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2. Higg carbide and cementite have narrow
ranges of composition and apparently do not
form intermediate metastable solid solutions.
3. The reaction 3Fe;C-Higg — 2Fe;C+C be-
comes appreciable only at about 450°, while the

Hersarnp, |, P MeCrorroren

reaction Fe,C-Higg+Fe -+ FesC (described elge-
where) starts below 300°.
4, ‘The "unstable” or ‘“‘labile” carbide of Kol-

bel and co-workers is simply Hégg carbide.
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Spiropentane: Heat Capacity, Heats of Fusion and Vaporization, Vapor Pressure,
Entropy and Thermodynamic Functions®

By D. W. Scorr, H. L. FINkg, W. N. HuBBaRD, J. P. McCuLroucH, M. E. Gross, K. D. WILLIAMSON,
Guy WADDINGTON aND H. M. HurrFMan?

The hydrocarbon spiropentane, first prepared
in a relatively pure state by Murray and Steven-
son,? is of interest because of its highly condensed
structure, and it seemed desirable to have accurate
values of certain of its thermodynamic properties.
Therefore, an investigation of spiropentane was
included in the program of the Bureau of Mines
for studying the thermodynamic properties of
hydrocarbons and related substances. The pres-
ent paper reports experimental values of the
heat capacity in the solid, liquid, and vapor states,
heats of fusion and vaporization, vapor pressure,
and entropy, and in addition gives values of the
thermodynamic functions calculated from spectro-
scopic and molecular structure data for selected
temperatures up to 1500° K.

Experimental

The Material.—The spiropentane used for the calori-
metric and vapor-pressure studies was purified from crude
material, mast of which was prepared in this Laboratory
but which also included two smaller quantities obtained
from outside sources. The preparation was carried out
by reducing pentaerythrityl tetrabromide with zinc in an
ethanol-water mixture containing sodium carbonate and
sodium iodide, as described by Slabey.! Batchwise re-
duction of 44.2 moles {17.2 kg.) of pentaerythrityl tetra-
bromide in this manner yielded 2.47 kg. (3.36 1.) of hydro-
carbon product, which was then distilled in an efficient
fractionating column to separate the spiropentane from the
methylenecyclobutane, 2-methyl-1-buténe, and other by-
products of the reduction. Distillation fractions having
refractive indices, #*p, between 1.399 and 1.418 were
combined to give 870 ml. of crude spiropentane. To this
was added about 75 mi. of spiropentane obtained in part
from Dr. Ralph Spitzer, of the State College of Oregon,
and in part from the Automotive Section of the National
Bureau of Standards through the courtesy of Frank L.
Howard. The combined material was treated with bro-
mine to convert the olefinic impurities into higher-hoiling
brominated compounds. -(Bromine was added until the
yellow color would persist for & number of seconds after
the addition of a single drop.) The spiropentane was then
separated from the brominated materials by a second frac-
tional distillation. Center cuts from this distillation, all
having refractive indices, #¥p, between 1.41198 and
1.41201, were combined into two samples. Sample A,

{1) Not subject to copyright.

(2) Deceased.

{8) Murray and Stevenson, Tr1s JourNat, 68, 314 (1044); shid.,
p. 812,

(4) Slabey, idid.. 88, 1335 (1048

having a volume of about 160 ml., was used for the heat-
of-vaporization measurements and the initial series of
vapor-heat-capacity measurements. Its purity, as deter-
mined by the time-temperature freezing-point method,
was 99.67%. Sample B, having a volume of about 65
ml., was used for the first series of low-temperature studies
and for the vapor-pressure measurements. From observa-
tions of the melting point as a function of the fraction
melted, its purity was found to be 99.69%,. In the ebullio-
metric vapor-pressure studies, the difference between the
boiling and condensation temperatures of this sample at
the normal boiling point was observed to be 0.009°. After
completion of the measurements with these two samples,
they were combined and further purified by repeated
fractional crystallization. The crystallization was done
in a closed, all-glass apparatus, which will be described in
detail in a forthcoming publication from the Chemistry
and Refining Section of this Station. The product from
the fractional crystallization, Sample C (about 70 ml.),
was used for the second series of low-temperature studies.
Its purity was 99.879%,, as determined by the change of
melting point with fraction melted. A summary of the
melting-point data for Sample C is given in Table I. The
larger volume of less pure material rejected in the frac-
tional crystallization, Sample D, was used for the final
series of vapor-heat-capacity measurements.

