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Derived thermodynamic properties of Dianin’s inclusion
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Abstract. This paper describes some derived thermodynamic properties for Dianin’s com-
pound {4-p-hydroxyphenyl-2,2 4-trimethylchroman}in its unsolvated form andinitsethanol
and carbon tetrachloride clathrate forms. Room-temperature densities for all three materials
{p = 1.170 £ 0.004,1.223 * 0.005, 1.262 * 0.005 g cm~3, respectively) and sound velocities
along the c-axis for the unsolvated form and the ethanoi clathrate (v = 2.01 x 10%,
2,06 x 10°ms™ and v = 3.18 % 10%, 3,11 x 10° m 57!, respectively) were measured. The
heat capacity at constant strain, C,, Debye temperatures and Griineisen parameters for
unsolvated Dianin’s compound and its ethanol and CCl, clathrates have been calculated
from experimental data. The latter thermodynamic property shows that the presence of the
guest in the host lattice increases the deviation of the Griineisen parameter from its harmonic
value,

1. Introduction

Inclusion compounds are a multi-component form of condensed matter in which one
molecular species forms a host lattice that accommodates the other (guest) molecular
species. Clathrates are one subcategory of inclusion compounds; in clathrates the guest
species is enclathrated in a cage formed by the host lattice. (Channel compounds form
another major category of inclusion compounds.)

Although most clathrates require the guest molecules to stabilize the open structure
of the host lattice, this is not always the case. The clathrate commonly known as Dianin’s
compound (4-p-hydroxyphenyl-2,2 4-trimethylchroman, 1), after its discoverer [1], is
stable with or without the guest species. The host lattice is made up of groups of six
molecules of 1 attached through hydrogen bonding of the phenolic groups. Relative to

1 OH
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the a, b-plane of this hexameric ring, the molecules point alternately up and down, and
the hexameric units stack on top of each other along the c-axis. This gives hour-glass
shaped cages, capable of accommodating small molecular guests [2]. The relatively
strong hydrogen bonding is responsible for the stability of the host lattice even in the
absence of guests.

For both the ethanol and CCl, clathrates of Dianin’s compound, virtually all the
cages are occupied by guest molecules. The guests maintain their molecular integrity
and have considerable freedom of motion within the cage; they are not chemically
bonded to the host lattice. When ethanol is the guest species, it isincluded as a hydrogen-
bonded dimer, with one molecule occupying each half of the cage [2]. For CCl, as the
guest species, one chlorine atom occupies the position at the waist of the cage, leaving
the other half of each cage empty [3]. Relative to the unoccupied cages, it is known that
at low temperatures the ethapol guests cause the lattice parameters along the c-axis to
increase and those along the a-axis to decrease, while CCl, guests have little effect on ¢
but cause a to increase [3, 4].

Recent information concerning the heat capacity {5], structure [2, 3], thermal expan-
sion {3, 4] and elastic constants [6] of Dianin’s compound and its ethanol and CClI,
clathrates, now makes it possible to assess the effect of the presence and type of guest
molecular species on the derived thermodynamic properties of a molecular clathrate,
namely the conversion from the (measured) isobaric heat capacity, C,, to (the more
theoretically important) constant strain heat capacity, C;; the calculation of the Grii-
neinsen parameter; the calculation of the Debye temperature.

These calculations are important for a number of reasons. First, the availability of
the required data for this system will provide answers to the following questions. Is the
exceptionally linear temperature dependence of C, for Dianin’s compound and its
clathrates also observed in C,, and perhaps therefore related to the glass-like thermal
properties (especially thermal conductivity) observed in these (7] and other clathrates
[8]? What are the Debye temperatures for this molecular solid system, with and without
the guest species? What is the effect of the guest species on derived properties such as
the Griineisen parameter?

For molecular solids, it is relatively rare to have available all the data required to
carry out the calculations of derived thermodynamic properties. The only additional
items of information required to carry out the analysis for this system were the densities
of the solids and sound velocities; the results of these measurements are reported here.
To our knowledge, this is the first example of a clathrate system for which extensive data
are available both with and without guest species in the cage.

