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Structural and spectroscopic data on CHsOH, CHs0D, CD;OH, and CDsOD were reviewed. The selected values
were utilized to calculate the ideal gas thermodynamic properties in the temperature range of 0 to 1500 K, using
the rigid-rotor and harmonic-oscillator model. Experimental data for the standard enthalpy of formation at 298.15
K, the heat capacities, and the third-law entropies at elevated temperatures are available only for CHsOH in the
vapor phase where intermolecular association occurs. The agreement between the observed thermal data and our
calculated values is satisfactory within the experimental uncertainties. Finally, the standard chemical thermody-
namic values for AHf°, AGf°, and log Kf were generated in the temperature range of 0 to. 1500 K.
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1. Introduction

The chemical thermodynamic properties of methanol and
its deuterated species in the ideal gas state were caleulated
[1]* two decades ago. The values reported for methanol were
included in a recent work on monohydroxy aliphatic -alcohols
[2]. However. many of the vibrational frequencies used then
differed considerably from those recommended by
Shimanouchi. [3]. Moreover, numerous investigations [4-16],
which were carried out prior to or contemporary with the
thermodynamic calculations [1], led to greatly diverse values
for the potential barrier to internal rotation and the torsional
frequency. Only in recent years have extensive analyses [17,
18] of wicrowave. and infrared spectra made available morc
accurate structural parameters, rotational constants, and po-
tential barrier parameters. Consequently, the contribution of -
internal rotation to the thermodynamic properties can now be
computed more accurately, using a partition function formed
by a direct sum over energy levels [19].

*Figurey in brackets indicoto the li £ Throughout this paper 1 cal = 4.1840 J, 1

amu * A? = 1.66057 X 107 g + cm? and 1 atm = 1.01325 X 10°N « m™

Copyright © 1977 by the U.S. Secretary of Commerce on behalf of the United States. This
copyright will be assigned to the American Institute of Physics and the American Chemical
Society, to whom ali requests should be

B 6. TEP

105

The availabilily of more accurate molecular parameters and
related experimental thermodynamic properties stimulated
this study. The selections of molecular parameters and the
caleulations of thermodynamic properties are described in the
following sections.

2. Molecular Structure and Moments of Inertia

The molecular structure of methanol was investigated with
x-ray diffraction [20], electron diffraction [21], and micro-
wave [13-15, 17, 22, 23] techniques and was also reported in
papers [24] primarily dealing with force field calculations. For
the purpose of this paper, the deuterated methanols (CHsOD,
CD3;0H, and CDs;0D) will be considered to possess the same
molecular dimensions as CHsOH. Analyses of microwave

 spectra [13, 14, 17, 22, 25] provides accurate values for the

rotational constants and, consequently, the moments of inertia
for each of the four methanols. The extensive analyses of
Lees, et al. [17] appeared to give more accurate structural
parameters and rotational constants; those parameters and
constants were adopted in this work. The principal moments
of inertia were derived from rotational constants by using the
conversion factor 505379 MHz » amu * A2 [26]. The selected
values of the structura] parameters and the principal moments
are listed in table 1.
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TaBie 1. Selected values of physical and chemical constants of isotopic species of methanol

)|
Compound CH;0H CH;0D CD;0H CDsOD
Molecular weight, g + mol™ 32.0424 33.0485 35.0607 36.0668
Symmetry number, dimensionless 3 3 3 3
Structural parameters ;

r(C—H), 1078 cm 1.0936

r(C—0), 1078 cm 1.4246

r(0O—H), 107® cm 0.9451 same as CH;OH | same as CH;OH | same as CH;OH

<4HCH, degree 108.63 .

4 COH, degree 108.53

4(methyl tilt), degree 3.27
Principal moments of inertia

I, 1074 g « cm? 6.578 7.671 11.854 - 12.956

Ip, 1074° g « cm? 34.004 35.803 42.283 44.418

I, 107%° g+ cm? 35.306 38.174 43.541 .46.750
Reduced moment of inertia -

Staggered contiguration, 10™* g + cm? 0.993 1.576 1.097 1.856
Reduced inverse moment of inertia F, cm™! 28.182 17.762 25.522 15.079
Vibrational fundamentals, cm™!

Symmetry species a’ 12 3681 2718 3690 2724

: 123 3000 3000 2260 2260
Vs 2844 2843 2077 2080
Vs 1477 1473 1047 1024
vs 1455 1456 1134 1135
Ve 1345 864 1297 1060
Vs 1060 1230 858 776
Vs 1033 1040 988 983
Symmetry species a" Vo 2960 2960 2235 2228
Vio 1477 1473 1075 1080
Vu 1165 1160 877 892
- { 200 178 194 : 169
A 298 216 275 194
Potential barrier parameters

Vs, cal » mol™ 1067.06 1047.16 1058.60 1035.55

Vs, cal » mol™? —1.49 —-3.57% —6.49 —6.63
Eathalpy of formation at 298.15 K —48.06 —48.68° —50.91° —51.84°

(ideal gas), keal + mol™*

® The torsional mode splits into singlet 4 and doublet £ levels.

