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The thiourea hexachloroethane adduct has been studied by single crystal X-ray diffraction

and low temperature calorimetry. The guest molecules are disordered in three orientations in

the adduct channel. The thermal properties are described consistently by a model involving the

orientational disorder of the guest molecules and their ordering in a phase transition at 96 K.

A small degree of disorder persists to lower temperatures and becomes frozen into an immobile

state below a glass transition at 59 K.

1. Introduction

In clathrate compounds, the guest molecules are
separated from each other by the wall of the host
molecules. Because of this general structural principle,
interaction between the guest molecules is relatively weak
and plays only a secondary role in determining the
properties of the compound. It has been customary to
discuss the clathrate system only in terms of the host-
guest interaction. However, in certain situations the guest-
guest interaction reveals itself in a striking way at low
temperature!-? In the present paper we report X-ray
diffraction and low temperature calorimetric studies on
the thiourea-hexachloroethane clathrate compound where
such interaction gives rise to a phase transition and is
responsible, along with the host-guest interaction, to a
glass transition. As to the terminology, clathrate
compounds, inclusion compounds and adducts are used
more or less interchangeably. We follow the general
usage by describing the thiourea compounds as adducts.

The generic formula of the compound is (thiourea);-

G where thiourea is (NH2)2CS and G a guest molecule.

The guest molecules are cyclic and branched aliphatic
hydrocarbons or halo-substituted methanes and ethanes 101D
Structurally the host lattice encloses the guest molecules
in the channels similar in shape to those of a honeycomb.
The honeycomb structure of thiourea appears to be
unstable by itself. Attempts to prepare an empty host
lattice or non-stoichiometric adducts in which some of
the channel-cavities are not occupied by guest molecules

have been unsuccessful.
2. Experiment

2.1 Sample Preparation

The hexachloroethane thiourea adduct was prepared
from an acetic acid solution!" The starting materials
(thiourea and hexachloroethane) were dissolved in 3:1
molar ratio in acetic acid at 90 C. The adduct crystallized
out from the solution kept overnight at 25 C. The crystal
was separated from the solution and stored in a desiccator
together with KOH pellets.

Single crystals suitable for X-ray diffraction were
grown by evaporation of the solution over KOH pellets

in a closed desiccator.

* Contribution No.24 from the Molecular Thermodynamics Research Center.

** Author for correspondence

# Present Address: Research Institute for Science and Techrology. Kinki Univ., Higashi Osaka 577-8502, Japan

© 2000 The Japan Society of Calorimetry and Thermal Analysis.

Netsu Sokutei 27 (3) 2000



Single Crystal X-ray Diffraction and Low Temperature Calorimetric

Studies

300 +

200

Cp / JK-'mol !

0o & (THIOUREA)C:Cls |

! i
9 200

100

i 1
150 250

T/K

300

Fig.1 Molar heat capacity of thiourea adduct

[(NH2)2CS]3CCls.

The composition of the clathrate compound was
determined by elemental analysis. C 12.99 %, H 2.64
%, N 18.07 %, S 20.58 %, Cl 46.00 %. Calculated values
based on the 3:1 stoichiometry are C 12.91 %, H 2.60
%, N18.07 %, S 20.68 % and Cl 45.74 %.

2.2 Heat Capacity Measurement

The calorimeter used for the measurement has been
described elsewhere!? Inaccuracy of the measurement
has been estimated to be less than 0.3 % above 30 K.
Scattering of the data points about the smoothed curve
was less than 0.1 %. The sample (4.1535 g) was sealed
in the sample cell of the calorimeter in a dry helium
atmosphere and mounted in the calorimetric cryostat.