2. Experimental details

Dianin’s compound in its unsolvated form, and as its ethanol and CCl, clathrates, was
prepared as described earlier [5]. Single crystals were grown from the solvent/guest at
room temperature; for the unsolvated species, single crystals were grown from decanol.

The densities of single crystals were measured using a calibrated pycnometer, match-
ing the crystal density with aqueous KI solutions to which a small amount of surfactant
had been added.

Sound velocities were measured using astandard ultrasonic puise method [9] applied
along the crystallographic c-axis. Lithium niobate transducers (36 Y-cut for the longi-
tudinal mode and X-cut for the transverse mode) were used. To maintain good coupling
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between the transducers and sample, silicon grease and paraffin wax were used for the
longitudinal and transverse modes respectively. The pulses were generated and received
by a Matec Pulse Modulator and Receiver (Model 6600, Matec Inc., Warnick, R.1.).
The apparatus was tested first by measuring the velocity of sound of Harshaw NaCl
crystals; the velocities for T = 300 K were (4.62 = 0.05) X 10* m s~'and (2.46 = 0.05) x
10° m s! for the longitudinal and transverse modes, respectively, and can be compared
with the respective literature values [10] of 4.57 X 10°m s~ ! and 2.46 x 10°ms~L. Vel-
ocity of sound measurements were carried out for the unsolvated Dianin’s compound
and for the ethanol adduct. (The crystals of the CCl, adduct were too small for these
measurements. )

3. Results

The measured densities (o) of unsolvated Dianin’s compound, its ethanol adduct, and
its CCl; adduct, at 23°C, were, respectively: 1.170 = 0.004, 1.223 = 0.005,
1.262 % 0.005 g cm ™3, These can be compared with the results of x-ray structural deter-
minations [2, 3, 11] which, when corrected for thermal expansion [3, 4], give 1.168,
1.225, and 1.260 g cm 3, respectively.

The transverse sound velocities (v} for the ethanol adduct and unsolvated Dianin’s
compound were, respectively, 2.06 x 10° and 2.01 X 10°ms~. The corresponding
longitudinal mode velocities (v, ) were 3.11 X 10®and 3.18 X 10° ms™?,

4. Discussion

4.1. Comparison of elastic constants with and without guests

From the present experimental results it is possible to derive directly the elasticconstants
¢ and ¢y, for this lattice, with and without ethanol guest molecules, since, for hexagonal
symmetry [9]

Cyy = pUi (1)
and

Cas = PUT. @)

We find ¢33 to be 1.2 X 10'° N m~2, with or without the guest. However, ¢,, is sensitive
to the presence of the guest: it is 5.2 x 10° N m~? with ethanol in the host lattice, and
4.7 x 10° N m~for the unoccupied host lattice. This 109 increase in ¢y, with the ethanol
molecules present shows that the guests stiffen the lattice against shear in the &, b-plane.

4.2. Heat capacity

The heat capacities reported {5] for Dianin’s compound and its ethanol and CCl,
clathrates were the heat capacities of the material in equilibrium with its saturated
vapour, C,. This is related to the isobaric heat capacity, C,, as follows:

Csat - Cp = (Bp/a T)sa_l[(aH/ap)T - V] (3)
For these solids, C, is closely approximated by C,,, even at room temperature.
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Figare 1. The heat capacity at constant pressure (C,, ——) and at constant volume
(C,,——-) for the ethanol adduct of Dianin’s compound.

More important than C,, at least from the point of view of comparison with solid
state theory, is C,, the isochoric heat capacity. Although this is usually related to C, as:

C, — Co =VaiT/x" Q)

where @, = V~'(dV/dT), is the volume thermal expansion coefficient and y' =
~Y~YdV/dP); is the isothermal compressibility, equation (4) is strictly true only for
isotropic materials. As Dianin’s compound and its clathrates are trigonal, clearly this is
not the case here. '

For an anisotropic crystal, C, and C, are related to the heat capacities at constant
stress, C,,, and at constant strain, C,. For the present purposes, the condition of constant
stress means constant pressure, so C, = C,, and {12]

Cp - C,, = Cp - Ce‘ = Co - CE = VT(CEHCY,'I-&;(;) (5)

where c,-,r-k, is the isothermal elastic constant tensor and a; is the thermal expansion
tensor.

