20006

and k. for various experimental conditions. The
logarithms of the rate constants bear a linear rela-
tion to the regiprocal of the absolute temperature.
The fraction deposited, Fp, was found to have the
same value in a solution 3 f in both sodium chloride
and hydrochloric acid as it had in a solution 6 f
in hydrochloric acid under otherwise identical
experimental conditions.

When solutions of irradiated stannous chloride
in 3 f hydrochloric acid were oxidized with chlorine,
Fp was 0.01 at 30 minutes at 25°. When the
oxidized solution was reduced with sulfur dioxide
at room temperature, Fp was 0.18 at 30 minutes,
and when the reduction was continued at 95°, Fp
was 0.08 at 30 minutes.

TaBLe I
EMpPRICALLY DERIVED VALUES OF THE RATE CONSTANTS
Hydro-
Temp.. chloric k1, ks,
°C. acid, / min. ! min, ~!
20.25 £ 0.05 3 0.102 0.0145
6 .102 .0040
25.15 £ 0.05 3 .135 .0169
6 .135 . 0056
30.95 £ 0.05 3 L1185 0204
6 .185 L0074

Solutions of irradiated stannic chloride in 6 f
hydrochloric acid were found to change in such a
manner that the amount of antimony removable by
copper in two-minute immersions was reduced by a
factor of two for each three days of age of the solu-
tion. Because of the aging of the irradiated stannic
chloride solutions reproducible deposition curves
were not obtained. Aging of solutions of irradiated
stannous chloride in 6 f hydrochloric acid did not
occur until after three months.

In the separation of antimony from copper in
nitric acid solution by the addition of sodium
hydroxide, the amount of antimony retained in
solution was found to increase with increasing pH
from 339, at a pH of 10, to 749, when the super-
natant liquid was 0.1 fin sodium hydroxide. Thus,
the maximum over-all yield of Sb'*® attainable from
neutron irradiated stannous chloride under the
experimental conditions investigated is 719.
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Thermodynamic Functions of 2,2,3-Trimethyl-
butane

By DoNALD W. ScoTT AND GUY WADDINGTON
REecCEIVED DECEMEER 29, 1952
The thermodynamic functions of four methyl-

substituted butanes, 2-methylbutane,! 2,2-dimeth-
ylbutane,? 2,3-dimethylbutane! and 2,2,3,3-tetra-
(1) D. W. Scott, J. P. McCullough, K. D, Williamson and Guy

Waddington, THIs JourNaL, 78, 1707 (1951).
(2) J. E. Kilpatrick and K. S. Pitzer, ibid., §8, 1086 (1946).
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methylbutane,® have previously been calculated
from spectroscopic and molecular-structure data by
the methods of statistical mechanics. This note
reports a similar calculation of the thermodynamic
functions of 2,2,3-trimethylbutane, the remaining
member of the group of compounds.

Calorimetric values of the vapor heat capacity
and entropy of 2,2,3-trimethylbutane were available
for the evaluation of certain necessary parameters.
The values of the vapor heat capacity had been
reported in a previous publication from this Labora-
tory.* The values of the entropy were computed as
shown in Table I from data from several different
sources.

TaBLE I

MoLaL ExTrOPY OF 2,2,3-TRIMETHYLBUTANE, CAL. DEG.™!
T, °K. 208.16 313.84 353.96
Entropy of liquid® 69.88 72.54 79.12
Vaporization, AHya,. /1" 25.68 23.77 19.54
yas imperfection® 0.06 0.08 0.16
Compression, R In ($/760)? -3.98 —2.70 0.00
Entropy (=£0.30) of ideal gas at

1 atm. 91.64 93.69 98.82

¢ Unpublished results from this Laboratory. ©° Heat of

vaporization at 298.16°K., N. S. Osborne and D. C. Gin-
nings, J. Research Natl. Bur. Standards, 39, 453 (1947);
at the other two temperatures, ref. 4. ¢ Calculated trom
the equation for the second virial coefficient, B = (PV —
RT)/P = —643 — 22.98 exp (1200/7) cc. mole~!, based
on data of ref. 4. 4 Vapor pressure equation from Ameri-
can Petroleum Institute Research Project 44 at Carnegie
Institute of Technology, Selected Values of Properties of
Hydrocarbons, Table No. 2k, dated Dec. 31, 1948.