TaBLe 1
SPIROPENTANE MELTING POINT SUMMARY
N°C. = 273.16°K., N./F = 0.0280ATe

T, °K.

Melted, % Obsd. Caled.
10.3 165.6969 165.6848
50.4° 166.0450 166.0450
70.8 .0722 .0716
91.1” 0860 .0860

100 .0907
Pure 1373

Triple point = 166.14 = (0.05°K.

Impurity = 0.13 mole %,.

* Ny = mole fraction of impurity; F = fraction of
sample in liquid form. ¢ These points used to obtain cal-
culated values.

Low-Temperature Heat Capacity.—The low-tempera-
ture measurements were made in the apparatus described
by Ruehrwein and Huffman.? Very briefly, the method
is as follows: About 0.61 mole of the material under in-
vestigation was contained in a sealed copper calorimeter,
which was mounted in the adiabatic calorimetric system.
A measured amount of electrical energy was supplied to
the calorimeter, and at all times the temperature of the

'8} Ruehrwein and Huffman, ibid., 85, 1620 (1043).
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environment was maintained at that of the calorimeter to
prevent heat interchange. The initial and fina] tempera-
tures of the calorimeter were measured by 1neans of a plati-
num resistance thermometer. The electrical measure-
ments required for determining the resistance of the ther-
mometer and the electrical energy were made on a ‘“White”’
double potentiometer in conjunction with a high-sensi-
tivity galvanometer and accurately calibrated resistances.
The potential was in terms of a bank of six saturated cad-
mium cells, which had been certified by the National Bu-
reau of Standards. Time measurements were made with
an electric stop clock, which was operated by an a.c.
power supply, the frequency of which was accurate to
0.001%,. The precision of the measurements was, in
general, better than 0.1, and above 30°K. it is be-
lieved that the accuracy uncertainty should not be greater
than 0.2%,. The energy measurements were made in
terms of the international joule and converted to calories
by dividing by 4.1833.

Two complete sets of low-temperature measurements
were made, one with Sample B and one with Sample C.
The two sets of data did not differ significantly, except in
the premelting region, and they yielded virtually identical
values for the entropy of the liquid at 298.16°K. Only
the data obtained with the purer material, Sample C, will

TABLE 11

TrE MoraL HeAaT CAPACITY OF SPIROPENTANE
0°C. = 273.16°K ., mol. wt. = 68.114.