Clearly the usable form of equation (5) will depend on the symmetry of the crystal
under consideration. We have shown [6] that, from the perspective of the elastic proper-
ties of Dianin’s compound, their trigonal symmetry may be closely approximated as
hexagonal. Althoughthe form of equation (3) is the same for both trigonal and hexagonal
symmetry, we will treat the thermal properties throughout this paper according to
hexagonal symmetry for consistency. This is most important for the elastically derived
properties (see later); however, the differences between the hexagonal and trigonal
elastic constants are very small [6]. For either trigonal or hexagonal symmetry, equation
(5) becomes

C,—C.=VT[2cy + cplad +depa,a, + cpal] (6)

where the Voigt notation is used.

Using the measured values of C, [5], thermal expansion [3, 4] and (hexagonal) elastic
constants[6], C, has been calculated from equation (6) for the ethanol adduct of Dianin’s
compound; the results are shown in figure 1. C, is very nearly linear in temperature from
about 40 K to just above room temperature; the correction for p — V work makes C,
less than C,, up to a few per cent at room temperature. However, even C, is quite linear
in temperature. Although full elastic constants are not known for either unsolvated
Dianin’s compound or its CCl, adduct, the similarity of the sound velocities suggests
that the ethanol values for ¢; could be used to calculate C, for these compounds; under
that assumption, C, for unsolvated Dianin’s compound and its CCl, adduct both look
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Table 1. The smoothed values of C, and C, for Dianin's compound and its ethanol and carbon
tetrachloride adducts, based on the values from [5]. All values are in JK™? g1,

Dianin’s compound Ethanol adduct CCl, adduct

TEK) C, C, C, C, C C,

30 —_ o 0.152 0.152 — —

30 0.220 0.220 0.255 0.253 0.217 0.216

75 0.335 0.333 0.370 0.367 0.333 0.331
100 0.442 0.438 0.486 0.480 0.435 0.431
150 0.658 0.648 0.717 0.703 0.650 0.641
200 0.878 0.862 0.948 0.924 0.862 0.848
250 1.095 1.064 1.176 1.136 1.072 1.038
300 1.315 1.254 1401 - 1.330 1.282 1.196
340 1.487 1.396 1.583 1.480 — —

very similar to the results for the ethanol adduct shown in figure 1. Smoothed values of
C, and C, are selected temperatures are presented in table 1 for all three materials.

A similar effect (linear heat capacity over a wide temperature range) was observed
[13] for both the monomer and the polymer of 2,4-hexadiyne-1,6-diol-bis( p-toluene
sulphonate). There the linear heat capacity was attributed to the dominance of the
stretching vibrational modes which contribute as C,(str) e T'. Unfortunately, the
assignment of the vibrational modes has not been carried out for the Dianin system so
it is not possible to assess the contributions of internal vibrational modes to the heat
capacity. However, Dianin’s compound and its adducts are moiecular solids and one
could expect many contributions from internal vibrational modes to the heat capacity
(for example, it is known from IR [14] and Raman [15] studies of Dianin’s clathrates that
there are more than 100 distinct vibrational frequencies ranging from <40cm™! to
>3000 cm™?); these are responsible for the remarkably linear temperature dependence.
{It is interesting to note that the polymer of 2,4-hexadiyne-1,6-diol-bis( p-toluene sul-
phonate) has an unusual temperature dependence to its thermal conductivity that has
been attributed to the scattering of acoustic phonons by low-energy optic phonons [16};
the thermal conductivity of Dianin’s compound and its ethanol adduct show similar
behaviour [7]. However, the ‘glass-like’ thermal conductivity does not exclusively imply
truly linear heat capacity; tetrahydrofuran clathrate hydrate is a case in point [8, 17].
The linear temperature-dependence observed in the heat capacity of glasses at low
temperatures has been ascribed to a tunnelling mechanism [18]. While this is unlikely
10 be a consideration here, the high density of vibrational frequencies in the energy
range of a few Kelvin to a few hundred Kelvin, which give the linear heat capacity
observed here, may be important in the mechanism of ‘glass-like’ thermal conductivities
in these and other molecular solids [7, 19].