® Calculated from AH ¢ (g) which was deduced from zero-point energies.

It is spectroscopically evident that the carbon-oxygen inter-
nuclear axis in the methanol molecule does not coincide with
the C3 symmetry axis of the methyl group, which is taken as
the axis of internal rotation. The observed angle between
these two axes is 3.27° [17]. The reduced moment of inertia
(Iy) and the reduced inverse moment of inertia (F = A/8w2l,)
were evaluated with the Kilpatrick-Pitzer procedure [28] and
the values are reported in table 1.

3. Vibrational Fundamentals

Each of the normal and deuterated methanols belongs to
the point group Cs and has eight of its twelve normal modes
with ¢’ symmetry and the other four with a” symmetry. Falk
and Whalley [29] reviewed the studies on vibrational assign-
ments published prior to 1960. Using improved techniques,
vibrational frequencies for the vapor [29~32] and condensed
[29, 33-37] phases were determined from infrared [29, 31,
34-36] and Raman [29, 30, 32, 33, 37] spectra. Certain
theoretical calculations have also been reported [24, 38].
Shimanouchi and coworkers have also analyzed and selected
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[3] the values of the vibrational frequencies for the four
methanols in both the gas and liquid phases.

Since our main concern is the calculation of thermodynamic
properties in the gaseous state, the condensed-phase vibra-
tional assignments will not be emphasized, unless information
on the vapor phase is insufficient. For CHsOH vapor, some of
the vibrational frequencies reported among infrared [29, 31]
and Raman [30, 32] investigations are conflicting. Shimanou-
chi’s selected values have been adopted on the ground that his
values were derived from thorough analyses of isotopic meth-
anols; in addition, the resulting thermodynamic properties are
in good agreement with their experimental counterparts. The
adopted values for the vibrational fundamentals of the four
methanols are listed in table 1.

4. Internal Rotation

Earlier investigations {4-16, 39] and quantum mechanical
calculations [40] pertaining to the potential barrier to internal
rotation showed considerable disagreement. In order to obtain
a better fit to the observed data, it has been shown [18] that
the harrier-shape parameter Ve, shounld also be included in
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addition to Vs. The potential energy function can be adequate-
ly represented by V() = 3Vs(1 — cos 3¢) + 2Vs(1 — cos
6¢) where ¢ is the angle of internal rotation. Based on the
infrared data [41], ¥z = 1072 cal *mol™ and Vs < 11
cal * mol™* were proposed [42] for methanol. A good fit to
both infrared and microwave frequencies [22] was obtained
with V3 = 1075 cal *mol™ and Vs = —2 cal * mol™®
derived [43] from a semi-empirical energy function [44].
While 232 cm™ proposed [45) from infrared data [41] as the
torsional mode was a crude approximation, the assignment of
350 cm™! from infrared data [34] to the methyl torsion was
ruled out on the ground of the small isotopic shift factor [36].
By considering torsion-vibration-rotation interactions as
“empirically adjusted parameters, the values of ¥3 for CHsOH,
CHs0D, CD3;0H, and CD3;0D were derived [17] from micro-
wave and infrared data as 1074, 1059, 1063, and 1037
cal * mol™, respectively, with ¥ lying between 0 and —2.3
cal * mol™. When the perturbation terms for Iasymmetric
rotor, first order deviation from a sinusoidal potential, and
effects of centrifugal distortion were considered, Kwan‘and
Dennison [18] obtained the values of V3 (and Ve in paren-
theses) as 1067.06 *+ 0.23 (—1.49 £ 0.40), 1047.16 =+
0.14 (—3.57 == 0.31), 1058.60 == 0.60 ( 6.49 = 2.12) and
1035.55 % 0.17 (—6.63 = 0.23) cal * mol™%, respectively,
for the four isotopic methanols. The values were derived from
a nonlinear least squares fit to the observed microwave and
infrared data. In view of the rigorous theoretical analysis by
Kwan and Dennison [18], their values for 73 and Vs, as listed
in table 1, were used in this. work to calculate, as previously
described [19], the internal rotational energy levels.

5. Corrections for Gas Imperfection

From the nonlinear trend of heat capacity versus pressure
[46, 47], from P-V-T studies [48], and from infrared absorp-
tion spectra [49], it was concluded that monomers, dimers,
and cyclic tetramers of methanol mutually exist in a vapor
mixture. The 1-2-4 model was also proposed [50] from the
infrared absorption spectrum for CHsOD. On analyses of the
experimental vapor pressure and P-P-I data for CHsOH, the
1-2 model [S1] and the 1-3-8 model [52] were suggested. It
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appears that the 1-3 model based on vapor-density measure-
ments [58] is doubtful because of errors caused by
condensation.