The thermodynamic functions were calculated
by means of the usual rigid rotator, harmonic
oscillator, independent internal rotator approxi-
mation. The moments and reduced moments of
inertia were computed by the methods of Kil-
patrick and Pitzer.® All bond angles were assumed
to be tetrahedral and the bond distances were
taken to have their normal values (C-C, 1.54 A,
C-H, 1.09 A.) with one exception. The exception
is the central C-C bond distance, which is expected
to be longer than normal on account of steric
repulsion between the isopropyl and tertiary butyl
groups. The estimated value that was used for
this distance, 1.56 A., is midway between the
normal value and that in 2,2,3,3-tetramethylbutane,
1.58 A The product of the three principal
moments of inertia was calculated to be 4.638 X
1013 g% cm.! The diagonal elements of the
reduced internal rotational kinetic energy matrix
were 68.50 X 10— for the skeletal rotation, 5.239
X 10~% for one methyl rotation, and 5.221 X
10~ g. cm.? for the other four methyl rotations.
The off-diagonal elements were small enough that
these diagonal elements could be used as the re-
duced moments of inertia. An average value of
5.225 X 10— g. cm.? was used for all five methyl
rotations.

(3) D. W. Scott, D, R. Dousltin, M. E. Gross, G. D. Oliver and H. M.
Huffman, sbid., T4, 883 (1952). .

(4) G. Waddington, S. S. Todd and H. M. Huffman, sbid., 89, 22
1947).
¢ (5))1. E. Kilpatrick and K. S. Pitzer, J. Chem. Phys., 17, 1064

(1949).
(6) S. H. Bauer and J. Y. Beach, THIs JoURNAL, 64, 1142 (1942),
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Examination of the Raman and infrared data™?!!
for 2,2,3-trimethylbutane showed that in the
region below 1350 cm.~! there were 22 observed
frequencies that could reasonably be assigned as
fundamentals. The 8 skeletal bending, 6 C-C
stretching, 10 CH; rocking and 2 C-H wagging
modes, 26 in all, are expected to have frequencies
in this region. Four frequencies are therefore
unobserved. Regularities in the frequencies of
related molecules suggest that one of these four is a
skeletal bending frequency, probably the very
lowest, and that the other three are in the upper
half of the range, i.e., between 675 and 1350 cm. .
The parameters that had to be evaluated from the
calorimetric data included these four unobserved
frequencies in addition to the heights of the po-
tential barriers hindering internal rotation. It was
practical to evaluate at most three empirical
parameters from the available calorimetric data.
These parameters were selected to be: (a) the
average value of the heights of the barriers hinder-
ing internal rotation, (b) the value of the unob-
served skeletal bending frequency and (c) the aver-
age value of the three unobserved higher fre-
quencies. The validity of assuming the same
barrier heights for all internal rotations, as has
previously been done in the cases of 2,2-dimethyl-
butane and 2,2,3,3-tetramethylbutane, is discussed
in refs. 2 and 3. A satisfactory fit to the calori-
metric data was obtained with the following values
of the parameters: (a) 4200 cal. mole~! for the
average barrier height, (b) 232 cm.~! for the
skeletal bending frequency and (c) 1330 cm.™!
for the average value of the three higher frequencies.
Average or conventional valucs were used for the
CH; bending and C-H stretching frequencies,
which are not all resolved in the observed spectra.
The complete set of vibrational frequencies that
was used for the thermodynamic calculations is as
follows (the empirical values are italicized): 232,
261, 298, 362, 392, 442, 467, 524, 686, 832, 923,
957, 1000, 1011, 1027, 1084, 1107, 1160, 1209,
1224, 1252, 1320, 1330 (5), 1334. 1375 (5), 1460
(10) and 2950 (16) cm. L,

The satisfactory fit obtained with the calorimetric
data may be judged by the following comparison
of observed and calculated values. The units of
S¢and Cj are cal. deg.~! mole~%,

T, °K. 208.16 313.84 353.96
5°, obsd. 91.64 93.69 98.82
5°, caled. 91.60 93.68 98.91
T, °K. 328.80 348.85 369.20 400.40 434.30 461.80
C®p, obsd. 42.74 45.09 47.39 50.92 54.54 57.36
C®, caled. 42.81 45.09 47.40 50.87 54.53 57.36

(7) G. B. Bonino and R. Manzon:-Ansidei, Proc. Indian Acad. Sci.,
84, 405 (1938).