The heat capacity was measured between 12 and
300 K at temperature steps of 2 to 3 K in the normal
region. A phase transition was found at 96 K. The
measurement was repeated in the transition region at
smaller temperature intervals. The enthalpy of transition
was absorbed by the crystal quasi-isothermally at the
transition temperature. The heat capacity is shown in
Fig.1 for the entire temperature region. The curve is
smooth except at two temperatures. One is the transition
point 96 K and the other a step-like anomaly at 59 K.
The latter anomaly, not very evident in Fig.1, was more
clearly shown in the temperature drift rate. As the
temperature approached 50 K from below, the sample
warmed by itself spontaneously. The heat evolution
occurred steadily during the intervals for the temperature
measurement of each cycle of the heat capacity

determination. Obviously it occurred during the heating
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Fig.2 Temperature drift rate recorded during the
measurement of the heat capacity of thiourea
adduct [(NH:)zCS];Czclﬁ.

as well, only to be masked by much stronger temperature
rise due to the calorimeter Joule heating. The spontaneous
heating occurred at four consecutive temperature
measurements up to 58 K. At this temperature it was
taken over by spontaneous cooling that occurred for a
certain period of time after the heating current was turned
off. Fig.2 shows the temperature drift rate taken at S
min after the heating interval. This type of drift behavior
(i.e., first exothermic and then endothermic drift) occurs
in a glass around its glass transition region. It can also
occur in a crystal that retains disorder at low temperature!®
The relaxation effect is discussed below in more detail.
Numerical values of the heat capacity are collected in
Table 1. The series numbers (3-10) describing the time
order of experiment are also given. The data were
reproducible as the different series of measurement shows.
2.3 X-Ray Diffraction

A single crystal of dimensions 0.6 X0.5 X0.4 mm
was selected for data collection. The cell dimension
and diffraction intensities were measured at 233 K using
a Rigaku four circle diffractometer AFC-5R equipped
with a Rigaku low temperature device (liquid nitrogen
as the coolant) and graphite-monochromatized Mo Ko
radiation. Accurate cell dimensions were refined using
25 reflections in the range 49.80° < 26 =< 49.93°. In
total 1995 reflections were collected by the @ -28 scan
mode up to 260=60°. Since the intensities of three
standard reflections monitored at every 100 reflections

decreased only by 0.7 % on the average, no correction
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Table 1 Experimental molar heat capacities of (thiourea);C,Cls adduct.

T/K Cy/R Ser. T/K Cy/R Ser. T/K Cp/R Ser. T/K Cy/R Ser.
12.73 271 4 72.06  21.62 5 12275 2997 6 221.02 44.24 8
13.51 3.00 4 72,75 21.78 5 12450  30.24 6 22337 4455 8
14.25 3.28 4 73.45 21.94 5 126.25  30.50 6 225.78  44.90 8
15.02 3.56 4 7486  22.25 5 12799  30.77 6 228.17  45.22 8
15.79 3.85 4 75.58  22.42 5 129.73  31.02 6 230.56  45.57 8
16.55 4.13 4 7636  22.60 5 131.47  31.27 6 232.95 4588 8
17.78 4.58 4 78.04 2298 S 133.23  31.56 6 23534 46.22 8
19.41 5.18 4 78.89  23.18 5 135.02  31.82 6 237.44  46.53 10
20.88 5.73 4 79.74  23.37 N 136.81 32.08 6 237.72  46.58 8
22.25 6.23 4 80.59  23.57 5 138.60 3235 6 240.16  46.95 8
23.57 6.71 4 81.50 23.80 5 140.38  32.61 6 240.17 4691 10
24.87 7.17 4 82.47 23.99 5 142,15 32.88 6 242.56 4731 9
26.10 7.61 4 83.44 2423 5 14396  33.16 6 24298  47.30 10
27.30 8.04 4 84.41 24.49 5 14579  33.44 6 24585  47.69 10
28.49 8.45 4 85.38 24.72 5 147.62 3370 6 247.20  47.88 9
29.63 8.98 4 86.23 24.94 3 149.51 3398 7 24873 48.01 10
30.27 9.16 4 86.36  24.98 5 151.44 3428 7 249.53  48.18 9
30.78 9.30 4 87.38 2523 5 153.37  34.57 7 251.67  48.51 10
32.22 9.83 4 88.46  25.53 5 155.30  34.85 7 251.92 4853 9
33.54 10.29 4 88.62  25.57 3 157.28  35.14 7 254.38  48.85 10
34.88 10.78 4 89.53 25.83 5 159.30  35.42 7 254.69  48.89 9
35.68 11.16 4 90.60  26.14 5 161.32 3573 7 256.53  49.17 9
36.24 11.26 4 91.56  26.48 3 163.33  36.01 7 25778 4930 10
37.54 11.69 4 91.67 26.50 5 16535  36.27 7 258.31 49.41 9
38.79 12.11 4 92.74  26.88 5 167.36  36.59 7 260.02  49.64 9
40.00 12.51 4 9386 2745 5 169.41 36.89 7 260.94  49.72 10
41.18 12.88 4 94.34  31.16 3 171.51 37.20 7 261.74  49.89 9
42.37 13.27 4 9498  31.62 5 173.60  37.51 7 264.46  50.18 10
43.59 13.65 4 9597  49.66 5 175.69  37.81 7 268.34  50.68 10
44.78 14.02 4 96.88 37.10 3 177.77 38.13 7 27199 5116 10
45.94 14.40 4 96.94 33.95 5 179.86  38.40 7 275.41 51.61 10
47.25 14.78 4 98.06  27.79 5 181.98  38.72 7 278.92  52.04 10
48.77 15.24 4 99.24 2633 5 184.15 39.04 7 282.51 52.51 10
50.30 15.70 4 99.48 26.44 3 186.32 39.34 7 286.18  53.04 10
51.83 16.14 4 10049  26.52 5 188.48  39.67 7 289.92  53.48 9
53.36 16.57 4 101.78 2672 5 190.54  39.95 7 289.93 5347 10
55.00 17.02 4 102.24  26.80 3 192.51 40.24 8 29193 5370 9
56.65 17.49 4 103.07 2693 5 194.46  40.52 8 293.94 5391 9
58.18 17.93 4 104.36 2713 6 196.41  40.78 8 29595 5411 9
59.67 18.4% 4 105.84  27.37 6 198.49  41.08 8 298.01 54.37 9
61.17 18.97 4 107.51 27.63 6 200.68  41.39 8 300.11 54.64 9
62.75 19.38 4 109.17  27.90 6 202.88  41.71 8

