. pH lines at a positive
potential seemed to indicate greater binding of the
solvent cations than the anions to the protein at in-
creasing p levels. It is interesting to note that in
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the urange employed in these studies, there were
no apparent differences in binding of phosphate and
acetate ions to fibrinogen since changes in slopes of
the f vs. pH lines were not observed in the phos-
phate and acetate regions.

The extrapolated pH of the I.P. at n = 0 for
0.09% fibrinogen was found equal to 5.80. Whether
this is the pH of the isoionic point for fibrinogen is
difficult to say since isoionic fibrinogen would be
insoluble in water. A pH value of 5.8 was previ-
ously reported5for the I.P. of both bovine and hu-
man fraction |, containing 42-48% and 54-60%
clottable fibrinogen, respectively, in 0.001 M phos-
phate buffers. These findings seem to indicate that
the protein coating out on the capillary wall, even
in the presence of the non-clottable material, is
fibrinogen. Edsall® has stated that the non-clot-
table component of fraction | which is similar to
fibrinogen might possibly be a dimer formed from
two fibrinogen molecules linked side by side since it
has the same length as fibrinogen but a larger cross-
section. Based on electrophoretic studies, Seeg-
ers, et al.,n have reported an I.P. of pH 5.5 for
1% bovine fibrinogen solutions (96% clottable) in
borate, phosphate and acetate buffers (j. was not
mentioned).

It was observed further in our investigations
that the tenacity with which the fibrinogen layers
will adhere to the capillary surface will vary de-
pending on the initial pH of the fibrinogen deposition
and the subsequent pH-sequence of buffer streaming.
For example, it was found that in series B, wherein
the initial fibrinogen coating was deposited at pH
6.2, followed by a phosphate — acetate (/1 = 0.005)
streaming sequence, the zeta potential values were
almost identical to the values found for the C series
(0.09% fibrinogen in n = 0.0055 buffers). It thus
appears that the fibrinogen coating adhered tena-
ciously to the wall during the streaming procedure.
However, when the fibrinogen coating, deposited

(20) J. T. Edsall, Ergeb. Physiol. Biol. Chem. u exp. Pharmakol., 46,
354 (1950).

(21) W. H. Seegers, M. L. Nieft and J. M. Vandenbelt, Arch. Bio~
chem., 7, 15 (1945).

Takeshi Abe, Erwin Sheppard and Irving S. Wright
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at the same pH, was exposed to the opposite buffer
streaming sequence (curve A), it was found that the
first and second acetate points at pH 4.5 and 5.0
were similar to the F series (0.54% fibrinogen in
0.023 n buffers) but the zeta potentials thereafter
increased significantly above the values obtained
for series C and F in the phosphate region. These
findings presumably are due to the removal of fibrin-
ogen from the capillary wall, producing in effect a
thinner adsorbed protein layer and consequently
the zeta potential for this solid-liquid interface
approaches the values found for the phosphate buf-
fers in contact with an uncoated capillary (see
Table I1). A similar pattern for the phosphate re-
gion was found in series D and to a lesser degree in
series E. In these experiments the initial fibrino-
gen coatings were deposited at pH 4.4. It was also
found for both directions of buffer streaming
through fibrinogenated capillaries in series D and E
that zeta potentials identical in value to the C
series occurred at pH 4.4 and 4.9.

From these data it is evident that a fibrinogen
coating is more tenaciously held to the capillary
wall when it is initially deposited at pH 6.2 than at
4.4. 1t was previously reported5that fibrinogen is
also tenaciously bound at pH 7.4. The binding of
fibrinogen to a surface appears to be due to adsorp-
tion since even at pH 8.6 in veronal buffer, n = 0.05,
there is no movement of the fibrinogen boundary
in plasma from the initial position on paper electro-
phoretograms. It was also gleaned from our stud-
ies that for protein solutions, the solid-liquid inter-
facial potential depends upon the electrical surface
properties and thickness of the adsorbed protein
layer on the solid wall, and the electrolyte concen-
tration in the solution. Finally, it should be pointed
out that the interpolated pH at which the acetate
buffers streamed through an uncoated capillary
produced a zero zeta potential occurred at about
4.6. The proximity of this value to the pK for
acetic acid has stimulated further studies with other
univalent buffer systems with the view of correlat-
ing the pH of the zero zeta potential to the pK
value.
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SPECTROSCOPIC STUDIES OF THE SOAPS OF PHENYLSTEARIC ACID.
I. INFRARED ABSORPTION SPECTRA AND THE HYDROLYSIS OF SOAP
FILMS

By R. E. Kagarise
Naval Reseerch Laboratory, Washington 26, D. C

Received October 8, 1964

The infrared absorption spectra of phenyistearic acid and Li, Na, K, and Ca phenylstearate have been studied in the
region from 2 to 15Yy. Most of the observed frequencies have been interpreted in terms of being characteristic of either the
aliphatic, aromatic or carboxyl portion of the molecule. In addition to the data for the soaps listed above, numerical values
are presented for the frequency w2 (asymmetric stretching mode of ionized carboxyl groups) in Be, Mg, Sr and Ba phenyl-
stearates. It isobserved that for both the bivalent and monovalent metals a linear relationship exists between the frequency w2
and the electronegativity of the metal constituent of the molecule. From studies of the aging process in solid films of the
soaps, it is concluded that the absorption of HD and the production of phenyistearic acid impurity increases in the order
Li < Na < Ca < K. When CO02is excluded from the atmospheres to which films of Ca and Na soaps are exposed, the
formation of phenyistearic acid is reduced to a level below the sensitivity of the spectroscopic technique (<1%). The ex-
posure of a solid film of Na phenylstearate to an atmosphere having a relative humidity of 50% and being highly enriched in
CO02results in the formation of phenyistearic acid and NaHCO03according to the reaction R—COONa + HD + C02—»
R—COOH + NaHCOs.

1. Introduction ment previously described.7 Standard absorption cells

The applicability of infrared spectroscopy to the cvl\gere used for studying liquids and solutions. Films were

posited from benzene solutions on NaCl or KBr plates by
study of the structure of aluminum soaps has been  spreading a uniform thickness of the jelly-like solution over
demonstrated by several investigations.1*2 In th?esur{%cii orrotcg?it?rlgt\fv a%ngaﬂilgéviggttae soé¥enéot; ﬁgslior?_
addition, the same tec_h!'llque has been used to study ;areiative hupmidity of 10 to 20%. The soap fi)I/ms obtaine(giJ
the effects of the addition of m-cresol on the struc- iy this manner are probably best described as being amor-
ture of aluminum soap-hydrocarbon gels.3 phous, glass-like solids.

Recently .Singleterry and co-workers456 have Table |
shown that solutions of sodium phenylstearate and
calcium xenylstearate in benzene are highly viscous """ "
in the absence of water or acid. The phenomenon is  iength, quency _
general for oil-soluble carboxvlate soaps of a wide MoemtLoIntensity [nterpretation and remarks
range of metal atoms and provides an important
approach to the study of aggregation of solute and
the forces responsible for micelle formation.

The purpose of this investigation was to study
the purity, stability and structure of certain al-
kali and alkaline earth metal soaps or phenyistearic
acid by means of infrared absorption techniques.
The soaps were studied both as solid films and in
solutions. The present paper deals primarily with
the spectra of solid films, and the soap-solvent sys-
tems will be discussed in a later publication.

Infrared Spectrum of Liquid Phenylstearic Acid

31 4329 Weak Aliphatic— combination

.37 4219 Weak Aliphatic— combination

825 3540 COOH— free OH stretching

.240 3086 Weak Aromatic]

260 3067 Weak Aromatici C-H stretching and COOH
295 3035 Medium Aromatici OH stretch (iq)

330 3003 Shoulder AromaticJ

.38 2960 Shoulder Aliphatic, C-H stretch of CH3

412 2930 Very strong Aliphatic, C—H stretch of CH2

48 2874 Shoulder Aliphatic, C-H stretch of CH3

.500 2857 Very strong Aliphatic, C-H stretch of CH2

76 2659 Weak COOH—bonded OH + aliphatic comb.
16 1938 Weak Aromatici

.36 1866 Weak Aromaticf combinations

56 1798 Weak Arom atic]

68 1761 COOH— free C =0 stretching

84 1712 Very strong COOH-—bonded C =0 stretching (~u)
23 1605 Medium Aromatic— combination

31 1585 Medium Aromatic— C-C stretching

.70 1495 Medium Aromatic

.84 1462 Strong Aliphatic, C-H bending in CH2

.88 1453 Strong Aliphatic, C-H bending in CH3

2. Experimental Procedure

Materials Used.—The phenyistearic acid was supplied
by Edcan Laboratories, and was further purified by means
of a Distillation Products Industries’ molecular still.
The distilled sample had a neutralization equivalent of
362.4 (theoretical 360.6). The soaps were prepared, purified
and stored as previously described.6 95 1440 Shoulder

ACS grade benzene was percolated through silica gel and 08 1412 Strong COOH, OH bending (*iv) + o0-CH*
stored over metallic sodium until used. bending

ACS grade chloroform was freshly percolated through a 27 1375 Medium Aliphatic, C-H bending in CH3
column of florosil, alumina and silica gel prior to being used. .79 1284 Strong COOH, C-0 stretch (~1r) + aliphatic

Methods Used.—The infrared absorption spectra were C-H wag

N oo 0o 0000 0g0 W W WwWwWwWwwwNNN

~ o~

observed in the 2 to 15 /i region by means of a Perkin-Elmer 8.10 1235 Strong COOH, C-0 stretch (*qn)
Model 21 double-beam spectrometer. In addition, the 8.70 1149 Shoulder Aromatic
region from 2 to 4 Y was studied with the LiF prism instru- 8.97 1115 Medium Aromatic
9.35 1070 Medium Aromatic + aliphatic C-C stretch

(1) A. E. Alexander and V. R. Gray, Proc. Roy. Soc. (London), 200, 9.72 1029 Medium Aromatic C-H bending Il to plane of
165 (1950). ring

(2) W.W. Harple, S. E. Wiberley and W. H. Bauer, Anal. Chem., 24, 10.68 936 Strong COOH, OH bending {V\)
635 (1952). 11.05 905 Weak Aromatic

(3) F. A. Scott, J. Goldenson, S. E. Wiberley and W. H. Bauer, T his 11.90 840 Weak Aromatic
Journal, 58, 61 (1954). 13.16 760 Strong Aromatic, C-H bending _L to plane

(4) L. Arkin and C. R. Singleterry, J. Coll. Sci., 4, 537 (1949). 13.86 721 Strong Aliphatic, CH 2 rocking

(5) 3. G. Honig and C. R. Singleterry, This Journal, 58, 201 14.32 698 Strong Aromatic, C-H bending _L to plane
(1954).