(8) E. J. Rosenbaum, A. V.
JournaL, 61, 689 (1939).

(9) M. R. Fenske, W. G. Braun, R. V., Wiegnad, D. Quiggle, R. H,
McCormick and D. H. Rank, Anal. Chem., 19, 700 (1947).

(10) P. A. Bazulin, M. F. Bokshtein, A. L. Liberman, M. Yu.
Lukina, E. I. Margolis, O. P, Solovava and B. A. Kazanskii, Bull. acad.
sci. U. R. 8. 8., Classe scs. chim., 198 (1943),

(11) American Petroleum Institute Research Project 44 at Carnegie
Institute of Technology, Catalog of Infrared Spectral Data, Serial No,
249, 4438, 573, 587, 653 and 654,

(12) Fermi resonance of this frequency with the overtone, 2 X 462 =
Va4, for the doublet, 919-987 em, -’ in the observed spestts:

Grosse and H. F. Jacobson, Tuis
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TasLE 11
MovraL THERMODYNAMIC FUNCTIONS OF 2,2,3-TRIMETHYL-
BUTANE
_(FO —_ (HOO)/—T" SO' CO
T, Heg) /T, cal. H® — HS, cal, cal

°K. cal. deg.”1 deg.™? kcal. deg. ™! deg. !
273.16 67.21 21.05 5.751 88.26 36.52
298.16 69.12 22.48 6.703 91.60 39.33
300 69.26 22.58 6.776 91.85 39.54
400 76.56 28.25 11.30 104.8 50.83
500 83.45 33.81 16.91 117.3 61.04
600 90.07 39.10 23 .46 129.2 69.61
700 96.47 43.97 30.78 140.4 76.74
800 102.7 48.44 38.76 151.1 82.73
900 108.6 52.54 47.28 161.1 87.88
1000 114.3 56.30 56.30 170.6 92.32
1100 119.9 59.75 65.72 179.6 96.16
1200 125.2 62.92 75.50 188.1 99.48
1300 130.4 65.83 85.58 196.2 102.4
1400 135.4 68.52 95.94 203.9 104.8
1500 140.2 71.03 106.5 211.2 107.0

The calculated values of the functions (F°
H§)/T, (H° — H§)/T,H®° — H§, S° and (g for
selected temperatures up to 1500°K. are listed in
Table II. For reasons of internal consistency, all
values are given to four digits, although in some
places in the table the retention of the last digit is
not justified by the accuracy of the molecular-
structure parameters used in the calculations or
by the reliability of the approximations employed.
CoNTRIBUTION No. 32, THERMODYNAMICS LABORATORY

PETROLEUM EXPERIMENT STATION, BUREAU OF MINES
BARTLESVILLE, OKLAHOMA

The Free Energies and Entropies of Hydrogen,
Chiorine and Hydrogen Chloride from Spectro-
scopic Data!

By R. H. SuErMAN AND W. F. GIAUQUE
RECEIVED NOVEMBER 14, 1952

Recent work in this Laboratory has required the
use of the free energy function for hydrogen chlo-
ride and it became apparent that no correct table of
this function, in terms of recent values of the

“natural’”’ constants concerned, was available in
the literature.

We have used the natural constants given by Du
Mond and Cohen? and recently recommended by
Rossini, Gucker, Johnston, Pauling and Vinal® to
correct the (F* — HY)/T functions for hydrogen,
chlorine and hydrogen chloride.

Hydrogen Chloride.—The free energy function
for hydrogen cyloride was tabulated by Giauque
and Overstreet.* It has recently been retabulated
in Tables of the National Bureau of Standards® in
terms of natural constants not much different than
those of the Du Mond and Cohen (1951). We had
expected to be able to use these values but it be-

(1) This work was supported in part by the Office of Naval Research,
United States Navy. .

(2) J. W. M. Du Mond and E. R. Cohen, Phys. Rev., 88, 555 (1951).

(3) F. D. Rossini, F. T. Gucker, Jr., H. L. Johnston, L. Pauling,
and G. W. Vinal, THIs JoURNAL, 74, 2699 (1952),

(4) W. F. Giauque and R. Overstreet, sbid., B4, 1731 (1932).

(5) Selected Values of Ghemicel Thermodynemie Properties,
Bur. of Btde, (1048),
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