64.36 19.80 4 110.82 2816 6 205.07 4201 8

65.94 20.18 4 112.51 28.41 6 207.27 4232 8

67.50 20.57 4 114.22  28.67 6 209.51 42.64 8

68.29 20.87 5 11593 2893 6 211.82 4296 8

69.29 20.98 5 117.63 2919 6 21412 4329 8

70.35 21.24 N 119.33 2945 6 216.42 43,59 8

71.44 21.49 5 121.03 29.71 6 218.72  43.91 8
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for the decay was applied. Also absorption correction
was regarded unnecessary because of the small absorption
coefficient 4(=1.26 mm !). The intensities of 847
independent reflections were obtained by averaging
the intensities of equivalent reflections. R =0.019.
The 745 reflections with /=30 (F,) were used in the
subsequent calculation.

2.3.1 Crystal Data

CsH12ClgNgS3, M, =465.1, trigonal, space group R3¢
(No. 167), a=16.049(2)A, ¢=12412(1)A, V=2768.5(6)
A%, Dx=1674gem 3, Z=6, u=126mm ! (Mo Ka).
2.3.2 Structure Determination

The reflection conditions, —h +k +{=3n for hkil;
1=3n for kh2 hl; and h+1=3n, | =2n, for h# 0l, indicate
the possible space groups R3¢ (No. 161) and R3¢
(No.167). The latter was confirmed by a statistical
distribution of E values and successful refinement of
the structure. The structure was solved by the direct
method. In the initial model all the molecules were
assumed to be ordered. It was found that C(1) and S(1)
atoms of the thiourea molecule lie on the twofold rotation
axis and C(2) atom of hexachloroethane molecule on
the threefold rotation axis. The centroid of the guest
molecule lies on the 32 symmetry point. The position
and thermal parameters of the non-hydrogn atoms were
refined anisotropically, resulting in reduction of the R
value to 0.061.