(6) C.R. Singleterry and L. A. Weinberger, J. Am. Chem. Sue , 73, (7) J. R. Nielsen, F. W. Crawford and D. C. smith, J. 0;)t. Soc.

4574 (1951). Am., 37, 29G (1947).
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Fig. 1.—Infrared spectrum of liquid phenylstearie acid:

In order to control accurately the atmosphere to which
some of the soap films were subsequently exposed, a special
cell was employed. This cell consisted of an aluminum
spacer (V2" thick) sandwiched between two KBr windows.
The seal between the spacer and window was achieved by
means of a rubber gasket. Holes were drilled in the ends of
the spacer to accommodate micro-size stopcocks, which
were used to control the flow of air through the system. A
soap film was deposited on the inner side of one of the plates
in the usual manner, and the cell was assembled immedi-
ately and evacuated to remove HXD, CO02or other vapors
which could conceivably react with the soap. By flowing
air through various combinations of towers containing P2 5
Ascarite, saturated CaCl2 solutions, etc., such factors as
relative humidity, and C02content within the cell could be
varied at will.

3. Results and Discussion

Phenylstearie Acid.—The absorption spectrum
of phenylstearie acid was investigated to facilitate
the interpretation of the soap spectra. The spec-
trum obtained is shown in Fig. 1, while the wave
lengths and frequencies of the absorption maxima
are listed in Table I. In addition, an assignment is
given for most of the bands. These interpretations
are based, for the most part, on well established cor-
relations810 of characteristic group frequencies.
For purposes of discussion the observed frequencies
are divided into three groups according to their
origin, namely, vibrations of the aliphatic portion
(methyl and methylene groups), vibrations of the
aromatic portion (phenyl groups), and finally vi-
brations localized primarily in the carboxyl group
(COOH). The inteipretation of the observed spec-
trum in terms of vibrations involving the aliphatic
and aromatic portions of the molecule is, in general,
straightforward and consistent with the established
correlations. The only doubtful assignment is
that of the bending mode of the methylene group

(8) N. Sheppard, J. Inst. Petroleum, 37, 95 (1951).

(9) N. B. Colthup, J. Opt. Soc. Am., 40, 397 (1950).
(10) H. W. Thompson, J. Chem. Soc., 328 (1948).

temperature 25°, cell thicknesses in mm. as indicated.

adjacent to the COOH group. Sinclair, McKay
and Jones1l have assigned this mode to the band at
1410 cm.-1 in the spectra of a series of saturated
fatty acids. We have tentatively considered the
band at 1412 cm.-1 in the spectrum of phenyl-
stearic acid to consist of this mode superimposed on
a vibration characteristic of the COOH group.

The most interesting and important group of fre-
quencies, from the point of view of interpreting
the soap spectra, is the group due to the COOH por-
tion of the molecule. One would expect the ali-
phatic and aromatic group frequencies to remain
nearly constant in going from the acid to the soap
or ester, whereas those frequencies due to the car-
boxyl portion will certainly be vastly changed.

An examination of the spectrum of phenylstearie
acid in the 2 to 3 mregion shows the absence of free
hydroxyl absorption in the pure compound. As ex-
pected on the basis of previous work, the OH group
in phenylstearie acid is strongly bonded and is re-
sponsible for the broad absorption band which ex-
tends from roughly 3300 cm.-1 into the region of
C-H stretching absorption below 3000 cm.-1 and
presumably is responsible for the absorption max-
imum observed at 2600 cm.-1. However, in dilute
phenylstearie acid-carbon tetrachloride solutions
(concentration = 0.002 g./IO ml.), a sharp band,
which undoubtedly is due to the free OH stretching
mode, appears at 3540 cm.-1.

Hadzi and Sheppard®2 have carried out compre-
hensive studies of the infrared absorption bands
associated with the COOH and COOD groups in
dimeric carboxylic acids in the region from 1500 to
500 cm.-1. On the basis of these studies and nu-

(11) R. G. Sinclair, A. F. McKay and R. N. Jones, J. Am. Chem.
Soc., 74, 2570 (1952).

(12) D. Iladzi and N. Sheppard, Proc. Roy. Soc. {London), 216, 247
(1953).
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Fig. 2—Infrared spectrum of solid calcium phenylstearate: temperature 25°, film thickness unknown.

merous earlier investigations it appears to be well
established that most carboxylic acids may be rep-
resented by a dimeric structure.

The internal coordinates which might be ex-
pected to give frequencies in the region between 2
and 15 n are (I) O-H stretching, (I1) C=0

angle bending and (V), the motion corresponding
principally to the motion of the hydrogen atom of
the OH group perpendicular to the plane of the
dimer. The assignment of the first two modes to the
bands at 3300 to 3000 cm.“1and 1712 cm.“1is
straightforward. It is also generally accepted that
the band at 935 cm.“ lis due to mode V, i.e., the out-
of-plane OH deformation motion. However, there
is marked disagreement in the literature concern-
ing the assignment of modes 111 and IV. Shreve,
Heether, Knight and Swern13 consider the doublet
absorption at 1280 and 1250 cm.“ 1to be a general
characteristic of long-chain fatty acids, and con-
clude that one or both of these bands probably must
be related to vibrations involving the C-0 link-
age (Mode I11) in the carboxyl structure. Numer-
ous other investigatorsl114'®% have attributed
bands near 1250 and 1400 cm.“ 1to the carboxylic
acid group. There is little doubt, therefore, that
the infrared active C-0 stretching mode and the
in-plane OH deformation mode in phenylstearic acid
are related to the observed bands at 1412, 1284 and
1235 cm.“ 1, but the exact nature of this relation-
ship is not apparent at the present time. Because

(13) O. D. Shreve, M. R.
Anal. Chem., 22, 1498 (1950).

(14) M. st. Cc. Flett, J. Chem. Soc., 962 (1951).

(15) M. M. Davies and G. B. B. M. Sutherland, J. Chem. Phys., 6,

755 (1938).
(16) R. C. Herman and R. Hofstadter, ibid., 6, 534 (1938).

Heether, H. B. Knight and D. Swern,

the two modes are of similar frequency and of the
same symmetry class they might be expected to
interact to some degree. Thus, Hadzi and Shep-
pard2have suggested that the frequencies in ques-
tion involve contributions from both C-0 stretch-
ing and OH deformation.

Calcium Phenylstearate.—The infrared absorp-
tion spectrum of calcium phenylstearate is shewn in
Fig. 2. As expected, those frequencies which are
characterktic of the aliphatic and aromatic portions
of the molecule are essentially unchanged in going
from the acid to the soap. However, the group fre-
guencies related to the carboxyl group are mark-
edly altered. One would expect, first of all, that
the COOH group frequencies due to the OH group
should disappear in calcium phenylstearate, and
indeed such is the case with the bands at 3300, 2693
and 936 cm.“1 Furthermore, the bands at 1712
(C=0), 1412, 1284 and 1235 cm.“ 1either disap-
pear or change markedly in intensity. Previous
investigations with compounds containing ionized
carboxyl groups, e.g., sodium acetate, have shown
similar effects. Edsall7on the basis of Raman ef-
fect studies, has shown that the carbonyl frequency
near 1700 cm.“ 1is always found when an un-ionized
carboxyl group is present and always vanishes on
ionization of the carboxyl. Davies and Suther-
landBhave pointed out that a similar situation ex-
ists in the case of the infrared spectra of compounds
containing an ionized carboxyl group.

The explanation proposed by these investiga-
tors for the disappearance of the carbonyl frequency
near 1700 cm._1 in ionized carboxyl groups is that
there is complete resonance in the carboxyl group.
Thus, the structure of a uni-valent metallic salt

(17) J. T. Edsall, ibid., 5, 508 (1937).
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should not be written as R—C/ M., but rather

.0

as R— M+.
<0

In the ease of complete resonance both C-0
bonds are identical and have a force constant in-
termediate to those of normal double and single
bonds. One would expect the internal modes of
vibration of an ionized carboxyl to be similar to
the normal modes of a non-linear XY 2type mole-
cule. As such, they consist of a symmetrical val-
ence vibration (cm), an asymmetrical valence mode
0j2 and a vibration of deformation w3

Frequency w2in cm. t

Fig. 3.—Observed stretching frequency (W2 VS Pauling
electronegativity of metal constituent of soap.

Duval, Lecompte and DouvilleBhave studied the
infrared absorption spectra of more than a hundred
metallic salts of mono- or dibasic acids over the
frequency range 600 to 1600 cm.“1 From the re-
sults of this study they have assigned the following
approximate frequency ranges to the three vibra-
tional modes described above: ox = (1350-1400
cm.“1, a2 = 1550-1600 cm.“ 1 and 03 = 800-900
cm.“1

In the spectrum of calcium phenylstearate the
frequency i falls in the region of the C-H bending
deformation modes so that only an estimate of
1430 cm.“ 1 (7 I can be given for this frequency.
The asymmetrical valence vibration (@ has been
assigned to the strong, broad band having its
absorption maximum at 1550 cm.“1 (6.45 n).
Although there are suggestions of structure in this
band, attempts to resolve it into distinct compo-
nents have been unsuccessful. Finally, the angle
deformation mode t3has been assigned to the weak,
broad absorption at 945 cm.“ 1(10.60 a).

Lithium, Sodium and Potassium Phenylstearate.
—From the preceding discussion on the interpreta-
tion of the spectrum of calcium phenylstearate,
one might expect all of the soaps of phenylstearic
acid to have similar spectra except in the region of
those frequencies characteristic of ionized carboxyl
groups. This conclusion is verified by the experi-
mental data, and consequently only the spectral

(18) c.
(1942).

Duval, J. Lecomte and F.

R. E. Kagarise

Douville, Ann. Phys., 17, s
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region from 6 to 12 n is significant for comparison
purposes.

