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Thermal properties of methanol were studied by adiabatic calorimetry. The first-order nature of the
phase transition at 157.4°K with an entropy increment of 0.97 cal mole~1.°K~! was confirmed. The heat
capacity of the crystalline phase stable just below the triple point was defined and shown to be extremely
sensitive to impurity. No evidence for a second previously-reported phase transition could be detected.
The standard entropy (.5°) and Gibbs energy function (—[G°—H%]/T) for the liquid at 298.15°K are
30.40 and 15.18 cal mole 1-°K-1, respectively. The proposed classification of methanol as a plastic crystal
on the basis of its small entropy of melting (4.38 cal mole™.°K~1) is considered with respect to hydrogen

bonding in the liquid phase.

INTRODUCTION

The numerous studies of the physicochemical proper-
ties of methanol include an early heat capacity study
over a limited range by Parks,! who in 1925 reported
the existence of a transition at 161°K. In a later
calorimetric study, extending from 14°K into the liquid
phase, Kelley? interpreted the transformation with a
maximum at 157.4°K as lambda-type. More recently
a semimicrocalorimetric study was made by Staveley
and Gupta® from 100°K through the melting point.
However, their use of a very small sample gave low
precision. Lower-temperature heat capacity measure-
ments were made by Ahlberg, Blanchard, and Lund-
berg* over the range 3-28°K.

An x-ray structural determination on methanol at
113°K (Crystal II) and 163°K (Crystal I) by Tauer
and Lipscomb® established the crystals as monoclinic
and orthorhombic, respectively. More compact packing
in Crystal II was attributed to a slight displacement
of members of the infinite, hydrogen-bonded methanol
chains in planes normal to the direction of the chains.
Preparation of singly crystalline Crystal IT was found
to be difficult, and faint superlattice lines were noted
in Crystal IT as studied. Dreyfus-Alain and Viallard®
used an x-ray powder diffraction technique and found
a hexagonal structure for Crystal I. A monoclinic
structure for Crystal 11 at 93°K has also been reported
in a recent study by Murti.” In none of the Crystal II
structure studies is any mention made of a thermal
conditioning process to ensure complete phase trans-
formation on cooling to low temperatures. Because of
the finding by Staveley and Gupta that methanol
tends to shatter glass bulbs on warming through the
transition region, a dilatometric investigation was made
by Staveley and Hogg?® With isopentane as the dil-
atometric fluid an abrupt volume increment of 0.49
cc mol™ at 159°K and a smaller gradual change of
only 0.14 cc mol™ at 156°K were found (rather than
the single increment, AH?, found in the calorimetric
investigations'™) in addition to the 2.75 cc mol™
volume change attendant on melting. However, the
interaction between isopentane and methanol (solu-
bility of isopentane is 1.3 mol9, in the liquid at 175°K)

results in a depression of the freezing point of the alcohol
by about 1°K. Davidson® also found a second transi-
tion in methanol-d of 0.04 cc mol~ at 158°K in addi-
tion to the “known” calorimetric transition, which he
found to have a volume change of 0.43 cc mol™.
However, if the additional transition is energetically
small (as expected), the precision of the previous
calorimetric work may have been too low for dis-
crimination.