In the structure of the hexachloroethane molecule
thus determined, the C(2)-C(2') and C(2)-Cl(1) bond
lengths (1.25 and 1.836 A) are unusually short and
long, respectively, compared with the normal bond lengths.
Therefore in the next model the C-C bond was allowed
to tilt off from the threefold axis and to intersect it at
the center of the C-C bond at the 32 symmetry point.
Two models of this type are possible with regard to
the relation of the molecular and crystal symmetry
elements. In model (i) all atoms of the hexachloroethane
molecule are independent of each other with a site
occupation factor of 1/6. The guest molecule retains none
of its own symmetry elements except the identity element.
In model (ii) one of the two C atoms is placed on the
c-glide plane with an occupation factor of 1/3 and three
of the six CI atoms of the hexachloroethane placed on
general positions. The other carbon atom and three other
chlorine atoms are generated by the 32 symmetry

operations. In this model the guest molecule has a twofold
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Table 2 Crystal data, atomic coordinates and equivalent
isotropic atomic displacement parameters of
(thiourea);C,Clg adduct.

Molecular Formula [{NH>),CS]:C:Cl¢

Crystal system Trigonal

Space group R3¢

alA 16.049(2)

¢ 1A 12.412(1)

y/ deg 120

ViIA 2768.5(6)

V4 6

D/ gem 3 1.674

H/ mm ! 1.26 (Mo Ka)

Atom X ¥ 4 Beq /A2
S 0.30366(6) 0.0 0.25 2.66(2)
C(h 0.4103(2) 0.0 0.25 2.217)
N(I) 0.4464(2) —0.0111(2) 0.1591(2) 3.82(8)
CI( 0.0732(6) —0.0547(7)  0.3470(2) 9.1(2)
C1(2) —0.1099(5) —0.0546(7)  0.3645(10) 8.2(2)
CK(3) 0.0734(5) 0.1282(4) 0.3467(10) 4.1(1)
C2) 0.0088(6) 0.0044(3) 0.3105(3) 12.0(3)*
H(1) 0.416(2) --0.023(2) 0.096(2) 3.9(5)*
H(2) 4.99(2) —0.010(3) 0.154(3) 4.3(5)*
* B

Boy=(8/3)rmuni(aa*)?+ura(bb*)?2+ujss(cc*)?

+ 2ux(aa*bb*)cosy + 2uix(aa*cc*)ycosf + 2ura(bb*cc*ycosa)

rotational symmetry by the crystal symmetry operation.
In the refinement a restraint was applied to keep the
C-Cl and C-C distances at 1.780 and 1.560 A, respectively,
within an estimated error of 0.005 A. Non-hydrogen atoms
except C(2) were refined anisotropically and C(2)
isotopically. The R valucs attained were 0.058 and 0.059
for models (i) and (ii), respectively. There were no
significant peaks on the D-Fourier map (Apmax =0.66 ¢
A3 and Apmin=-0.48 ¢ A 3. Model (i) gave a slightly
smaller R value but we deem the difference insignificant.
In fact model (i) has a substantially larger number of
variable parameters than model (ii) (78 vs. 48). In model
(i1) all the H atoms were located from D-Fourier maps
and refined isotropically, to give the final R value of
0.048. We regard model (ii) as representing the actual
structure more accurately.

Calculations were carried out with the teXsan



Table 3 Anisotropic atomic displacement parameters of (thiourea);C>Cls.

Atom Un 1A? Un 1A? Uss 1A2 Un 1A? Uiy /A2 Us 1A
S(1) 0.0289(4) 0.0375(6) 0.0284(4) 0.0188(3) —0.0014(2) —0.0029(4)
C(1) 0.0273(14) 0.0269(19) 0.0325(19) 0.0135(9) —0.0000(8) —0.0000(15)
N(1) 0.0374(15) 0.0579(18) 0.0379(14) 0.0300(14) 0.0021(12) —0.0038(14)
CI() 0.0708(29) 0.1569(58) 0.1000(54) 0.0869(35) 0.0063(30) 0.0420(43)
Cl(2) 0.0359(28) 0.2001(60) 0.0693(37) 0.0372(34) 0.0139(29) —0.0082(42)
Ci3) 0.0749(26) 0.0294(35) 0.0717(38) 0.0060(21) —0.0221(24) —0.0051(28)

Table 4 Bond distances and angles in (thiourea);CaCle.