The observed frequencies of the three character-
istic vibrations are summarized below in Table I1.

Tavie Il

Characteristic Frequencies of lonized Carboxyl
Groups in Certain Metallic Soaps of Phenylstearic
Acid

Metal 0)1 0)2 0)3
Li 6.960N, 1437 cm .-i 6.30m, 1587 cm .-1 10.69 m,935 cm.
N a 6.94 m, 1441 6.35 m, 1574 10.82 m, 924
K 7.08V, 1412 6.38 m, 1567 10.93m,915

Ca 6.95 m, 1439 6.42 m, 1558 10.62 m, 942

Because of the coincidence of with the C-H
bending modes only an approximate value can be
given for this frequency in most of the soaps stud-
ied. In addition to the data listed in Table 11, the
values of o2 for the Be, Mg, Sr and Ba soaps of
phenylstearic acid were available from unpublished
data obtained previously by D. C. Smith and J. M.
French of this Laboratory. An interesting relation-
ship exists between the frequency a2 and the elec-
tronegativity of the metal constituent of the mole-
cule. Figure 3 shows that for both the divalent
and univalent metals a linear relationship exists
between the electronegativity and the frequency
U2 This apparent relationship is in opposition to
the findings of Duval, et al.,Is who have concluded
that no consistent relationships appear to exist
between the vibrational frequencies due to the ion-
ized carboxyl group and physical properties (e.g.,
mass, ionic radius, etc.) of the various metals. More
recently, however, Theimer and Theimer1 have
shown that hi the Raman spectra of powdered salts
of organic acids the frequency of the band in the
1400 to 1500 cm.“ 1region is a function of the ionic
radius of the particular metal.

Spectroscopic Determination of Free Acid in Ca
and Na Phenylstearate.—One of the primary ob-
jectives of this investigation was to examine the
possibility of using infrared methods to determine
the amount of “free” or, more precisely, unreacted
acid present in the soaps of phenylstearic acid.
It is well known from previous studies that the
sensitivity of infrared methods in the analysis of
mixtures is determined principally by the strength
and disposition of the absorption bands of the vari-
ous components. Because of the close similarity
between the spectrum of phenylstearic acid and the
spectra of its metallic salts, there are only two
bands that are satisfactory for analytical purposes.
These are the bands at 5.84 x due to r(C=0) of
the acid dimer, and at 6.3 to 6.4 g, assigned to the
o2mode of the soap molecules.

In order to determine the feasibility of using
these bands for analytical purposes, solutions of
phenylstearic acid and its calcium soap in benzene
were prepared, where the concentration of acid was
varied over the range 0 to 50% (by weight of total
solute present) in 5% steps. From these solutions,
films were deposited on KBr plates, using the pro-
cedure previously described.

Assuming that the two components obey Beer’s
law, it can be shown that

R =h(5G8 m/AG42m = A'(al/ID = Kg (1)

(19) R. Theimer and O. Theimer, Monatsh., 81, 313 (1950).
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where the A’s are the observed absorbance values
at the designated wave lengths, /a and fs are the
fractional parts of solute present as acid and Ca
soap, respectively, and K is the ratio of the absorp-
tivities at the two wave lengths. (Here we have also
assumed that the soap does not absorb at 5.84 fi,
nor the acid at 6.42 ji).

A plot of B vs. 3 (Fig. 4) shows that the straight
line relationship predicted by equation 1 is satisfied

0 = fa/fs
Fig. 4—Relative absorbance \S relative concentration of
phenylstearic acid in films of calcium phenylstearate.

for acid concentrations greater than about 10%.
The deviation of the experimental points from the
theoretical curve at lower acid concentrations is due
to several factors. In the first place, the absorb-
ance values for the 5.84 n band become less accu-
rate at lower concentrations. A much more impor-
tant factor, however, from the point of view of de-
termining the purity of a given soap sample, is the
production of acid by hydrolysis. Honig and Sing-
leterry6 have shown that small quantities of
water exert a strong influence on the viscosity of an
initially acid-free anhydrous soap-benzene system,
presumably through the action of acid produced by
hydrolysis. This effect was strikingly demon-
strated in the process of preparing films of soap for
spectroscopic studies. When the initially viscous,
jelly-like, soap-benzene mixture was spread over
the surface of the salt plate, it almost immediately
lost this jelly-like character, and flowed readily over
the surface of the plate. (This occurred in a “dry-”
box having a relative humidity of about 15%). In
no instance was the acid concentration of films of
Ca phenylstearate prepared in this fashion found
to be less than 4%. Hence, the limiting factor in
the determination of acid impurity in Ca phenyl-

0 = fa/f3
Fig. 5—Relative absorbance \S relative concentration of
phenylstearic acid in films and CHCh solutions of sodium
phenylstearate.
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stearate appears to be the sampling technique. If
films can be prepared and maintained in anhydrous
atmospheres, it appears probable that acid impurity
in the Ca soap can be determined with an accuracy
of +1% (by weight).

A similar experimental procedure was carried out
for a series of Na soap-acid mixtures, the results of
which are shown in Fig. 5. In addition, soap-acid
mixtures in CHC13 also were studied. Unlike the
calcium soap, mixtures of the sodium soap and
phenylstearic acid do not obey Beer's law. The
interaction between soap and acid results in a di-
minution in the absorptivity of the acid carbonyl
band at 5.84 xand hence reduces the accuracy with
which the determination of acid impurity can be
made.

Hydrolysis of Li, Na, K and Ca Soaps.— In order
to obtain a qualitative indication of the relative
rates of hydrolysis of the various soaps, films of Li,
Na, K and Ca soap were prepared and exposed to
various atmospheres. Changes in the amount of
absorbed water and acid impurity were followed
spectroscopically for a period of 20 days.

The amount of water present was ascertained
from the strength of the absorption band at 3.0 ju
while the quantity of acid impurity was estimated
from the carbonyl band at 5.84 ix The results of
this experiment are shown in Figs. 6 and 7.

Time of aging in days.

Fig. 6. —Relative amount of absorbed water \S time of aging
for films of Na, K and Ca phenylstearates.

Time of aging in days.

Fig. 7.—Acid carbonyl absorbance V,, time of aging for films
of K, Ca, Na, and Li phenylstearates.
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Pig 8.—Infrared spectrum of Na phenylstearate (solid film) exposed to various atmospheres:
---) exposed to atmosphere enriched in COz2.

(-—---- ) exposed to normal atmosphere; C, (

During the first nine days the films were exposed
to normal room atmospheres. On the tenth day
the films were placed in a desiccator which was then
evacuated (~0.1 mm.) for a period of six hours.
For the remaining period of time the films were kept
in an atmosphere having a relative humidity of
30%, except when the spectra were being studied.
From the curve for the K soap in Fig. 6 it is appar-
ent that the amount of water present changed
markedly from day to day. These fluctuations
were in all probability due to the fact that the films
lost or gained water during the short period (15
min.) they were removed from the constant humid-
ity chamber. Thus it is obvious that more refined
experiments will be necessary to obtain quantita-
tive relationships between the amount of absorbed
water and the relative humidity of the atmosphere
surrounding the soap films. However, certain
gualitative conclusions can be made on the basis of
this experiment, and are summarized as follows:
(a) at no time was a detectable amount of absorbed
water present in the Li soap film; (b) ingeneral, the
amount of absorbed water increased in the order of
Na<Ca<Ksoap; (c) asindicated by theamount
of water absorbed, the K soap is extremely sensi-
tive to changes in the relative humidity.

The amount of free acid produced in the various
soap films is shown in Fig. 7. From a comparison
of Figs. 6 and 7, it is apparent that the rate at which
acid is produced is dependent upon the amount of
water present on the film. Furthermore, the amount
of acid present never decreases, indicating possibly
that the reaction responsible for its production is
not readily reversible.

In order to control accurately the atmosphere to
which the soap films were exposed, detailed studies
of the hydrolysis process in Ca and Na phenylstear-

A (- ) unexposed; B,

ate were made using the special ce | previously de-
scribed. A film of Ca soap was deposited on a KBr
plate in the normal fashion and the cell immedi-
ately assembled and evacuated for two hours to re-
move all water absorbed in the process of preparing
the film. The spectrum was then ebserved and
served as a standard for subsequent spectra ob-
tained after exposure of the film to various at-
mospheres. The acid content initially was <1%.
The film of Ca soap was then subjected to an at-
mosphere having a relative humidity of 30%, and
which was nearly free of C02 This atmosphere
was obtained by flowing air through towers con-
taining Ascarite, PD 6 and a saturated solution of
CaCIl26HD in HXD. The film was subjected to
this atmosphere for a period of 40 hours, at the
end of which time the spectrum was again obtained.
There was no observable increase in intensity of the
5.84 fxband, indicating that no additional free acid
had been produced in the film by the action of HD
alone.

The Ascarite tower was now removed from the
system yielding an atmosphere having normal C02
content and a relative humidity of 30%. At the
end of two hours exposure to this atmosphere, the
acid band had increased perceptibly, showing that
the presence of C02greatly enhanced the process of
acid formation. At the end of 60 hours exposure
to this essentially normal atmosphere, the acid con-
tent reached a value of roughly 5% by weight.

A similar experimental procedure was carried out
for a film of Na phenylstearate. The spectral re-
sults of this experiment are shown in Fig. 8. Curve
a is the absorption spectrum of the film obtained
immediately after preparation and evacuation of
the cell. An examination of the 5.85 / region
shows little if any acid impurity present initially.
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The band at 3.0 n is indicative of residual absorbed
water which was not removed by evacuation. Air
having a relative humidity of 50% and essentially
CO2 freeD was now flowed through the cell for a
period of 24 hours and the spectrum reexamined.
The changes from the initial spectrum are shown by
the curve b of Fig. 8, the only significant ones being
the increase in the water bands at 3 and 5.75-6.5 fi.
After evacuation (0.1 mm.) for two hours these
changes disappeared and no significant increase
in the absorption at 5.84 /xwas observed, indicating
that little if any hydrolysis had occurred.