In addition to the aforementioned studies, several
measurements have been made of the variation in di-
electric constant in the solid state. Smyth and Mc-
Neight® demonstrated the presence of a hysteresis
loop in the dielectric constant vs temperature similar
in appearance to that for phenol containing a trace
of water.!! The dielectric constant associated with
Crystal I was observed as low as 133°K in this study.
A more recent investigation of the dielectric constant
of crystalline methanol by Davidson!? involved a ther-
mal conditioning process (cooling to 120°K, heating
to 153°K, and equilibrating the sample there for several
hours to remove any undercooled Crystal I) prior to
making measurements on Crystal II. Dielectric con-
stant measurements made without this thermal con-
ditioning showed a decrease near 150°K, presumably
associated with conversion from the undercooled Crys-
tal I to the stable Crystal II form. Several static
measurements made of the dielectric constant at various
temperatures after equilibration periods of at least 3 h
revealed a gradual rise in the dielectric constant at
155°K. This was associated by Davidson with the
gradual rise in molal volume reported by Staveley and
Hogg at 156°K. At 159.6°K a sharp rise in dielectric
constant occurred which was taken to represent the
calorimetric transition. Above this temperature the
dielectric constant was continuous through the Crystal I
phase. Davidson further noted an electrical conductivity
maximum near 130°K, which he assumed to be oc-
casioned by the formation of a small amount of liquid
phase at the temperature of the water—methanol
eutectic.”® A similar phenomenon at 123°K in samples
which had not been thermally conditioned was taken
to represent a eutectic in the undercooled Crystal I-
water system.
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Since recent experiments'? indicated the necessity for
adequate thermal conditioning to ensure a pure Crystal
II phase, and dilatometric as well as dielectric constant
studies showed the presence of two solid phase trans-
formations where only one had been found by heat
capacity measurements, a new calorimetric investiga-
tion was initiated in this laboratory to clarify the phase
behavior of methanol and to provide a complete, ac-
curate table of the thermodynamic functions. In ad-
dition, because of the present interest in globular
molecules, a re-evaluation of the plastically crystalline
nature of methanol provided a further incentive.

EXPERIMENTAL

Samples

A sample of Belle refined methanol produced by the
Polychemicals Department of E. I. du Pont de Nemours
and Company was generously provided to this labo-
ratory by Perkins. The alcohol was an extremely pure
batch having the reported analysis (in ppm): 0.3
acetone, 10 ethanol, 0.3 water, 99.92%,-1009%, methanol,
boiling range=0.035°C (ASTM). Sample I was dis-
tilled into Calorimeter W-14 and weighed 53.551 g
in vacuum. Sample II, removed from the bottle two
years later and transferred to Calorimeter W-24,
weighed 61.428 g in vacuum. Final purity of the samples
was evaluated from the fractional melting data below.

Calorimeters

Calorimeter W-14, fabricated from fine silver rod,
had a wall thickness of 0.50 mm and was gold plated
on all surfaces. Its geometry resembled that of another
previously described! except that eight 0.40-mm-thick
radial (circular) vanes and the bottom were machined
integrally with the thermometer-heater well, and that
a demountable valve designed for sealing fluids within
the calorimeter was added. The length of the cylindrical
portion containing the sample was 7.6 cm and the
diameter was 3.9 cm.

Since experience indicated that transitions in con-
densed phases with significant volume increments tend
to fracture a soldered joint of the type with which the
cylindrical portion of Calorimeter W-14 was soldered
to the bottom, a new calorimeter, W-24, was con-
structed to eliminate this source of failure. The cylin-
drical shell and the bottom of this calorimeter were
turned from a single rod of OFHC copper and were
gold plated. A well with 10 equispaced, 0.25-mm-thick,
integral circular vanes was inserted as a press fit from
the inside of the calorimeter into a machined aperture
in the bottom. With the soldered seam made on the
outside of the press fit, expansion of the calorimeter’s
contents put the seam under compression rather than
tension. Both calorimeters had internal volumes of
about 80 cc. A pressure of 10 cm Hg of helium gas was
used for conduction within the calorimeters.
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Cryostats

Sample I was measured in the Mark I cryostat,
with manual shield control to maintain adiabatic con-
ditions about the calorimeter. The heat capacity of
Sample IT was determined in the Mark IIT Cryostat!?
which is designed to utilize automatic adiabatic shield
control during normal heat capacity measurement and
throughout the long periods frequently required for
thermal equilibration during phase transitions. De-
partures of adiabaticity were in general not greater
than 0.03°K at the time of a thermal upset in the
system, lasted not more than a minute, and were com-
pensated for by damped sinusoidal regulation in both
the manual and automatic shield control systems. All
measurements of temperature, time, potential, re-
sistance, and mass were referred to devices calibrated
by the National Bureau of Standards.