S(H-C() 1.712(4) S(1)-C(1)-N(1) 120.4(2)
C(1)-N(1) 1.330(3) N(1)-C(1)-N(1") 119.1(4)
CI(1)-C(2) 1.777(3) CI(1)-Cl(2)-C(2Y) 109.4(7)
Cl(2)-C(2) 1.779(4) Cl(2)-Cl{(2)-C1(27) 109.3(6)
CI1(3)-C(2) 1.781(4) CI(3)-C(2)-C(2Y) 102.9(8)
C(2)-C(2) 1.523(9) CI(1)-C(2)-Cl(2) 111.3(5)
CI(1)-C(2)-C1(3) 111.9(5)
CH(2)-C(2)-C1(3) 111.7(5)
Ci(3) i
>%< s 3o
. cr NQD)

X

—

0.9 ne

Fig.3 The crystal structure of thiourea adduct [(NHy):-
CS]3C,Clg at 233 K viewed along the c-axis. The
guest molecule C2Cls is shown in one of the three

equivalent orientations.
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structure analysis package (Molecular Structure Corporation,
1985) on a MicroVAXII computer at Graduate School
of Science, Osaka University with SHELX76!% and
ORTEPII'S on an ACOS-S930 computer at Research
Center for Protein Engineering, Institute for Protein
Research, Osaka University.

Table 2 lists the final positional and equivalent
thermal parameters and their estimated standard deviations.
Table 3 gives the final anisotropic temperature factors

with their estimated standard deviations.
3. Results and Discussion

3.1 Crystal Structure

Table 4 lists the bond lengths and angles. The
perspective view of one channel of the clathrate structure
is given in Fig.3. Only one of the three orientations of
the guest molecule is shown for the sake of clarity.
The guest molecule with twofold rotation symmetry
perpendicular to the C-C bond is threefold disordered.
The C(2)-C(2') bond and the threefold rotation axis
intersect each other at an angle of 10.4°,

As shown in Fig.4, the thiourea molecules are
hydrogen-bonded to one another to build up the channels.
The N---S hydrogen bond distances are 3.439 A in the
chains in which thiourea molecules are related by the
threefold screw axis, and 3.385 A between the chains.
The thiourea molecules are exactly planar. The three S-
C bonds are directed to the centroid of the guest molecule
at 120° to each other. The shortest distance between
the thiourea S(1) and the guest C(2) atom is 4.755 A.
The bond distance of S(1)-C(1) 1.717(4) A is shorter, and
that of C(1)-N(1) 1.331(3) A longer than the corresponding
distances 1.772 and 1.324 A in thiourea-adamantane'®
and those (1.727 and 1.322 A) in thiourea-CCl4!7.
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Fig.4 The crystal structure of thiourea adduct [(NH3);-
CS1:CyClg at 233 K in a stereo pair, viewed
perpendicular to the c-axis. The guest molecules
are recognized in the channel. The y-shaped
molecules connected by lines represent the host
thiourea of which the hydrogen atoms are not

shown. The lines stand for NS hydrogen bonds.

As stated in the experimental section, the distinction
between the three-fold and six-fold disordered models
is marginal in terms of the R factor. Also, we had to
use chemical restraint in the refinement to attain the
reasonable convergence. The heavy disorder of the strong
scatterers (Cl atoms) appears to be responsible for the
difficulty. In order to attain a more definite result, we
are planning to collect the diffraction data at 100 K where
the high temperature phase is still stable. It is expected
that the thermal motion will be much reduced below
the level in the present experiment performed at 233 K
and will give a clearer picture of the disordered
configuration.

The crystal shattered at the phase transition at
96 K and the structure of the low temperature phase could
not be determined. An attempt was made to analyze
the powder pattern recorded at 83 K with the help of
the known structure of a similar compound thiourea
2,3-dimethylbutadiene!® But it was not possible to relate
the powder patterns of the two structures to each other.
3.2 Phase Transition

The peak of the heat capacity at 96 K represents
the latent heat effect of a first order transition. There
is a gradual increase of the heat capacity below the
transition temperature. The transition enthalpy and entropy
were calculated to include this part in addition to the
main part (the latent heat contribution). The base line
of the heat capacity was determined by interpolation of

the heat capacities below the glass transition and above
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Fig.5 The enthalpy of transition of [(NH2)2CS]3C.Cls.
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Fig.6 The entropy of transition of [(NH;),CS]:C:Cls.

the phase transition temperature into the transition region.
The enthalpy and entropy thus determined are plotted
in Fig.5 and Fig.6 as a function of temperature. The
temperature, enthalpy and entropy of transition are
(96.0+ 0.5) K, 575 J mol ' and 6.57 ] K ! mol 1,
respectively. The discontinuous parts are 325 J mol ! and
337JK

the figure with different marks were reproducible to 2

'mo} . Two series of measurement shown in

%. The uncertainty related with the baseline could be
+ 5 % as judged from a different fitting scheme using
a combination of the Debye and Einstein functions.