The Ascarite tower was now removed from the
system and the film subjected to an atmosphere
having a relative humidity of 50% and normal C02
content for a period of 15 hours. The spectrum ob-
served at the end of this time was essentially the
same as the one shown by curve b, and there was
no positive indication of increased absorption at
5.84 [x in contradistinction to the results shown by
the film of Ca soap. However, this is to be ex-
pected, since the curves in Fig. 7 indicate that under
similar conditions the Na soap is less susceptible to
acid formation than is calcium phenylstearate. In
order to accelerate the effects of CO2and HD, the
film of Na soap was subjected to an atmosphere ob-
tained by passing nearly pure C02 (produced by
the sublimation of Dry Ice) through the Ca(N032
solution. At the end of four hours the cell was
evacuated and the spectrum, shown by the third
curve of Fig. 8, was observed. The profound
changes that occurred are reasonably explained if
one considers that phenylstearic acid and sodium
bicarbonate have been produced by means of the
reaction

R—COONa + HD + C02— > R—COOH + NallC03

The infrared absorption of NallCCh has been
studied by Miller and Wilkins2l and their observed
spectrum shows strong bands at about 4.0, 5.2,
6.0, 7.5, 10.0, 12.0 and 14.2 /x Except for the
band at 5.84 n, which is due to the phenylstearic
acid, these bands correspond exactly with the new
bands appearing in curve C of Fig. 8.

4, Conclusions

The principal objective of this investigation was
to determine the feasibility of using infrared ab-
sorption spectra to detect and quantitatively meas-

(20) The atmosphere described was obtained by flowing air through a
series of towers containing Ascarite, P20s, and a saturated solution of
Ca(N03)2 in the presence of excess solid Ca(N0s)2'4H20. The latter
tower and the cell were maintained at a temperature of 25 + 2°.

(21) F. A. Miller and C. H. Wilkins, Anal. Chem., 24, 1478 (1950).
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ure the acid impurity in certain metallic phenyl-
stearates. Two phenomena have been encountered
which tend to complicate the application of spec-
troscopic methods to this problem in varying de-
grees depending upon the particular soap under
consideration. These are:

(@ Production of free acid, by means of the
action of H®D and CO02 during the preparation and
examination of the soap films.

(b) Interaction between the soap and acid as
evidenced by the fact that certain soap-acid mix-
tures do not obey Beer’s law. In order to obtain
reliable spectroscopic data, the precautions necessi-
tated by these two effects are:

1. The soap samples must be maintained in an-
hydrous, C02free environments at all times. This
entails the use of elaborate sampling techniques
such as efficient dry-boxes for the deposition of
of films from solutions, vacuum tight cells for
containment of films, etc.

2. Solvents such as benzene, chloroform and
carbon tetrachloride may show a strong tendency
to produce acid impurity in soap solutions and
must be carefully percolated prior to use.

3. In order to determine quantitatively the
amount of acid present in a given soap sample, it
is necessary to resort to a calibration curve based on
soap-acid mixtures of known concentrations.

From studies of amorphous, solid soap films ex-
posed to various controlled atmospheres it is con-
cluded that the hydrolysis of Ca and Na phenyl-
stearates in the absence of C02is negligible. Thus
the equilibrium strongly favors neutralization, i.e.

R—COOH + NaOH — > R—COONa + HD

However, in the presence of C02 NaOH is re-
moved by formation of sodium bicarbonate and the
corresponding amount of phenylstearic acid. The
effects of C02on solid soaps appears to be much
more pronounced than one might have anticipated
on the basis of earlier hydrolysis studies of aqueous
systems, and the relative acidities of carboxylic
and carbonic acids. It should be emphasized that
the conclusions listed above apply specifically to
the solid phase, and may not be applicable to solu-
tions.

Acknowledgment.— The author wishes to express
his appreciation to Dr. C. R. Singleterry anc Mr.
John Honig for many helpful discussions through-
out the course of this investigation, and for pro-
viding the phenylstearic acid and soap samples.
Thanks are also extended to Mrs. Lorraine Wein-
berger, who obtained most of the infrared spectra.



278

F. T. Wall and S. J. Gill

Voi. 59
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A method has been developed for determining transference numbers of simple electrolytes under high pressures.

In this

method, which is an adaptation of the conventional moving boundary technique, the movement of the ions is followed by

resistance measurements.

The results obtained by this procedure at 1 atm. are in good agreement with literature values

for 0.1 N KC1, NaCl and HC1. At 1000 bars, a slight increase was observed for the cation transference number of 0.1 N

HCL.
for the cation of 0.1 N NaCl.

A 2% decrease in cation transference number was observed for 0.1 N KC1 and an even larger decrease was noted
Cadmium chloride was employed as the “following” solution, and the transference number

of Cd++, calculated from the Kohlrausch regulating function and conductivity data, likewise decreased with increase in

pressure.

Introduction

The effect of pressure upon transference numbers
has been briefly investigated by Ganslfor zinc sul-
fate. In thisinvestigation he measured the electro-
motive force of an appropriate concentration cell
and found a 1% change in the transference num-
ber of zinc sulfate when the pressure was increased
to 1000 atm. The accuracy of this work has been
questioned, however, because of the difficulties
encountered in producing cells that are reversible
under pressure.2

Numerous studies of the conductivities of solu-
tions under pressure have been made,3"9but to fully
interpret these data it is necessary to know the ion
transference numbers under similar conditions.
Accordingly, the study here reported was under-
taken to develop a method for measurement of
transference numbers of simple electrolytes under
pressure.

Discussion of the Method.—The electromotive
force method, although convenient, is unsatis-
factory because of the difficulty of attaining equilib-
rium under pressure; hence no attempt was made
to use this method in our work. The Hittorf
concentration change method also appeared un-
attractive because it is not easily adapted to high
pressure measurements. Of all the methods em-
ployed at atmospheric pressure, the moving bound-
ary technique appeared most promising for adapta-
tion to studies under pressure because of its pre-
cision, simplicity, and speed.0 The method that
we shall describe here is a modification of the con-
ventional moving boundary experiment.

Observation of the boundary, which is relatively
simple for transparent vessels, is quite impractical
when the system is within a pressure bomb, even
through use of optical windows. Accordingly, an
electrical method was devised to follow the position
of the boundary; this was accomplished by measur-

(1) R. Gans, Ann. Physik, 6, 315 (1901).

(2) E. Cohen, “Physico-Chemical Metamorphosis and Problems in
Piezochemistry,” McGraw-Hill Book Co., Inc., New York, N. Y.
1928, p. 144.

(3) Ernst Cohen and W. Schut, “Piezochemie kondensierter Sys-
teme,” Akademische Verlagsgesellschaft m. b. H., Leipzig, 1919.

(4) G. Tammann and W. Tofaute, Z. anorg. allegem. Chem., 182,
353 (1929).

(5) G. Tammann and A. Rohmann, ibid., 183, 1 (1929).

(6) E. Brander, Soc. Sci. Fennica Commentationes Phys.
, 1 (1932).

(7) W. A. zisman, Phys. Rev.,, 39, 151 (1932).

(8) L. H. Adams and R. E. Hall, This Journal, 35, 2145 (1931).
(9) F. T. Wall and S. J. Gill, ibid., 58, 740 (1954).

(10) D. A. Maclnnes and L. G. Longsworth, Chem. Rev., 11, 171
(1932).
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ing the resistance of the column of solution through
which the boundary moved (Fig. 1), using probe
electrodes built into the transference cell. Sup-
pose, for example, that the boundary is initially
in the region beneath both probe electrodes and
that it moves upward. The resistance measured
between the probe electrodes will then be constant
until the boundary moves into the region between
them, after which it will change as the boundary
moves, provided the conductivities of the leading
and following solutions are different. If the cell is
properly constructed, one can expect the resist-
ance to be a linear function of the boundary posi-
tion, thus providing a basis for accurately measur-
ing the movement of the boundary.

In order to achieve a linear relationship between
the position of the boundary and the measured re-
sistance, it is sufficient to have a uniform cross-sec-
tion, a uniform field between the measuring elec-
trodes, and uniform compositions of leading and
following solutions. These conditions can be ful-
filled by proper construction. A precision bore
tube gives a uniform cross-section for the region
between the probe electrodes. The electric field
produced by the probe electrodes will not be uni-
form near their surfaces unless the electrodes form
the ends of a right cylinder. This inhomogeneity
at the probe electrodes proves to be unimportant,
for the field becomes uniform a short distance from
the electrodes if the length of the cell is much greater
than the diameter. The condition of uniform con-
centrations in the leading and following solutions
is realized automatically from the Kohlrausch regu-
lating function1l as long as the electrolyzing elec-
trodes are distant from the probe electrodes. An
electromotive force method, related to the one de-
scribed here, has been used for mobility measure-
ments at 1atm.1213

The problem of generating a boundary under
conditions of high pressure is easily solved by using
an autogenic boundary produced by a cadmium
anode.4 The circuit is completed by using a sil-
ver-silver chloride cathode. For all systems studied
the chloride anion was common to both the leading
and the following solutions.

During electrolysis, an electric field is set up in
the solution between the probe electrodes; conse-

(11) F. Kohlrausch, Ann. Physik, 62, 209 (1893).

(12) J. Clerin, Ann. Chim., [11], 20, 244 (1945).

(13) J. Mukherjee, R. Mitra and A. K. Bhattacharya, J. Indian
Chem. Soc., 12, 177 (1935).

(14) H.P. Cady and L. G. Longsworth, J. Am. Chem. Soc., 51, 1656
(1929).
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guently those electrodes must be disconnected
from each other while electrolysis proceeds to avoid
short circuiting the current. Similarly the direct
current must be stopped while a resistance meas-
urement is made using the probe electrodes. The
width of the probe electrodes (in the direction of
the electrolyzing field) must not exceed a thickness
above which chemical electrolysis might occur at
their surfaces when current is passing through the
cell.

The effect of current interruption in the deter-
mination of transference numbers by the moving
boundary method has been studied by Maclnnes
and Longsworth.05 Their findings show that
interruptions in the current produce no detectable
effect in the observed transference numbers and our
own results support these conclusions.

Upon turning off the electrolyzing current, the
boundary between the two solutions diffuses and
the measured resistance changes. Reproducibility
of the boundary diffusion is achieved by measuring
the resistance at a fixed time after the current has
been stopped.

Heat developed from electrolysis is particularly
serious in any application of the moving boundary
method within a pressure bomb. This effect is
minimized by using a cell of short length, dilute
solutions, and small currents. On the other hand,
there is loss of sensitivity upon shortening the cell.

