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ABSTRACT

Clathrates are lattice inclusion compounds in which one type of molecule forms
a framework, called a host lattice, with lacunae in which the other kinds of molecules,
called guests, reside. Clathrates are crystals, but long-range structural order does not
seem to be sufficient to provide typical thermal behaviour. Their thermal conductivity
is low and its temperature profile is unusual compared to other crystals. The origin of
that unusual behaviour is the main subject of this research.

A new group of clahrates was synthesized in the mid-1970’s. The idea for their
structure came from the dimensional and geometrical similarity of the hydrogen-bonded
hexamer unit, as in Dianin’s compound and related systems, with hexa-substituted
benzene. This thesis concerns the study of thermal and related properties of systems
based on hexakisphenylthiobenzene (HPTB), the archetypal compound in this series and
the thermal conductivity of the CCl, clathrate of Dianin’s compound, which is an
example of its structural model. Since thermal and mechanical properties are determined
by intermolecular forces, these systems afforded an opportunity to investigate the
intermolecular interaction between guest and host molecules, the dynamics of molecular
clusters and its effect on physical properties, and the role of concentration and type of
guest species on thermal behaviour.

Crystal structure (X-ray diffraction), thermal expansion (neutron powder
diffraction), heat capacity (adiabatic calorimetry), elastic properties (Brillouin scatiering)
and thermal conductivity (steady-state method) were determined. Pertinent parameters
were derived to shed light on the anharmonicity of molecular interactions and dynamics
of the crystal lattice. Thermal behaviour was modelled. The resonant-scattering of
acoustic phonons from localized modes brought about by dynamical disorder of the
crystalline structure was identified as the primary source of the highly efficient thermal
resistant mechanism.

In addition the heat capacity of pure CBr, was measured and analyzed. This was

required to delineate thermal effects in the investigation of the CBr, clathraie of HPTB.

XV
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CHAPTER 1

GENERAL PREAMBLE

Beyond chemistry focused on materials with strong bonds between the various
atoms comprising the substance lies supramolecular chemistry centred on complexes
consisting of two or more chemical entities associated through intermolecular
interaction.!* This interaction of molecular moieties, although anisotropic, is neither
as orientationally determined nor as energetic as that found within molecules.® An
upsurge of keen interest in inclusion compounds and its sub-group clathrates*>7 is
due to recent emphasis on supramolecular systems that amended our paradigm of
chemistry to include organization, composition and geometry of the molecular
assembly.® The way these three mainly structural features interplay to define
molecular architecture can be delineated as molecular recognition.® The less universal
concept of crystal packing was originally conceived and applied to molecular
crystals.'°

The generic term, inclusion compound, refers to a wide scope of systems in
which one type of species (the "guest") is spatially confined in non-rigorously defined
cavities distributed within another species (the "host").!! The host-guest interaction
criterion as well as the topology classification distinguishes clathrates.>'* These are
aggregates in which the guest molecules are virtually trapped, held by steric barriers

created by the architecture of a crystalline host framework. The usual intermolecular



interaction caused by van der Waals forces between the guest and host molecules is
weak in comparison with regular chemical bonding.® Such interactions can be
practically neglected to simplify the physical picture of the encaged species which is
that of two non-interacting subsystems (guests and hosts).">'*" Nevertheless, recent
molecular dynamics calculations have shown the significant effect of these interactions
on the physical properties of some clathrates.'®'"!®

The systematic development of knowledge about these systems, which
underlies the understanding of supramolecular complexes, experienced a long period
of dormancy*¢ followed by a dramatic resurgence in the latter part of the
1940°s.121%20 The lack of appropriate research methods and the lack of the
cognizance of this unusual type of association between chemical species initially
hindered the progress. For more than 100 years, clathrates, very often
serendipitously found, were only laboratory curiosities on the fringe of academic
interest.®?' Recently this has changed diametrically because of the advancement in
understanding of their make-up and energetic composition as well as the recognition
of their occurrence and possible applications.

The first inclusion compounds were observed by Kronstead in 1776%
(allegedly a zeolite) and Priestley in 1778% (allegedly a clathrate hydrate). Davy in
1811 obtained the chlorine hydrate by cooling an aqueous solution saturated with
chlorine gas.?* Twelve years later, Faraday failed in his attempt to propose a formula

for this system.” The synthesis of other clathrate systems followed, e.g. quinol

clathrate had been obtained in 1849.%° It had not been fully understood how these



crystals were composed untii 1886, when Mylius suggested an absence of any
ordinary chemical combination between host and guest molecules.” Finally, the
advent of X-ray crystallography revealed the non-conventional architecture of these
materials and provided required impetus for further study. Palin and Powell
expounded the structural conundrum of the SO,-hydroquinone system in 1947 and it
was Powell who coined a new term "clathrate" for the molecular compound in which
one species forms voids in a lattice where the other one sits.'%!

The host-guest relationship, complementary in nature, is a crucial feature of
any inclusion system and may be described as steric compatibility. It is determined
directly by the shape, the size, and the character of the guest molecule and the
lacunae formed by the molecules of the host lattice™’, and indirectly by the host
molecules themselves, e.g. the guest species may possess a modified non-typical
conformation,? their motional freedom may differ from that in the liquid and in the
solid state,” and they can also modify the shape of the cavity?. The existence of
many clathrates is due to the presence of guest molecules in voids of the host lattice.
Clathrands, i.e. unsolvated clathrates, usually do not exist due to the instability of an
empty isostructural liost framework.®

The architecture of inclusion compounds allows for the study and utilization of
the effects of the molecular confinement on behaviour of individual guest molecules,
their small clusters, and even their whole assembly.? The technological application
of these systems is versatile and ranges from chemical analysis to the pharmaceutical

industry,** e.g. they can be used as model systems in molecular recogniton, i.e. in a
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separation of mixtures, isomers or enantiomers,*** or in the molecular encapsulation
of certain drugs to improve the rate and extent of their absorption as well as their
lability.*® The particular geometry of the cavities can provide a novel environment?
for chemical reactions which can result in new products that are not obtainable from
other phases. The structure of inclusion compounds can also be used to control
physical properties, e.g. thiourea with certain organometallic guests is capable of
second-harmonic generation.*

The most well-known clathrates are naturally occurring hydrates which are
crystalline host-guest systems based on a framework composed of water
molecules, 333637383940 1 the 1930’s, gas hydrates caused technological problems
blocking gas pipelinges at temperatures higher than one would anticipate for normal ice
formation.*® Gas hydrates found in the permafrost region and in the suboceanic
environment can be used as a potential source of energy.””*° They may also
contribute to the greenhouse effect by releasing methane into the atmosphere.*' 1t has
also been suggested that clathrate hydrates may be found in comets and Saturn’s
satellite Titan.*® Other naturally occurring inclusion compounds are zeolites which
are based on the aluminosilicate framework. They can be used as absorbents,
catalysts, storage media for nuclear waste and semiconductors.

Yet at present, most of the supramolecular systems of interest are the products
of laboratory synthesis. Earlier, preparative chemists paid little attention either to an
assembly of synthesized molecules or to the crystalline form these molecules would

adopt in the solid state. New interest encompasses geometry, i.e. the positional
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aspect of an assembly, and topology, i.e. the pattern of connectivity between different
chemical species.® This neglected facet of how molecular geometry controls
crystalline morphology is one of the dominant structural considerations in
supramolecular complexes and especially in the lattice inclusion compounds, !!4#24%4

Investigation of thermal properties of any material is an intrinsic part of the
materials’s characterization. Specific heat is one of the basic properties of the solid
state, 4546474849 Ttg dependence on temperature makes this function so useful. It
allows one to gain insight into microscopic phenomena on the molecular or even on
the atomic level from the macroscopic measurement of a bulk property.’®’' Heat
capacity can provide information about possible phase transitions in clathrates and
their thermodynamic nature. Concomitant to that may be the determination of the
motion of the guest molecules in the cages® (e.g. type and character of the
motion™) as well as the guest contribution to the overall thermal properties of the
system.”¢ Heat capacity data can also be used to test various intermolecular
potential functions used in computations and computer simulations for host-host and
host-guest interactions.”’

Thermal expansion measurements aid in the understanding of the
anharmonicity of a crystal lattice and other relevant physical properties.’® The driving
force for thermal expansivity is brought about by a strair-dependent entropy that
creates the elastic response of the solid phase. It is a bulk property that does not have
an atomic or molecular counterpart like, e.g. polarizibility. Knowledge of the

thermal expansion coefficients is essential, e.g. for the conversion of the most often



experimentally determined isobaric heat capacity to the theoretically useful isochoric
heat capacity.® The latter, on the premise of quasiharmonic theory, can be used for
the analysis of volume-dependent crystal properties.®5!

Thermal conductivity is another principal property of a solid phase.® Ideally,
the characteristic features of the temperature profile of the thermal conductivity
coefficient of dielectric materials can be ascribed to the structure as well as to the
extent of order (and/or disorder) within the material 2685 Ty0 extreme examples
of the topological regularity in a solid are simple well-ordered crystals and amorphous
materials. Each has its own characteristic temperature evolution of the thermal
conductivity. The starting point for the phenomenological analysis of the thermal

conductivity coefficient, k, is the concept of the phonon gas and the Debye

expression®

F%cpvz (1.1)

where C, the specific heat capacity (i.e. per unit mass) and /, the average phonon
mean free path are the only significantly temperature-dependent components of the
equation; p is the density and v is the sound velocity. For simple crystals, the
temperature derivative, d«/3T, changes sign from positive to negative with increasing
temperature yielding a pronounced maximum, whereas for amorphous materials it
remains positive all along the temperature axis with a small exception between

approximately 1 and 10 K where the derivative is ca. zero. This plateau seems to be



a generic feature of all amorphous materials that have been measured to date.5"%®

Typical crystalline and amorphous thermal conductivity behaviour can, to a
first approximation, be inferred from equation (1.1) by taking into consideration
temperature dependence of C and ! (Figure 1.1). The more detailed descripiion of the
temperature evolution of the thermal conductivity includes three characteristic
temperature regions in which « behaves differently albeit distinctively. At low
temperatures k ~ T for crystals and x ~ T7 with n=1.940.1 for amorphous materials.
At intermediate temperatures x assumes the maximum value for crystals and a plateau
for amorphous materials. At high temperatures x ~ T for crystals and x ~ T for
amorphous materials. The temperature profile of x seems to be well understood for
simple (e.g. monatomic) crystalline materials. The understanding is not so complete
for glasses for which the only definitely identified mechanism of heat conduction is
that below 1 K and it is governed by inelastic phonon scattering from two-level
systems. The plateau is a consequence of a sudden decrease in the phonon mean free
path, the origin of which is still the subject of debate despite attempts to descibe
over a wide temperature range.®%"7.72 The character of the temperature-
dependence of « for all amorphous materials is strikingly similar and relatively
independent of the chemical composition of the conducting medium. This suggests
considerable universality of heat flow phenomena in glasses.

On the other hand there are some crystalline materials, e.g. "dirty"
ferroelectrics™, the Ar(N,), quadrupole glass™, the Li;N superionic conductor”

which do not lend themselves to straightforward interpretation of the temperature



r-
i}

- (@
2 : .’ \
10 ! .

ﬁE 10
z
S~
x /
V4
s"'/
o ®)
1 | S ' Y ]
| 10 100

Figure 1.1  The temperature profiles of the thermal conductivity for
a typical crystal and glass: () crystalline (quartz) SiO,;

(b) amorphous Si0O,. Data are from ref. 64.



evolution of « in terms of their morphology. They have very low values of k and a
positive derivative of x with respect to the temperature. Therefore there must be a
highly efficient thermal-resistance mechanism in these materials that impedes the
thermal energy flux in the relevant temperature regions.

Clathrates are well-defined crystals, but long-range structural order does not
appear sufficient to provide a "typical" crystalline behaviour of the thermal
conductivity. On the contrary, the thermal resistance mechanism is so effective that k
is rather glass-like. The first reported thermal conductivity measurements of inclusion
compounds were carried out on clathrate hydrates.””” Many physical properties of
clathrate hydrates and their close analog, ice ITh, are similar due to the abundance of
water molecules and the similarity of the intermolecular bonds. Yet, the thermal
expansion”™ and the thermal conductivity”® for the clathrate hydrates both differ
from ice Ih. The temperature profile of « of clathrate hydrates attracted immediate
attention due to its similarities to the thermal properties of glassy materials — its low
value of « and positive dx/07, in contrast with a negative value of this derivative for
ice Th in the corresponding temperature region. Moreover, measurements of x of
various clathrate hydrates have indicated a certain degree of universal thermal
behaviour of these systems in that x appears to have only a slight dependence on the
crystal structure (i.e. type I or II) or on the type of guest species (either an atom or a
molecule) in clathrate hydrates.®"#28.348 The role of guest molecules was further
explored through the investigation of thermal conductivity of the ethanol clathrate and

the clathrand of Dianin’s compound®® (unsolvated clathrate hydrate does not exist).
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The temperature evolution of k of these systems falls into the same pattern, The most
interesting finding was that the thermal conductivity of the clathrand was qualitatively
similar to that of the clathrate.

The only additional report of thermal conductivity of an inclusion compound
appears to be the channel compound formed by hexadecane included in urea.’” The
thermal conductivity of this material was found to have a temperature-dependence
intermediate between that of a normal crystalline material ((0x/07) <0) and the
clathrates described above ((3x/0T)>0); this intermediate behaviour was ascribed to
weaker guest-host coupling in that material than in the clathrate hydrates.

Investigation of thermal conductivity aims at the identification of the
prospective topological and/or dynamical causes of such low conduction. It is of
fundamental interest to single out and elucidate the importance of individual heat-
carrying and/or heat-resistant processes in complex structures. This information
would be ulso applicable to related systems and/or to materials with similar thermal
characteristics,

The knowledge of elastic behaviour complements the aforementioned
investigations. It reflects directly the intermolecular interactions which determine the
force constants between molecular groups and therefore phonon dynamics. Elastic
constants are practically determined by measurements of sound velocities along known
crystallographic directions. They are essential in the understanding of the relevant
thermodynamic quantities. The stability of a crystal lattice can be said to be

prescribed by the components of the elastic compliance tensor that represent the
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second derivatives of the pertinent state functions with respect to the sirain tensor

components.