Caat.. Csat..
7, °K. AT  cal.deg. ! T, °K. AT  cal, deg, ™!
12.56 1.511 0.649 102.07 6.801 13.256
14.12 1,597 0.919 103.53 6.706 13.365
15.88 1,929 1.262 105.3¢ 6.604 13.507
16.99 2.595 1.504 109.19 7.430 13.800
18.21 2,730 1.776 110.10 6.438 13.864
19.65 2.733 2.120 116.42 6.201 14.356
21.12 3.088 2,480 116.46 7.119 14.350
22,54 3.052 2.835 122.52 6.003 14.800
24.46 3.601 3.309 123.86 7.692 14.900
25.82 3.497 3.643 128.43 5.820 15.246
28.10 3.671 4.205 131.61 7.819 15.498
20.41 3.691 4.515 134.56 6.442 15.753
31.49 3.107 4.984 139.29 7.529 16.104
33.26 4.016 5.393 140.91 6.250 16.249
37.52 4.498 6.262 146.68 7.256 16.745
41,73 3.920 7.020 153.78 6.945 17.605
45.88 4.374 7.697 159.95 5.396 19.993
50.43 4.729 8.344 Liquid
54.48 5.503 8.870 176.44 5.608 25.944
55.08 5.569 8.941 176.84¢ 5.701 25.956
59.83 5.109 90.494 182.12 5.658 26.076
60.90 6.063 9.614 184.40 9.420 26.12b6
65.22 5.668 10.067 194.69 11.154 26.402
66.72 5.585 10.222 205.76 10.979 26.781
70.70 5.298 10.5904 216.64 10.795 27.224
72.55 6.080 10.766 227.35 10.610 27.700
76.26 5.808 11.115 237.86 10.413 28.240
78.44 5.695 11.336 248.17 10.220 28.804
81.90 5.475 11.658 258.29 10.020 29.426
84.60 6.615 11.904 268.21 9.814 30.068
87.32 5.359 12,131 277.94 9.643 30.708
89.91 5.319 12.332 287.49 9.460 31.366
91.04 6.270 12,423 294.55 4.865 31.890
93.07 6.151 12.578 297.20 7.701 32.089
95.62 6.099 12,767 301.91 10.687 32.428
97.17 5.998 12.880 312.11 0.719 33.194
90.00 5.897 13.032
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be presented in detail. The results of the heat-capacity
mesasurements are given in Table II, and the values of Cuy.
at integral temperatures, as selected from a smooth curve
through all the data, are given in Table III. Two meas-
urements of the heat of fusion gave the same value, 1537.6
cal./mole.

TapLe III
MorarL HEAT CAPACITY OF SPIROPENTANE AT INTEGRAL
TEMPERATURES
Ceat.. Caat., Caat.,
T, °K. cal. deg. ! T, °K.  cal, deg. ! T, °K. cal, deg, =!

12 0.555 80 11.480 180 26.020
13 .720 85 11.935 190 26.265
14 .895 90 12,340 200 26.570
15 1.080 95 12,725 210 26.945
20 2.210 100 13.100 220 27.365
25 3.435 110 13.860 230 27.830
30 4,645 120 14.615 240 28.350
35 5.750 130 15.370 250 28.910
40 6.720 140 16.125 260 29.530
45 7.560 150 16.885 270 30.180
50 8.285 160 17.640 280 30.850
55 8.930 166.14 18.110 290 31.550
60 9.510 Liquid 298.16  32.150
65 10.050 166.14 25.740 300 32.280
70 10.530 170 25.810 310 33.030
75 11.000

Vapor Heat Capacities and Heats of Vaporization.—
Measurements of vapor heat capacities and heats of va-
porization were carried out with a flow calorimeter and
cycling vaporizer as described in previous publications
from this laboratory.® The glass cycling vaporizer form-
erly used has been replaced by one made of metal. This
will be described in a forthcoming publication.

Sample A was used in the determination of the heat of
vaporization. As the 0.33% of volatile impurity present in
this sample probably was similar in physical properties to
spiropentane, it is believed that it had a negligible effect
upon the heat of vaporization, From three experiments
at each of the three temperatures 10.00, 25.00 and 38.98°
the mean values 6753 = 5, 65672 = 4 and 68393 = 1 cal./
mole were obtained, The uncertainties listed are maxi-
mum deviations from the mean. The accuracy of these
values is believed to be about =0.19,. For interpolation
within the temperature range covered by the experimental
measurements, the following equation may be used

AHy,, = 8023 + 2.727T — 2.547 X 10—2T% (1)