Calculations

The defined thermochemical calorie equal to 4.184
abs J, an ice point of 273.15°K, and one mole=32.043 g
are assumed in the calculations. Temperatures meas-
ured with the platinum resistance themometer (labo-
ratory designation A-3) are considered to correspond
within 0.04° to the international temperature scale
from 90-350°K and within 0.03°K from 10-90°K.
From 4-10°K a provisional scale was constructed from
an equation given by Hoge and Brickwedde® fit to
the resistance, the slope of the resistance vs tempera-
ture, and the measured value of the resistance at the
boiling point of helium. The heat capacity was ad-
justed for the slightly different amounts of Apiezon-T
conduction grease and helium gas present with the
empty and filled calorimeters. Correction (amounting
to 0.19, of the heat capacity at 325°K) in the liquid
cegion of the sample was made for the vaporization
of methanol into the space above the sample. Appropri-
ate adjustment was also applied to the data for curva-
ture (i.e., the difference of the measured AH/AT from
dH/dT=C,). All calculations including curve fitting
and integration were developed by an IBM-704 com-
puter program’ which first fit a least-squares poly-
nomial in temperature to the heat capacity data and
then performed the necessary operations upon this
polynomial to obtain the final values of the functions.

Heat Capacity Measurements

Molal heat capacity data on both samples are pre-
sented in chronological sequence in Table I. Determina-
tions of enthalpy increments and heat capacities in
transition regions are summarized in Table IT and may
be integrated into the thermal history by reference
to Table I. Comparison of directly measured enthalpy
increments with those obtained by numerical quad-
rature beneath the smoothed C, vs T curve is given
in Table IIT and provides a test both of the data and
of the integration procedure. Table IV summarizes



1466 H. G. CARLSON AND E. F. WESTRUM, JR.

TaBLE I. Heat capacity of methanol. Units are degrees Kelvin and calories per mole- degree Kelvin.

T G T C, T Gy T Cp

Sample I, Mark I Cryostat

Series 1 6.32 0.031 153.84 14.43 Series 14
7.12 0.047 154.66 14.09
AHi Detns A 7.93 0.069 155.19 14.13 153.68 14.14
_ 8.48 0.098 155.63 14.23 155.10 14.20
Series 2 8.98 0.118 156.06 14.53 156.22 14.26
9.40 0.135 156.48 14.37 157. 40 14.40
56.08 6.440 10.45 0.199 156.91 14.28
59.42 6.832 11.83 0.284 AHtDetn F
65.32 7.482 12.88 0.374 Series 15
71.26 8.067 13.94 0.471 Series 10
77.01 8.607 15.15 0.600 153.81 14.00
83.09 9,161 16.70 0.776 154.76 11.06 155.02 14.20
89.69 9.731 18.48 1.009 156.17 11.14 156.25 14.22
97.04 10.26 20.52 1.299 157.02 11.12 157.45 14.26
105.4 10.84 22.76 1.631 157.36 11.36
113.18 11.49 25.19 2.010 157.78 11.18 .
121.32 12.01 27.86 2.444 158.26 12.31 Series 16
30.66 2.881 158.69 11.42
Series 3 33.85 3.392 159.19 11.18 129.81 12.48
37.51 3.995 160.52 11.24 135.43 12.88
Enthalpy Detn B 41.61 4.504 165.77 11.66 142.30 13.36
46.15 5.204 Melting Detns G 149.01 13.83
Series 4 50.64 5.780 152.59 13.88
55.20 6.362 Series 11 153.82 14.18
128.09 12.42 . 155.02 14.23
136. 69 13.03 Serics 7 Melting Detns H 156.21 14.26
145.54 13.20 Series 12 157.39 14.25
5.00 0.014
AHt Detn C 5.98 0.025 180.38 16.94 Series 17
6.95 0.043 188.28 16.93
Series 5 7.84 0.068 196.86 16.95 156.82 14.12
8.52 0.090 205.86 16.99 157.95 14.29
161.65 11.32 9.33 0.136 215.17 17.08
162.44 11.37 10.43 0.199 224.59 17.20 .
163.00 11.36 11.71 0.279 233.92 17.34 Series 18
163. 44 11.45 13.08 0.392 243.12 17.53
163.96 11.47 14.48 0.528 252.17 17.75 Trans. Detns K
164. 64 11.48 15.97 0.697 261.05 17.97
166.25 11.61 Series 8 218.78 18.59
167.56 11.72 287.97 18-93 158.33 12.87
169.49 12.02 Enthalpy Detn D ggggi 1333
_ Enthalpy Detn E 316: 10 20: 33 Series 20
Serles 6 , 325.17 20.83
Series 9 159.32 11.05
4.86 0.014 Series 13 160.19 11.27
5.68 0.022 152.81 13.16 Melting Detns J Melting Detns L.
Sample II, Mark III Cryostat
Series 21 Series 22 Series 23 Series 24
68.45 7.788
Trans. Detns M Melting Detns N 76.04 8.503 Enthalpy Detns P