The crystal structure determined at 233 K is to
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Fig.7 The spontancous increase of the temperature of
[(NH2);CS]:C,Cl¢ recorded after rapid cooling
from 80 K to 57 K. The best fit exponential curve
with 7=(4230 +30)s is also shown.

be compared with the high temperature limiting value
of the entropy 6.57J K I'mol '=RIn 2.2. The disorder
in the high temperature phase suggests RIn 3=9.13]
K ! mol !. However, the argument requires a closer
inspection of the data because of the glass transition at
59 K. Orientational disorder of the guest molecule and
its ordering have been discussed for carbon tetrachloride
adduct!¥?® and hydrocarbon adducts*5 in a closely related
way but without participation of the glass transition.
Much more extensive disorder has been found in 1,1,2,2-
tetrachloroethane adduct by calorimetry?!
3.3 Glass Transition

In general the relaxation effect is detected by
adiabatic calorimetry at the temperature where the enthalpy
relaxation time of the substance under study becomes
equal to the thermal time constant of the sample cell.
There are two methods by which the relaxation time is
determined from the temperature drift data!® Both were
used here. In the first, the relaxation time was determined
by fitting a relaxation function to the experimental data
of the spontaneous temperature increase which the sample
experienced when it was cooled from ca. 80 K to ca.
57 K and then kept in thermal isolation. The temperature-
time relation was reproduced well by an exponential
function of time as shown in Fig.7. Similar measurements
were performed at different temperatures, giving a set
of relaxation times. The second method utilized the

temperature drift data from a series of heat capacity

X
I T T
o
5 | —
o
>
T a4k ]
20
2
3F . =
H,=16kJ mol
I | i
17 18 19
kK /T
Fig.8 The Arrhenius plot of the enthalpy relaxation time

of [(NH32),CS]3C2Cls around the glass transition
region. The filled triangles were determined by
the fitting shown in Fig.7 and similar fitting at
different temperatures. The circles represent the
data derived by the method described in.!»

determination. By suitably integrating the spontaneous
heating rate with time, we determined the relaxation rate
as a function of the deviation from the equilibrium.
The constant of proportionality between the relaxation
rate and the magnitude of the deviation enthalpy from
the equilibrium value gives the relaxation time.!® This
method originally devised in 1974 is still useful in the
present context, even though the analysis of the relaxation
effect has made much progress since that time to include
non-linear and non-Arrhenius properties of the glassy
state222% The relaxation times determined by the two
methods are plotted in Fig.8 as a function of reciprocal
temperature with different marks. The activation energy
16 kJ mol ! and pre-exponential constant 4.5 ps were
derived from the plot. The two sets of data fall on the
same straight line if one allows for some scatter of the
points. This plot, together with the scanning type of
experiment shown in Fig.2, establishes the relaxational
character of the small heat capacity anomaly at 59 K.
We have shown by X-ray diffraction that the guest
molecules are disordered over three equivalent orientations
in the high temperature phase. It is most likely that the
molecules become ordered at the transition point 96 K.

The ordering is incomplete in the low temperature phase,
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Table A The molar incremental standard enthalpy and entropy of (thiourea);C,Cl¢ referred to zero kelvin.