4.3. Debye temperatures

Particularly for the analysis of our thermal conductivity results [7], it is important
to determine the Debye temperature, 8p, for these clathrates. (Herein we use the
recommended {20] superscripted €, notation to denote the property from which 8 is
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Figure 2. The calorimetric Debye temperature, 6°, for unsolvated Dianin’s compound,
calculated with various values of #, the number of subgroups in the Dianin molecule; nt = 3,
(—)in=6(---hn=T( = Yn=8(--r=9(==Nn=10(" ).

derived: 8¢ from calorimetric data, 6°! from elastic constant data.) Although #° is well-
specified for monatomics, this is not the case for molecular solids. Put simply, the
problem is this: how does one decide the maximum number of degrees of freedom
available? Ideally, the vibrational assignment is complete, internal vibrational con-
tributions to C, can be subtracted and the 8° analysis can be carried out on the remaining
contribution to C, treating the lattice as rigid units of molecules. Even if the vibrational
assignment is not availabie (as it is not for Dianin’s compound), in some molecular
crystals the internal vibrations and external vibrations (translational and librational
motions of molecules or molecular groups) are well-separated energetically and can be
treated separately [21].

The internal and external vibrational modes of Dianin’s clathrates are not well
separated. However, itis clear that many of the internal modes are at very high frequency
and therefore contribute negligibly to the sub-ambient heat capacity. Another way to
state this is that Dianin’s molecule, concentrating on the unsolvated compound first, can
be considered to consist of several subgroups, each of which can contribute its ‘external’
motion. In this representation higher-frequency internal modes are ignored. Taking
into account the crystal structure [11], steric hindrance, BC NMR T relaxation infor-
mation [22], recent *H NMR data [23] and barriers to reorientation in other molecular
solids [24], it is possible to distinguish six subgroups of the Dianin’s molecule: the
phenolic group; three methyl groups; the chroman moiety; the phenolic phenyl ring. As
there is no observable gap in the vibrational spectrum, this assignment is, of necessity,
rather arbitrary, and arguments also could be put forward for five or seven subgroups,
although six seems most reasonable. On this basis, values of §° as a function of tem-
perature for n from 5 to 10 (n is the number of subgroups) have been calculated from C,
data for unsolvated Dianin’s compound; the results are shown in figure 2. All the curves
show the same parabolic shape. At lower temperatures, by analogy with other solids
[20], 6¢ should increase slightly.

For the ethanol adduct of Dianin’s compound the heat capacity data extends to lower
temperatures; analogous plots of 8° as functions of temperature for the ethanol and CCl,
clathrates are given in figures 3 and 4, respectively. (Although here the guest molecules
also contribute to C, the high ratio of host to guest makes this contribution well within
the uncertainty in the assignment of the pumber of contributing subgroups of the host
lattice.) Again, all the curves show similar parabolic behaviour. The decrease at the
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Figore 3. The calorimetric Debye temperature, &°, for the ethanol adduct of Dianin’s
compound, calculated with various values of n, the number of subgroups in the Dianin

molecule;n =35, (—)n=6(-—-)n=7T(---- yr=8{--)sn=9(--- -)n=10
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Figure 4. The calorimetric Debye temperature, &, for the carbon tetrachloride adduct of
Dianin’s compound, calculated with various values of n, the number of subgroups in the
Dianin molecule;n =5, {—);n=6(=~=);n=T (- ~-= hin=8(--n=9(-+—-- -%
n=10("-").

higher temperature in figures 2, 3 and 4 is due to the increasing contribution of the
vibrational modes and anharmonic effects to the heat capacity [21].

It is worth noting that all 6° curves for the unsolvated Dianin’s compound and its
ethanol and CCi; adducts (figures 2, 3 and 4) tend towards convergence in the low
temperature region at values between 150 K and 200 K.