82.86 9.128
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the evaluation of fractional melting data. In these
tables, T; and T refer to the initial and final tempera-
tures of the determination, T° to the mean tempera-
ture, and AT to the temperature increment involved.

Since thermal conditioning is a prerequisite to forma-
tion of pure Crystal II,”? a procedure was adopted in
which the methanol was cooled slowly (i.e., several
degrees per hour) through the transition region to
about 100°K, then heated to 150-155°K, and the
sample kept in this region for 8 h or more after com-
pletion of the energy liberation before measurements

TaBLE II. Transition region of methanol.® Units are degrees
Kelvin and calories per mole.
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Tasre III. Comparison of directly measured enthalpy incre-
ments of methanol with the integral under the smoothed C,
curve.? Units are degrees Kelvin and calories per mole. Sample I,
Mark I cryostat.

T; Tf Ad Achlc
Series 3, Detn B

53.49 126.59 698.7 698.4
Series 8, Detn D

4.21 52.58 127.7 127.7
Series 8, Detn E

52.58 153.03 1052.7 1050.5

T; Ty AH or ZAH AHt
Sample I, Mark I Cryostat
Series 1, Detns A (6 detns)
151.25 167.94 358.36 152.5
Series 2, Detn C
150.04 167.10 364.20 151.5
Series 9, Detn F
157.12 167.16 266.47 151.9
Sample IT, Mark IIT Cryostat
Series 21, Detns M (6 detns only)
151.25 157.91 202.27 152.3
T AT Cp
Sample I, Mark I Cryostat
Series 18, Detns K (3 detns)
157.42 0.02 43.72
157.44 0.01 90.35
157.45 0.01 60.61
Sample IT, Mark ITI Cryostat
Series 21, Detns M
129.44 8.041 12.45
148.40 2.383 13.74
150.76 2.358 13.89
153.10 2.328 14.09
155.34 2.180 15.33
156.86 0.887 44.42
157.32 0.021 1330
157.34 0.014 1900
157.38 0.076 679
157.64 0.437 549
159.12 2.574 12.20
161.71 2.635 11.77

B T; and Ty are the initial and final temperatures; 7, the mean tem-
perature; and AT the temperature increment involved. AH or ZAH refers
to directly determined enthalpy increments over the range TyTi; AHt
is the enthalpy increment associated with the transition after deletion of
the normal background vibrational or lattice enthalpy.

2 T; and Ty are the initial and final temperatures of the determinations;
AH =Hr;—Hr;; AHea=digital computer evaluated enthalpy with
reference to the smoothed Cy curve.

were made on Crystal I1. The rate of energy liberation,
and hence of phase conversion, was increased by re-
heating the sample to temperatures nearer the transi-
tion. The heat capacities of undercooled Crystal I and
of superheated Crystal II were also measured in Series
10 and are shown in Fig. 1. Sample I invariably super-
heated 1 or 2° above the heat capacity maximum before
it would finally begin to transit and absorb energy.
It was not convenient to follow this absorption of
energy quantitatively with manual shield control; how-
ever, three enthalpy-type determinations were made
over the entire transition region to determine the
enthalpy of the transition and the completeness of the
conversion of the sample to Crystal II. As a further
check of the data on Crystal II, enthalpy-type runs
B, D, and F were made and compared with the inte-
gral under a smooth polynomial curve constructed
with the IBM-704 computer (results shown in Table
IIT). While the data presented do not permit a de-
tailed picture of the minutiae of the thermal history
of the samples, they do indicate that it is possible
under suitable precautions to make reliable measure-
ments of the heat capacity of pure methanol except
in the transition region.