Although Kretschmer and Wiebe [48] accepted the 1-2-4
model, which was first proposed by Weltner and Pitzer [46] in
the form of PV = RT + BP + DP3, the corrections for
nonideality to Cp and S of the real gas using their own virial
coefficients, B and D, are quite different from those in [46].
The differences in G — Cp and in § — S°, calculated at
temperatures where experimental data of Cp and S [46,
54~56] are available, can be compared in tables 2 and 3.

6. Results and Comparisons

‘From the selected values of the molecular constants in taple
1 for the four methanols of interest, the ideal gas thermal
functions, namely, Cp, S°, — (G° — Ho)/T, and H® — Hg at
temperatures of 0 ~ 1500 K, were calculated according to
rigid-rotor and harmonic-oscillator approximations. The most
recent tundamental constants [26] with the atomic masses, C
= 12.011, O = 15.9994, H = 1.0079, and D = 2.0141
[57], were used throughout this work. The calculated results
are given in tables 4, 5, 6, and 7. Only for ordinary CH50H is
AH’205.15 (g) = — 48.06 kcal* mol™? available and well
defined [2]. This enables one to compute the enthalpy (AH?),
the Gibbs energy (AGf), and logarithmic equilibrium constant
(log Kf) of formation at various temperatures, using H° — H§
and (G° — H"®)/T for the constituting chemical elements [58].
The calculated values are listed in table 4. For the deuterated
species CHsOD, CD;OH, and CDsOD, it is necessary to
estimate AHf® at 0 K from the corresponding calculated zero-
point energies. The thermodynamic quantities for the deuter-
ated species thus obtained are given in tables 5, 6, and 7.

The condensed-phase heat capacities  [59-62] which are
essential for deriving the third-law entropy in the gas phase
were experimentally measured for CH;OH [59-62] and
CH;0D [61]. The value of S° for liquid CH;0H at 298.15 K
was independently obtained as 32.26 + 0.2 cal*mol™1-K™t
[59] and 30.40 + 0.03 cal*mol™**K™* [62]. Wilhoit and
Zwolinski [2] have carefully studied the reported: thermat data
[59-62] and obtained 30.41 + 0.05 calemol™*+K™* after a

TasLe 2. Comparisens of the third-law entropies (in cal » mol™ « K™) with calculated values for CH;OH (g)

S (Experimental) s (Cnlculaécd)
/K . Real gas Ideal gas at one atmosphere
at saturation w.pe K-Wb This work
313.1 59.38¢ 57.81 57.69 57.81
3279 58.48¢ 58.34 58.25 58.31
337.8 57.94¢ 58.73 58.66 58.64
323.15 58.76% 58.19 58.08 58.15
337.85 57.91¢ 58.72 58.65 58.64
363.15 56.62¢ 59.49 59.51 59.47
383.15 55.744 60.07 60.17 60.10

& Weltner-Pitzer ‘[4.6] virial coefficients, B and D, were applied to corrections for gas imperfection.

® Kretschmer-Wiebe [48] virial coefficients, B and D, were applied to corrections for gas imperfection.

¢ Derived from heats of vaporization [46] and C; [62] with the estimated error of 0.3 cal*mol™*+K™1.

9 Derived from heats of vaporization [54] and C; [62] with presumably the same uncertainty as in footnote c.

J. Phys. Chem. Ref. Data, Vol. 6, No 1, 1977
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TasiE 3. Comparisons of Cp (g) derived from observed Cp (g) with calculated Cp (g) for CH;OH

Cp/cal *» mol™* » K™?

Cp /cal » mol™t » K™t

T/K
Experiment Correlation 2 "W-pt K-We This work

349.65 17.37¢ 11.01 11.30 11.39
358.15 14.29 ¢4 (?) 11.17 (?) 10.87 (?) 11.55
358.85 14.48¢ 11.52 11.20 11.54
359.85 14.42 ¢ 11.67 11.33 11.58
368.15 13.62 ¢ 12.02 -11.63 11.73
382.15 13.10¢ 12.26 11.96 11.99
401.15 13.01¢ 12.51 12.33 12.36
420.15 13.07 ¢ 12.72 12.62 12.73
442.65 13.62¢ 13.36 13.32 13.17
341 27.00¢ 12.29 14.83 11.23
363 14.00 ¢ 11.80 11.41 11.63
405 13.03 4 12.57 12.41 12.43
345.6 12.18 = 0.2¢ 11.44.f 11.20¢ 11.32
403.2 12.58 £+ 0.05 ¢ 12.43 = 1237 ¢ 12.40
464.0 13.74 £ 0.1¢ -~ 13.67 8 13.67 8 13.58
521.2 1448 =2 0.2¢ 14.44.1 14451 14.66
347.35 20.76 1 11.19 12.60 13.29 11.35
356.55 15.92h 11.37 12.27 12.03 11.51
373.35 13.43*® 11.71 12.19 11.81 11.83
398.95 12.66 1 12.22 12.13 11.94 12.32
401.15 1291t 12.27 12.41 12.22 12.36
) 401.35 12.94 1 12.27 12.44 12.26 12.36
431.45 13.33® 12.88 13.03 12.96 12.95
442.15 13.39*1 13.09 13.13 13.08 13.16
457.35 13.62* 13.39 13.41 13.38 13.45
4717.75 13.68 1 13.80 13.51 13.50 13.84
485.05 13.52%(?) 13.95 13.36 (?) 13.36 (?) 13.98
498.95 14.370 14.23 14.24 14.24 14.25
521.35 14.71*® 14.68 14.60 14.61 14.66
555.95 15281 15.37 15.20 15.21 15.29
581.35 15.86® 15.88 15.80 15.81 15.74
585.35 15971 15.96 15.91 15.92 15.81