The Debye temperature also can be determined from the velocity of sound measure-
ments [25]:

8 = (h/ks)(3Nonp/4m) b, %

where & is Planck’s constant, kg is Boltzmann’s constant, Ny is Avogadro’s number, # is
the number of subgroups in the molecule, p is the density, M is the molecular mass and
vy is the sound velocity averaged over all directions of polarization and propagation.
For the purposes of using our direct velocity of sound measurements, we use vy as

vm = ()P0 + 207%) 714, (8)

which implies elastic isotropy, since the elastic constants were measured only along the
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c-axis. For the unsolvated Dianin’s compound, its ethanol adduct and its CCl, adduct,
using n = 6 for all cases (the contribution of the guests to » will change the values by less
than 2%), the values of 6* from this method are 165K, 171 K and 173 K respectively,
{The sound velocities for the CCl, adduct were assumed to be the same as for the ethanol
adduct for this calculation.}

Since this use of equation (7} applies only to elastically isotropic materials, this rough
estimate of 8° for the measured velocities along the c-axes would be justified only in the
absence of other data, as for the unsolvated Dianin’s compound. For the ethanol adduct
of Dianin’s compound, there is sufficient information to calculate 6% from the full set of
elastic constants. Equation (7) can be re-written [25] as

h{ ON\? 1 1 1\dQi¥
el — | —_—t e e — | —
0 k3(4J'EV) [f (vi* + v3 * u?,) 4:::] ®

where N is the number of subgroups per unit cell, and Vis the unit cell volume. Applying
the harmonic series method after Alers [26], equation (9) becomes

69 = (h/kz)(ON/anV)Pp~i2]1 1 (10)

where J can be expressed directly in terms of the elastic constants. Using the measured
elastic constants for the ethanol adduct of Dianin’s compound, 6% from this method was
found to be 186 K. The difference between this result and the value of 171 K derived
from the direct velocity of sound measurements shows the slight elastic anisotropy in
this system. The best test of 6% is whether or not it reproduces the limiting low-
temperature value of the heat capacity as this result is independent of the number of
subgroups. The limiting value of C./T* as T— 0 derived from the elastic constant data
for the ethanol adduct is 6.4 X 1078J K™% g~!, which compares favourably with the
experimental value of (9 = 2) X 1079 K4 g™,

The differences in the values of & for the ethanol adduct as calculated from different
methods refiect a number of factors. The difference between the 8¢ values from elastic
constants and mean sound velocities is likely to reflect the fact that the sound velocities
were measured along the c-axis. From the Brillouin scattering results [6] it is known that
for this direction the longitudinal sound velocity is the lowest observed and the transverse
sound velocity also is low, giving the {observed) lower 8°'. Also, from the temperature-
dependence of 8°, one would expect, based on results for other solids, that 6° would
increase below about 25 K, making the 8§ value closer to 6°.

4.4. Griineisen parameter

One of the main purposes of our investigations of clathrates is to understand the role of
the guest species in thermal properties. To that end, we have examined the thermal
expansion of unsolvated Dianin’s compound, and its ethanol and CCl, adducts [3, 4].
We found that the presence of the guest species increases the thermal expansion, and
the presence of two (ethanol) guest molecules per cage increases the thermal expansion
relative to one guest {CCl,) molecule per cage.

For the ith mode with frequency w;, the Grilneisen parameter, v,, is defined as [27]

y; = —dlnw,/dlnV (11)
and for the overail lattice,
Y= E Y:‘Cu.f/z_ Cos (12)

where ¥y is the overall Griineisen parameter, C, ; is the contribution of the ith mode to
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Figure 5. The Griineisen parameters y (—), ¥»(* * - *) and ¥, (~— -} for the ethanol adduct
of Dianin’s compound.

theheat capacity, and the sumisover all normal modes. The importance of the Griineisen
parameter to the discussion here is that v, like the coefficient of thermal expansion, is
zero for a lattice with perfect harmonic interactions.