The fractional melting technique was applied to both
samples to permit calculation of their purities and of
their melting points. Since Sample I showed (cf. Fig. 1)
comparatively little premelting, the Crystal I heat
capacity of Sample I was extended smoothly through
the melting point and used to represent the background
heat capacity contribution (i.e., lattice C,) to meas-
urements for both samples in this region. The magni-
tude of this contribution may be seen from the data
assembled in Table IV. From this treatment the excess
enthalpy was calculated and used in the calculation of
reciprocal fraction melted vs temperature. A plot of
these data was fit well by a straight line and extrap-
olated to the melting point of the calorimetric samples
and that of pure methanol. It was also used to deter-
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mine the mole fraction () of solid-insoluble liquid-
soluble impurity. Since the amount of impurity is
small, use of the equation®

N2= AHm( T[)— Tl)/RT02

(which assumes the solution to be perfect) yields values
of N, for Samples I and II of 0.00025 and 0.0012,
respectively, with Ty=175.587°K, T7=175.569°K, and
AHm="768.5 cal mol™ for Sample T and T,=175.53°K,
T1=175.41°K, and AHm=761 cal mol™! for Sample II.
Ty is the triple point of pure methanol, and T3 is that
of the particular sample.

These data reveal that an appreciable fraction of the
premelting energy is missing for Sample II. However,
from examination of Fig. 1, premelting is evident im-
mediately after the solid phase Crystal I is formed. No
evidence, however, for any appreciable pretransitional
effect on the heat capacity due to impurity is seen in
the approach to the transition in Crystal II. The series
of equilibrium measurements (cf. Series 21, Table II;
each point requiring 5-15 h of thermal equilibrium
time) shows a sharp rise to a very high heat capacity
maximum and a similarly sharp drop to the heat
capacity of Crystal I. Enthalpy-type measurements on
Sample I also indicated the transition to be quite
sharp since Run F had an initial temperature only
0.3°K below the transition maximum.

The measurements of Sample I, coupled with identi-
fication of the transition temperature for Sample II,
permitted compilation of the thermodynamic functions
at selected temperatures in Table V. These functions
are considered to have a probable error less than 0.1%
above 70°K. An extra digit has frequently been re-
tained for internal consistency and to permit inter-
polation and differentiation within the table. Omission
of nuclear spin and isotope mixing contributions to the
enthalpy and Gibbs energy give practical values for
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chemical thermodynamic purposes. A comparison is
made of the vital facets of the thermal data of this in-
vestigation with previously reported results in Table VI.

DISCUSSION

Zero-Point Entropy of Crystalline and Glassy Methano]
The probability of the existence of a significant zero
point entropy was largely dispelled by the structural

TasLe IV. Melting region of methanol.® Units are calories, moles,
and degrees Kelvin.