2Cp = 2.444 (1.73 + 8.20 X 107* T) with the average deviation of * 0.32 cal * mol™ + K™ [56].
b See footnote a of table 2.
¢ See footnote b of table 2.
4 Observed at 750 mm Hg with the uncertainty of about 1 percent [55].
© Observed at 260 mm Hg [46].

{ With the estimated error of &= 0.3 cal * mol™* « K™%
® With the estimated error of + 0.1 cal * mol™* + K™%,
b Observed at 1 atm [56). (Note 1 atm = 760 mm Hg = 101325 N * m™).

TaBLE 4. Ideal thermodynamic functions of methanol, CH;OH

r c; s° | — —miyr | m—ns e AGF g K

K cal*mol™1+K™ kcal*mol™! ]

0 0 0 0 0 —45.46 4546 =
100 8.82 46.99 38.60 0.839 —46.50 —44.23 96.65
150 9.22 50.65 42.04 1.201 4682 —43.02- 62.68
200 - 9.48 53.34 44.55 1.759 —47.21 —41.70 45.57
273.15 10.17 56.38 4132 2.474 —47.84 ~39.58 3167
208.15 1053 57.29 4812 2.733 —48.06 ~38.82 28.45
300 10.55 57.35 48.18 2.753 —48.08 —38.76 28.24
400 12.34 60.63 50.89 3.894 —148.93 3552 19.41
500 14.27 63.59 53.14 5.224 —49.68 —32.08 14.02
600 16.06 66.35 55.11 6.742 —50.31 —28.50 10.38
700 17.65 68.95 56.90 8.429 —50.84 —24.82 7.75
800 19.06 71.40 58.56 10.267 —51.28 —21.07 5.76
900 20.31 73.72 60.12 12.236 —51.62 —17.28 4.20
1000 21.40 7591 61.59 14.323 —51.89 —13.44 2.94
1100 22.37 78.00 6299 16,512 ~52.00 ~9.60 191
1200 23.21 79.98 64.32 '18.792 —52.25 —5.72 1.04
1300 23.96 81.87 65.60 21151 5236 —184 031
1400 24.61 83.67 66.83 23.580 5243 +2.07 —032
1500 25.19 85.39 68.01 26.071 —52.48 5.95 —0.87
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TaBLe 5. Ideal gas thermodynamic functions of methanol-di, CH:OD
T Cp S° —(6°—Hy)/T H°—H3 AHf® AGF*
log Kf

K calemol™1+K™? kcal*mol™*

0 0 0 0 0 — 46.13 — 46.13 x
100 "9.13 47.56 39.16 0.840 —47.11 —44.77 97.85
150 9.51 51.35 42.63 1.308 —47.46 —43.53 63.42
200 9.76 54.11 45.17 1.789 —47.85 —42.16 46.07
273.15 10.52 57.26 48.00 2.528 —48.47 — 3998 31.99
298.15 10.90 58.19 48.82 2.795 —48.68 —39.20 28.73
300 10.93 58.26 48.87 2.816 —48.70 —39.14 28.51
400 12.76 61.65 51.65 3.997 —49.51 —35.82 19.57
500 14.70 64.70 53.96 5.371 —50.21 —32.32 14.13
600 16.51 67.55 55.99 6.933 —50.81 —28.69 10.45
700 1813 70.29. 57.84 R A66 —51.30 — 24.96 779
800 19.56 72.73 59.54° 10.552 —51.69 —21.17 5.78
900 20.83 75.11 61.14 12.573 —52.00 —17.33 4.21

1000 21.94 77.36 62.65 14.713 —52.23 —13.46 2.94
1100 2291 79 50 64.00 16 95A — 5240 — 989 1.01
1200 23.75 81.53 65.46 19.290 —52.51 — 5.68 1.03
1300 24.48 83.46 66.77 21.702 —52.59 — 1.78 0.30
1400 25.12 85.30 68.03 24.183 — 52.64 + 2.15 —0.34
1500 25.68 87.05° 69.24. 26.723 — 52.66 4.55 —0.66
TABLE6. Ideal gas thermodynamic functions of methanol-ds-o0l, CD;0H
T Cp N —(6°—HYT H —H3 AHf® AGF®
i i log Kf