Apparatus and Procedure

Precision bore Pyrex tubing of cross section 0.0339 cm.2
was used for the measuring part of the cell. A ball joint
was placed at one end of this tube to provide a connection
to an S-shaped tube containing the silver-silver chloride
electrode. The measuring electrodes consisted of #30
platinum wire inserted across the diameter of the tube.
The probe electrodes were mounted in the tube with a
minimum of tube distortion by the following method. Two
fine holes were drilled 10 cm. apart by means of a rotating
tungsten wire, while the glass was heated to its softening
point at the spots where the holes were made by a hydrogen
torch. The platinum wires were then sealed into the cell.
This type of construction gave a cell of great strength and a
region of uniform cross-section between the measuring elec-
trodes. Other cell plans were also tried, such as using
probe electrodes of washer shape, mounted with cement in a
sandwich fashion between ground end pieces of precision
bore tubing. The latter type of cell, although advantageous
because of its high degree of electrode symmetry and the
virtual elimination of capillary tube distortion, would not
withstand the effects of pressure and repeated cleaning.
Consequently the sealed wire electrodes were found to be
more satisfactory.

The lower probe electrode must be situated far enough
from the autogenic cadmium electrode sc that the normal
concentration build-up at this electrode would not affect
the resistance measurement. This is analogous to the
middle compartment requirement of the usual Hittorf coll.
Our measurements indicated that this condition was fulfilled.
The concentration gradient at the cadmium electrode was
also observed by means of a Schlieren optical system, and
the disturbed region was shown to remain beneath the probe
electrode.’6

The cell was designed to be compact, yet the cathode was
kept some distance from the measuring electrodes. The
silver-silver chloride electrode was fitted into the cell by
means of a ground glass joint. Another opening at the top
of the cell allowed pressure to be transmitted to the system.
In order to isolate the cell solution from tne pressurizing oil
(high vacuum oil), a“Nujol” layer was placed on the solution.

(15) D. A. Maclnnes and |I. A. Cowperthwane, Proc. Natl, Acad.
Sci. U. S,, 15, 18 (1929).

(16) Acknowledgment is expressed to Robert L. Fischer for assisting
in these measurements.
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TRANSFERENCE CELL
(SCHEMATIC DIAGRAV)

NEASZ S NO COUIRAQTUENT

Fig. 1.—Diagram of transference-conductance cell used in
pressure experiment..

This layer was found to give satisfactory protection from
the pressurizing medium during the course of the experi-
ments, since diffusion through a “Nujol” layer occurs very
slowly.

The sealing technique for the cadmium electrode involves
the use of a soft rubber gasket. The cadmium electrode
was machined to provide a close fit into the capillary tubing
and the rubber gasket was placed under a small amount of
compression by the cell holder. The body of the cell
holder is aluminum to provide good heat conduction. A
split brass sleeve was made to fit around the measuring part
of the glass cell.

The electrical connections to the cell inside the bomb were
made through the usual high pressure connections. One of
the major problems is that of electrical shorting within the
bomb. Shorts of the order of fifty megohms or less indi-
cated the possibility of current leakage. Electrical leads
to the cell within the bomb were made of number 30
“Formex” coated magnet wire covered with polyethylene
spaghetti. The soldered connections to the probe elec-
trodes were insulated by a coating of finger nail lacquer.
These leads from the cell were placed in grooves made in the
aluminum cell holder. The entire cell assembly hung from
the piston-like head of the bomb, thus facilitating electrical
connections. It was necessary to exercise considerable care
in filling the cell to avoid spilling any electrolyte into the
grooves of the cell holder where possible shorts could de-
velop. The system was tested for electrical shorts before
and after each run.

The platinum measuring electrodes were platinized ac-
cording to standard procedure. The silver-silver chloride
electrode was made by dipping a platinum foil electrode
into molten silver chloride and allowing the silver chloride to
solidify upon the platinum.

The following components completed the apparatus:
high pressure equipment, a conductance bridge,9a constant
current regulator, timing switch, potentiometer with stand-
ard resistance, and temperature control bath.

A source of constant current for work of this type is
highly advantageous. The circuit employed was an adapta-
tion of two devices described in the literature. /8 A 0.05%

(17) P. Bender and D. R. Lewis, J. Chem. Educ., 24, 454 (1947).
(18) G. S. Hartley and G. W. Donaldson, Trans. Faraday Soc., 33,
457 (1937).
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change was noted in a current of 2 ma. on changing the
load resistance from 100 to 60,000 ohms, and for a fixed
resistance the current was constant within 0.05% over a
period of an hour. The current could be adjusted manually
if larger changes occurred. The current was measured
with a Leeds and Northrup K-2 potentiometer in conjunc-
tion with a Leeds and Northrup precision resistor, which
upon calibration was found to have a resistance of 100.07
absolute ohms at 26°.

The timing and switching mechanism, used for switching
from electrolysis to resistance measurements, was made from
a “Synchrotron” motor which turned one revolution in four
minutes. The motor turned a brass wheel, which has a
fraction of its perimeter cut out, thus enabling a “Micro
switch” to be turned off for a precise fraction of each revo-
lution. The “Micro switch” operated a set of relays which
connected either the current electrodes or the measuring
electrodes into the circuit. A mechanical counter was also
controlled by the switch.

The I/1r.p.m. motor and notched wheel provided approxi-
mately 30 seconds in which to balance the conductance
bridge and to obtain an accurate resistance reading. For
seven-eighths of the time, current passed through the cell.
A pair of coaxial (shielded) relays controlled the measuring
electrodes to prevent unnecessary noise pickup to the
bridge; the relays were activated by current flowing through
the cell. All of the leads into the pressure bomb were
shielded and the bomb was grounded.

The cell was cleaned before each run with hot potassium
dichromate-sulfuric acid cleaning solution, then rinsed
several times with distilled water and with the solution to
be measured. After electrical connections were made, the
cell was assembled, filled with solution, and placed within
the bomb. Outside electrical connections were completed
and the run was started when temperature equilibrium was
reached.

Calculations.—The transference cell employed in
these experiments had a region of uniform cross-
sectional area A with measuring electrodes a fixed
distance apart. Since the measuring electrodes
will not produce a uniform electric field near their
surfaces, it is useful to consider an “ideal” cell of
cross-section A, with measuring electrodes | cm.
apart. The *“ideal” electrode distance is cal-
culated from the experimental cell constant, k,
where

k= I/A (1)

Consider the measured resistance of the cell when
there is a boundary in the region between the probe
electrodes. The resistivity of the solution below
the boundary is such that it exhibits a resistance Ri
when it completely fills the cell. The solution
above the boundary produces a corresponding re-
sistance R4 The cell resistance when both solu-
tions are present is given by

R = Rix + RZ1 —X) )

x is the fraction of the distance, I, through which the
boundary has moved. Equation 2 rests upon the
assumptions that the field and cross-section are
uniform in the region in which resistance measure-
ments are made and that the concentrations of the
two solutions remain uniform.

The apparent transference number can be calcu-
lated from the equation

< = cFdA/it (3)

where t+ is the transference number of the ion de-
termining the boundary movement, ¢ the concen-
tration of the same ion in equivalents per liter, F the
value of the faraday, d the distance in centimeters
the boundary has moved, i the current in milliam-
peres and t the time in seconds. Equation 3 can
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be rewritten in terms of the velocity v of the bound-
ary.
t+= cFAV/i (4)

The velocity vcan also be determined from equation
2 and the fact that x = d/l using the equation

| dR
V R—R2 o (5)

where dR/dt is the time derivative of the observed
resistance. Combination of equations 4 and 5
yields an expression for the apparent transference
number.

cFAl  w dR 5
+ i{Rx- RI X di )

A and | are determined by experimental calibration.
Ri and R2are the initial and final resistance readings.
i is determined using a potentiometer and standard
resistance. dR/dt is determined by least square
computation.9 The true transference number can
be obtained when corrections are made for volume
changes of transport and conductance of the sol-
vent.® For 0.1 » solutions the latter correction is
negligible, but the volume correction must be ap-
plied.

The cell parameters A and |, and the concentra-
tion c are affected by pressure. The product IA is
a hypothetical volume, since | is an “ideal” length.
The percentage change in this volume due to pres-
sure changes should be closely approximated by the
percentage change in the volume of the cell, which
depends upon the compressibility of the material
from which the cell is constructed. The data of
Adams?2L for the compressibility of “Pyrex” show
that a 0.3% correction should be made at 1000 bars.

For dilute solutions the effect of pressure upon the
concentration can be determined from the Tait
equation for water as given by Owen.2 For con-
centrated solutions a correction can be made for
solute using data given by Owen and BrinkleyZ
on the effect of pressure on molar volumes.

It is also possible to determine the transference
number of the following ion, in this case cadmium,
by using the Kohlrausch condition. This relation,
which has been used in a related application de-
scribed by Hartley and Donaldson,18is

where n and o are the transport number and con-
centration of the leading ion and Uand a are the
corresponding quantities for the following ion
(Cd++). When Uand ci are known, Ucan be de-
termined by simply evaluating a. Instead of try-
ing to determine the absolute value of Udirectly it
is more expedient to determine the ratio of k at
pressure P to its value at 1 atmosphere. This per-
mits simplification and renders unnecessary an ab-
solute determination of the concentrations of the

(19) This computation was performed on the University of Illinois

digital computer using a code prepared by Leonard Isaacson of this
Laboratory.

(20) L. G. Longsworth, J. Am. Chem. Soc., 54, 2741 (1932).

(21) J. Adams, ibid., 53, 3769 (1931).

(22) B. B. owen, J. Chem. Educ., 21, 59 (1944).