The heat capacity of the vapor was determined at two
or more pressures at each of five temperatures ranging
from 318 t0488° K. Two complete series of measurements
were made. The first of these, made on sample A, was
rejected because of inconsistencies and a lack of precision
in the data indicative of experimental difficulties of un-
known nature. The second series was made on Sample D,
which at the beginning of the measurements contained
approximately 0.4 mole per cent. of volatile impurity but
during the measurements suffered an additional contam-
ination of 0.6 mole per cent. of non-volatile impurity. The
non-volatile impurity affected the heat of vaporization by
an amount mainly due to a heat of mixing term. The
cycling process involved the vaporization of the volatile
material and its return in liquid form to the vaporizer. An
analysis of the heat effects attending the changes of state
entering into the cycling process indicated that the pres-
ence of the small percentage of non-volatile material had
little effect upon the flow rates determined from the power
input and the heats of vaporization of the uncontaminated
sample. The quantity of sample available was insufficient

(6) (a) Waddington, Todd and Huffman, TEis JournaL, 88, 22
(1047); (b) Waddington and Douslin, sbid., 69, 2275 (1047),
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to repeat the measurements on a repurified sample; hence,
the results of the second series are reported here in Table

IV. An accuracy uncertainty of =0.49%, is assigned to
these results instead of the usual value of ==0.29%.

Tapre IV
Varor Hear Caracity OF SpiropenTANE 1N Car./DEG./

MoLg

T, °K. .63 367.65 407.15 449.20 487.20
Cp (760 mm.) 285 26,630 20.395 32,151 30171
p (458 mm.)
Cp (249 mm.; 29,233 32.030 34.417
'p° lexpt.) 29,16 31.97 34,
i7,? {ealed.) 4 29.04  31.82  #4.15
gt = Cp® (expl.) (1. 66 0.24  0.18  0.08
L0/ OPY T {caled.) .66 0.2% .16 0.1

Values of Cp°, the heat capacity in the ideal gas state,
were obtained at each temperature by linear extrapolation
to zero presstire of plots of heat capacity vs. pressure. Over
the temperature range of the experiments the calorimetric
values of C,° are represented to better than +=0.19% by the
empirical equation

Cp® = —T7.078 -+ 0.108507 — 4.799 X 107572 (2}

Vapor Pressure.—The vapor pressure of spiropentane
was measured from 3 to 71° by an ebulliometric method
with the apparatus that has been described in previous
publications from this laboratory.” The results of the
measurements are tabulated in Table V. These data were
fitted to an Antoine equation by a least-squares adjustment,
and the equation obtained is

loge p = 6.91794 — 1090.589/(t -+ 231.165)

The normal boiling point given by this equation is 38.98°.
Values of the vapor pressure calculated by means of the
above equation are listed in the fourth column of Table VI
for comparison with the observed values.

Gas Imperfection and Second Virial Coefficients.—
Values of the second virial coefficient, B, which is defined
by the equation PV = RT -- BP, were obtained at three
temperatures from the heat of vaporization and vapor-
pressure data with the aid of the exact form of the Clapey-
rou equation. The relationship used was

B = [ AHwo/ TAP/ATY) — RIVLP 4 w1,
where vy is the molar volume of the liquid. In addition,

the values of (, as a fuuction of pressure at five tempera-
tures yielded values of the second derivative of B with

respect to temperature since {0C,/OP)r = - T(3*B/
TapLe V
VAPOR PRESSURE OF SPIROPENTANE
Boiling point, °C, Pressure, mm,
Water Spiropentane Obs. Caled.
65 3.632 187,57 187.55
70 8.565 233.72 233.72
75 13.537 289.13 289.16
80 18.546 355.22 355.25
85 23,592 433.56 433.55
90 28.679 525.86 525.84
95 33.808 £633.99 634.00
100 38.977 760.00 760.05
105 44.181 906.06 906.05
110 49.429 1074.6 1074.5
115 54.714 1268.0 1267.9
120 60.045 1489.1 1489.1
125 65.421 1740.8 1741.0
130 70.829 2026.0 2026.0

(7) (a) Waddington, Knowlton, Scott, Oliver, Todd, Hubbard,
Smith and Huffman, TeEa Journar, T1, T97 (1949); (b) Seott,
Waddingten, Bmith and Huffwman, ibid,, 71, 2787 (1949).