Thereisinsufficient information to calculate the Griineisen parameter from equation
(12) for Dianin’s compound and its adducts. However, for a hexagonal (or trigonal)
crystal, the volumetric thermodynamic Griineisen parameter can be written in terms of
the Griineisen parameters perpendicular and parallel to the c-axis, v, and y,, respectively
[26]:

y= xSy, + 137/ %" (13)

where x° is the bulk adiabatic compressibility, ¥3 and y3 are respectively the adiabatic
compressibilities perpendicular and parallel to the c-axis, defined as

x5 = (c3s — ca)/len + cp)ess — 2ch] (14)

and

%% = (cn + ¢ — 2c13)/[(en + cro)es — 2¢k] (15)
and ¥, and y, are defined as

Ya = Vl(ey + en)a, + cina)/C, (16}
and

Ye = V23, + c332.)/C, (7

where ¢; in equations (14) to (17) are the adiabatic elastic stiffnesses.

The results of the calculation of v,, y, and ¥ for the ethanol adduct of Dianin’s
compound are shown in figure 5. For these calculations it was assumed that the elastic
constants are independent of temperature. Although the elastic constants of unsolvated
Dianin’s compound are not known, from the velocity of sound results it is not unreason-
able to expect them to be close to those of the ethanol adduct; under this assumption,
Y. Yc and y for the empty Dianin’s compound have been calculated, and the results are
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Figure 6. The Grineisen parameters ¥ (——). v, (- - - ) and y, (~—-) for unsolvated Dianin’s
compound.
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Figure 7. The Griineisen parameters ¥ {——), v, {---*) and y, (---) for the carbon
tetrachloride adduct of Dianin's compound.
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Figure 8. The overall Grineisen parameter, y, for unsolvated Dianin’s compound (- - - ),
and its ethanol adduct (—) and CCl, adduct {~—~),

shown in figure 6. Given the similarity of the sound velocities of the ethanol adduct and
unsolvated Diznin’s compound, one might reasonably expect that the elastic properties
of the CCl, adduct would be similar. With this assumption, ¥,, ¥, and y for the CCl,
adduct have been calculated; these are shown in figure 7. For direct comparison, the
temperature dependence of y for all three materials is shown in figure 8.
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For non-metallic solids, the Griineisen parameter generally is of the order of unity
[20], and this is the case here. From figure 8, it can be seen that the Grilneisen parameters
for the ethanol and CCl, adducts are very similar to one another between 50 K and
300 K. (Based on the error in the thermal expansion, we know y to within about +30%.)
In contrast with many solids in which y tends to zero as the temperature decreases [20],
it is found here that y increases for both the ethanol and the CCl, adduct as the
temperature drops. The more usual (opposite) trend is observed for the unsolvated
Dianin compound. A similar effect was noted for the Griineisen parameter of tetra-
hydrofuran clathrate hydrate in comparison with hexagonal ice [28]. The present results
appear to be the first direct comparison of the Griineisen parameter of a clathrate with
and without its guest species.

Although this increase in y at low temperatures is rare, it is not without precedent;
similar behaviour has been observed [29] in solid CO and attributed [20] to the existence
{30] of low-frequency librational modes. If, in adducts of Dianin’s compound, there are
low-frequency optic modes associated with motion of the guest molecules in the cages,
as has been proposed in the mechanism of enhanced thermal resistance in clathrate
hydrates [19], these modes may be the source of the anharmonicity that gives rise to the
unusual low-temperature dependence of y observed here.

. An increase in y with decreasing temperature has been observed also in some

amorphous materials, and attributed in part to the linear temperature dependence of
the heat capacity [20]. Although this may be a factor in the Dianin clathrates, it is not
the total determinant, as the heat capacity is quite linear both with and without guests
in the case, yet y has very different temperature dependences for these different cases.
Almost certainly it is the enhancement of the thermal expansion due to the presence of
the guest that is responsible for the increased low-temperature Griineisen parameter in
the ethano! and CCl, clathrates of Dianin’s compound relative to the empty lattice.

5. Conclusions

Thermodynamic properties have been derived from experimental thermal properties of
unsolvated Dianin’s compound and its ethanol and CCl, adducts. The constant strain
heat capacity, C,, is found to be remarkably linear over a wide temperature range,
consistent with a large number of optic modes spread over a wide frequency range.
From heat capacity, velocity of sound and elastic constants, we determined the Debye
temperatures (05, 8§') to be (170 + 20) K for all three compounds. The Griineisen
parameter shows an increased deviation fromits harmonic value when guests are present
in the cages.
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