K cal » mol™ « K™ kecal » mol™*

0 0 0 0 0 —48.37 —48.37 x
100 8.89 48.31 39.93 0.838 . —49.26 —46.74 102.14
150 - 9.36 52.01 43.37 1.295 —49.68 —45.38 66.12
200 9.89 54.77 45.89 1.775 —50.11 —43.89 47.96
27318 11.24 58.03 4872 2.544 —50.71 —41.52 3322
298.15 11.81 59.04 49.54 2.832 —50.91 —40.66 29.81
300 11.85 59.11 49.60 2.854 —50.92 —40.60 29.58
400 14.29 62.86 52.45 4.161 —51.61 —37.05 20.24
500 16.55 6629 5488 5.705 —52.15 —33.34 14.57
600 18.48 69.49 57.05 7.459 —52.56 —29.54 10.76
700 20.11 72.46 59.04 9.391 —52.86 —25.67 8.02
800 21.48 75.24 60.90 11.473 —-53.08 —21.77 5.95
900 22.64 77.84 62.64 13.680 —53922 —17.85 433

1000 23.61 80.27 64.28 15.994 —53.31 —13.91 3.04
1100 24.44 82.56 65.84 18.397 —53.35 —9.98 1.98
1200 25.14 84.72 67.32 20.877 —53.36 —6.03 1.10
1300 25.75 86.76 68.74 23.422 —53.35 —2.09 0.35
1400 26.26 88.68 70.10 26.023 —53.32 +1.87 —0.29
1500 26.71 90.51 71.40 28.672 —53.28 1.30 —0.19
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Tabie 7. Ideal gas thermodynamic functions of methanol-di, CD;OD

T Cp . S° —(G°—H)/T H°—H3 AHf* AGF®
. , log Kf

K calemo]2-K™! kcal + mol™?

0 0 0 0 0 —49.36 —49.36 x
100 9.24 48.85 40.40 0.844 -—50.20 —47.60 104.03
150 9.67" 52.68 43.90 1.318 —50.64 —46.21 67.32
200 10.19 55.53 46.46 1.813 —51.06 —44.67 48.81
273.15 11.59 58.89 49.36 2.606 —51.66 —42.24 33.79
298.15 12.19 59.94 50.20 2.903 —51.85 ~41.36 30.31
300 12.34 60.01 50.26 2.926 —51.86 —41.29 30.08
400 14.72 63.87 53.19 4.274 —52.51 —37.66 20.58
500 16.99 67.41 55.68 5.862 —53.01 —33.89 14.81
600 18.94 70.68 5791 7.662 —53.37 —30.03 10.94
700 20.60 73.73 59.96 9.641 —53.63 —26.12 ' 8.16
800 . 21.99 76.57 61.86 11.772 —53.80 —22.18 6.06
900 23.17 79.23 63.64 14.032 —53.91 -18.21 4.42

1000 24.15 81.73 65.33 16.399 - —53.96 —14.24 3.11
1100 24.98 84.07 66.93 18.857 —53.96 —10.29. 2.04
1200 25.68 86.27 68.45 21.391 —53.94 —6.31 1.15
1300 26.27 88.35 69.90 23.990 —53.89 —2.34 0.39
1400 26.78 90.32 71.29 26.643 —53.83 +1.64 —0.26
1500 27.20 92.18 72.62 29.342 —53.76 —0.42 +0.06

slight adjustment for internal consistency. This basic quantity
was then used, in conjunction with the observed heat capaci-
ties of the liquid [62] and enthalpies of vaporization [46, 54],
to derive the third-law entropies of the vapor with an esti-
mated error of +0.03 cal*mol™**K™*. The reported values
[8, 10, 63] of S° for the vapor at 298.15 K are less accurate,
whereas Carlson and Westrum’s 57.24 cal*mol ™K ™1 [62] is
fairly reliable. Comparisons with our calculated S° are shown
in table 2 and the agreement, when the Weltner-Pitzer [46]
corrections for gas imperfection were used, is remarkably
within #0.04 cal*mol™**K™3, except at 337.8 K at which the
deviation is 0.08 cal*mol™*K™1. The Kretschmer-Wiebe [48]
corrections for gas imperfection differ from those of Weltner
and Pitzer [46] by ==0.1 calemol™1+K™1. These differences,
however, are within the estimated overall experimental uncer-
tainty +0.3 cal*mol™*+K™? for S° and thus do not affect our
calculated values of S°.

Only for CH;OH have heat capacities of real gas been

measured [46, 55, 56] in the temperature range of 341 ~

585.35 K. The observed values of Cp at 358.15 K [55] and at
485.05 K [56] given in table 3 are apparently questionable.
The differences in the corrections for gas imperfection by the
Weliner-Pitzer [46] and Kretschmer-Weibe [48] viral coeffi-
cients are larger than 0.2 cal*mol™+K™ at temperatures
below 400 K. This is probably due to the formation of
polymeric species larger than dimers at lower temperatures,
and may also be attributed to the inadequacy of the viral
coefficients procedure to describe the complex state of the
actual mixture. When the temperature is increased, the dis-
crepancies diminish, indicating the predominance of dimers in
the small amount of intermolecular association occurring.