(23) B. B, Owen and S, R, Brinkley, Jr., Chem. Revs., 29, 461
(1941),
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cadmium chloride solutions.
this ratio can be expressed as

ffe> Cf<'> X ¢l«) X CI(P>

Using equation 7,

where superscripts in parentheses denote the pres-
sures. The concentration of a dilute solution at a
given pressure can be related to the concentration
the solution would have at atmospheric pressure by

dd = anp(p) 9)

where F{P) is obtained from the Tait equation for
the compressibility of the solvent. Equation 9
can thus be used to simplify equation 8. It should
be carefully noted that the concentration of the
following ion, established at pressure P and reduced
back to one atmosphere, is not the same as the con-
centration established in an experiment carried out
at atmospheric pressure. To make this distinc-
tion clear, we shall denote the value of re-
duced to one atmosphere, by the symbol Ci(Dp, which
must be distinguished fromc(1). With this under-
standing eq. 8 reduces to

ws _ a 6P

f> < X ¢l
The evaluation of the ratio CQp/cf() can be made
as follows. For measurements made in a given cell,
we note that

(10)

a@I?@®
A(PfiOP

co)p

® - (ID

where we now drop the subscript f for convenience.
In eq. 11, the quantities A()pand R"i)p are the val-
ues, corrected to one atmosphere, of the equivalent
conductance and resistance of the “following” solu-
tion as determined by an experiment carried out
under pressure. A() and Ra) are the correspond-
ing quantities for the experiment carried out at
one atmosphere. It is found experimentally that
the relative change in resistance with pressure is
quite insensitive to the concentration. By using
such an experimentally determined factor, 12(Qp
can readily be obtained from the resistance ob-
served in a pressure experiment. As a first ap-
proximation we can assume A@Qp = A() since the
equivalent conductance of a dilute solution of a
strong electrolyte is not strongly dependent on
concentration. This enables us to calculate a first
approximation to the desired ratio c'lpc(l). From
that ratio and a knowledge of c(l) determined by
experiments at one atmosphere, one can compute
an improved value for the ratio A(LYA (Dp, using lit-
erature values for the equivalent conductance of
cadmium chloride as a function of concentration.
The calculation using eq. 11 is then repeated as
often as necessary to get a consistent answer. In
practice the second or third approximation is suf-
ficient to give a satisfactory value of the ratio c()p/
c(@@ to use in eq. 10.

Calculations.—The cross-sectional area A and
the hypothetical length Zwere determined by cali-
bration. The region between the measuring elec-
trodes was tested for uniformity of cross-section by
measuring the length of a small slug of mercury at
several positions. By this means the tube was
found to be uniform to within one part per thousand
over a length of 8to 9 cm. This test for uniformity
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necessarily included some averaging of small devia-
tions, but it did show that no gross defects in cross
section were present. Deviations were apparent
near the probe electrodes, which were sealed into
the glass at points about 10 cm. apart.

The following method of measuring the cross-
sectional area was employed. Two slugs of mercury
of different lengths were measured and weighed.
The difference in volume of these two slugs, assum-
ing similar end effects for each, was equal to their
difference in lengths times the cross-sectional area
which was shown to be constant. The cross-section
was so determined to be 0.03390 cm.2

The ideal cell length Zwas calculated after deter-
mining the cell constant by measurements on a
standard 0.10000 demal solution of potassium chlo-
ride, prepared according to the directions of Jones
and Bradshaw.24 The conductivity water used to
prepare this solution was distilled from permanga-
nate and had a specific conductance of 9.66 X 10-7
mho cm.-1 at 25°. A solvent correction was ap-
plied in determining the value of the cell constant.
The cell constant was 293.0 and the calculated
length Zwas 9.932 cm.

It was also necessary to calibrate the time per
revolution during which the timing switch was in a
position that permitted passage of current through
the cell. This time value was determined both by
stop-watch and by a stop-clock whose magnetic
clutch was connected into the actual cell circuit for
a typical run. The average time for several deter-
minations was 210.35 seconds. Individual deter-
minations deviated from this average value by no
more than 0.10 second.

Preparation of Solutions.—Solutions of potassium chlo-
ride, sodium chloride and hydrochloric acid were prepared
from purified materials. Reagent grade potassium chloride
was precipitated from a concentrated hot solution by cooling,
dried for 12 hours at 110°, then fused in a platinum crucible
and cooled in a platinum dish before being bottled. The
sodium chloride was purified from reagent material by twice
precipitating with pure hydrogen chloride gas, drying at 110°
for 12 hours and then drying at 450° in a Richards drying
tubeX with a nitrogen sweep for two hours. Solutions of
these materials were then made up using the densities
given by the International Critical Tables to give the de-
sired normalities. Corrections for buoyancy were made in
all cases. Solutions of hydrochloric acid were prepared
from a constant boiling mixture of hydrochloric acid and
water as specified by Foulk and Hollingsworth.5 The stand-
ard solutions were diluted to desired concentrations using
calibrated pipets and volumetric flasks. The cadmium
chloride solutions, used for determining the pressure coef-
ficient of resistance of this material, were prepared from
reagent cadmium chloride, and standardized by silver
chloride titration using dichlorofluorescein indicator. The
precise concentrations for the cadmium chloride solutions
were not needed. All solutions used were prepared with
conductivity water of specific conductance 9.6 X ICR7 mho
cm.-1 at 25°.

Discussion of Errors—From equation 6 an
estimate can be made of the magnitude of error to
be expected in t+. The concentration is subject to
a small error due to preparation of solutions. It
may be affected noticeably, however, in the process
of filling the cell or through possible contamination

(24) G. Jones and B. C. Bradshaw, J. Am. Chem. Soc., 55, 1780
(1933).

(25) T. W. Richards and H. G. Parker, Proc. Am. Acad. Set., 32,
59 (1896).

(26) C. W. Foulk and M. Hollingsworth, J. Am. Chem. Soc., 45,
1223 (1923).
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with the high pressure system. The latter errors
cannot be estimated. The value for the cross-
section A was determined within 0.1%. The error
in the values for the resistance measurements due to
diffusion is of the order of 0.1%. The variation in
the current for a given run is about 0.05%. The
slope of the resistance versus time curve has an er-
ror of about 0.05% when approximately ten points
are used for determining the slope. Considering
these possible errors in the determined parameters,
the transference number given by our measurements
should be accurate within 0.3%.

There is a small uncertainty in the concentra-
tion, because of the assumption that the Tait equa-
tion for pure solvent can be applied to the solution.
The correction of cell constant and cross-sectional
area for the compressibility of the glass tube could
be more serious because the cell dimensions may not
change reversibly with pressure. Happily we
noted excellent reproducibility in resistance meas-
urements with standard solutions, indicating that
the application of pressure has no permanent effect
upon the cell constant.

It is of interest to examine the sensitivity of the
resistance method for measuring boundary position.
The total resistance difference between the measur-
ing cell filled with 0 1 N KC1 and the cell filled with
the following cadmium chloride solution is about
30,000 ohms. This figure of 30,000 ohms corre-
sponds approximately to 10 cm. of boundary
movement. Since the resistance can be read to
+10 ohms, the uncertainty in boundary position
attributable to resistance errors is only 0.003 cm.

Results and Discussion

The resistance measurements for a typical run
are shown in Fig. 2. It will be observed that the

Pig. 2—Typical resistance \S time plot using cell illustrated
in Fig. 1.

graph has three distinct parts. First a horizontal
portion representing the resistance of the leading
solution; second a linearly increasing portion rep-
resenting movement of the boundary; finally an-

F. T. Wall and S. J. Gill
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other horizontal portion characteristic of the “fol-
lowing” solution. The time required for the bound-
ary to travel between the two probe electrodes is
thus clearly established. The cation transference
numbers for 0.1 N solutions of HC1, KC1 and NacCl
at 25° are shown in Figs. 3, 4 and 5. For all of the
experiments, the concentration refers to that of the
solution prepared at 1 atm. pressure. It will be
observed that for HC1, the cation transference num-
ber increases from 0.831 to about 0.335 in going
from one to about 1000 atm. In the cases of KC1
and NaCl, decreases of 2-3% are observed. The
most general statement that can be made is that the
transference number is not much affected by pres-
sure. This is reasonable since the transference
number represents a fraction and not an absolute
quantity.

To calculate the effect of pressure upon the trans-
ference number of cadmium chloride, values of the
equivalent conductance at 250 were taken from the
“International Critical Tables.” Z Measurements of
the effect of pressure and current passage upon the

Fig. 3.—Cation transference number of 0.1 N HC1 as func-
tion of pressure.

PRESSURE (BARS).

Fig. 4—Cation transference number of 0.1 N KC1 as func-
tion of pressure.

(27) “International Critical Tables,” Vol. 6, McGraw-Hill Book

Co., New York, N. Y., 1929, p. 232.
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resistance of 0.144 and 0.072 N CdCI2 solutions
showed that the actual resistance measured in the
transference cell can be corrected tc 1 atmosphere
by the factors 1.002 at 1 bar, 1.005 at 517 bars, and
1.095 at 1051 bars. The effect of pressure upon
the cation transference number in CdCIl2as deter-
mined from the Kohlrausch regulating function is
shown in Table I. It will be observed that for this
salt also, the cation transference number dimin-
ishes with pressure by about 3% for 1000 atm.

Tabte |
R atio of Cation Transference Number of CdCI2 at
Pressure p to That at One Atm.
Leading 517 1051
soin. cfu)p bars bars
0.1 ATKCI 0.088 0.982 0.966
0.1 AT NaCl 0.110 .987 971
0.1 JVHC1 0.051 .984 .969

Assuming the Onsager equationto be applicable
to KC1 and NacCl, the observed decreases in trans-
ference number with pressure cannot be ac-
counted for by the increase of concentration with
pressure, nor by changes brought about in the vis-
cosity and dielectric constant. Thus we can ex-
pect that the transference number at infinite dilu-
tion will change with pressure. For the salts men-
tioned this dependence should be approximately
that observed for the 0.1 N solutions.

The increase of cation transference number of
HC1 with pressure is consistent with recent theories
for the conductance mechanism of the hydronium

(28)

trolytic Solutions,”
p. 102.

Reinhold Publ. Corp., New York, N. Y., 1943,

H. S. Harned and B. B. Owen, “Physical Chemistry of Elec-
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PRESSURE (BARS),

Fig. 5.—Cation transference number of 0.1 N NaCl as func-
tion of pressure.

ion.® It has been suggested that the number of
linear water chains increases with pressure, thus
promoting hydronium ion transport. Protons
presumably add on to one end and are ejected at
the other, thus providing rapid transport.

(29) A. Gierer and K. Wirtz, Ann. PhysiJc,, 6, 257 (1949).

NOTES

NOTE ON THE KINETICS OF THE
REACTIONS OF THE PROPYL RADICAL
WITH OXYGEN

By Charies N. Satterfield and Robert C.R eid

Department of Chemical Engineering, Massachusetts Institute of
Technology, Cambridge, Mass.