A new group of clathrates was synthesized in the mid-1970’s. The idea of
their structure came from the similarity of the hydrogen-bonded hexamer unit (e.g. as
in Dianin’s compound) with hexa-substituted benzene.®®* It was one of the first
instances of the premeditated design of cavitae. The main focus of this thesis is on
thermal and related properties of this family of inclusion compounds.

Since thermal and mechanical properties are determined by intermolecular
forces, these model systems afford an opportunity to probe the intermolecular
interaction between guest and host molecules and also to shed light on the dynamics
of molecular moieties and its effect on physical properties, as well as the role of the
concentration and type of guest species on thermal behaviour.

To this end, the foredescribed properties have been investigated. This thesis
concerns mainly the study of thermal properties of the hexakisphenylthiobenzene
(HPTB for short) system, the archetypal compound in this series. The thermal
conductivity of the carbon tetrachloride clathrate of Dianin’s compound, which is an

example of its structural matrix, also has been investigated.



CHAPTER 2

THERMAL PROPERTIES - BASIC RESUME

2.1 INTRODUCTION

The theoretical fundamentals of the thermal properties of the solid state are
based on thermodynamics which deal with specific macroscopic properties where
temperature is a crucial variable. The natural connection with a molecular level of
understanding of these properties is introduced by statistical thermodynamics. The
principal equation which includes the first and second law of thermodynamics can be

written in differential form as®

TdS(=dQ)=dU+dw 2.0

where Q is the energy absorbed by the crystal in the form of the heat, T is the
absolute temperature, § is the entropy, U is the internal energy and w is the work
done by the crystal. It seems natural to regard the internal energy U as a function of
the volume, V, and the entropy (U=U(S,V)). Other thermodynamic state functions
like the Helmholtz energy A(P,T), the Gibbs energy, G(T,V) or the enthalpy, H(P,V),

% Certain thermodynamic

can be introduced employing Legendre transforms.
variables are not independent, e.g. the relationship between volume, temperature and

pressure (P), at equilibrium can be written formally as

12
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APV, D=0 2.2)
which constitutes the equation of state.
Thermal properties of a crystal are described by the heat capacity, C, the
thermodynamic function which measures the changes of the crystal temperature

ascribed to heat input, i.e.

¢-4Q_Tds 2.3
drT dT ’

Since dQ is inexact, the heat capacity depends on the path of the process and an
appropriate constraint is always attached to that function. The most commonly used
contraints are constant pressure and constant volume. The relation between the
isobaric heat capacity, Cp, and isochoric heat capacity, C,, for isotropic materials is

given by the expression®

2

cP=cV+TV%V. @.4)

where a,=(dInV/aT), is the yolume thermal expansion coefficient and 8=-(3InV/dP);
is the isothermal compressibility. The first law of thermodynamics relates the
isochoric heat capacity, C,, to the internal energy of the solid state and hence C, can
provide information about dynamics of species which form the lattice. Crystals are

obviously anisotropic materials. Certain functions must be modified in order to
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incorporate the symmetry of the structure and thus to exhibit the real nature of the
lattice behaviour, e.g. the appropriate constraints for the heat capacity function are the
constant strain and constant stress.

The internal energy, U, of the crystal which is a finite array of identical
building blocks of atoms consists of the potential energy of the interacting atoms, @,
(assumed to be an analytic function; vide infra) and the kinetic energy of the motion

of these atoms, i.e.%%1:9%%

2
U-0+1y M, My 2.5)
258\ o

where the kinetic energy is the sum taken over all unit cells denoted by i and over all
atoms in these unit cells denoted by j (M; is the mass of the j-th atom, u, is the
displacement of the j-th atom in the i-th unit cell; u is the Cartesian coordinate, ¢ is
time). Since the second term is relatively small in comparison to the first the
potential energy can be regarded as an approximation of the internal energy (or the
Helmbholtz energy, A, especially at low temperatures).

The difference in the time scales of the motions of the nuclei and electrons
allows for a practical assumption known as the adiabatic approximation in which the
motions of nucleus and the electrons are decoupled, i.e. electrons can be regarded to
be in the lowest energy state even if the atoms are in motion,%:%*%

In principle, crystallographic positions of atoms are their equilibrium positions

about which the atoms vibrate. The instantaneous displacements of the atoms are
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assumed to be small in comparison to distances between them. Therefore the
potential energy (analytic function) can be expanded in the Taylor’s series in powers

of the atomic displacements around the equilibrium positions, i.e.”

WL *o

| Y aljmpte (2.6)
2 jaiimp (auil,aauj"hﬂ )0 e

The first term is constant and is irrelevant to dynamical considerations; the second
one vanishes since the crystal is at equilibrium that corresponds to the minimum of
the potential energy, and the first important term in this expansion is of 2™ order in
the displacements. Harmonic theory of the crystal lattice considers only these 2™
order terms.”® However there are some properties that, in principle, can be explained
only when higher terms are considered. Therefore anharmonic theory takes into
account higher terms (third and fourth and/or onwards). Anharmonicity, considered
as a weak effect, can also be dealt with by theories based on the harmonic
approximation.”® The most popular is quasiharmonic theory. The Helmholtz energy
must be determined first and the positions are treated as free parameters. Once again
only the 2™ order terms are included in the expression for the total energy but the
relevant expansion is taken not around the minimum of the potential energy but the

minimum of the Helmholtz energy.*
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There are 3nN equations of motion in the harmonic approximation obtained
using the Lagrange equations, where # is the number of atoms in the unit cell and N
is the number of unit cells in the crystal. On the basis of the crystal symmetry these
equations can be simplified, written by means of the dynamical matrix, and their
number decreased to 3n. Thus for each value of the wave vector k there are 3n
values of the frequency, w, referred to as normal modes. The polarization of the
normal modes is purely longitudinal or transverse only in certain directions
determined by the symmetry. In the general case the polarization is quasi-longitudinal
and quasi-transverse. The behaviour of dispersion (i.e. the dependence of the
frequency on the wave vector k£ when the equations of motion are solved for parallel
k) for three of 3n branches, called acoustic, is that w o« k (k= | k| ) when k- 0.
For the remaining branches, called optic, » # 0 when £k — 0.

The above conforms to the phenomenological approach to the lattice dynamics
in which the forces between atoms are assumed to be known. These forces nre
ilescribed by the force constants that are the second derivatives of the interatomic
potentials with respect to the atom displacements. Thus, any atom displacement can
be regarded as a collection of the eigenvectors of the dynamical matrix and the energy
of the lattice can be expressed as a sum of the energy of the decoupied harmonic
oscillators.

Quantum treatment of lattice dynamics in the harmonic approximation
considers the relevant Hamiltonian that is similarly simplified by subjection to the

pertinent orthogonal transformation that diagonalizes the quadratic form of the
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potential energy and introduces normal coordinates and quantized normal modes.
This so-called second quantization employs creation and annihilation operators that
yield the concept of the phonon which is the quasiparticle with energy fiw and
quasimomentum hk with statistics given by the Bose-Einstein distribution function®
(N(k)=(exp(hw,(k)/k,T) - 1 )'); h=h/2x where h is the Planck constant and k is
the Boltzmann constant, Thus the normal modes are quantized like a harmonic

oscillator and the internal energy of the crystal can be expressed as™

_ 1
U—%: ho j(lg)(mﬂlz) 2.7

where the sum is over values of & from the first Brillouin zone and over all branches
of phonon dispersion dencted by j.

This general harmonic approach to lattice dynamics can be appropriately
modified if applied to complex crystals which are distinguished on the basis of their
structural features that significantly influence their physical properties.®»% Well-
bound molecules or polyatomic clusters commonly called molecular groups are easily
descernible in molecular crystals and in certain ionic crystals.*”*® Since the valence
force field is much stronger than the crystal field these crystals retain certain
properties characteristic for other states of condensation of the comprising species,
e.g. the frequencies of vibrations within a molecular group depend relatively little on
the state of condensation and molecular groups form a lattice without any substantial

modification of their internal geometry. This is the premise of the rigid molecule
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approximation that assumes that these groups can be treated as separate blocks. That,
in turn, allows for decoupling the internal motion of atoms within the molecular group
(internal modes) from the motion of these groups as the distinctive units (external
modes). The frequencies of the latter are generally much lower than that of the
internal modes due to much weaker forces involved in binding.”” Since the molecular
groups are three-dimensional, in addition to translational vibration they also can
exhibit rotational motion. The validity of the harmonic approximation holds if the
rotations are limited only to small amplitudes, which allows one to treat these small
rotations (librations) as vectors. Thus, in the general case, the following is the
physical picture of the lattice dynamics of a complex crystal with » atoms in the unit
cell that can be partitioned into 7, single atoms and n, well-bound non-linear
molecular groups. There are 3n,+6n, external branches (equal to the number of
degrees of freedom of the different components per unit cell) and 3n-(3n,+6n,)
internal branches of the phonon dispersion. Three of the external branches are

acoustic; the remainder are optic.
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2.2 MODELS OF HEAT CAPACITY

The Helmholtz energy, A, describing the macroscopic state of the crystal is
related to the energetic behaviour of the lattice at the microscopic level through the
canonical partition function Z (i.e. A=-k,T InZ ).*® The previously described
treatment of the lattice dynamics that gave a collection of the normal modes or
phonons provides the necessary information (equation (2.7)) for energetic states of the
lattice to employ this relation (Z= Y exp(-U/k,T )) where the sum is taken over all
possible choices of U given by equation (2.7). On the other hand, from the
thermodynamic definition of A and the pertinent Maxwell relation the internal energy

of the lattice is expressed by*

U=A-T(0A/3D), . (2.8)

Hence, from the Helmholtz energy expressed through the canonical partition function
on the basis of the equations.(2.3), (2.7) and (2.8), the isochoric heat capacity is

given by

cv=§ k(o (k)/2k,TY sinh?(h e (k)/2k5T) (2.9)

with the sum as in equation (2.7). In order to introduce the Einstein and Debye
models of heat capacity it is instructive to replace the sum over £ in eq.(2.9) by
integrals over the frequency using the state density function g(w), where g(w)dw is the

total number of modes with frequencies between w and w+dw, normalized by®



20

f g(w)dw=3nN (2.10)

where n is the number of the atoms in the unit cell and N is the number of unit cells
in the crystal.

In the Einstein approximation, the density of states is given by

g(w)=3nNd(w-wy) (2.11)
with the Einstein frequency w; chosen to give the best agreement with experimental
findings; ¢ is the Dirac delta function. This model accurately describes the heat
capacity related to the optic modes. At low temperatures the heat capacity, C,, varies

as93

2
lim C,=3nNk, 3’2] e " (2.12)
T-0 T

where 8 is the Einstein temperature corresponding to w, (ky0=hwg). At high
temperatures C, approaches the value stated by the Petit-Dulong law, i.e. 3nNk,, but
the low-temperature dependence differs in character from experimental values.

The Debye model takes a similar approach, only the frequency is not confined
to a single value but varies linearly with wave number, i.e. w=kv where v is the
average velocity of sound in the crystal. Whereas the motion of atoms was trezied as
the motion of isolated oscillators in the Einstein model, the Debye model considers

collectively propagating waves in the crystal as a continuous, not discrete, medium.
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In order to maintain the reality of the Debye approximation the angular frequency is
cut off at an upper value called the Debye frequency, «,. The non-zero density of
states is given by®

2
g(w)=2—32-V% (2.13)
T

for values of w=<wp, where V is the volume of the crystal. The value of ), obtained

from the normalization condition (Eq.(2.10)) is given by*

wy=(6rn2vYV, P (2.14)

where n is the number of atoms in the unit cell and V,,, is the volume of the unit cell.
Since the Debye model describes the heat capacity related to the acoustic modes
which dominate in simple solids it is more realistic than the Einstein approximation.