Grosg, K. D, Wirtiamson, G. WappingtoN, H, M. HurrMan

Vol. 72

0_1"2)10. ‘These data were correlated by means of the em-
pirical equation

B = —57 — 136.7¢%9/T cc./mole (3)

The method of evaluating the constants in this equation
has been described elsewhere.?

At 283.16, 298.16 and 312.14° K. the values of B de-
rived from the experimental data are —1424, —1253 and
—1157 cc./mole, respectively. These agree well with the
values —1413, —1267 and —1154 calculated from equa-
tion 3. The last two rows of Table IV give a comparison
of the values of Cp! — (C,° obtained from the experimental
data with the values of (3(,/0,)r calculated using this
equation for the second virial coefficient.

Entropy.~—The calorimetric data were utilized to calcu-
late the entropy of spiropentane in both the liquid and
vapor states. A summary of the entropy calculations is
given in Table VI. For calculating the correction for gas
imperfection, which is given by P(dB/dT)p in terms of the
second virial coefficient, eq. 3 was used.

TaBLE VI
TeE ENTROPY OF SPIROPENTANE, CAL./DEG./MOLE

0-12°K. Debye extrapolation, § = 141,

6 degrees of freedom 0.190
12-166.14° Solidd, graphical 20.491
166.14° Fusion, 1537.6/166.14 9.255
166 14-298 16°  Liquid, graphical 16.354

Futropy of liquid at 298.16°K, 46.29 = 0.10

7, K. 283.16 298.16 312.14
Entropy of liquid 14.65 46.20  47.78
Vaporization, AHvap/T 23.85 22.04 20.48
Compression, R In {p/760) -2.22 —-1.01 0.00
(yas imperfection 0.09 0.13 0.18
Entropy of ideal gas at ! atm. 66.37 67.45 68.44

=015 ==0.15 =0.15

Vibrational Assignment and Thermodynamic
Functions

Vibrational Assignment.—In order to extend the cal-
orimetric data to other thermodynamic functions and to
higher temperatures, a complete set of vibrational fre-
quencies was necessary. With the vapor-heat-capacity
and entropy data as guides, a vibrational assignment was
made, which, although not certain in every detail, is ade-
quate for the purpose of computing thermodynamic func-
tions.

The Raman and infrared spectra of spiropentane have
been studied by Cleveland, Murray and Gallaway.? Asan
aid in interpreting the spectroscopic data and in estimating
the unobserved fundamental frequencies, a normal coér-
dinate treatment was carried out. It was considered de-
sirable to be able to transfer as many force constants as
possible from the structurally related molecule cyclopro-
pane. Therefore, the same coérdinates were used to de-
scribe the motions of the CH, groups and the three-mem-
bered rings that were used by C. S. Lu, C. W. Beckett
and K. S. Pitzer of the University of California in their
normal cobrdinate treatment of cyclopropane.l® Wilson's
G F matrix method was employed, and the C-H stretching
motions were reduced out immediately.!! The highest
order matrix remaining was then of the sixth order.

A potential-energy function was used that included all
the interaction terms that were found to be important in

(8) Scott, Waddington, Smith and Huffiman, J. Chem. Phys., 18,
565 (1947).

(9) Cleveland, Murray and Gallaway, +bid., 18, 742 (1947).

(10) Private communication from Dr. C, W, Beckett.

(11) Wilsen, (a) J. Chem. Phye, 7, 1047 (1989):
(1841),

) ¢, 76
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cyclopropane. The force constants were either trans-
ferred from cyclopropane or selected to fit observed fre-
quencies of spiropentane, with the exception of a force
constant for CH, twisting that could not be obtained from
either source. This one force constant was selected to
yield calculated CH, twisting frequencies consistent with
the calorimetric vapor heat-capacity data.