Received July 19, 1904

Previous experimental studies of the partial
oxidation of propane have led to the hypothesis
that the propyl radical, which is initially formed,
reacts in the homogeneous phase essentially in
three alternate directions,1reaction 1 predominat-
ing at relatively low temperatures, below about
300°, reaction 2 at intermediate temperatures, and
reaction 3 at high temperatures, above about 550°

C3H7 + O, — > CjHjOO- — oxygenated organic

CH-m > CH4+ CH3 3

Arguments for this mechanism and reasons for
discarding alternate reactions have been discussed
in detail.12 All of the propylene isolated is be-
lieved to result from reaction 2. Products isolated
which are formed via the propyl peroxy radical
(with possible intermediate formation of propyl hy-
droperoxide and other species) are formaldehyde,
acetaldehyde, methanol and the carbon oxides,8-7

(2) C. N. Satterfield and R. C. Reid, “ Fifth International Sym-
posium on Combustion,” Pittsburgh, Pa., September 1954,
ings to be published by Reinhold Publishing Corp.,
N. Y.

(3) B.
sions of Gases,”

proceed-
New York,
Lewis and G. von Elbe, “Combustion, Flames and Explo-
Academic Press, Inc., New York, N. Y., 1951.

(4) F. E. Malherbe and A. D. Walsh, Trans. Faraday Soc., 46, 824,
835 (1950).

(5) N. C. Robertson, “The Partial Oxidation of Hydrocarbons,”

Species (l) Chapter in B. T. Brook’s book “ Hydrocarbon Reactions” (to be pub-
CHT7-+ 02 —~CHs+ HO2 ) lished).
(6) E. R. Bell, J. H. Raley, F. F. Rust, F. H. Seubold anc W. E.
(1) C. N. satterfield and R. E. Wilson, Ind. Eng. Chem., 46, 1001 Vaughan, Disc. Faraday Soc., No. 10, 242 (1951).

(1954).

(7) A. D. Walsh, J. Chem. Soc., 331 (1943).
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x 103- "k;1

Fig. 1.—Effect, of temperature on ratio K/K\

and these are referred to here collectively as oxy-
genated organic species.

By dividing the rate expression for reaction 2 by
that for reaction 1, the following relationship is
found

moles propylene formed
moles of propane forming oxygenated organic species

ki/ki = constant

or since all of the propane which reacts proceeds
through the propyl radical which either thermally
decomposes to ethylene or reacts with oxygen, the
fraction

moles propylene formed
total moles of propane reacte 1, less moles ethylene formed

called F, is the fraction of propyl radicals reacting
with oxygen which do so to form propylene, and
equals kZ(ki + k2. The ratio kZ(hi + f2 should
be independent of the propane/oxygen ratio, but
would be a function of temperature.

The above neglects further reaction of oxygen
with products from reactions 2 and 3.  If relatively
high ratios of propane to oxygen are studied, as has
frequently been the case, the ratio, F, as calculated
from the products actually isolated is found to vary
only slightly with the extent of reaction. If val-
ues of this ratio, for various fractions of oxygen re-
acted, are calculated from the experimental
data ‘-28-10and extrapolated to zero percent, reaction,
the value of F at this limit equals the true value of
h/ (i + k2. These values may be used to calculate

(8) N. Chernyak and V. shtern, Doklady Akad. Nauk, S.S.S.R.,
78, 91 (1951).

(9) P. L. Kooyman, Rec. trav. chim., 66, 205, 217, 491 (1947).
(10) D. M. Newitt and L. S. Thorne. J Chem. Soc., 1G5G (1937).

kiZki which may be expressed in terms of an Arrhen-
ius-type expression to give the relationship

In (fe/fe) = (P2P,) + (P, - E*)/RT

where P represents the probability factor. The col-
lision number is the same for the two reactions and
does not appear in the final expression. Values of
In (h/h) are plotted in the figure versus the recipro-
cal of the temperature, as the solid line.

In some investigations, product compositions
were reported only for conditions under which the
oxygen was substantially completely reacted.
Therefore, they could not be used directly to
calculate kZki. However, they can be compared
with the studies used to construct the fazhi line,
by considering the latter data as extrapolated to
100% reaction. The comparison is shown by the
broken (lower) line of the figure which includes the
data used to construct the /c2fci line plus values of
Pease,11 Harris and Egerton,22and Antonovski and
Shtern.13 The percentage of initial oxygen reacted
was not given by the last three groups of authors
but it is believed it was near 100%. The ordinate
for the broken line is the ratio of propylene to
oxygenated organic species isolated at approxi-
mately 100% reaction of oxygen.

The slope of the line for k2/ki gives a value of
—19,000 cal. for the difference between the energy
of activation of reaction 1 and of reaction 2. The
ratio P2JPi has a value of about 4 X 105 which indi-
cates that in an activated collision the probability
is very small that the propyl radical and oxygen

(11) R. N. Pease, J. Am. Chem. Soc., 57, 2296 (1935).

(12) E. J. Harris and A. Egerton. Chem. Revs., 21, 287 (1937).

(13) V. L. Antonovski and V. shtern, Doklady Akad. Nauk,
S.S.S.R., 78, 303 (1951).
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will meet with the proper orientation and favorable
distribution of the activation energy at the moment
of collision to allow the union of the two species to
occur. On the other hand the abstraction of a hy-
drogen atom by oxygen here should not require a
highly unusual set of conditions if the requisite ac-
tivation energy is available, and P2is probably of
normal magnitude.

Two interesting observations proceed from the
above. (1) It is remarkable how closely this large
group of experimental studies agree with one an-
other when analyzed in this fashion, as shown on the
figure, particularly in view of the complex na-
ture of hydrocarbon oxidation mechanisms. (2)
The probability factor deduced for reaction 1 by
this method of analysis has the abnormally low
value frequently found in similar bimolecular reac-
tions where a more complicated structure is formed
by combination of reactants.

These results lend additional support to the hy-
pothesis that reactions 1, 2 and 3 are the predomi-
nating reactions of the propyl radical in the oxida-
tion of propane.

THE THREE-COMPONENT SYSTEM BEN-
ZALDEHYDE-WATER-ACETIC ACID

By Alexander R. Amell and Thomas T eates

A Contribution from, the Chemistry Department, Lebanon Valley College,
Annville, Penna.

Received September 25, 1954

During a study of the oxidation of certain alco-
hols being carried out in this Laboratory, it became
necessary to determine the distribution of benzalde-
hyde in an acetic acid-water system. Since a
search of the literature revealed no data on this
system, a study of the three-component system
benzaldehyde-water-acetic acid was made.

Experimental

Benzaldehyde exposed to the atmosphere for a short time
was found to contain about 2% benzoic acid. Eastman Ko-
dak white label benzaldehyde was distilled at a pressure of 3
to 7 mm. of mercury under a nitrogen atmosphere. The
benzaldehyde purified in this way had a refractive index of
1.5443 at 20° (fit. value corrected to 20° is 1.5456).1 Titra-
tions of aliquots of this benzaldehyde in water showed that it
still contained 0.1% acid. This content was considered
satisfactory for this study and benzaldehyde was used with-
out further purification. It was stored in a nitrogen atmos-
phere and all transfers were made in a nitrogen atmosphere.
Glacial acetic acid and distilled water were used throughout.

Temperatures of all reactions were held constant to
within 0.5°.  Known weights of benzaldehyde and acetic
acid were buretted into a flask and titrated with water to
the appearance of the second phase. In the titrations in
which the water concentration was very high, benzaldehyde
was titrated into known weights of acetic acid and water to
improve the sharpness of the end-points.

Various known mixtures in the two-phase region of the
three components were thoroughly mixed and the layers
separated. The densities of the layers were determined
and each layer titrated with standard sodium hydroxide.
From these data the tie lines were determined at each tem-
perature by standard procedures.2 At 25° a number of tie
lines were determined but only one tie lice each at 15 and

(1) N. A. Lange, “Handbook of Chemistry,”
Inc., Sandusky, Ohio, 1952, p. 1312.

(2) Daniels, and Physical
Chemistry,” McGraw-Hill Book Co., Inc., New York, N. Y., 1949, pp.
117-120.

Handbook Publishers,

Mathews Williams, “Experimental
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40°. These showed the tie lines at all temperatures to be
essentially the same.

50% Acetic acid

Experiments were carried out at 15, 25 and 40°. Data
are giyen in the graph. Because of the small temperature
coefficient of solubility over this range one point was deter-
mined at 80° and also is given on the graph.

ACTIVATION ENERGY AND ENTROPY
FOR ADSORPTION

By Takao Kwanl
The Research Institute for Catalysis, Hokkaido University, Sapporo,
Japan

Received October 16, 1954

It is well known that there is a regular relation-
ship between the activation energy and the fre-
quency factor of the Arrhenius equation, k =
Ae~E/RT, expressed by log A = ¢ + bE (c and bare
constants),2when a chemical reaction takes place
over a series of catalysts of a similar type. This
means that the rate constant does not change as
much as might be expected from the change of E
because the term A acts simultaneously in a com-
pensating manner.

There are many other examples of this phenome-
non. The Richardson formula for electron emis-
sion, i = AT2~'v/T, is subject to a compensatory
effect between the work function <pand the constant
A when the metal surface is covered by various
gases.3 The specific conductivity of a semicon-
ductor which has the form a = ae~e/T, and sub-
stitution reactions in organic chemistry sometimes
show a similar trend.45

This effect also has been observed for the adsorp-
tion of gases on solid catalysts. Here we shall in-
vestigate the effect for the adsorption of nitrogen
on a promoted iron catalyst. The rate of the adsorp-
tion of nitrogen on the catalyst can be expressed
by67

where p is the pressure of nitrogen at time t, 6 the
fraction of surface covered, and a, fa are constants.
As shown in Fig. 1 a varies linearly with the
reciprocal of absolute temperature within a range

(1) Fulbright scholar, now visiting lecturer, University of Washing-
ton, Seattle, Washington.

(2) G. M. Schwab, H. S. Taylor and R. Spence, “ Catalysis,”
Nostrand Co., New York, N. Y., 1937, p. 286.

(3) J. H. de Boer, “Electron Emission and Adsorption Phenomena,”
Cambridge Press, New York, N.Y., 1935, p. 152.