As shown in table 3, comparfsons of our calculated Cp (g)
with the three sets of values derived from the observed Cp (g)
[46, 55, 56] for CHsOH are encouraging. Except at the lowest
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temperature, 341 K, each of our calculated values lies close to
one of the three sets or among them. While the deviation
throughout the entire temperature range falls within the
experimental uncertainty of #0.3 cal*mol™**K™, the agree-
ment is particularly satisfactory at temperatures over 400 K.
Additional evidence in favor of our calculated Cp at lower
temperatures is also on hand. The values of Cy for CH;0H (g)
derived from experimental measurements were found to be
7.46 = 0.11 cal*mol™**K™* at 200 K [9] and 8.38 + 0.08
cal*mol™**K™1[9] or 8.14 * 0.18 cal*mol™*+K~*[16] at 279
K. The discrepancy at 279 K is due mainly to corrections for
gas imperfection. These Cy values correspond to Cp values of
9.45, 10.13, and 10.37 cal*mol™+K™, respectively. Our
calculated Cp values are 9.49 calemol™t+K™1 at 200 K and
10.25 cal*mol™+K™ at 279 K. Our calculated value con-
veniently falls between the experimental values of 10.13 and
10.37 cal*mol™-K™? at 279 K. ‘
Errors in the thermodynamic properties of species
calculated for the rigid-rotor harmonic-oscillator model with
restricted internal rotation arise only because of errors in the
molecular parameters used. In the case of methanol and its
deuterated species the only significant sources of error are in
the values of the fundamental frequencies and the barrier for

-internal rotation. Table 8 lists the uncertainties in the calcu-

lated thermodynamic functions which result from these
sources. These were calculated from the usual formula for the
propagation of random independent errors [64]. Errors in the
fundamentals were taken as the maximum uncertainties
assigned by Shimanouchi [3], and the error in the internal
rotation barrier was assumed to be 100 cal*mol™. The effect

_of change in the internal rotation barrier was estimated from

the tables of Pitzer and Gwinn [65]. Uncertainties in the
thermodynamic functions for CD;0D are very nearly the same
as those for CD;OH.
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Tasie 8. Uncertainties in calculated ideal gas themodynamic functions

T fo3 s° (G° —HYIT H°—H:
K cal*mhol™ <K kcal*mol ™
CH:0H
200 0.045 0.068 0.047 0.004
208 0.053 0.040 0.040 0.002
400 0.042 0.029 0.031 0.004
700 0.024 0.026 0.028 0.014
1000 0.014 0.029 0.023 0.018
1500 0.007 0.031 0.023 0.021
CH;0D
200 0.049 0.070 0.048 0.004
298 0.057 0.043 0.048 0.002
400 0.044 0.027 0.047 0.007
700 0.022 0.014 0.035 0.018
1000 0.016 0.013 0.025 0.022
1500 0.006 0.013 0.020 0.027
CD;0H®
200 0.053 0.071 0.049 0.004
298 0.070 0.046 0.050 0.004
400 0:057 0.038 0.039 0.010
700 0.036 0.044 0.011 0.021
1000 0.029 0.051 0.038 0.032
1500 0.018 0.057 0.041 10.042

2 Uncertainties in the thermodynamic functions of CD;OH and CD:OD are
nearly the same.

In addition, the values in tables 4-7 may differ from the
properties of the real molecules because of limitations in the
model. These include the effects of anharmonicity, vibration-
rotation interaction, centrifugal stretching of bonds, and
deviation of the potential for internal rotation from the two-
term cosine formula. In general, the magnitude of these
effects will increase with increasing temperature.

7. Acknowledgement

This study is a part of a NBS-OSRD contract with the
Thermodynamics Research Center dealing with thermo-
dynamic properties of organic oxygen compounds in the
carbon range of C; to Cs. Partial support was also provided by
the Texas Engineering Experiment Station of Texas A&M
University. We are grateful to the Editor of this Journal for
his helpful criticism re the treatment of the reduced inverse
moment for the internal rotation problem described in the
original manuscript. The assistance of the staff of the Edi-
torial Office of the Thermodynamics Research Center in the
preparation of this manuscript is also acknowledged.

8. References

[1] Ivash, E. V., Li, J. C. M., and Pitzer, K. S., J. Chem. Phys. 23, 1814
(1955). .

2] Wilhoit, R. C., and Zwolinski, B. J., J. Phys. Chem. Ref. Data 2,
Supplement No. 1 (1973).

[3] Shimanouchi, T., “Tables of Molecular Vibrational Frequencies,” Con-
solidated Volume I, National Standard Reference Data System—
National Bureau of Standards——39, 1972.

[4] Bartholome, E., and Sachsse, H., Z. Phys. Chem. Abt. B 30, 40 (1953);
Kassel, L. S., J. Chem. Phys. 4, 493 (1936).

[5] Pitzer, K. S., J. Chem. Phys. 5, 469 (1937); Halford, J. O., and"
Pecherer, B., J. Chem. Phys. 6, 571 (1938).