The heat capacity, C,, is given by *

T 3 85T 4 x
CV=9nNkB(— L (2.15)
D) % (e*-1)?

where 6, is the Debye temperature corresponding to the cut-off frequency w),
(kgfp=hwp). At high temperatures Cy approaches the classical value of 3nNk,; at low

temperatures it predicts the behaviour known as the Debye T° law, i.e.”
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4 3
lim C =E“—nNk I . (2.16)
14 5 ‘B

T-0 0,

The Einstein and the Debye temperatures demarcate the low-temperature region from
high temperatures, i.e. the applicability of the quantum or classical statistics,

respectively.
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2.3 ESSENTIAL PHYSICS OF PHONON MOTION AND THERMAL

CONDUCTIVITY

Harmonic theory resolves the dynamics of the crystal lattice into travelling
plane waves, i.e. normal modes. There is no mechanism of energy exchange between
these waves. Hence, at equilibrium the heat flux must vanish since there is the same
number of waves travelling in either direction. If equilibrium is disturbed, then such
a status quo is sustained because of the absence of energy exchange mechanism (even
if the cause of the disturbance is removed). The equivalent but clearer picture uses
phonons. In order to visualize these quanta of energy as quasiparticles the phonons
are localized within the region Ax ~ 1/Ak by taking the superposition of states smeared

over Ak (i.e. wavepacket). The energy flow, 3 can be expressed as®

3{"2 nj(k )h ‘-‘)j(k)vk(‘) J(k) 2.17)
&j

where ny(k) is the phonon distribution. At equilibrium w(k)= w(-k), n;(k)=Nk) and
n(k)=N-k), and H=0. Away from equilibrium, the asymmetry of the distribution
n;(k) maintains perpetual heat flow. On the other hand, the macroscopic expression

for lattice thermal conductivity, with a steady state rate of heat flux established, is

H=-xVT 2.18)

where k is the thermal conductivity coefficient and VT is the temperature gradient
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along the crystal. Thus the harmonic crystal has infinite thermal conductivity and in
order to explain the observed finite « the higher order terms in the potential energy
expansion must be considered. A first approximation takes into account the cubic

term®*

1

Fo
Wey Wty olbsinyit, « (2-19)
3 il p,
3! il,i’l/,i'”l” «Py (au,,‘aaui/,/’pau,n,”’y . o (] Y

Thus the Hamiltonian, after second quantization, includes the component that acts on
the three-phonon state. This component, which imposes the quasimomentum
conservation (i.e. k+k’+k’’=G where k’s are wavevectors and G is a reciprocal

lattice vector), depends on the following operator™

(40.)(@ym 8 ) @y n=a_g0) (2.20)

where a*;; and a; are the relevant creator and annihilator operators. This, in turn,
defines the three phonon processes taking place in the crystal. Provided that energy is
conserved these processes determine two classes of allowed events which can be
described in the language of appropriate conservation laws as follows;

A-event; annihilation of two phonons and creation of a third phonon:

okN+oljh=0&j" ;  k+k'=k"+G (2.21)

B-event: annihilation of one phonon and creation of two phonons:
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o|kD=0EjHro®j" ; k+G=k'+k" . (2.22)

When G=0 this is a so-called normal process (N-process), otherwise, i.e. if G#0
this is an Umklapp process (U-process). The difference between these two is shown
in Figure 2.1. The resultant phonon in an N-process falls within the first Brillouin
zone and the direction of the energy flux remains unchanged. The converse situation
exists for an U-process, i.e. the outgoing phonon is different from the sum of the
incoming phonons and the energy flow is diverted. U-processes are of paramount
importance for thermal conductivity. Only the low-energy modes are excited at low
temperatures and then w=~kv where v is the group velocity. If this is the case, the

heat flux can be written in terms of the crystal quasimomentum (P,=Z,n;(k)hk) as®

H=Y Pv? 2.23)
J

Then if only N-processes are present, for which P=E.P; is constant, collisions cannot
lead to the equilibrium value of P=0 and the heat flux persists even without the
temperature gradient, giving infinite thermal conductivity. Yet Normal processes
indirectly contribute to thermal resistance. They change the phonon distribution and
thus they are able to facilitate other thermal resistant mechanisms. N-processes tend to

the displaced distribution, N, given by®
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(c) (d)

Figure 2.1  Two-dimensional representation of three-phonon processes: (@) A-
event, N-process; (b) A-event, U-process; (c) B-event, N-process;

(d) B-event, U-process.
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/- 1
N ¢ (n w-q ‘um)IkBT_ 1 (2 . 24)

where u,, reflects the asymmetry of the distribution.

The U-processes lead to the change of the crystal quasimomentum and they are
directly responsible for thermal resistance. If one considers the A-event U-processes
in the low temperature region the probability of such processes is tantamount to the
factor Nj(k)N.(k’) ~ exp(-Tiw;(k)/k,T)exp(-hw;.(k’)/k,T) and because he;.(k*?) > kb, for

the Debye crystal the rate of U-processes, 7, is given by

5 (2.25)

.c-l = e ol

where o > 1 is an experimental parameter. Other temperature dependences of these
processes can be incorporated into the expression in the form of a preexponential

factor, T", with 5 as an experimental parameter.®



CHAPTER 3

INCLUSION COMPOUNDS INVESTIGATED

3.1 INTRODUCTION

The systematic development of knowledge of clathrates had begun with the
solution of the hydroquinone structure. Hydroquinone, phenol 4-(3,4-dihydro-2,2,4-
trimethyl-2H-1-benzopyran-4-yl)phenol, 1, (Dianin’s compound; shown in Figure
3.1) and related systems have a common structural feature which is of paramount
geometrical importance in their ability to create a crystal lattice with well-defined
cavities. All of these molecules have hydroxyl groups which link them together in
hexamers. These hexamers become basic building units of the host framework of the
clathrate. The host molecules in the hexamer are alternatively pointing up and down
which gives the supramolecular unit trigonal symmetry. A schematic of the basic
building block of these systems is shown in Figure 3.2. Two hexamers of the host
molecules, bound by van der Waals interactions, are stacked on each other making a
cavity where a guest molecule can reside. Dianin’s compound is, perhaps, the most
interesting since it can also yield the clathrand. Since a thermal conductivity
investigation of the CCl, clathrate of Dianin’s compound is part of the research
described in this thesis, it is instructive to digress a bit on this system.

The clathrand and all clathrates of Dianin’s compound appear to crystallize in

the same trigonal R3 space group with only a slight variation of unit cell dimensions

28



Figure 3.1

Molecular structure of Dianin’s compound, 1.
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(a)

(b)

Figure 3.2
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Close structural analogy between (a) a hydrogen-bonded hexamer
supramolecular unit, e.g. in Dianin’s systems and (b) a typical
hexasubstituted benzene analogue, e.g. hexakisphenylthiobenzene. The
geometric as well as dimensional (distances denoted by d) resemblance

is conspicuous.
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that depends on the type of enclathrated species. They all have geometries based on
the forementioned hexamer supramolecular unit made up of six host molecules linked
with hydrogen bonds through the phenolic hydroxyl groups. The oxygen atoms form
a distorted hexagon with alternate Dianin molecules lying above and below the plane
of the hexagon. The exceptional stability of the host structure is ascribed to hydrogen
bonding and the shape of the host molecule. The cavity (volume of ca. 120 A% has
an hour-glass shape with three-fold symmetry and a centre of inversion (the cavity in
the case of the CCl, clathrate is shown in Figure 3.3). It can incarcerate one or two
small guest molecules. There are 18 Dianin’s molecules in the unit cell. The unit
cell dimensions of the clathrand are : a=26.94 A and ¢=10.94 A."' Dianin-CCl,
conforms to the structure of the clathrand as described. The dimensions of the
hexagonal unit cell of the CCl, clathrate of Dianin’s compound at room temperature
are® a=27.134+0.008 A and ¢=10.9334+0.002 A, There is one two-fold statically
disordered CCl, molecule per cage. The CCl, guests are aligned along the
crystallographic c-axis such that one C-Cl bond lies along this axis, with two possible
molecular orientations. Both orientations are present in a 1:1 ratio but it is not known
whether there is any correlation in the orientations of neighbouring CCl, molecules.
At room temperature the mean displacement of the centre of gravity of the CCl,
molecule is of the order of 0.4 A with a mean librational angle of 14°.%

The idea of this hexagonal arrangement, through hydrogen bonds of OH

groups of six host molecules was the basis for the proposal and realization of a



z

A

T 15 o ci
o 0
s C

-+ 1

-+ 05

4+ 0

-+ -05 1A
—

Figure 3.3  The crystal structure of the CCl, clathrate of Dianin’s compound. Both
positions of the CCl, guest molecules are shown but only one position

is occupied in each cage.”
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strategy for the design of new lattice inclusion compounds.®% The hexagonal
arrangements present a close analogy to the hexa-substituted benzene ring. The
resemblance between the hexamer and its hexa-host analogue can be seen in terms of
geometric aspects as well as in dimensions. This is depicted in Figure 3.2.

Hexakisphenylthiobenzene, 2, is the archetypal compound for these systems
engineered specifically on the premise of the above described similarity. The
molecule is highly symmetrical in the solid state (Figure 3.4; vide infra); phenyl
groups are situated alternatively above and below the plane of the central phenyl ring.
No inclusion behaviour of HPTB had been found after recrystallization from
chloroform, trichlorofluopromethane or pentachloroethane.®®* 1t was reported that
recrystallization of HPTB from the solvents CCl,, CBrCl;, CH;CCl; and CCLSCl1
yielded clathrates of HPTB with the mole host-guest ratio 1:2, 1:1, 1:2, and 1:2
respectively.®¥ The first three of these systems were prepared and initially studied
but since the guest escaped when left in air they were deemed inappropriate for the
planned study. Instead, a new clathrate system was prepared from the solution of

chloroform with an excess of CBr,. This yielded the CBr, clathrate of HPTB.
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Figure 3.4  Molecular structure of hexakisphenylthiobenzene, 2.
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3.2 PREPARATION AND CRYSTAL GROWTH
3.2.1 DIANIN'S COMPOUND AND ITS CCl; CLATHRATE

Dianin’s compound was prepared by M. Zakrzewski using a literature route.'®
Single crystals of Dianin-CCl, were grown here from a solution of Dianin’s
compound dissolved in CCl,/decanol (3:2 volume ratio). Decanol is too large to be
caught in the hexamer cages of Dianin’s compound'® and it was used to lower the
density of the solution to suspend the crystals. Crystals were grown by repeated
cycling of the temperature of the solution between 30°C and 45°C with periodic
addition of powdered CCl, clathrate of Dianin’s compound, taking advantage of the
increased solubility at higher temperatures, and, on cooling, preferential precipitation
on the faces of the crystal(s). Sporadically CCl, was also added to the vial. The
crystal density, determined at room temperature by density matching with aqueous KI
solutions for which the density was found using a calibrated pycnometer, was

p=1.263+0.005 g cm?, which gives a host-guest ratio of 5.94+40.05 : 1 (ideal value

of 6: 1).

3.2.2 HPTB
The preparation of hexakisphenylthiobenzene, abbreviated HPTB, was based

on two reactions carried out in a nitrogen atmosphere: 8%

DMEU
CHSH+NaH ———  CHSNa+H,! G.1)
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12CH SNa+CCl, =Y, C(SCH,)s+6CH SNav6NaCl . (3.2)

First, 13.5 g of sodium hydride (Aldrich) was put into a 500 mL three-necked round-
bottom reaction flask. Ligroin (Aldrich) was introduced into the same fiask in an
amount sufficient to cover the NaH by 5 mm. The flask was swirled and left to let
the NaH settle to the bottom. The ligroin was decanted by means of a pipette, This
was done twice in order to wash the NaH. The reaction flask was connected to a
nitrogen gas line and a flow of gas was commenced. The nitrogen was not pumped
directly to the reaction flask: a paraffin oil trap was used to maintain a relatively
constant pressure. 62.5 mL of [,2-dimethyl-2-imidazolidinone (Aldrich; DMEU for
short) was introduced into the flask as a solvent. DMEU was used instead of the
carcinogenic hexamethylphosphoric triamide (HMPA) that originally had been used in
this reaction.® Stirring was started using a magnetic stirrer. 35.7 mL of thiophenol,
CsHSH, (Ph-SH here for short; crude Ph-SH (Aldrich) had been vacuum distilled)
and 14.3 mL of DMEU were introduced into another round-bottom flasx. That
solution was added to the reaction flask by means of a syringe. This was done slowly
and with care because the addition of the Ph-SH solution produced hydrogen in a
violent reaction. 60 mL of DMEU was added to the next round-bottom flask
containing 8.7 g of hexachlorobenzene, C,Cly, (Aldrich). 50 mL of that solution was
added slowly to the reaction flask. The reaction was left stirring for six days to allow
the reaction to be completed. To prevent rapid temperature fluctuations during the

reaction, the flask was put into a water bath maintained at 19°C. The final product,
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HPTB, was recovered using suction filtration and left to dry in air. It was a fine

yellow powder. The yield of the reaction was 80%.

Slow evaporation was employed to obtain HPTB crystals. Chloroform was
used as the solvent. The crystals were transparent and yellow.

Differential scanning calorimetric measurements were used to determine
melting point of HPTB crystals (using a Perkin-Elmer DSC-1'® set up at heating rates
of 5 and 10 K/min.) which was found to be 180°C. The samples were composed of
small crystals and their masses were 0.0025-0.0085 g. A typical DSC plot is shown

in Figure 3.5. The 'H NMR spectrum of HPTB in chloroform is shown in Figure

3.6.

3.2.2 HPTB-CBr,

Crystals of the CBr, clathrate of HPTB were grown from a solution of HPTB
in chloroform with excess CBr, (3:1, CBr, to HPTB mole ratio) by slow evaporation.
They were yellow (with orange hue) and transparent. Differential scanning
calorimetric measurements were used to determine the melting point of HPTB-CBr,
crystals (using a Perkin-Elmer DSC-1'" set up at heating rates of 5 and 10 K/min.);
it was found to be 165.5°C. The samples were composed of small crystals and their
masses were 0.01-0.015 g. These crystals decompose on melting. A typical DSC

plot is shown in Figure 3.5.
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Figure 3.5 A DSC scan of (a) HPTB and (b) HPTB-CBr, measured on heating at 5

K min,
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Figure 3.6

'H NMR spectrum of HPTB in chloroform. The doublet centred at
6.93 is due to the ortho-hydrogens; splitting is caused by the coupling
between ortho- and meta-hydrogens of the phenyl group. The set of
overlapping peaks about 7.10 ppm is due to the meta- and para-
hydrogens and splitting stems from the coupling with their neighouring
hydrogens on the phenyl ring. The peak at 7.26 ppm is from the
chloroform. The integrated peaks are in the ratio 3:2 which supports

the given assignment.
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3.3 CRYSTAL STRUCTURE OF HPTB AND ITS CBr, CLATHRATE '*
3.3.1 HPTB

The crystallographic parameters of HPTB are given in Table 3.1. Pure HPTB
crystailizes in the space group Pl (shown in Figure 3.7). The crystallographic axis
passes through the C(20)-S(1) bond, so that half of the molecule is unique and the
other half is related by the centre of symmetry (Figure 3.7; positional parameters and
B(eq) are given in Appendix in Table AG). The C-S bond lengths are not unusual,
the mean being 1.768(2) A. The central and side chain phenyl rings are almost
planar. The ability of HPTB to form clathrates stems from the very open molecular
topology. The packing coefficient, i.e. the ratio of the van der Waals volume of the
molecular content of the unit cell to the volume of the unit cell itself, determined by
molecular mechanics'® is 0.60. Organic molecular crystals typically have packing

coefficients in the range 0.65 to 0.77.1°

3.2.2 HPTB-CBr,
The crystallographic parameters of HPTB-CBr, are given in Table 3.1. The
CBr, clathrate of HPTB crystallizes in a trigonal crystal system, space group R§(h).