T AT Co AHeyoess 1/F Ty

Sample I, Mark I Cryostat
Series 10, Detns G

170.353 0.786 12.29 0.3 170.746
171.147  0.809 12.41 0.6 171.147
172.059 1.024 13.06 9.6 172.571
173.108 1.085 14.87 4.6 173.651
174.112 0.934 21.54 13.3 174.579
175.028 0.73 08.38 79.2 9.705 175.410
Series 11, Detns H
171.994 1.949 13.48 3.3 172.969
173.567 1.214 16.77 8.8 174.174
174.776  1.208 77.53 87.9 8.743 175.380
175.434 0.122 787.6 182.8 4.205 175.495
175.530 0.084¢ 1 140 278.2 2.762 175.529
175.539  0.020 4 720 374.6 2.051 175.549
175.874  0.657 612.8 767.9 176.202
Series 13, Detns J
174.796  1.429 136.5 185.1 4.151 175.510
175.525 0.049 4 070 385.3 1.995 175.550
175.550  0.020 10 500 593.3 1.295 175.566
176.900 2.676 823 769.1 178.238
Series 20, Detns L
173.416 1.89%0 16.18 10.0 174.361
174.664 0.663 34.50 23.2 33.2 174.980
175.239  0.535 301.3 178.4 4.308 175.506
175.524 0.052 3 860 379.3 2.026 175.550
175.556 0.011 20 200 602.4 1.276 175.561
Sample IT, Mark III Cryostat
Series 22, Detns N
164.29 2.612 11.92 2.42
166.83 2.491 12.66 4.91
169.21 2.327 13.85 9.54
171.34 1.980 17.08 19.48
173.00 1.364 26.96 39.58 19.22 173.684
174.35 1.357 103.4 163.07 4.665 175.031
175.13 0.248 593.4 307.05 2.478 175.251
175.30 0.092 1 606 453.62 1.677 175.343
175.37 0.048 3 063 600.98 1.266 175.391
175.76 0.769 217.6  760.79 (1.000) (175.391)

8 AH orcess is the enthalpy increment associated with melting after dele-
tion of the extrapolated normal background vibrational or lattice enthalpy;
T is the final temperature of a given enthalpy input;and 1/F, the reciprocal
fraction melted, equals [ZAHescess (at Tr)/AHm] ™1
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studies of Tauer and Lipscomb.? The entropy of the
liquid at 298.15°K found in this present investigation
agrees within 0.01 cal mol™1-°K~! with that calculated
by Pitzer and Weltner.? Failure to correct for dimers
and tetramers in the gaseous state accounts for the
earlier apparent discrepancy?® between the third law
and spectroscopic determinations of the entropy.

Sugisaki, Suga, and Seki*** have studied the thermal
properties of an amorphous “glassy’ state of methanol
obtained by slow condensation from the vapor phase
at about 70°K. Their adjustment of data from 20-104°K
for the presence of some crystalline phase, inclusion
of a glass-type transition at 105°K, and extrapolation
of the liquid-phase data from 175-105°K corresponds
to an apparent zero-point entropy for the “glass’ of
6.6 cal/(mol °K). Their crystalline heat capacity data
from 21-112°K accord with the present data within
the relatively low precision (1.49,-0.59%) of their
measurements.

Mechanism of Transition and Melting

From the heat capacity data presented in this paper
it is seen that no evidence was found for the existence of
the reported second transition slightly below the ob-
served transition. However, the finding of other investi-
gators?? that reliable measurements can be made of the
properties of Crystal II only after an adequate thermal
conditioning procedure is confirmed. The marked effect
of small traces of impurity on the thermal behavior in
the transition region of Crystal I is also notable.

In view of the ease of both superheating and under-
cooling the transition in pure Sample I and the sharp-
ness of the transition revealed both by the enthalpy-
type measurements with Sample I and the equilibrium
measurements with Sample II, the transition should
be regarded as of first order, rather than of lambda
type. Although numerous reports have been made of
such phenomena associated with first-order transforma-
tions, none are known for second-order phase trans-
formations. Treatment of the methanol transition as
first order has also been suggested by authors of
dilatometric and dielectric constant studies.’?

The temperatures deduced from dilatometric data?
for the maximum rate of volume increase (156 and
159°K) differ significantly from that of the calorimetric
heat capacity peak (157.4°K). The dielectric constant
studies were more suggestive than conclusive in estab-
lishing the existence of a “second transition.” Since
thermal and phase equilibria in the transition region
were not attained for several hours in this calorimetric
study, it is suggested that some of the other reported
physical measurements in this region may be representa-
tive of fransitive, rather than pertinent properties of the
solid phase.

Nature of the Fusion Transition

Dielectric constant? and proton magnetic reso-
nance®# studies have indicated that a more marked
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TaBLE V. Thermodynamic properties of methanol. Units are
calories, moles, and degrees Kelvin.