Initial calculations using the generally accepted vibra-
tional assignment for cyclopropane,! gave calculated CH,
rocking frequencies for spiropentane inconsistent with the
observed spectra and the calorimetric vapor heat capacity
data. This discrepancy was resolved by using a different
assignment for the two lowest frequencies of cyclopropane,
namely, by assigning the 740 ¢m.~! Raman line to ring
deformation, E’, and the 866 cm.™! Raman line to CH;
rocking, E”. This latter assignment is supported by the
existence of a weak band at 740 cm.”! in the infrared
spectrum of cyclopropane.l?

As it is unlxkely that any of the new force constants ob-
tained for spiropentane could be transferred to other
molecules, it does not seem desirable to present the normal
cobérdinate calculations in detail. Consequently only the
final results will be given. The calculated frequencies are
listed in column 3 of Table VII for comparison with the
observed values listed in column 4. The observed fre-
quencies used to evaluate force constants are enclosed in
parentheses. The secular equations of second and third
order were expanded and solved by numerical computa-
tion; those of fourth and sixth order were solved with a
resistance-network computer recently constructed in this
luboratory. This computer is similar to that described
Iy Frost and Tamres!4 but is modified as suggested by
Wilson!® to make it more adaptable to molecular-vibration
problems.

TABLE VII
CALCULATED AND OBSERVED FREQUENCIES OF SPIROPEN-

TANE, SYMMETRY: Va= Dy,
Calcu-
Class Motion lated Observed
CH; bend. 1480 ....
Ay Ring str. 1150 (1150) R
R{p), — CH: wag. 1025 1033 R(p)
Ring def. 581 (581) R (p)
A CH; twist. 1198 ...
-_ CH: rock. 853 852 from combination
CH_ twist. 1203 ...
B, CH. rock. 872 (872) R (d)
R(d), — TFrame twist. 272 (272) from combination
CH; bend. 1481  ....
B: Ring str. 1397 (1397) R (d)
R(d), CH; wag. 1024 993 IR (I)
IR (Jl) Ring def. 870 (870) IR(I)
CH; bend. 1425 1430 R (d), IR (.L)
CH, twist, 1157 (1187) IR
E CH; wag. 1087 1083 IR (L)
R(d), CH; rock. 872 896 IR
IR (L) Ring def. 810 778 R (?), IR (.L)
Frame bend. 305 (305)R (d)

The direct assignment from spectroscogic da_ta will now
be discussed. The selection rules are given in the first

(12) Herzberg, “Infrared and Raman Spectra,” D, Van Nostrand
Co.. Ine,, New York, N. V., 1945, p. 352.

(13) Catalog of Infrared Spectral Data, American Petroleum
Institute Research Project 44 at the National Bureau of Standards.
Serial No. 445, cyclopropane (gas), contributed by the Shell De-
velopment Co.

(14) Frost and Tamres, J. Chem. Phys., 18, 383 (1947).

(15) Wilson, ibid., 15, 736 (1947).
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column of Table VII, where the abbreviations have the
following meanings: R Raman active; IR, infrared ac-
tive; p, polarized; d, depolarxzed I, parallel band con-
tour; and 1, perpendicular band contour. The E sym-
metry class will be considered first. The infrared bands
at 778, 1053, and 1430 cm. ™! are readily assigned to this
class on the basis of their perpendicular band contour.
The infrared band at 1157 cm.™! with a double-minimum
contour unlike either a parallel or perpendicular band is
interpreted as resulting from Fermi resonance between an
E fundamental and a combination band of the same species.
The Raman line at 305 ¢cm.~! must be assigned to the E
symmetry class, as its first overtone appears in both the
Raman and infrared spectra.!® For the remaining E
vibration, the normal coérdinate calculation indicates a
frequency somewhat less than 900 cm.™!; the shoulder
at 896 cm. ™! on the stronger infrared band at 870 cm.1is
assigned to this mode.