Its structure, shown in Figure 3.8, is similar to its CCl, analogue.*

A cavity, in the
zone of the crystallographic c-axis, is formed by six host HPTB molecules. The
guest molecules close the top and the bottom of the cage. The effective length of the

cavity occupied by two guest species is ca. 17 A. The elongated cavity is of the

closed cage type. The gaps in the cage wall (determined from van der Waals radii)



Table 3.1 Crystallographic properties of HPTB and HPTB-CBr, at 22°C,
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HPTB HPTB-CBr,
Formula C4oHioS6 CyH;,S¢Bryg
Formula weight 727.1 1390.3
Crystal system triclinic trigonal
Space group P1 (No. 2) R3 (No. 148)
a (A) 9.589(2) 14.327(4)
b (A) 10.256(1) 14.327(4)
c (A) 10.645(2) 20.666(8)
@ (°) 68.42(1) 90
B (°) 76.92(2) 90
v (%) 65.52(1) 120
V (A% 883(1) 3674(2)
Z 1 3
Peue (8 C¥) 1.368(2) 1.885(1)
Perp (& CIY) 2 1.365(5) 1.865(5)
melting point (°C) ® 180.040.5 165.540.5 (decomp.)

The density was found at T=22°C by matching the crystal density with

aqueous RbI solutions; the density of the CBr, clathrate of HPTB corresponds

to 98% guest occupancy.

Determined by differential scanning calorimetry.



Figure 3.7

An ORTEP drawing of an HPTB molecule in pure HPTB.




(a)

(b)

Figure 3.8
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(a) An illustration of the CBr, clathrate of HPTB showing the host-
guest packing as projected onto the ac plane. For clarity, two HPTB
molecules, one above and one below the cage as viewed in this
direction, have been omitted.

(b) An ORTEP drawing of CBr, and HPTB molecules in the CBr,

clathrate of HPTB.
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are smaller than the effective sizes of the guest molecules.'™ The enclathrated guests
are oriented such that the axial C-Br bond of the CBr, molecule is along the three-fold
axis. The geometry of CBr, is tetrahedral, the mean Br-C-Br angle is 109.5(12)".
The axial C-Br distance (1.92(2) A) is not significantly longer than the other C-Br
distances (mean 1.904(1) A). The corrected mean values for C-Br distances and
Br-C-Br angles obtained after thermal motion analysis'® are 1.945(14) A and
109.5(11)° respectively.

The anisotropic thermal parameters of the nonhydrogen atoms are ordinary,
with the exception of Us[Br(1)] and Uj; and U,,[(Br(2)] (positional parameters and
B(eq) are given in Appendix, Table A7). The large temperature factors of Br atoms
are not unexpected since CBr, is a non-bonded guest molecule. The analysis of the
thermal motion'® of the CBr, molecule in terms of the translational, librational and
screw matrices reveals a surprising degree of compliance with the rigid body model,
R(U;) =2.74%, Rw(U;) = 2.58%, rms(U;) = 0.0020 and rms[esd(U;)] = 0.0014.
The mean librational amplitudes about the three principle axes of libration are L,
3.94°% L,, 9.40°% and L;, 9.40°. The translation motion is essentially isotropic, with a
mean principal displacement of ~ 0.24 A. However, significant screw motion along
the S, and S; directions is also apparent in the screw tensor:

-0.50 0.00 0.00
0.00 0.25 0.00
0.00 0.00 0.25 .

The intermolecular Br...Br distance of 3.310(7) A is shorter than the shortest

L5
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intermolecular distance between Br atoms found in the structure of pure CBr, (3.78(2)
A in phase II)'7 but is comparable to that observed in the CBr, clathrate of the
seleno analogue of HPTB, hexakisphenylselenobenzene.'® The same type of
shortening for the Cl...Cl contact with respect to the phase II of pure CCl,'® was also
observed in the case of the previously reported structure of the CCl, clathrate of
HPTB.¥ The origin of this effect is unclear although might be an artefact caused by
thermal motion.

A crystallographic axis passes through the centre of the central phenyl ring.

The sulphur atom is displaced by 0.064 and 0.137 A from the centres of the phenyl
substituent and central phenyl rings, respectively. Yet both the central and the side
chain phenyl rings are considered to be satisfactorily planar. The bond lengths and

angles are comparable with those of HPTB and its CCl, clathrate.



CHAPTER 4

BRILLOUIN SCATTERING EXPERIMENT""

4.1 INTRODUCTION

The motion of particles in a crystal is described by the displacement, u(r,t),
where r denotes a position vector and ¢ is time. Phenomenological treatment of
lattice dynamics associates the restoring force, f, of the vibrating particles with the
displacement, u(r,t). These can be related to the thermodynamics of a solid and/or to
the lattice elasticity, if u(r,t) and [ are replaced by the corresponding second-rank
tensors of strain, € (¢;) and stress, o (o). It is also convenient to change the volume
dependence of relevant state functions to the configurational dependence. Thus the
first and second laws of thermodynamics (equation (2.1)) for an anisotropic medium

gives

dU=TdS+V'Y" a,de;; . @.1)
ij

If stresses and strains are small and homogenous there is a linear dependence between

them known as Hooke’s law , i.e. (the Einstein summation scheme is used)'"!

€50k (0=Cu€) (4.2)
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where sy, and ¢y, are the components of the fourth-rank tensors of the compliance and
stiffness, respectively; s;, and ¢y, are usually written using Voigt notation in the
simplified form as matrices 5; and c;, respectively. Since the strain and stress tensors
are symmetrical (i.e. €;= ¢;, 0;=0,) the number of independent components of sy,
and ¢y, is reduced from 81 to 36. On the other hand the adiabatic stiffness tensor can
be expressed as strain derivatives of the internal energy (c;,= V' (8?U/d¢;9¢,))* and
the number of independent components is subsequently reduced to 21. Thus the
tensors have the Voigt symmetry, i.e. ¢y=c¢yy=Cy;=-.. . The symmetry elements of
the particular crytallographic system further decrease the number of independent
components..

In the lattice dynamics description (Section 2.1} it was tacitly assumed that
forces acting between particles are central and this is, in general, the case for organic
molecular crystals. Such an assumption introduces additional symmetry to the tensor
components known as the Cauchy relations.” Then, if they hold, the number of
independent elastic constants is reduced (in the general case) from 21 to 15. The
deviation of elastic constants from the Cauchy relations indicates that angle-
dependent forces act in the crystal.

The form of the elastic constant matrix depends also on the choice of the
Cartesian reference coordinates with respect to the crystallographic axes. For all
trigonal systems orthogonal coordinates can be chosen in such a way that the matrix
has the same topology with six non-zero components. Yet, the usual choice for the

RII system (R3 and R§) follows "Standards on Piezoelectric Crystals" with x | a and
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z||c."" This is shown in Figure 4.1. In this case the elastic stiffness constant matrix

is
Cn Ci2 Ci3  Cy -¢s 0
Ch Oy Cu Gy 0
Cas 0 0 0
Cy O Cas
Caq Cia
(cn-cy)/2

For the RII system, the iaverse of c;, i.e. the elastic compliance constant matrix, s,

which is directly related to thermodynamical variables, has the form

511 S12 S13 S14 S5 0
S S3 -S4 Sy 0
S33 0 0 0
Sy4 0 2525
Saa 2544
2(s11-812)

The equation of motion of the anisotropic medium is given by'?

u, Fu
p—=Y. Cijkl—"‘l— 4.3)
at2 Jl or Jﬂr &
which for the Debye crystal with u(r,t) as plane-waves can be rewritten as
(Ca,PV0 TL,=0 (4.4)

where ¢, are the direction cosines of wave propagation with respect to the coordinate

system in which the elastic constant tensor is defined and II, is the polarization vector



Figure 4.1
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The Cartesian coordinate system in which the tensor is written with
respect to the hexagonal axes of the crystallograpahic system (RII, i.e.
R3 and R§). This figure is equivalent to Figure 3.6; the projection is

onto the xz-plane.
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of the sound wave. The real symmetric matrix Dy(q)= ¢y, is the dynamical matrix

of the lattice motion and in the case of the RII system has the form (written in Voigt

notation):
Dy, =cy,(q; +Yeqz)~Vee n; *"44‘1:3 206140293 C259,95) ) (4.5)
D,=V2c,19,0,* V212019, +2€,40195 26254, ) (4.6)
D, ="'25(‘122 ~q 12) 1130105 +2€ 149185+ C 449,45 , 4.7
Dyy=cy (¥ 2y +qz)~Yee 129 12 =2¢140,95+2C254,4; +C44(]32 , (4.8)
Dy =0130,05*¢14(01 ~42) +26350,8*Coatlrts , (4.9)
Dyy=c333 (a1 02 (4.10)

For non-trivial solutions of equation (4.4) it is required that the Christofell

determinant vanishes, i.e.

Ip,~pv2s,l=0 . (@.11)

Thus for high symmetry systems knowledge of the stiffness, i.e. pv,? in special

directions, allows for easy determination of the elastic constants.
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4.2 RESUME OF THE EXPERIMENTAL METHOD

Brillouin scattering provides a noncontactual probe for viscoelastic properties
and it has proven to be a serviceable tool in the examination of many types of
materials.!"21314 In this technique the scattering of light is explained by fluctuations
in the optical dielectric constant of the medium; in crystals this is caused by the
thermally excited sound waves or equivalently this process can be explained as Bragg
diffraction from the moving grating formed by the acoustically vibrating periodic
lattice. Thus for a crystal the spectrum consists of three sets of doubiets, Doppler
shifted symmetrically with respect to the incident frequency. In the language of
corpuscular theory Brillouin scattering is the inelastic scattering of photons from
acoustic phonons. This is shown schematically in Figure 4.2. The conservation of
energy and quasimomentum is equivalent to the selection rule for one phonon

scattering:

0=OEQ, 4.12)

k =k sk (4.13)

where w and & with subscripts i, s and p refer to the incident light, scattered light and
to the phonon respectively. The phonon emission (Stokes process) and absorption
(anti-Stokes process) are denoted by + and — , respectively, The frequency shifts

measured in the experiment are directly related to the phonon velocities by the
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Figure 4.2  Representative 2-h Brillouin spectrum of [0.470, 0.882, -039] phonons
in the CBr, clathrate of HPTB. Number of counts for the central peak
is of the order 107. There are three doublets denoted by L, T, and T,
corresponding to quasi-longitudinal, slow and fast quasi-transverse
phonons. The peaks on the left correspond to Stokes processes and the

peaks on the right correspond to anti-Stokes processes.
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Brillouin equation

v, =(4 vy )e(n} +nl-2nn cose) (4.14)

where v, is the phonon velocity of the uth mode, c is the velocity of light in a
vacuum, », is the frequency of light, A is the Brillouin shift, »; and n, are the
refractive indices of the incident and scattered light respectively and @ is the scattering
angle.

Elastic constants can be determined from solution of the secular equation
(equation, (4.11)), although this is not trivial for low-symmetry systems. In general
these equations are highly nonlinear due to coupling through products of elastic
constants. One can use particular directions in the crystal for which these equations
can be factored to give components of the ¢; matrix or for which they can be
simplified to the degree that particular ¢; values can be found. Yet, subsequent
determination of the elastic constants gives rise to the propagation and accumulation
of the errors associated with the sound velocities. Another disadvantage is that the
phonon velocities can lead to ambiguous results due to the existence of quadratic
and/or cubic equations, and then the elastic constant determination relies on an
educated guess rather than on the experimental findings. This method is also limited
because there are only a few experimentally accessible directions with purely
longitudinal and transverse phonons. Their number decreases dramatically as the

space group symmetry is lowered. The low-symmetry RII trigonal system has only a
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single direction, along the c-axis, which allows direct calculation of the components,
¢33 and ¢, of the elastic stiffness constant matrix.''?

These difficulties can be circumvented through a least-squares minimization of
the compliance tensor (equation (4.11)) using its reasonable initial approximation
(although it is not necessary since the program used allows for the thorough
examination of the behaviour of an investigated function; vide infra). The only
inconvenience of this approach is that it requires the measurement of a rather large
number of phonon velocities. In principle the special directions should be measured
first and then quasimodes should be investigated (vide infra). Ideally this can be
achieved either by having a spherical sample or a sample immersed in liquid with
identical refractive index but this is very difficult to realize in practice. In this case
the only viable method to access different directions was to cut the crystal.

This procedure does not depend on the special directions and thus eliminates
the need to use purely longitudinal or purely transverse phonons. In general, modes
of any arbitrary directions may be utilized. They are referred to as quasi-longitudinal
and quasi-transverse. This is the only tractable method for this crystallographic
system.

The computer program used in this optimization,'" based on the MINUIT
package (a system for function minimization and analysis of the parameter errors and
correlations),''®!"7 started from an arbitrary set of elastic constants and fit all elements

of the elastic constant tensor to experimental mode stiffnesses, pvzz,,,, where v,,, is the

experimental acoustic velocity. With every iteration an error vector is computed and
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its square

=2
Yo Ve~ pveul* (4.16)

where o, is the standard deviation error of the experimental value, was minimized by

systematically varying the elastic constants until the fit was optimized.
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4.3 EXPERIMENTAL PROCEDURE

Brillouin scattering measurements were carried out at room temperature on the
CBr, clathrate of HPTB, in the laboratory of Prof. Harry Kiefte in the Physics
Department of Memorial University, Newfoundland. Identification of the crystal
faces was achieved by goniometry and morphological examination and was confirmed
by X-ray diffraction. The c-axis (of the hexagonal system) was identified with the
slightly longer body diagonal of the crystal samples. The facets of the samples were
{10-1-1}. Measurements were made on four different samples, of average dimension
(4mm)®. They were cut using a wire saw manufactured by South Bay Technology
Inc. with a wire blade (diameter 0.025 mm), and the crystal polished using silicon
carbide grains of grade 600, 1000 and 1400. This was done to comply with the
condition of 90° scattering.

Refractive indices of the CBr, clathrate of HPTB at room temperature were
determined by comparison with standard liquids (Cargille Laboratories) of known
refractive indices. They were found to be n,=n,=1.803 + 0.003 and n,=1.803 £
0.003.