[6] Crawford, B. L., Jr., J. Chem. Phys. 8, 744 (1940).

[7] Koehler, J. S., and Dennison, D. M., Phys. Rev. 57, 1006 (1940).

[8] French, F.-A., and Rasmussen, R. S., J. Chem. Phys. 14, 389 (1946).

[9] Eucken, A., and Franck, E. U., Z. Elektrochem. 52, 195 (1948).

[10] Rowlinson, J. S., Nature 162, 820 (1948).

-[11] Burkhard, D. G., and Dennison, D. M., quoted in ref. [12].

[12] Halford, J. O., J. Chem. Phys. 18, 361 (1950).

[13} Hershberger, W. D., and Turkevich, J., Phys. Rev. 71, 554 (1947);
Dailey, B. P., ibid. 72, 84 (1947); Coles, D. K., ibid. 74, 1194
(1948); Hughes, R. H., Good, W. E., and Coles, D. K., ibid. 84, 418
(1951); Burkhard, D. G., and Dennison, D. M., Phys. Rev. 84, 408
.(1951).

[14] Ivash, E. V., and Denmson, D. M., J. Chem. Phys. 21, 1804 (1953).

[15] Swalen, J. D., J. Chem. Phys. 23, 1739 (1955).

[16] Halford, J. O., and Miller, G. A., J. Phys. Chem. 61, 1536 (1957).

[17] Lees, R. M., and Baker, J. G., J. Chem. Phys. 48, 5299 (1968); Lees, R.
M., J. Chem. FPhys. 56, 5887 (1972); 1bid. 57, 2249 (197Z); Lees, R.
M., Lovas, F. J., Kirchhoff, W. H., and Johnson, D. R., J. Phys.
Chem. Ref. Data 2, 205 (1973).

[18] Kwan, Y. Y., and Dennison, D. M., J. Mol. Spectrosc. 43, 291 (1972).

[19] Chen, S. S., Kodgers, A. 5., Chao, J., Wilhoit, R. C., and Zwohnski, B.
J., J. Phys. Chem. Ref. Data 4, 441 (1975); Chen, S. S., Wilhoit, R.
C., and Zwolinski, B. J., J. Phys. Chem. Ref. Data 4, 859 (1975).

[20] Drefus-Alain, B., and Viallard, R., C. R. Acad. Sci. 234, 536 (1952);

Tauer, F. J., and Lipscomb, W. N., Acta Crystallogr. 5, 606 (1952);
Wertz, D. L., and Kruh, R K., J. Chem. Phys. 47, 388 (1967).

[21] Kimura, M., Nippon Kagaku Zasshi 71, 18 (1950); Kimura, K., and
Kubo, M., J. Chem. Phys. 30, 151 (1959).

[22] Venkateswarlu, P., and Gordy, W., J. Chem. Phys. 23, 1200 (1955).

[23] Nishikawa, T., J. Phys. Soc. Jpn. 11, 781 (1956).

[24] Margottin-Maclon, M., J. Phys. Radium 21, 634 (1960); Fink, W. H.,
and Allen, L. C., J. Chem. Phys. 46, 2261 (1967); Gebhardt, O., -
Cyvin, S. J., and Brunvoll, J., Acta Chem. Scand. 25, 3373 (1971).

[25] Zemlyanukhina, I. Y., and Sverdlov, L. M., Opt. Spectrosc. USSR 32,
433 (1972).

[26] Cohen, E. R., and Taylor, B. N., J. Phys. Chem. Ref. Data 2, 663
(1973).

[27] Tsuboi, M., Tamagake, K., Hirakawa, A. Y., Yamaguchi, I., and
Nakagawa, H., J. Chem. Phys. 63, 5177 (1975).

[28] Pitzer, K. S., J. Chem. Phys. 14, 239 (1946); Kilpatrick, J. E., and
Pitzer, K. S., ibid. 17, 1064 (1949).

[29] Falk, M., and Whalley, E., J. Chem. Phys. 34, 1554 (1961).

[30] Kecki, Z., and Bernstein, H. J., J. Mol. Spectrosc. 15, 378 (1965).

{31] Reece, I. H., and Werner, R. L., Spectrochim. Acta Part A 24, 1271
(1968).

[32] Kondilenko, I. I., Vorobeva, G. A., and Klassen, 1. F., Opt. Spectrosc.
USSR 32, 363 (1972).

[33] Hester, R. E., and Plane, R. A., Spectrochim. Acta Part A 23. 2289
(1967); Carman, R. L., Jr., Mack, M. E., Shimizu, F., and Bloember-
gen, N., Phys. Rev. Lett. 23, 1327 (1969).

[34] Passchier, W. F., Klompmaker, E. R., and Mandel, M., Chem. Phys."
Lett. 4, 485 (1970). -

[35] Dempster, A. B., and Zerbi, G., J. Chem. Phys. 54, 3600 (1971)

[36] Durig, J. R., Pate, C. B., Li, Y. S., and Antion, D. J., J. Chem. Phys. 54,
4863 (1971).