The A; and B, symmetry classes are convemently con~
sidered together, as the same types of motion occur in both
classes; in the A; modes, the two halves of the molecule
vibrate in phase and in the B; modes they vibrate out of
phase. The ring deformation aund CH; wagging frequen-
cies are readily assigned from the observed spectra. Those
in A; appear as strong polarized Raman lines at 581 and
1033 cm. ™1, and those in B; as intense infrared bands with
parallel contour at 870 and 993 e¢m.—! The assignment of
the ring-stretching frequencies is less straightforward.
In cyclopropane the ring-stretching frequency is 1189
cem. "1, and in spiropentane the B, frequency would be ex-
pected to be greater and the A; frequency less than this
value. The depolarized Raman line at 1397 cm.™! is
assigned to the B, vibration, and the very weak Raman
line at 1150 cm. ! to the A; vibration. The latter assign-
ment is particularly questionable from a spectroscopic
standpoint, as it is not supported by polarization data and
as the 1150 cm.~! Raman line nearly coincides with an
infrared band. However, a significantly higher frequency
for the A, ring-stretching mode would require an unrea-
sonably high value for the C-C stretching force constant,
and a significantly lower value would make it impossible
to fit the calorimetric vapor heat-capacity data with any
reasonable values for the two unobserved CH; twisting
frequencies. The CH. bending frequencies in the A; and
B, symmetry classes are apparently unobserved, for there
is no Raman line nor infrared band strong enough to as-
sign as a fundamental in the region of the spectra near
1500 cm.~! where these modes would be expected to appear.

The remaining spectroscopically active class is Bj.
The strong Raman line at 872 cm. ™! is assigned to the CH,
rocking mode of this class. The frame-twisting frequency
has not been observed in the Raman spectrum; a value
near 275 cm. "1 is required to fit the calorimetric entropy.
A spectroscopic value for this frequency is obtained from
the combination band observed at 1325 ¢cm.~! in the in-
frared spectrum. This band cannot be explained as an
overtone or combination arising from any of the observed
fundamentals but may be interpreted as a combination of
1053 ecm.! (E) with a frame-twisting frequency of 272
cm. !, The B, CH, twisting frequency is unobserved.

The double minimum contour of the infrared band at
1157 ¢m. ! assigned as an E fundainental has been inter-
preted as resulting from Fermi resonance with a combina-
tion band. The only sum combination of the proper
species that could appear at 1157 ecm.~! is the combina-
tion of the inactive CH: rocking frequency (A;) and 305
cm.~! (E). This gives a spectroscopic value of 852 cm.—!
for the A; CH, rocking frequency, which is in good agree-
ment with the calculated value. This completes the direct
assignment from spectroscopic data. All prominent
features in the spectra below 1600 cm.™? have been men-
tioned except the infrared band at 1340 cm.~!, which is
in)terpreted as the combination band 305 <+ 1033 (A, X
E).

(16) N. G, Adamsand Dorothy Richardson, of this statlon, studied
the infrared spectra of liquid spiropentane between 400 and 700 cm. =?
and found a very weak band at about 610 cm, -?
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The complete set of vibrational frequencies used for
thermodynamic calculations is listed in Table VIII. An
average value of 1200 cm.™! for the two unobserved CH,
twisting frequencies was selected to fit the calorimetric
vapor-heat~capacity data. The calculated values for the
two unobserved CH; bending frequencies were rounded off
to 1500 em."l. No detailed assignment was attempted
for the thermodynamically unimportant C-H stretching
modes; four frequencies of 2990 cm.™! and four of 3050
e, ~! were employed for the thermodynamic calculations.

Tasre VIIL
V' IHRATIONAL, FREQUENCIES OF SPIROPENTANE !'SED FOR
THERMODYNAMIC CALCULATIONS

Motion frequency, vm. =3 Degeneracy

C-H stretching 3050 4
2990 4

CH. bending 1500 2
1430 2

CH, twisting 1200 2
1157 2

1053 2

CH,; wagging 1033 1
n93 3

896 2

CHy rocking 872 :
852 i

Ring stretching 1397 1
1150 !