A schematic diagram of the experimental Brillouin scattering setup is shown in
Figure 4.3. Incident radiation of wavelength A=514.5 nm was provided by a single-
mode argon laser (Spectra Physics 2020-03) and filtered by neutral density filters to a
power of about 40 mW. The free spectral range utilized in the experiments was
35.57 GHz, determined by employing a standard block of fused quartz with known

Brillouin shifts. The scattered light was collected at 90°. It was analysed by a
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Figure 4.3 A schematic diagram of the experimental setup for the Brillouin

scattering experiment. The following abrevations denote: S is the

sample, A1-A4 are the aperatures, L1-L3 are the lenses, FP is the

triple-pass Fabry-Perrot interferometer, PMT is the cooled
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photomultimeter tube, AD is the amplifier-descriminator and DAS 1 is

the data acquistion and stabilization system. The He-Ne laser was used

to set a proper geometry for the experiment.
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commercial triple-pass piezoelectrically scanned Fabry-Perot interferometer Burleigh
RC 110 followed by a cooled photemultiplier connected to the multichannel analyzer
of the data acquisition and stabilization system Burleigh DAS 1 that automatically
corrected for frequency and any other drifts in the system. For these experiments the
error in the determination of the frequency shifts was about 1%. Alphanumeric
readout on the DAS 1 allowed for convenient and accurate determination of the

spectra and shifts. The setup is described in detail elsewhere.'"®
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4.4 RESULTS AND DISCUSSION
4.4.1 EXPERIMENTAL FINDINGS

The shifts were measured in seven directions giving 16 velocities. A
representative Brillouin scattering spectrum is shown in Figure 4.2. The results of
the fitting procedure for the components of the elastic and stiffness matrices are
presented in Table 4.1. Velocities calculated from these values of the ¢; matrix were
compared with the experimental ones, giving an average error of 4,.1% for the slow
quasi-transverse modes, 3.0% for the fast quasi-transverse modes and 3.3% for the
quasi-longitudinal modes.

In order for an elastic stiffness matrix to be physically meaningful in terms of
crystal stability, certain conditions for the components must be fulfilled. For this

crysiallographic system these conditions, i.e.

(€, +¢)C>260 4.17)
(cyy "612)"44>2(0124+0125) ; (4.18)
€335 €44>0 (4.19)

were met.

During the optimization procedure the error in the function value was
calculated. This indicated how much an elastic constant value could vary before it
caused a 1% change in the function. It was expressed to resemble the standard

deviation. From this the relative uncertainties in the elastic constants were estimated
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Table 4.1 The seven independent components of the stiffness (c;) and compliance
(s;) matrices for the CBr, clathrate of HPTB; ¢, and s in units of 10"
N m? and 10"° m? N'!, respectively.
ij 11 12 13 14 25 33 44
C; .20+ 0.11+ 039+ 0.14+ 021+ 1.69+ 0.29+
0.03 0.04 0.02 0.02 0.02 0.03 0.02
) 1.24 -0.36 -0.20 -0.79 -1.16 0.69 5.88
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to be less than 0.04x10' N m? (details in Table 4.1). The major source of error is
the quality of samples, rather typical for these types of crystals. The optical clarity
was relatively poor and there were cracks which might have been introduced by
cutting and polishing during the preparation of these small crystals. The surface and
any bulk defects can affect the Brillouin lines and increase the intensity of the central
component. (On the other hand, in some cases small crystals have an advantage over
big crystals in that they have lower concentrations of innate imperfections.) In
addition to errors due to defects, there is uncertainty (few degrees) in the crystal
orientation associated with cutting and polishing, and from alignment in the
experimental setup. In view of all sources of error the fit is quite good.

The elastic anisotropy of the CBr, clathrate of HPTB can be assessed from
ratios that stem from conditions for the appropriate components of the ¢; matrix for
an isotropic material. For an elastically isotropic RII system ¢;;=¢;;, €;,=Cp3,
2¢, =(c;~C;y) and ¢, ;=c¢;;=0. For HPTB-CBr,, ¢;,= 0.14x10'° N m? and ¢,5=
-0.21x10"™ N m? and the anisotropic factors, ¢;;/Cs3, C12/C13, 2C4/(C11-C1a), Were found
to be 0.71, 0.28, 0.53, respectively. HPTB-CBr, is elastically more anisotropic than
the ethanol clathrate of Dianin’s compound"® (also RII system, R3 structurture) for
which ¢;5=0, ¢,,=0.03x10"* N m? and the respective anisotropic factors were 1.02,

0.49, 0.86. This is seen further in Figure 4.4.
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Sound velocities in the xy-plane for (a) the CBr, clathrate of HPTB and
(b) the ethanol clathrate of Dianin’s compound. T1, T2 and L
represent the slow quasi-transverse, the fast quasi-transverse and quasi-
longitudinal modes. The anisotropy of the sound velocities in HPTB-
CBr,, although not large, gives a view of the rotation of the six-fold

symmetry of the velocity contour away from the Cartesian x,y axes.
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4.4.2 DERIVED PARAMETERS AND OTHER SYSTEMS

The R3 system can be described as a link between the hexagonal classes and
those of trigonal symmetry. It may be characterized by hexagonal axes of alternating
symmetry, or by a three-fold axis with inversion. It appears that the only R3 trigonal
systems for which the full elastic constant tensors have been determined are the
ethanol clathrate of Dianin’s compound'® and now HPTB-CBr,;. The elasticity of the
former was successfully approximated by hexagonal symmetry. In contrast, the
anisotropy of the elasticity of the CBr, clathrate of HPTB differs considerably from
that represented by systems with purely hexagonal symmetry. Given that the ethanol
adduct of Dianin’s compound is elastically hexagonal, HPTB-CBr, appears to be one
of the lowest symmetry solids for which elastic information has been obtained.

It is instructive to compare some parameters derived from the elastic constants
as they very often have more direct physical significance than the tensor itself.

The adiabatic bulk modulus, B,, i.e. the ratio of applied hydrostatic pressure to

resultant fractional change in volume, which can be expressed as

3
B;{E siw]-l , (4.20)
ij

is 6.1x10° N m™ for the CBr, clathrate of HPTB. This is not greatly different from
that of other clathrates, e.g. the ethanol clathrate of Dianin’s compound'"®
‘B,=7.8x10° N m?), tetrahydrofuran clathrate hydrate'® (B,=8.5x10° N m) although

smaller than the dioctanoyl peroxide clathrate of urea? (By=12.2x10° N m).
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HPTB-CBr, is similar to molecular crystals such as stilbene!® (B,=6.4x10° N m?) and
naphthatene!® (B,=5.3x10° N m?). The values of B, for these inclusion compounds
show them to be less compressible than some orientationally disordered molecular
solids. For example, their values of B, are about twice that of solid CCl, in its
orientationally disordered rhombohedral Ib phase'? (B,=3.35x10° N m?) and in its
metastable disordered cubic Ia phase!® (B,=3.30x10° N m?), and also about twice
that of the disordered fcc structure of CBr,'™ (B,=3.65x10° N m?). However, high
compressibility is not exclusively associated with disorder; it can also be due to other
packing and interaction considerations as in crystals of rather flat molecules, e.g.
anthracene'” (B,=3.84x10° N m?), toluene'® (B,=3.89x10° N m?) and biphenyl"®
(B,=4.46x10° N m™).

Experimental studies of clathrate hydrates with different guest species show
that the guest-host force constant stiffens as the mass or size of the guest increases,'”
In consideration of results from molecular dynamics simulations, this can be ascribed
to a coupling of the motion of the guest molecules with that of the host lattice.'* The
coupling of the dynamical disorder of the guest molecules with low-frequency
vibrations of the host lattice is thought to be responsible for the unusually low thermal
conductivity of some inclusion compounds.®® As a result, the temperature profile of
their thermal conductivity is more glass-like than that usually associated with
crystalline matter. On the basis that the ethanol clathrate of Dianin’s compound and

tetrahydrofuran clathrate hydrate have both similar thermal conductivities and similar

compressibilities, it would not be unexpected to observe in HPTB-CBr,, with its
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similar B, and similar topology, a qualitatively similar thermal conductivity profile.
This is discussed in detail in Chapter 7.

Another physical property, the linear compressibility, 3, is the fractional
change in length per unit of applied hydrostatic pressure. It varies with direction and
in the hexagonal and trigonal systems depends on an angle, «, between the direction

and the c-axis. Thus for axial systems it is expressed as'!!

B=6,+B, cos’a (4.20)

where 8,=58;;+5,,+5,; and §,=5,;+535-5;,-5;2. For the CBr, clathrate of HPTB,
B,=0.68x10"° m? N'* and 8,=-0.39x10"° m> N'!. For the ethanol clathrate of
Dianin’s compound these compressibilities are 0.49x10° m?> N! and -0.22x101°

m? N, respectively.""® The deviation of the (| 8, + | 8;])/ |8;| ratic from unity is
a measure of anisotropy, and these values show again HPTB-CBr, (ratio = 1.57) to
be more anisotropic than the ethanol clathrate of Dianin’s compound (ratio = 1.45).'"
Nevertheless, both crystals present highly anisotropic linear compressibilities and in
both cases the c/a ratio strongly depends on hydrostatic pressure.

The elastic constants of HPTB-CBr, (as the ethanol-Dianin clathrate,!"’ the
dioctanoyl peroxide clathrate of urea'?! and urea'”’) are almost an order of magnitude
larger than these of the very soft hexagonal crystals of 8-N, and 8-CO,"® much
smaller (by a factor of 10 to 50) than harder crystals such as Al,O;,'® but, in fact,
very similar to those of ice Ih.'® The exception in the latter case is ¢;, which is

larger by a facior of 7 in ice lh (and by 3 in the ethanol clathrate of Dianin’s
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compound'!®). The elastic constant c,, appears to be low in the present system,
HPTB-CBr, (vide infra).

Although the Cauchy conditions are not fulfilled even for ideal systems
because of the contribution of the temperaturc-dependence of the phonons, deviations
of Cauchy ratios from unity clearly indicate the character of the potential in a crystal,
i.e. the presence of angular forces between atoms and/or torsional interactions
between molecules that contribute {o the crystal potential. The geometry of CBry-
HPTB reduces the six general Cauchy ratios to only two, i.e., ¢,5/c,, and ¢,,/c4
(Css=(C11-€12)/2). These ratios are 1.34 and 0.20 respectively for HPTB-CBr, and
1.48 and 0.63 respectively for the ethanol clathrate of Dianin’s compound.!” The
Cauchy ratios for the dioctanoyl peroxide clathrate of urea are 2.26 and 6.32
respectively.' The low values of ¢,, for the ethanol clathrate of Dianin’ compound
and especially for HPTB-CBr, are responsible for the significant deviation of the
second Cauchy ratio from unity. The c,, value is also very low in the case of urea'”
(¢;;=-0.05x10" N m?). This molecular compound crystallizes in a tetragonal system
with an elastic constant matrix topology similar to the hexagonal system. Such a low
value of ¢;, was obtained for the adiabatic constant. The isothermal elastic constant is
0.89x10" N m™2.'"” Cauchy ¢,/c,, ratios exceeding unity have been associated with
rotational-translational coupling in N,, CO and Ar-O, mixtures;''*"° low values of
C44 are characteristic of soft transverse modes that are susceptible to rotational-

translational coupling. Such a coupling between the guest and the host lattice of this

system is a manifestation of anharmonic behaviour that could significantly affect



properties which are sensitive to the higher (than quadratic) order terms in the

expansion of the crystal’s potential energy in the Taylor series.

67



CHAPTER 5

'THERMAL EXPANSION AND RELATED PROPERTIES

5.1 INTRODUCTION

Harmonic theory of crystal lattice dynamics determines vibrational frequencies
and thus it can be used to explain the properties which depend mainly on these
frequencies. Yet there are some properties which exist exclusively due to
anharmonicity of the lattice, e.g. the difference between isochoric and isobaric heat
capacity or elastic constants; the temperature dependence of the latter; the behaviour
of heat capacity at high temperatures; melting; thermal conductivity; thermal
expansion,

For crystals with a monatomic motif, the simplified view of thermal expansion
is that with rising temperature the average displacement of a vibrating atom increases
and depends monotonically on the temperature; an even simpler explanation is that
the amplitudes of the vibration increase causing the crystal to expand.” Although this
can hold for simple solids like close-packed crystals of rare gases™ thermal
expansivity is a much more complicated phenomenon for other materials, "3 ¢, g. it
does not explain the negative thermal expansion in certain directions for some crystals
(e.g. Cd or Zn). The situation in molecular solids is more complicated still because
of two domains of forces acting in the crystal, e.g. the molecules might change their

relative orientations or the temperature increase could activate the motion of certain
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molecular moieties which might have a noticeable effect on thermal expansivity.
Thermodynamically thermal expansion can be viewed as a volumetric response

of the solid to minimize Gibbs energy, which is a function of the temperature. The

equation of state (given in the universal form by equation (2.2)) in the quasi-harmonic

approximation (vide supra) is*

P(V0)=—AB—I-, 2 tul 5.1)

where ¢;; is the mean energy of phonons in the state ki and v, defined as ,;=
-dlnw, /dInV is the Griineisen function of the ki mode (the so-called mode Griineisen
parameter). Since thermal expansion is the fractional volume change at zero pressure

the thermal expansion coefficient can be written as

ay%}; YiCra (5.2)

where Cy,, is the isochoric heat capacity of the ki mode. Introducing a mode-
independent (or bulk) Griineisen parameter ( y=I,y;, Cyu) /Z,Cyu ) ONe con rewrite

this expresion in terms of experimentally determined thermal properties of the solid as

_ p isothermal ﬁadiabatic

= = yCp = = (5.3)

YCp

provided that the material is isotropic. Thus any unusual behaviour of thermal
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expansion is due to peculiarities of the behaviour of the Griineisen parameter, which
reflects anharmonicity in the crystal lattice. On the other hand, the negative of the
vay, factor, itself, has clear physical meaning as the mean temperature coefficient of
the lattice vibration frequencies.'

The anisotropic version of equation (5.3) is (the Voigt notation is used)™!