[37} Bartoli, F. J., and Litovitz, T. A., J. Chem. Phys 56, 404 (1972)

[38] Timidei, A., and Zerbi, G., Z. Naturforsch. Teil A 25, 1729 (1970).

[39] Gumbatov, D. O., and Kostryukov, V. N., Zh. Fiz. Khim. 42, 17
(1968).

[40] Gordon, M. S., J. Am. Chem. Soc. 91, 3122 (1969); Radom, L., Hehre,
W. J., and Pople, J. A_, ibid. 94, 2371 (1972); Kern, C. W., Pitzer,
R. M., and Sovers, 0. J., J. Chem. Phys. 60, 3583 (1974); Tel, L. M,
Wolfe, S., and Csizmadia, 1. G., ibid. 59, 4047 (1973); Pedersen, L.,
and Morokuma, K., ibid. 46, 3941 (1967).

1. Phys. Chem. Ref. Datd, Vol. 6, No 1, 1977



112 CHEN', WILHOIT, AND ZWOLINSKI

[41] Burkhard, D. G., and Dennison, D. M., J. Mol. Spectrosc. 3, 299
(1959).

[42] Fateley, W. R., and Miller, F. A., Spectrochim. Acta 19, 611 (1963).

[43] Dellepiane, G., and Zerbi, G., J. Mol. Spectrosc. 24, 62 (1967).

{44] Scott, R. A., and Scheraga, H. A., J. Chem. Phys. 42, 2209 (1965).

{45] Barnes, A. J., and Hallam, H. E., Trans. Faraday Soc. 66, 1920 (1970).

[46] Weliner, W., Jr., and Pitzer, K. S., J. Am. Chem. Soc. 73, 2606 (1951).

[47] Dewman, N. 5., AICLE J. 14, 497 (19G8).

[48] Kretschmer, C. B., and Wiebe, R., J. Am. Chem. Soc. 76, 2579 (1954).

[49] Inskeep, R. G., Kelliher, J. M., McMahon, P. E., and Somers, B. G., J.
Chem. Phys. 28, 1033 (1958); Fletcher, A. N., ibid. 75, 1808
(1971).

[50] Inskeep, R. G., Dickson, F. E., and Olson, H. M., J. Mol. Spectrosc. 5,
284 (1960). .

[51] Lambert, J. D., Roberts, G. A. H., Rowlinson, J. S., and Wilkinson, V.
I., Proc. R. Soc. London Ser. A 196, 113 (1949)

[52] Tucker, E. E., Farnham, S. B., and Christian, S. D., J. Phys. Chem. 73,
3820 (1969).

[53] Cheam, V., Farnham, S. B., and Christian, S. D, J Pilyn Chem. 74,
4157 (1970)

[54] Fiock, E. F., Ginnings, D. C., and Holton, W. B., J. Res. Natl. Bur.

Stand. 6, 881 (1931).

[55] DeVries, T., and Collins, B. T., J. Am. Chem. Soc. 63, 1343 (1941);
Sinke, G. C., and DeVries, T., ibid. 75, 1815 (1953).

J. Phys. Chem. Ref. Data, Vol. 6, No 1, 1977

[56] Stromsde, E., Ronne, H. G., and Lydersen, A. L., J. Chem. Eng. Data
15, 286 (1970). ’

[57] Commission on Atomic Weights, Greenwood, N. N., chairman, Interna-
tional Union of Pure and Applied Chemistry, Pure Appl. Chem. 37,
591 (1974).

[58] Zwolinski, B. J., et al., “Selected Values of Properties of Hydrocarbons
and Related Compouhds,” American Petrolenm Institute Research
Project 44, Thermodynamics Research Center, Texas A&M Univer-
sity, College Station, Texas 77843 (loose-leaf data sheets, extant
1972).

[59] Kelley, K. K., J. Am. Chem. Soc. 51, 180 (1929).

[60] Ahlberg, J. E., Blanchard, E. R., and Lundberg, W. O., J. Chem. Phys.
5, 539 (1937); Sugisaki, M., Suga, H., and Seki, S., Bull. Chem. Soc.
Jpn. 41, 2586 (1968).

[61] Staveley, L. A. K., and Gupta, A. K., Trans. Faraday Soc. 45, 50
(1949). '

[62] Carlson, H. G., and Westrum, E. F., Jr., J. Chem. Phys. 54, 1464
(1971).

[63] Kassel, L. S., J. Chem. Phys. 4, 493.(1936); Rossini, F. D., Wagman,
D. D., Evans, W. H., Levine, S., and Jaffe, 1., “Selected Values of
Chemical Thermodyramic Properties,” Natl. Bur. Stand. U.S. Circ.
500 (1952). '

[64] Scarborough, J. B., “Numerical Mathematical Analysis,” 4th ed., the
Johns Hopkins Press, Baltimore, Maryland, 1958, p. 444.

[65] Pitzer, K.'S., and Gwinn, W. D., J. Chem. Phys. 10, 428 (1942).