&70 H

Ring deformation 77 2
581 1

Frame bending 305 2
Frame twisting e i

Thermodynamic Functions.—Values of the functions
iHY ~ F3)/T, (HY -- HY, S°, and (°p were calcu-
lated for a range of temperatures, The moments of in-
ertia were computed from the electron diffraction results
of Donohue, Humphrey and Schomaker’ to be [, = 77.28
® 1079 g, em.2and Ig = I = 10083 X 107% g. cm.?

Tanne [X
THERMODYNAMIC FUNCTIONS OF SPIROPENTANE
(H} - Fo)/ 3
7. s 50 Cp,
cal./deg./ HT — Hi, cal./deg./ ca.l./ﬁeg.
T, °K. mole keal./mole mole mole
208.16 54.92 3.739 67.46 21.06
300 35,00 3.775 67.59 21.19
400 59.03 6.266 74.70 28.55
500 82.88 9.451 81.78 34.91
600 66.60 13.21 88.62 40.10
700 70.22 17.44 95.13 44.36
800 73.72 22.06 101.30 47.91
900 77.11 27.01 107.12 50.93
1000 80.40 32.23 112.63 53.51
1100 83.56 37.70 117.83 55.7%
1200 86.62 43.36 122.76 57.64
1300 89,58 49.22 127 .44 59.29
1400 92.45 55.22 131.89 60.73
1500 95.22 61.35 136.12 61.98
177 Doaotss. Hampluey ansd Schomaker, Var: foorNan, 67,
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The symmetry number is 4. Values of the physical con-
stants given by Wagman, & of.,'* were used. No correc-
tions for anharmonicity, rotational stretching or interac-
tion between rotation and vibration were included, as the
last two effects were estimated to be negligible, and insuffi-
cient data are available for any adeguate treatment of
anharmonicity.

The values calculated for the entropy at 283.16, 298.16,
and 312.14° K., 66.40, 67.46 and 68.45 cal./deg./mole
agree well with the calorimetric values of 66.37, 67.45 and
68.44 cal./deg./mole from Table VI. The values calcu-
lated for the heat capacity are compared with those de-
termined experimentally in Table IV. The differences at
the higher temperatures between the observed and calcu-
lated values of CJ are no greater thun is to be expected
from the neglect of anharmonicity in computing the laiter.

Table IX lists the values of the thermodynamic functions
for selected temperatures up to 1500° XK. Some entries
in the table are given to more decimal places than is justi-
fred by their absolute accuracy in order to retain internal
sonsistency among the several functions.
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Summary

The heat capacity of spiropentane in the solid
and liquid states was measured over the tempera-
ture range 12-298° K. The melting point (166.14
= (.05° K.) and heat of fusion (1538 cal./mole)
were determined. The heat of vaporization was
measured at three temperatures, and the values
found were 6753, 6572 and 6393 cal./mole, at
10.00, 25.00 and 38.98°, respectively. The heat
capacity of the vapor was measured at five
different temperatures in the range 318 to 487°
K. The experimental values of Cp, the heat
capacity iu the ideal gas state, may be represented
by the equation: C; = —~7.078 + 0.108507 —
+799 X 10-37% The vapor pressure was
mneasured over the temperature range from 3
to 717, and the following equation was found to
fit the vapor-pressure data: loguwp = 6.91794 —
1090.589/(t+ + 231.163). An equation for the
second virial coefficient, B, in the equation of
state PV = RT + BP was obtained from thermal
data. This equation is B(cc.) = —~57 — 136.7
exp(650/T). The entropy of liquid spiropentane
is 46.29 = .10 cal./deg./mole, and the entropy of
the vapor in the ideal gas state at one atmosphere
pressure is 87.45 = (.15 cal./deg./mole, both at
208.16° K.

A vibrational assighment was made for spiro-
pentane with the aid of detailed normal coérdi-
nate calculations. Using .this vibrational assign-
went and other molecular structure data, values
of the functions (H} - F)/T, Hr» — H},
S? and Cp° were computed for selected tempera-
tures up to 1500° K.
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