___C" ; 5.4
®y= ESApYu (5-4)
Vi

where o, is the component of the thermal expansion tensor, s,, is the component of
the adiabatic compliance matrix and v, is the Grilineisen parameter in a particular

direction.
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5.2 EXPERIMENTAL PROCEDURE

Thermal expansion measurements were performed by determination of the
lattice parameters of powder samples of HPTB and HPTB-CBr, by neutron diffraction
within the temperature range 25 <T <295 K. The samples were prepared by rapid
crystallization as described in Chapter 3.

The C2 neutron powder diffractometer in the NRU reactor of AECL Research,
Chalk River, Ontario was used. The instrument consists of an 800-wire detector
spanning 80° in 20, giving a 0.1° channel interval. During the measurements the
detector was stepped once so that the measured step size for the profile refinements
was 0.05°. The samples were loaded into cylindrical vanadium cans (internal
diameter 4 mm) and placed in an open cycle He-cryostat. The sample was
photographically centred in the beam before the experiment began. The temperature
stability *vas + 1 K during each measurement. The experiment used the reflection
from a Si531 monochromator at a take-off angle of approximately 110°. The
calibration was performed using a standard Si powder. The wavelength was
determined by Rietveld fitting the Si profile and found to be 1.50506(3) A. The
incident collimation used during the experiment was 0.4° and a cooled sapphire filter
was used to reduced second-order contamination of the beam. The spectrum was

fitted using the GSAS program™ from 6° to 36°.
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5.3 RESULTS AND DISCUSSION
5.3.1 EXPERIMENTAL FINDINGS

The results of the room-temperature single crystal X-ray measurement of the
CBr, clathrate of HPTB at T=291 K (see Table 3.1) agree very well with the values
extracted from the neutron diffraction experiment at T=295 K : a=14.328+0.003 A,
¢=20.663+0.006 A and V=3674+1 A®,

There is satisfactory correspondence for the values obtained for HPTB at
T=295 K with 2=9.565+0.09 A, b=10.279+0.007 A, ¢=10.629+0.010 A,

o =68.46+0.06°, $=77.09+0.09°, y=65.814-0.07° and V=883+0.6 A’ as
determined by neutron powder diffraction, compared with values (see Table 3.1) from
single crystal X-ray measurements.

Two factors might contribute to slight differences between the X-ray and
neutron diffraction results. First, HPTB contains a significant number of hydrogen
atoms which results in a high background in the neutron diffraction pattern.

Secondly, an intrinsic feature of organic molecular crystals is weak intermolecular
interactions which, with the low symmetry of the HPTB crystal and its open structure,
make the structure susceptible to easy distortion by thermal and mechanical effects.
For example, it is known that the structure of powdered samples of the CCI, clathrate

of Dianin’s compound is easily disturbed on grinding.*

-

5.3.2 TEMPERATURE EVOLUTION OF UNIT CELL PARAMETERS

The changes in the unit cell dimensions of the CBr, clathrate of HPTB with



temperature are shown in Figure 5.1. The value of the g-axis decreases
monotonically with decreasing temperature, For the ¢-axis, two regions can be
distinguished; above and below ca. 200 K (Figure 5.2). Similar behaviour was
observed in Dianin’s clathrates which have the same space group.”!3 The stronger
effect of temperature on the ag-axis than the ¢-axis can be attributed to more accessible
space in the cavity in the a-direction than in the c-direction.

Knowledge of the temperature dependence of the unit cell dimensions of
HPTB-CBr, allows for the determination, through smooth fitting, of the values of the
thermal expansion tensor as a function of temperature. Due to the symmetry of the
system the tensor for HPTB-CBr, has only two non-zero independent components
defined as «,=(dlna/dT), and «,=(dInc/dT),, i.e. o, =ap=a, and az;=a,
respectively (Figures 5.1 and 5.2).

The dependence of the unit cell volume on temperature for HPTB and HPTB-
CBr, is shown in Figures 5.3 and 5.5. The volume thermal expansivities, i.e.
ay=(3InV/3T)p, of both systems are similar in character with slightly higher values
for pure HPTB.

In the case of pure HPTB the largest temperature-dependence in the unit cell
dimension is for the b-axis. (See Figure 5.4 for unit cell dimensions and volume as
functions of temperature.) The values of a and ¢ change only very slowly with
temperature. It is difficult to interpret this on the basis of the topological features of
the crystal because of the very low symmetry of the structure.

Although both HPTB and HPTB-CBr, have anisotropic thermal expansivity
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(a) HPTB-CBr, a-axis lattice parameter as a function of temperature.
O, neutron powder diffraction results (most error bars are smaller than
the data circles); @, X-ray single crystal diffraction result. The solid
line is the least-square fit.

(b) The thermal expansion coefficient along this axis as a function of

temperature.
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(a) HPTB-CBr, c-axis lattice parameter as a function of temperature.
O, neutron powder diffraction results; @, X-ray single crystal
diffraction result. The solid line is the least-square fit.
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temperature.
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Figure 5.3
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neither displays any unusual behaviour {e.g. negative thermal expansion).

5.3.3 OTHER INCLUSION LATTICE SYSTEMS
'These findings can be compared to thermal expansivity results for clathrates

78,79

hydrates’™ and Dianin’s system.*'® Both these systems exhibit enhanced thermal
expansion of the clathrate lattice with respect to the framework composed of host
compound (i.e. ice or the clathrand of Dianin’s compound). For the former a
phenomenological explanation was proposed:”™ the increased thermal expansivity was
attributed to the weakened interactions between the water molecules of the host lattice
due to pressure exerted on the walls of cavities by the guest molecules. This internal
pressure was ascribed to the kinetic motion of the guest molecules. It would seem
even more reasonable (vide infra) to assume the same mechanism for the Dianin’s
systems.

The guest molecules in hydrates were treated classicaliy and the equation of
the ideal gas was applied in order to assess the internal pressure.”® Molecular

87 although the premises of

dynamics simulations seemed to corroborate this view,
this explanation may oversimplify the physical picture of the guest presence in the

cavities as described further below.

5.3.4 THE ROLE OF THE GUEST IN THEKMAL EXPANSION
In light of recent studies'®" of the stability of the hydrate structures, the

picture of the guest molecule trapped in cages within an inert framework composed of
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water molecules apears to be too simple. The guest molecules seem to play an
essential role in creating the clathrate hydrates through mechanical stabilization of the
host lattice by attenuation of the water lattice vibraticns that result in rearrangement
of the unstable host matrix.'®"” It is also known that the interaction of metion of the
guests with lattice modes lead to coupling of the localized vibrations of guest
molecules to the acoustic modes of the host lattice.®>'* It was also shown that
enhancement cf phonon density for selective vibrational states occurs in the

126

hydrates.

Guests experience motion within the molecular field of the crystal. For
obvious reasons the character of this motion is less restrained than that of bonded
chemical species or even molecular clusters. It can be assumed that for clathrates of
a particular host compound, thermodynamical variables such as V, C, and § are very
similar at a given temperature (this is certainly true in Dianin’s system®). Since
equation (5.3) relates the thermal expansion and the Griineisen constant, if all other
variables are constant then the Griineisen parameter is directly responsible for any
differences between thermal expansivities of different clathrates. On the other hand,
it has been shown that the thermal expansion can be viewed as a response to the
change in the dynamical internal pressure which is equivalent to the radiation pressure
of the elastic waves on crystal walls.'® Since in the clathrate hydrates and in
Dianin’s system the guests introduce additional motion (in comparison to the lattice of
the pure host compound) the dynamical internal pressure is higher and therefore the

thermal expansivity is higher.
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5.3.5 VOLUME THERMAL EXPANSION OF HPTB SYSTEMS

It could be concluded that absence of an effect of guest molecules on the
thermal expansivity for HPTB and HPTB-CBr, might stem from differences between
their structures and those of the clathrate hydrates and Dianin’s clathrates. All three
systems conform to the aforementioned topological definition of a clathrate
compound, i.e. a structure based on lattice lacunae. Yet a subtle, but most
significant, distinction lies in the constitution of these assemblies. Dianin’s clathrate
and clathrate hydrates form better-defined cavities. The clathrate edifice is composed
of the host molecules associated through hydrogen bonds, and the steric barriers
which limit the volume of the voids are tight; this lets the guest have noticeable
impact on the thermal expansion. In contrast, the HPTB clathrates are more npen.
Two supramolecular hexamers close the cage tightly in the Dianin’s assemblies; the
cavity in HPTB clathrate is created by six host molecules which correspond to a
Dianin’s hexamer. The guests in HPTB can be considered as space fillers that are
loosely retained in the lattice. This also explains why some guests such as CCl, or

CH,CCl, are easily lost from HPTB.

5.3.6 GRUNEISEN FUNCTION OF HPTB SYSTEMS

Attention is turned now to anharmonic properties of HPTB and the CBr,
clathrate of HPTB since relevant values of the thermal properties are available to
quantify this.

For axial systems there are only two non-zero independent anisotropic
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Griineisen parameters!

11(=1)=(VIC,)((C1y *C ety +Cip0r) (.5)

13 =(VIC,)(ZC 50, +Cyy0ts) (5.6)

where ¢; are the adiabatic elastic constants and C, is the heat capacity at constant
stress (vide infra). Since the volume thermal expansion is a combirnation of o, and oy
(vide supra), employing equation (5.3), one can express the bulk Griineisen parameter

aslBl

Yiﬁﬂ.lﬁﬂﬁ}. (.7)

where 3, and $, are the linear adiabatic compressibilities along the a- and c-axes,
respectively (equation (4.20)). This allows for determination of the y functions.

It is reasonable to assume that the value of the adiabatic compressibility of the
HPTB (no experimental values are available) will be similar to that of the clathrate
since the features of the compositicn of the molecular crystals indicate similarity of
mechanical properties. By virtue of this premise the overall Griineisen parameter was
determined for pure HPTB. Plots of the bulk Griineisen parameters for HPTB and
HPTB-CBr, are shown in Figures 5.6 and 5.7. The anisotropic Griineisen parameters

for the CBr, clathrate are shown in Figure 5.8.

W

The arbitrariness of the choice of the HPTB compressibility does not affect the
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Figure 5.7  Temperature dependence of the overall Griineisen parameter, Yy, for

HPTB-CBr,.



Figure 5.8  Temperature dependence of the Griineisen parameters, v,(- -) and

v.(—), for HPTB-CBr,.
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character of the tempera‘ure dependence of the Griineisen parameter especially
elevation of the Griineisen constant at lower temperatures, particularly since the
compressibility is nearly independent of temperature. This was confirmed by
calculations with compressibilities ranging from 1.0x10® m?> N to 1.0x10® m? N,
which is the range of values for different molecular crystals found in the literature.!

The values of  are comparable to those characteristic for non~metallic solids
with « of the order of unity.”*! The low-temperature increase of the Griineisen
parameter reflects the thermal expansion. Although it is not typical because for most
materials v decreases with decreasing temperature, the same trend was observed for
other substances like Dianin’s systems,® tetrahydrofuran hydrate," disordered
materials and crystals doped with impurities.”" In solid CO this elevation was
attributed to the presence of low-frequency librational modes,"! which also will exist
in the materials investigated here. In amorphous materials it was partially attributed
to the linear temperature dependence of the heat capacity’®! which is also observed

here (see Chapter 6).

5.3.7 GRUNEISEN FUNCTION OF CBr,

Since the thermal expansion and the compressibility of pure solid CBr, is
available from the literature,®*'* combined with the heat capacity results of Chapter
6, this allows the calculation of the overall Griineisen function of pure CBr, from
equation (5.3). The temperature dependence of the Griineisen parameter of CBr, is

shown in Figure 5.9. Its temperature evolution is similar to that found here for the
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HPTB systems.

Pure CBr, is a molecular solid. It has an orientationally ordered monoclinic
structure'” (phase II) below 320 K and an orientationally disordered face-centred-
cubic structure!® (phase I) between 320 K and its melting point, 365 K. The
dynamics of phase I CBr, have been extensively studied due to its representative
character for orientationally disordered solids. The simplified picture is that of six
different orientations of the molecules which undergo discrete jumps between these
positions."! However, molecular dynamics simulations revealed much more complex
behaviour with a wider range of orientations and additional sporadic free
spinning."1% It was also suggested that some molecules (with sufficiently high
kinetic energy) might experience jumps just below 320 in phase II. This represents
highly anharmonic behaviour. The Griineisen function increase in the high-
temperature region could be a reflection of this. The origin of the low-temperature

behaviour of the Griineisen parameter in CBr, seems to be analogous to that discussed

for the HPTB systems (vide supra).

5.3.8 CONCLUDING REMARKS ON THE GRUNEISEN PARAMETER
Intermolecular forces determine many properties of organic molecular crystals,
particularly thermal and mechanical properties, since they define the character of the
potential between the chemical species building a crystal. The knowledge of the
spatial as well as the harmonic/anharmonic character of thc intermolecular interaction

is crucial in understanding the lattice dynamics. The Griineisen parameter has been
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the useful quantity for discussion of the anharmonic properties of solids especially
those displaying significant long-range interactions as ionic crystals. To date, organic
molecular crystals and especially multicomponent systems such as clathrates have not
been investigated so extensively. It is worthwhile to make a caveat concerning the
physical meaning of Griineisen parameter in the case of molecular crystals.

The strain (and stress) for these materials can be split into external and internal
components.” The former is due to the displacement of points of the ideal Bravais
lattice. The homogeneous deformation formalism identifies the external stress with
the elastic strains. The latter is due to a change in relative placement of atoms or
molecules in the unit cell.®® The question is: how much do the overall Griineisen
parameter or the directional Griineisen parameters as calculated here, reflect the
anharmonicity of the crystal lattice potential?

Ideally the Griineisen parameter calculation would be based on the mode vy
determination. Their contributions define the relevant parameters. In the case of this
investigation where organic molecular crystals with a wide range of internal vibrations
were studied, the thermodynamics of internal strains'* are complicated. This can
significantly affect the values of v’s obfuscating the physical meaning of this
parameter, e.g. the mode ’s due to internal modes are anomalously small despite
absolutely no repressed anharmonicity of these modes.'**'* The same was postulated
for the modes due to rigid-molecule librations."® Since both types of modes are
present in the investigated materials, the temperature evolution of the calculated «’s is

definitely influenced by the internal coupling between internal and external modes.