T Co S° H°—H°% —(G°—H%)/T
Crystal IT
5 0.015 0.005 0.02 0.001
10 0.168 0.047 0.37 0.011
15 0.584 0.186 2.14 0.043
20 1.219 0.436 6.57 0.108
25 1.983 0.789 14.54 0.207
30 2.776 1.221 26.46 0.339
35 3.566 1.708 42.32 0.499
40 4.330 2.235 62.08 0.683
45 5.050 2,787 85.54 0.886
50 5.719 3.354 112.5 1.104
60 6.905 4.505 175.8 1.575
70 7.921 5.647 250.0 2.075
80 8.825 6.765 333.8 2.592
9 9.668 7.853 426.3 3.116
100 10.47 8.914 527.1 3.643
110 11.24 9.949 635.7 4.170
120 11.93 10.957 751.6 4,694
130 12.54 11,937 874.0 5.213
140 13.10 12.886 1002.3 5.728
150 13.73 13.811 1136.2 6.236
Crystal I
160 11.25 15.635 1421.1 6.753
165 11.51 15.985 1477.9 7.028
170 11.93 16.334 1536.4 7.296
175 12.43 16.687 1597.3 7.539
Liquid
180 16.91 21.523 2447 .4 7.926
190 16.92 22.438 2616.6 8.666
200 16.96 23.307 2786.0 9.377
210 17.03 24.136 2955.9 10.060
220 17.14 24.931 3126.8 10.718
230 17.29 25.696 3298.9 11.353
240 17.47 26.435 3472.7 11.966
250 17.70 27.153 3648.5 12.559
260 17.96 27.850 3826.8 13.134
270 18.27 28.536 4007.9 13.692
280 18.63 29.207 4192.4 14.234
290 19.03 29.867 4380.6 14.762
300 19.48 30.520 4573.2 15.276
310 19.98 31.167 4770.4 15.778
320 20.54 31.810 4973.0 16.269
273.15 18.38 28.75 4066 13.86
298.15 19.39 30.40 4537 15.18
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Tasre VI. Comparison of thermal measurements on methanol.2 Units are degrees Kelvin, calories, and moles.

Investigator T, AHt ASt° Tw AHm® ASm® S8 15
Parks 161.1 140 0.87 175.3 759 4.33 32.6
Kelley 157.4 154.3 0.98 175.22 757.0 4.32 30.3+0.2
Staveley and Gupta 157.8 1702 1.08 175.37 755.14+3 4.31 v
This research 157.34  152.0£0.5  0.966 175.59  768.5+1 4.377  30.40+0.03

8 T, transition temperature; T4y, triple point; S°g 15 values are for the liquid phase.

change in properties occurs at the transition than at
fusion. Furthermore, in this study the effect of a small
amount of impurity on Crystal I of Sample IT was
noted, whereas no such effect was found for Crystal II.
Extensive hydrogen bonding exists in the liquid® as
well as in the solid; however, in the former bonding is
limited to chains of fewer members than in the solid
state. The transition mechanism of Tauer and Lip-
scomb postulates that the methanol molecules are
hydrogen bonded into relatively stable, discrete chains.
Premelting phenomena and the melting process itself
could involve rupture of the chains into smaller units,
or at least a more rapid interchange of members among
the chains. However, Luck® has deduced the per-
centage of non-H-bonded CH;OH in liquid methanol
from infrared spectral data and concludes that less
than 19, is dissociated below 250°K. They have
evaluated the trend of the heat capacity of the liquid
from 250-400°K on the basis of their model. Wertz
and Kruh® have further established that the hydrogen-
bonded oxygen—oxygen contacts occur in methanol at
about the same distance in both crystalline and liquid
states.