(4) W. Meyer and H. Neldel, Physik. Z., 38, 114 (1937).
Meloche and K. J. Laidler, J. Am. Chem.

Van

(5) For example see |I.
Soc., 73, 1712 (1953).

(0) T. Kwan, J. Res. Inst. Catalysis, 3, 16 (1953).

(7) T. Kwan and K. Yamamori, Kagaku, 23, 533 (1953).
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1.0 15 2.0
1/2° X 103

Fig. 1.— Temperature dependencies of n and a for the
adsorption of nitrogen on a promoted iron catalyst.

from 400 to 500°. Let the slope of this straight
line be g/R (R is the gas constant); we have then

g a
RT RTa @

From equations 1and 2 we have

E= A72(~prk)9= g\ne + Es 3)

for the Arrhenius activation energy. Here EB-=
RT2d In kJAT). According to the theory of ab-
solute reaction rates8k is given by

hT

k = ~ ee*S*/R e~E/RT (4)
fi

kA = Er;r ee*Ss*/Re-EYRT (5)

Substitution of (2), (3) and (5) in (1) yields

k = " ee&S,*/R eglne/RTa e-E/RT (6)

From (4) and (6) the entropy of activation becomes

AS* = + ASA 7)

or AS* = n

+ AS*
la la ®

The equation 8 indicates that E and As* are “com-
pensatory.” For the expression of the free energy
of activation the thermodynamic definition gives
AF* = g (I ) IN6+ AF,* 9)
These thermodynamic quantities vary linearly vrith
In 8. This result conflicts however with the recent
report9 that these quantities vary linearly with 6.

(8) S. Glasstone, K. J. Laidler and H. Eyring, “ The Theory of Rate
Processes,” McGraw-Hill Book Co., New York, N. Y., 1941, p. 199.

(9) P. Zwietering and J. J. Roukens, Trans. Faraday Soc., 49, 543
(1954).
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Now the Arrhenius frequency factor A is given by
(6) and thus the compensation effect, log A = ¢ +
bE, requires that expressions

_ kT aSA. Ea
¢ log he+ 23A 23RTa

b = 1/2.3RTa

(10)

(11)

The values of the constants are c = 3 (500°) and
b = 1.9 X 10~4mole/cal. The latter value is ap-
proximately the same as those for catalyzed reac-
tions2 or specific conductivity of semiconductors.4
This suggests that some common mechanism is op-
erating in these reactions.

The adsorption isotherms of this system ob-
served in the range of temperature from 400 to 500 °
and at equilibrium pressures ranging from 0.01 to
about 30 mm. were found to obey the Freundlich
equation except for low coverage. The log-log
straight lines of these isotherms have a common in-
tersection, if extrapolated linearly, p = 320 mm.
Assuming the adsorption reaches a saturation or
6 = 1 at the intersection, vie may express the ad-
sorption isotherms as

In0 = - Ian (12)
where pa is the equilibrium pressure at 8 = 1, a
constant independent of temperature. The n of

equation 12 is a linear function of reciprocal of ab-
solute temperature as shown in Fig. 1. So it can be
expressed by

w'here y/R is the slope of the straight line in the
plot of n against 1/T. We get from (12) and (13)

9 = = 7 In€ (14)
for the isosteric heat of adsorption, and from (12),
(13) and (14) we have

—q:—q’\JFr]RT InF;£8 (15)
Using the thermodynamic relation, AH = TAS +
AF, and remembering that —q = AH and AF = 0,

we have

AS =~ = A+ 2iinl
1 n

for the differential entropy of adsorption. If we

take the standard state in the gas phase as 1 atm.

and allow the perfect gas law, (16) becomes

(16)

AS°= N -
1n
The above equation indicates that Asoand AH are
“compensatory” similarly as AS* and E in the equa-
tion 8. Incidentally, Tn is approximately coinci-
dent with T a, as shown in Fig. 1
The compensation effect perhaps may be ex-
plained because the freedom of the system increases,
due to loosened bonds with the surface and other
adsorbed molecules, as the energy of the system
increases.

R InP, 17
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COMMUNICATIONS TO THE EDITOR

A COMPARISON OF SORPTION
CHARACTERISTICS OF SOME MINERALS
HAVING A LAYER STRUCTURE

Sir:

The report by Young and Healeylshowing that
unactivated chrysotile adsorbed approximately
twice as much water as nitrogen, expressed in
units of surface area, is of interest to the science
and technology of some minerals possessing a
layer structure. It has recently been reported2
that the mineral tobermorite (4CaO ®bSi025HD)
the probable binder of autoclaved concrete block,
also adsorbed approximately twice as much water
as nitrogen. Because tobermorite has a layer
structure the large adsorption of water compared
to that of nitrogen became of interest regarding
the drying shrinkage of concrete. Theoretical
considerations indicate that the shrinkage is not
a capillary phenomenon. Bernal3 suggested that
tobermorite may undergo the swelling-shrinkage
changes similarly as do some clays which also
have a layer structure. Such volume changes in
clays are easily demonstrated by X-ray results on
clays before and after drying. A similar hy-
pothesis on concrete shrinkage was studied in
these laboratories but it could not be demonstrated?2
that the water involved in volume change was
inter-layer water. X-Ray results obtained sub-
sequently4 show that phases closely related to
tobermorite may undergo significant structural
changes during in-vacuum drying and subsequent
re-saturation, but it has not yet been shown how
such structural changes may be due to the move-
ment of water or what effect they produce on the
properties of concrete.

The present comments are being presented
because similar sorption results on minerals
having the layer structure have been interpreted
differently by the writer, and Young and Healey.
The sorption behavior of tobermorite (and antig-
orite as mentioned by these authors) shows that
a portion of the water is accommodated differently
than is nitrogen. Because these minerals generally
occur as flat plate-like crystals explanations based
on capillary phenomenon do not apply.

Young and Healey pointed out. that chrysotile
occurs in the form of capillaries having a bore of
approximately 150 A. and a diameter of about
350 A. They postulate formation of water plugs
at the ends of the capillaries which are permeable
to polar substances, water and ammonia, but not
to non-polar adsorbents as nitrogen. The water

(1) G. J. Young and F. H. Healey, This Journal, 58, 881-884
(1954).

(2) G. L. Kalousek, J. Amer. Conor. Institute, 26, 233-248 (1953).

(3) J. D. Bernal, “Structures of Cement Hydration Compounds,”
Proc. 3rd International Symp. on Chemistry of Cements, p. 210-230
(1952).

(4) G. L. Kalousek, “Tobermorite and Related Phases in the
System CaO-SiOit-H-O,” J. Amer. Conor. Institute, accepted for
publication.

required to fill the pores would account for the
much larger sorption of water than nitrogen.

Results on properties of chrysotile and antigorite
components of serpentine, now being prepared for
publication, included density measurements on
several kinds of chrysotile in form of relatively
large “ bundles” of fiber and also in highly micro-
nized form; the samples were tested as received.
Water and carbon tetrachloride were used as
immersion media. The density results were the
same within limit of experimental error for both
media and regardless of the degree of subdivision
of the fiber. The spread in values amounted to
about 2% but generally the differences were less
than 1%. If the ends of the capillaries were
plugged with water, the density results obtained
with carbon tetrachloride, a non-polar medium,
would be approximately 15 to 20% lower than
in water. These results, and others on the crystal
habits of antigorite and chrysotile which will be
submitted for publication, suggest that water
plugs probably do not form in the tube-shaped
crystals of chrysotile.

Antigorite and chrysotile are either the same
in compositions and atomic structure or very closely
related. It would seem, therefore, that the
sorption characteristic should be the same for both.
The mechanism of adsorption-desorption of these
two minerals may be the same as that for tober-
morite, presumably that of movement of structural
water. As mentioned, however, this hypothesis
remains to be resolved experimentally. It would
appear that careful studies on sorption character-
istics and surface energy changes such as those
being conducted at the Surface Chemistry Labora-
tories at Lehigh University, should provide an
unequivocal proof on the manner in which the
excess water is adsorbed by the layer structure
minerals. Such basic information will be of great
help to concrete technology, to mention only one
field of application.

Owens-l1linois Company

1700 North Westwood
Toledo, Ohio

G. L. Kalousek

Received January 27, 1955

FORMATION OF DIBORANE DURING THE

SLOW OXIDATION OF PENTABORANE
Sir:

When dry air was admitted slowly to a gas
absorption cell containing pure pentaborane at
25° and a pressure of 50 mm., partial oxidation
took place and diborane, hydrogen and a white
solid were formed. The reaction was conducted
in a cell 10 cm. in length, with a volume of 150 ml.
Absorption measurements were made with a
Perkin-Elmer Model 21 double-beam infrared
recording spectrometer. The progressive dis-
appearance of pentaborane and the simultaneous
accumulation of diborane were followed by infra-



288

Fig. 1.— Infrared spectra of pentaborane and of the prod-
ucts formed during its slow oxidation.

red absorption measurements, made possible be-
cause of the dilfering spectra of the two hydrides.1
At the end of the reaction, after six hours, when
the total pressure approached 1 atm., the partial
pressure of diborane was approximately 10 mm.

(1) L. V. McCarty, G. C. Smith and R. S. McDonald, Anal. Chem
26, 1027 (1954).
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The initial absorption spectrum of the pentaborane
and the final absorption spectrum of the reaction
mixture after the reaction was complete are shown
in Fig. 1

It is evident that initial reaction of oxygen with
pentaborane results in incomplete oxidation. Un-
stable residues of the partially oxidized penta-
borane molecules may be the source of the diborane
formed. At the temperature and pressure at
which the reaction took place, diborane-oxygen
mixtures are well below the spontaneous explosion
limit.ZB The spectrum of the white solid reaction
product, which absorbs strongly at 7.9 and 13.8
microns, differs from that of boric acid and the
higher boron hydrides. The solid is presumed
to be HBO2or BD 3

Harry C. Baden
Stephen E. Wiberley
Walter H. Bauer

D epartment op Chemistry
R ensselaer Polytechnic
Institute

Troy, N. Y.

Received February 5, 1955

(2) W. Roth and W. H. Bauor, Fifth Symposium on Combustion,
John Wiley and Sons, Ine., following publication.
(3) F. P. Price, ./. Am. Chem. Soc., 72, 5361 (19501.
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