CHAPTER 6

HEAT CAPACITY DETERMINATIONS

6.1 INTRODUCTION

Many types of experimental investigations of thermal phenomena can be
carried out using calorimeters.*’** The character of physical or chemical proccesses
of interest (e.g. the temperature region or time scale of the process) dictates the type
of calorimeter and method of measurement employed in the study. In principle
calorimeters are simple devices. Each consists of a thermometer, a vessel with a
sample, a heat supply and possibly a thermal shield that determines the measurement
constraints. The temperature of the sample can be either maintained constant or
changed during the measurement (i.e. the initial temperature can differ from the final
one). Adiabatic calorimetry belongs to the latter category.

Adiabatic calorimetry relies on the absence of heat flux between the measured
system (i.e. the sample and addenda) and the surroundings. Practical difficulties in
realization of this constraint are caused by heat transfer phenomena such as
conduction, convection and radiation. To minimize these problems and to create as
near to ideal adiabatic conditions as possible, the sample is either isolated from the
surroundings by an infinite thermal resistance or the temperature of the measured
system is matched with that of the surroundings. In addition, if the sample undergoes

the reaction it must be sufficiently rapid to prevent any appreciable heat exchange
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during the data collection.

The approach of temperature match to the surrounding was applied in the
calorimeter used here. High vacuum, an adiabatic shield and a heat sink for the
electrical leads allow for adequate approximation to adiabatic conditions. The
temperature of the adiabatic shield is controlled so as to correspond to that of the
sample and addenda. Then the unwanted undetermined energy loss/gain by the
sample is reduced below an acceptable threshold. A schematic diagram of the heat
pulse adiabatic calorimeter is shown in Figure 6.1. It operates with energy pulses, Q,
to elevate the sample temperature. Thus the experimental measurement of the heat

capacity, C,

«p» At @ given temperature yields always the average over a certain

temperature increment, AT, i.e.

C,,=QIAT . 6.1)

The value of C,, can be regarded as exact if the increment AT is chosen reasonably.
For a solid, C,,, is the heat capacity of the solid in equilibrium with its saturated

vapour which is related to the isobaric heat capacity, C,, by
oP\ (ov
C. =C,-T|=| | = 6.2
P d (aT)sat( aT)P ( )

where the subscript sat denotes the saturated vapour. For involatile solids C,, = C,.
Thus the experimentally determined heat capacity, using equation (2.4), can yield the

isochoric heat capacity, C,. In principle for crystals C, is not really the value of
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interest and moreover equation (2.4) is valid only for isotropic materials. The
constraints relevant to anisotropic materials are constant stress and contant strain, i.e.

C, and C,, respectively. The equation equivalent to equation (2.4) takes the form

CP_CVECO—CG.;VTE C‘Juauakl (6'3)
il

where ¢, is the isothermal elastic constant tensor and the oy is the thermal expansion
tensor. Since it can be assumed that the vapour pressure of the solid is approximately

zero, Cp=C,.
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6.2 EXPERIMENTAL SETUP

The adiabatic calorimeter used for this research project consists of a
calorimeter vessel which holds a known amount of the investigated sample and its
electrical heater; a platinum resistance thermometer and a constant current power
supply; an adiabatic shield and its controller; a vacuum system; an immersion
cryostat; a digital multimeter and computer.'” All electronic elements of the
experimental station were interfaced with a Hewlett-Packard 87A personal computer
(Figure 6.2) which allowed for full control of all crucial experimental variables
including a fully automated mode of operation. The readings were taken by a
Hewlett-Packard 3456D Digital Voltimeter. The time frame of the data collection
was monitored and controlled with 0.02% accuracy by the HP 87A internal clock.
Software enables one: a) to heat the sample for a specified time or to a specified
temperatnre, b) to adjust the control of the adiabatic shield, and c) to gather
temperature data at specified rate for a given period of time. The data processing was
built into the program.

The calorimeter had been tested with Calorimetry Conference (NBS-49)
benzoic acid from 35 K to 310 K. The results agreed with the literature to within
0.5%."7

A cylindrical vacuum enclosure can was made out of copper. It surrounded
the copper heat anchor that kept the adiabatic shield with the calorimetric vessel
inside. The can was fastened to a flange of the vacuum line. An indium vacuum seal

was made between the can and the rim. After the sample had been loaded (vide infra)
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Figure 6.2 A schematic diagram of the computer system controlling the automated
adiabatic calorimeter.' The abbreviations in the diagram denote the
following: i is the constant current supply; +*t is the computer-
controlled current direction relay; R is the standard 100 Ohm resistor;
V is the constant voltage supply; HTR are the heater/thermometer

relays; HP is the Hewlett-Packard 3456A digital multimeter.
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the contents of the enclosure can were evacuated in order to provide satisfactory
insulation and prepare the assembly for the quasi-adiabatic conditions. The vacuum
system which enabled a pressure lower than 10° Torr consists of a roughing pump
and a oil diffusion pump, Sub-ambient temperatures were obtained immersing the
enclosure can in an appropriate refrigerant stored in a glass Dewar. For the
particular temperature range either only liquid nitrogen (for the temperatures 77 X
and up) or liquid helium (for the temperatures 20 K and up) were used. In the latter
case the enclosure can was submerged in a Dewar with liquid helium and this Dewar
sat inside another containing liquid nitrogen. To facilitate cooling helium exchange
gas was introduced to the enclosure can; afterwards it was pumped away.

The sample container and heater/thermometer assembly constitute the heart of
the apparatus. This is shown in Figure 6.3. Apiezon T grease was used to improve
thermal contact between the sample vessel and the heater/thermometer assembly. The
sample container has a volume of approximately 5 cm® and mass ca. 11 g. It is
closed hermetically from the top by a lid and an indium O-ring. The heater/
thermometer assembly is made of thin-walled copper with a centrally located
thermometer well where a calibrated miniaturized Pt resistance thermomeier (Lake
Shore Cryotronics Pt-103, 100 Ohms at 273 K) sat. In order to have good sensitivity,
the Pt resistance thermometer was connected in a circuit in series with a standard
resistor (100 Ohms). A small constant current (1 mA) was passed through the circuit
and the ratio of the voltage drop across the thermometer relative to the drop across

the standard resistor was measured with a HP 3456A digital multimeter (thermometer
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resistance ratio readings were taken in either direction to correct for thermal
electromotive force). A schematic diagram of the circuit is shown in Figure 6.2.

The thermometer was calibrated by the supplier from 4 K to 380 K against a platinum
resistance thermometer that had been calibrated based on the 1976 Provisonal 0.5 to
30 K temperature scale (EPT-76)'*® below 30 K and International Practical
Temperature Scale of 1968 (IPTS-68)'* above 30 K. The accuracy of this calibration
alsc satisfies the 1990 International Temperature Scale.’®® The claimed accuracy of
the calibration is +10 mK above 27 K and +15 mK below 27 K."! The heater was
made of approximately 2.6 m of double-silk wound Karma wire (590 Ohms) which
was wound bifilarly around and varnished to the heater/thermometer assembly.

The sample vessel and heater/thermometer assembly (Figure 6.3) was
suspended inside the adiabatic shield. This prevented unknown energy exchange
between the suroundings and the system. Copper-constant thermocouple junctions
placed on the shield and on the bottom of the sample container (as a reference)
permitted control of the temperature gradient. The shield had an outer heater which
was 15 m manganin wire wound bifilarly on the surface of the shield. This
thermocouple was connected to an Artronix 5301-E shield controller which contained
the power supply for the shield heater. An admissible thermal drift in the
calorimetric vessel was within 0.003 X/min and it was achieved and sustained through
an appropriate set point of the shield controller.

A more detailed description of the calorimeter can be found elsewhere.'!
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6.3 EXPERIMENTAL PROCEDURE

A sample container loaded to maximum capacity with a compound of interest
was placed in a desiccator for evacuation. The evacuated desiccator was moved to a
dry box with helium gas where the sample vessel was closed. Helium gas provided
better thermal diffusivity among sample, the container and the thermometer. The
mass of the sample was determined by weighing the empty and loaded calorimetric
vessel. Then it was installed below the heat sink and all previously described steps
were carried out in order to commence measurements.

The data collection consisted of a preheating and a postheating period. First
the conditions were set to maintain equlibrium conditions in the calorimeter, i.e. with
the temperature drift within 4+ 0.003 K/min. The resistance ratio readings (thus the
temperature readings) were taken for an arbitrary period of time which was usually 30
to 60 minutes. Then the sample was heated for a period, t, by applying voltage
across the vessel heater. The voltage, U, had been measured three times and
averaged. The heater resistance, R, had been measured twice, i.e. before and after
heating, and averaged. Thus the energy provided to the system is given by Q=tU%R.
Depending on the temperature region, the set point on the shield controller was
accordingly changed during the heating to adjust to the new temperature and new
prospective temperature gradient between the vessel and the shield.

After heating the resistance ratio readings were taken once again. The
preheating and postheating resistance ratios were projected to the midpoint of the

heating where their values were calculated (giving the corresponding temperature of
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the sample before heating, T;, and the temperature of the sample after heating, T) in
order to determine the temperature increment (AT=T,-T,) and the averaged value of
the temperature, T, for which the heat capacity is calculated (T= (T,+7,)/2). The
total heat capacity (sample and addenda) was calculated from equation (6.1). The
actual value of the heat capacity of the sample was obtained subtracting the heat
capacity of addenda, i.e. the empty calorimeter, indium metal and Apiezon T grease;
these terperature-dependent values were obtained from the fitting to the experimental
findings using a spline method. Inaccuracy in the determination of the mass of
Apiezon T grease and indium seal can be neglected since it contributes less than
0.04% to the total heat capacity of the empty vessel.'™!

The heat capacities of three compounds, i.e. pure CBr,, pure HPTB, and the
CBr, clathrate of HPTB, were determined using the foredescribed heat pulse adiabatic
calorimeter. The masses of these samples were 9.2904 g, 2.8241 g and 3.6546 g,
respectively. Preparation of HPTB systems was as described in Chapter 3. The CBr,
sample was obtained from Aldrich Chemical Company at a stated purity of 99%. It
was then sublimed to further remove impurities. This method was reported to be

more effective for CBr, than recrystallization from solution.!*
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6.4 RESULTS AND DISCUSSION
6.4.1 EXPERIMENTAL FINDINGS

The raw experimental findings of the measured compounds, given per mole of
the substance, are presented in the Appendix (Tables A1, A2, A3); the relevant plots
are shown in Figures 6.4 and 6.5. The corresponding smoothed values of the isobaric
heat capacity for these compounds are presented in Tables 6.1, 6.2, and 6.3.

All compounds behaved well thermally. No thermal history effects, which can
indicate properties such as frozen disorder, were observed. The relaxation times after
heating did not exceed 15 minutes for CBr, and 10 minutes for HPTB and HPTB-
CBr,. For all compounds the times were slightly decreased at lower temperatures.

The heat capacity of the sample with respect to the heat capacity of the
calorimeter varied with (increasing) temperature from > 90% to 50% for pure CBr,,
from 40% to 30% for pure HPTB and from 60% to 35% for the CBr, clathrate of
HPTB.

The heat capacity functions are smooth for all three compounds with no
singularities due to phase transitions. The heat capacity of CBr, reported previously'®
above 295 K is also plotted in Figure 6.4. Agreement with these results is within

experimental error.

6.4.2 HEAT CAPACITY OF CBr, GUEST IN HPTB-CBr,
It is reasonable to assume, as a first approximation, additivity of the host and

guest contributions to the total heat capacity of HPTB-CBr,, as had been done in the
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Table 6.1 Smoothed values of C, for CBr,.

T/K C,/J K" mol" T/K C,/J K' mol”
30.0 43.09 175.0 102,18
35.0 47.29 180.0 103.18
40.0 51.24 185.0 104.17
45.0 54.94 190.0 105.17
50.0 58.42 195.0 106.17
55.0 61.69 200.0 107.17
60.0 64.75 205.0 108.19
65.0 67.62 210.0 109.23
70.0 70.31 215.0 110.28
75.0 72.83 220.0 111.34
80.0 75.19 225.0 112.43
85.0 77.41 230.0 113.54
90.0 79.48 235.0 114.68
95.0 81.43 240.0 115.83
100.0 83.27 245.0 117.02
105.0 84.99 250.0 118.22
110.0 86.62 255.0 119.46
115.0 88.15 260.0 120.71
120.0 89.60 265.0 121.99
125.0 90.98 270.0 123.29
130.0 62.29 275.0 124.62
135.0 93.54 280.0 125.96
140.0 94.74 285.0 127.32
145.0 95.89 290.0 128.70
150.0 97.00 295.0 130.09
155.0 98.08 300.0 131.49
160.0 99.13 305.0 132.90
165.0 100.16 310.0 134.31
170.0 101.18
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Table 6.2 Smoothed values of C, for HPTB.

T/K C,/J K' mol' T/K C,/ J K' mol'
30.0 96.65 175.0 481.23
35.0 118.52 180.0 493.19
40.0 138.83 185.0 505.23
45.0 157.74 190.0 517.32
50.0 175.40 195.0 529.46
55.0 191.97 200.0 541.63
60.0 207.56 205.0 553.82
65.0 222.30 210.0 566.03
70.0 236.32 215.0 578.23
75.0 249.70 220.0 590.41
80.0 262.56 225.0 602.57
85.0 274.97 230.0 614.69
90.0 287.01 235.0 626.78
95.0 298.77 240.0 638.81
100.0 310.30 245.0 650.79
105.0 321.65 250.0 662.72
110.0 332.89 255.0 674.60
115.0 344.06 260.0 686.44
120.0 355.19 265.0 698.24
125.0 366.31 270.0 710.03
130.0 377.46 275.0 721.81
135.0 388.66 280.0 733.61
140.0 399.92 285.0 745.46
145.0 411.26 290.0 757.40
150.0 422.69 295.0 769.45
155.0 434.21 300.0 781.67
160.0 445.82 305.0 794.67
165.0 457.54 310.0 806.82
170.0 469.34
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Table 6.3 Smoothed values of C, for HPTB-CBr,, per mole HPTB.