T/K C,/R ATWH IRT ATWS /R T/K C,/R AToH IRT ATS IR
10 1.92 0.67 1.35 170 36.98 21.97 45.27
20 5.41 2.17 3.97 180 38.45 22.85 47.42
30 9.02 3.87 7.04 190 39.89 23.71 49.54
40 12.63 5.60 10.12 200 41.33 24.55 51.62
50 15.76 7.29 13.24 210 42.74 25.38 53.67
60 18.64 8.94 16.37 229 44.15 26.21 55.69
70 21.15 10.51 19.44 230 45.53 27.02 57.69
80 23.43 11.98 22.41 240 46.9 27.81 59.65
90 25.96 13.39 25.31 250 48.24 28.61 61.59

100 26.50 15.11 28.65 260 49.57 29.39 63.51

110 28.02 16.21 31.25 270 50.87 30.16 65.41

120 29.53 17.26 33.795 273.15 51.28 30.18 65.74

130 31.04 18.27 36.17 280 52.15 30.92 67.28

140 32.54 19.23 38.53 290 53.41 31.67 69.13

150 34.03 20.17 40.82 298.15 54.41 31.96 69.92

160 35.51 21.08 43.07 300 54.64 3242 70.96

though most of the disorder is removed discontinuously
as is evident from the latent heat of transition. The
remaining disorder is removed gradually as the
temperature decreases. At the same time the molecule
in the channel becomes slower in their reorientational
motion as shown in the Arrhenius plot (Fig.8). At 56 ~
58 K the sample falls out of equilibrium during the initial
cooling in the calorimetric experiment where the typical
time scale is 100 to 1000 s. The relaxation time increases
further at lower temperatures, ensuring that the molecules
are frozen in the partly disordered state.

We have thus shown that the structural disorder,
transition entropy and glass transition are understood
consistently by the model allowing three orientations
for a guest molecule in the thiourea channel. Interestingly
the thiourea carbon tetrachloride clathrate compound is
also disordered in the high temperature phase and
undergoes ordering phase transitions at low temperature 1920
The lowest temperature phase is probably fully ordered
in view of the sharp resonance lines of the nuclear
quadrupole resonance.?®25 Also there is no evidence
for a glass transition in the carbon tetrachloride adduct.
It is likely that a carbon tetrachloride molecule is small
enough to reorient in the thiourea channel even below
40 K where the low temperature transition occurs. The

thiourea CCl3Br adduct undergoes two phase transitions
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at 84 K and 92 K and a glass transition at 20 K26 The
phase transitions are of the same nature as those in the
present adduct and carbon tetrachloride adduct (i.e.,
related to the orientation of the molecules in the channel).
The glass transition in the CCl3Br adduct arises probably
from exchange of the positions of the chiorine and bromine
atoms by rotation of the molecule. Thus the glass
transition in the present compound is different in its
nature from that of the thiourea CCI3Br adduct.
Finally an interesting problem of the transition
temperature remains. The transition temperature 96 K (or
equivalently the transition enthalpy 575 J mol ') represents
the sum of the interactions between the guest molecules
in the same channel and those separated by the wall of
the channel. Because the guest molecules are non-polar,
long range dipolar interaction is not involved in their
ordering as it is in the ordering of the polar guest
molecules in hydroquinone clathrate compounds.!»
Probably the van der Waals interaction and packing
efficiency are playing the major role here to determine
the ordering temperatures. As to the barrier against
reorientational motion, the potential energy was calculated
as a function of the rotation angle of the guest molecule
in the channel about the threefold axis assuming additive
atom-atom interactions between those belonging to the

host and guest molecules. The disorder complicates the



A
i

calculation but the average barrier height obtained (13
~ 16 k] mol-1) agrees well with the experimental activation
energy. Considering the structure of the adducts (the same
framework accommodating different guest molecules),
more elaborate calculation will be of interest for further

understanding of their equilibrium and kinetic properties.

Appendix. The standard thermodynamic functions.
Table A

The increments of standard enthalpy and entropy
from zero kelvin were calculated by integration of the
heat capacity with temperature using extrapolated values
where necessary, and are given in Table A in the reduced
dimensioniess forms. There is an ambiguity in the
numerical values arising from the glass transition. If
we take the model of disorder from the crystal structure,
the incremental standard entropy should be larger than
the tabulated values by Rin3 —6.57JK ! mol-1=0.308
R for temperatures above the glass transition. The increase
in the standard enthalpy by the same mechanism is
indeterminate but is smaller than 0.308 R X 59 K =1511]
mol-!. By assuming that the correction for the glass
transition restores the third law for temperatures higher
than T,, one can calculate the Gibbs energy from the

tabulated values using the relation G=H —TS.
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