Plastic Nature of Crystal I

Timmermans™ empirical definition of a plastic crys-
tal as a substance which has an entropy of melting less
than 5 cal mol™!-°K~! would occasion classification of
methanol as a plastic crystal. Other characteristic
macroscopic properties of typical plastic crystals
(plasticity, high vapor pressure, relatively entropic
transition into the plastically crystalline state, and
more marked change in physical properties on transi-
tion than on melting) occur as a consequence of
globularity of the molecule. However (as noted pre-
viously), persistence of hydrogen bonding in the liquid
and gaseous phases? causes methanol to have unusual
properties for a molecule of its small mass, e.g., a
relatively low vapor pressure and an extended liquid
range (163°K). In this respect it resembles succino-
nitrile®® more than a characteristic plastic crystal.

The considerable similarity between the Crystal 1
and liquid states is noted in the section on melting and
discussed subsequently in connection with proton mag-
netic resonance experiments. (Timmermans’ error in
asserting that there is a continuity in the heat capacity
across the melting transition apparently arises from a

plotting error.) However, the abnormally small en-
tropy of the liquid phase—a consequence of the order-
ing resulting from hydrogen bonding—is the prime
cause for the small entropy of melting rather than the
supposed plastically crystalline nature of Crystal I.
This is confirmed by examination of the data in Table
VII comparing the behavior of methanol with that of
other small molecules. Hence, the small entropy of
melting (ASm=4.377 cal mol~1-°K~1) is a consequence
of intermolecular structures (ordering in the liquid)
rather than of independent molecular behavior (re-
orientational-rotation) in the Crystal I phase.

The small entropy of transition (ASt=0.966 cal
mol~1-°K~1) and the decrease in heat capacity across
the Crystal IT—Crystal I transition (similar to that
in dimethyl acetylene®) is atypical for plastic crystals.

This argument against the plastically crystalline
nature of phase I finds support in the proton magnetic
resonance (PMR) measurements of Cooke and Drain,®
which showed that the spin-lattice relaxation time
changes discontinuously across the transition but con-
tinuously through the melting point. This had been
taken as an indication that the molecular reorientation
is of the same order in the Crystal I phase as in the
liquid. Das® concluded that the spin-lattice relaxation
times in the Crystal I phase are less likely a consequence
of rolling motion of the entire molecule or a correlated
motion of the methyl and hydroxyl groups than of
uncorrelated motion of the methyl group above the
transition. On the other hand, Krynicki and Powles,®
who also used the PMR technique, found a gradual
increase in relative intensity of the narrow line to-
gether with the simultaneous persistence of the broad
line to the melting point. However, they asserted that
only 39, of the molecules are rotating even at 163°K
in the Crystal I phase and also confirmed that the bulk
of the Crystal I phase should not be considered to be
a “rotator” phase. A further linewidth narrowing
through two orders of magnitude was found on melting.

In conclusion, we note that although the thermo-
physics of the methyl alcohol system have now been
well defined under saturation pressure, the striking
3-cal mol™1-°K~! drop in heat capacity at the transition
has not proven accountable in terms of molecular free-
dom. Hence, data on the isothermal compressibility
and the thermal expansion for conversion of the heat
capacity to constant volume are clearly desiderata.
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TasLE VIL. Thermodynamic properties of selected monosubstituted methanes. Units are degrees Kelvin, grams, calories per mole,
and calories per mole-degree Kelvin.

S 208.15°K
Mole

Compound wt. T, AS?t T ASm (lig.) (ideal gas) Ty
Methylamineb 31.06 101.5 0.230 179.70 8.157 35.90 57.73 266.5
Methanol 32.04 157.3 0.966 175.59 4.377 30.40 57.24 337.65
Methanethiole 48.10 137.6 0.350 150.16 9.399 “es 60.86 280.6
Chloromethaned 50.49 175.44 8.760 36.74 55.94 248.78
Nitromethanee 61.01 244.73 9.476 41.05 65.73 374
Bromomethane! 94,95 173.8 0.653 179.44 7.964 aee 58.61 276.56

8 J. Timmermans, Physico-Chemical Constants of Pure Organic Com-
pounds (Elsevier, New York, 1950).

b J. G. Aston, C. W. Siller, and G. H. Messerly, J. Am. Chem. Soc. 59,
1743 (1937).
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