T/K C,/J XK' mol" T/K C,/J K' mol’
30.0 217.27 175.0 691.05
35.0 244.94 180.0 704.41
40.0 270.99 185.0 717.94
45.0 295.55 190.0 731.64
50.0 318.72 195.0 745.52
55.0 340.61 200.0 759.57
60.0 361.31 205.0 773.79
65.0 380.93 210.0 788.16
70.0 399.57 215.0 802.68
75.0 417.30 220.0 817.33
80.0 434,23 225.0 832.09
85.0 450.43 230.0 846.94
90.0 465.99 235.0 861.84
95.0 480.97 240.0 876.76
100.0 495.46 245.0 891.68
105.0 509.52 250.0 906.54
110.0 523.22 255.0 921.32
115.0 536.61 260.0 935.96
120.0 549.76 265.0 950.41
125.0 562.72 270.0 964.62
130.0 575.54 275.0 978.53
135.0 588.26 280.0 992.08
140.0 600.94 285.0 1005.20
145.0 613.60 290.0 1017.83
150.0 626.29 295.0 1029.90
155.0 639.03 300.0 1041.32
160.0 651.85 305.0 1052.02
165.0 664.78 310.0 1061.92
170.0 677.84
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case of quinol systems,'” the THF hydrate® and Dianin’s systems.™ For the latter
the heat capacity of the host lattice was measured directly since the clathrand of this
compound exists. The heat capacity of the empty host lattice of the quino! was
extrapolated from the heat capacity of clathrates with different guest concentrations.
For HPTB-CBr, the situation is analogous to that of THF clathrate hydrate. Neither
the clathrand exists nor is there data available (since the clathrates of HPTB seem to
have fixed compositions) to have or extract the heat capacity of the empty host lattice.
Thus the heat capacity of pure HPTB was used as the only feasible approximation for
the empty host framework of HPTB-CBr,. The molar "bulk" and "molecular", i.e,
guest, heat capacity of CBr, are shown in Figure 6.6.

From the figure the heat capacities of the CBr, molecules in bulk or cages of
the HPTB clathrate above 130 K are the same, within the experimental error. This is
also the temperature region where the heat capacity is a very linear function of the
temperature. Below 130 K the enclathrated CBr, molecules exhibit higher heat
capacity than that of pure CBr,. The difference increases with decreasing temperature
to ca. R (R is the gas constant) at 30 K. This shows that, within the assumption of
guest-host heat capacity additivity, CBr, has more freedom in the voids of the
clathrate than in the bulk. The "single molecule" molar heat capacity at the
temperature 30 K exceeds 6R which is the harmonic equipartition limit to the heat
capacity from vibrational rattling and rigid-bedy rotation of the CBr, molecule (even
after subtraction of the intramolecular contribution to the total heat capacity; vide

infra). The total molar heat capacity approaches ca. 16R at 300 K. Thus the guest
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temperature for bulk CBr, (@) and as determined by difference
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rigid-body motion appears to be fully excited between 30 K and 300 K, with

additional contributions to the heat capacity from internal vibrations.

6.4.3 ISOCHORIC HEAT CAPACITY

Since the necessary thermodynamic variables are available for CBr,"** and
for HPTB-CBr, the calculation of their isochoric heat capacities is possible. For CBr,
the isochoric heat capacity is computed by means of equation (2.4) with values of the
isothermal compressibility and the volume thermal expansion taken from
literature.'*®!*° For HPTB-CBr, the thermal expansion tensor and elastic constants
determined here were used. This allows for the calculation of the heat capacity at
constant stress by means of equation (6.3), which for this crystal symmetry, takes the

form (in Voigt notation)'

C=VT(2(c, 61,) g +AC,5 0,0, +30) ©.4)

The relevant plots are shown in Figures 6.7 and 6.8, i.e. for pure CBr, and HPTB-
CBr,, respectively. The smoothed values are given in Appendix (Table A4 and AS).

C, of CBr, is quite linear above 100 K. C, of HPTB-CBr, is linear in the
whole measured temperature range. The relative difference between the isobaric and
isochoric heat capacities for these materials is negligibly small at low temperatures,
increasing with the increasing temperature to 12% for CBr,, and 8% (C,), or 1% (C)
for HPTB-CBr, at the highest measured temperature.

The linear character of the heat capacity functions is most likely caused by
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internal modes which exist in these molecular solids. The reported™® Raman
spectrum of CBr, reveals vibrations with frequencies between 15 cm™ and 677.7 cm™.
The Raman spectrum of HPTB reveals vibrations between 15 cm™ and 3000 cm™.1%
It is expected that internal vibrations within HPTB molecules will remain the same in
its CBr, clathrate. Similar linear behaviour of C, was observed in the Dianin’s
system®® with internal modes ranging between 40 cm™ to 3000 cm™, and in the
monomer and polymer of p-toluene sulphonate with the stretching vibrational modes

contributing to C, proportionally to the temperature*, as well as in other molecular

organic crystals.*

6.4.5 CHARACTERISTIC TEMPERATURES

The isochoric heat capacity allows for the calculation of Debye temperature by
means of equation (2.14). All three systems are molecular crystals and application
of this equation requires appropriate modification of the understanding of n which in
the case of a simple atomic crystal is the number of atoms in the unit cell, each of
which contribute 3k, to the heat capacity in the high-temperature limit. In light of the
previously described structural features as well as the energetic makeup of the
molecular solids, n should be regarded as the number of potential contributors to the
high-temperature heat capacity or equivalently as the number of sites in the unit cell.
Organic molecular crystals exhibit a wide variety of molecular motions;* either the
entire molecule or a particular group of atoms undergoes diverse rotational and/or

translational motions, e.g. various types of dynamics of methyl groups.'®® The
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question is: how many degrees of freedom one can ascribe to the molecule? In the
case of the CBr; molecule the most likely answer seems to be six, i.e. translational
vibration (three degrees of freedom; one site) and libration of the molecule (another
three degrees of freedom; another site).

For the CBr, clathrate of HPTB this assignment is more arbitrary. The host
molecule can be treated as a rigid unit and then there are six degrees of freedom. If
the phenyl moieties are able to move then the number of degrees of freedom
increases. The phenyl rings might display translational vibrations'’ as well as
librations*® and then the HPTB molecule can be treated either as 8 or 14 sites. Since
the assignment is, of necessity, arbitrary in nature it should be treated as a reasonable
simplification of the real thermal behaviour of HPTB systems. The value of n, i.e.
the number of generalized sites, or the corresponding number of degrees of freedom
should not be taken too literally since molecular crystals and especially complex
structures like those of HPTB and its clathrate do not lend themselves to the.
straightforward application of Debye or Einstein theory. There are approaches based
on hybrids of these two models but they cannot be applied here owing to the absence
of auxilliary data (e.g. lack of a complete assignment for internal modes).

Since the Debye model describes acoustic modes, the contribution of
intramolecular vibrations to the total heat capacity should be subtracted before
determination of the Debye temperature. Although complete assignment of
intramolecular vibrations for these compounds is not known, the Raman spectrum of

CBr, has been reported.'® These values of intramolecular vibrations were used for
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CBr, and the CBr, guest of HPTB-CBr, since the internal frequencies are practically
insensitive to the molecular environment. The simplified assessment of the molar
intramolecular vibrational contribution of CBr, to the total molar heat capacity, based

on the values from literature,™ is

2 x
x;e!

CintrazRZ Wi N (6.5)
i=1 (e ‘—]_)

where w, is the appropriate weighing factor for frequency w; and x,=hwy/kzT. The
temperature-dependent value of C,,,, was appropriately subtracted from the isochoric
heat capacities of CBr, and HPTB-CBr, before the evaluation of the temperature-
dependent Debye temperature. Since the compressibility of HPTB is not known, 6,
of this compound was evaluated from the experimental heat capacities, rather than C,.

The plots with the Debye temperatures as functions of temperature are shown
in Figures 6.9, 6.10, and 6.11 for CBr,, HPTB, and HPTB-CBr,, respectively.
Details are given in the captions. 8, of CBr, is comparable to that of other
halomethanes (CCl, with 6, about 90 K, CBrCl, with 6,=63.48 X and CBr,Cl,
with 0,=58.4 K;'® these values were extracted from low-temperature heatv capacity
data). For HPTB-CBr,, in the low-temperature region, both curves seem to approach
values between 90 K and 110 K. Increasing in temperature from T=0 K one would
expect these curves, relatively close in values, decrease and subsequently increase as
was observed for other solids.®' In all cases the 0, decrease with the increasing

temperature is likely caused by increasing anharmonicity in these systems and by not
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Figure 6.9  The Debye temperature for pure CBr, as a function of temperature,
calculated for six degrees of freedom per molecule. This was
calculated from the isochoric heat capacity with intramolecular

contribution removed.
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Figure 6.10 The Debye temperature for pure HPTB as a function of temperature
calculated from experimental heat capacity; (—) calculated for 24

degrees of freedom per molecule, (- -) calculated for 42 degrees of

freedom per molecule.



117

)

150

100 | \

o, | K
-

0 2 1 A 1
o 50 100 150

TI/IK

Figure 6.11 The Debye temperatures for HPTB-CBr, as functions of temperature
calculated from isochoric heat capacity with intramolecular contribution
from the CBr, molecules removed; (—) calculated for 24 degrees of
freedom per the HPTB molecule, (- -) calculated for 42 degrees of
freedom per HPTB molecule, and 6 degrees of freedom per CBr,

molecule in both cases.
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taking into account all contributions to the total heat capacity arising, most likely,
from rotational modes.

Knowledge of elastic constants of the CBr, clathrate of HPTB permits the
calculation of sound velocities along the c-axis. These values can be used to compute
6, from equation (2.14). Once again assigment of # in this equation is somewhat
arbitrary. For n=36, 0,=90 K; for n=54, 6,=103 K. These values correspond
quite well with the calorimetric Debye temperature despite the fact that sound
velocities used in the calculation were, out of necessity, from an arbitrary direction.
In other solids the calorimetric Debye temperature at T=0 K is in reasonable
agreement with the 6, derived from the sound velocities.”® The above results indicate

that this is also the case here.



CHAPTER 7

THERMAL CONDUCTION

7.1 FORMAL THEORY OF THERMAL CONDUCTIVITY

The microscopic expression for heat flow in a solid was given by equation
(2.17). One of the main conclusions drawn from this equation is that a net flow of
heat is possible only if the phonon distribution function departs from the thermal
equilibrium value. Thus the Bose-Einstein function (Section 2.1) which is a function
of position, time and temperature, lays the theoretical ground for formulation of a
mathematical description of heat transport in insulators.

Spatial dependence of temperature in a crystal causes phonon diffusion at a
particular rate. On the other hand phonons are scattered by various mechanisms. At
steady state the phonon drift must be balanced by the phonon scattering and this is

expressed in the form of the Boitzmann equation®

—cijT——' 7 (7.1)

The first term is due to the drift of phonons; ¢ is the group velocity of phonon 4j,
ny is the relevant phonon distribution. The second term is due to scattering. Solution
of this equation relies on simplifications taking into account valid physical

approximations. It is linearized to yield an analytic solution.

119
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It can be assumed that the departure of the Bose-Einstein distribution from
equlibrium due to the temperature gradient is small and the phonon distribution ny; can
be replaced by its equilibrium value, N, in the derivative with respect to temperature.
A similar assumption for the temporal dependence of the phonon distribution function
(that this function can be expanded in a Taylor’s series around its equilibrium value
and higher than the first term neglected) allows for replacement of its time derivative

with (n,- Ny)/Ar. Thus the linearized Boltzmann equation for phonons has the form®

e VT—X =¥ (7.2)

where 7, is a relaxation time. The right-hand side reflects the fact that in this
approximation the scattering process restores the phonon distribution to the thermal

equilibrium distribution at a rate proportional to its departure from the equilibrium

value.

Thus the departure of the phonon distribution from its equilibrium value in
equation (7.2) can be put into equation (2.17) for heat flow, rewritten for simplicity

for the z-axis

ON.. 5T
- L]
H= zkj ﬁmj(k)c,g.r,y._a_:{_‘_a; i (7.3)

From equation (2.18) (x=-J0AT) this permits one to calculate the thermal conductivity

coefficient, x, which is
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2 0
x=§k; oMo ,{,-g . (7.4)

For the Debye crystal and heat capacity model, equation (7.4) can be written as

3 6T
. (1.5)
~ 21t2v( ] f (x)(e"-l)

If the relaxation time is expressed as the ratio of a mean free path of a phonon to its
velocity then equation (7.5) corresponds exactly (x =%av § C(x)l(x)dx, where C(x) is
the heat capacity) to « derived from kinetic theory (equation (1.1)). Thus the
temperature dependence of « described in the General Preamble is a result of the
behaviour of heat capacity (Section 2.2) and the mean free path / (limited due to
scattering at high temperatures and due to sample dimension and/or defect
concentration at low temperatures). The ideal case of the temperature evolution of «,
with main heat resistant mechanisms depicted in the relevant temperature regions, is
shown in Figure 7.1.

In the relaxation time approach due to Callaway'®' it is assumed that all
scattering processes act independently and the total rate of scattering, 7", can be

expressed as

1;1;1 =1;;1 +1;'1;l (7.6)
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Figure 7.1  Schematic illustration of a typical temperature profile of the thermal
conductivity for an insulting crystal depicting the major processes and
mechanisms responsible for the thermal resistance in particular

temperature regions.
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where 7 is the phonon relaxation time ascribed to different mechanisms of elastic
scattering (the equivalent total scattering rate is a sum of the particular scattering
rates) and 7, is due to phonon-phonon scattering. Callaway assumed that the Normal
processes also contribute to the thermal conductivity and the rate of change of the

phonon distribution is®!¢!

(1.7)

where 7, is due to N-processes. This yields the thermal conductivity as a sum of two

components «; and «,, i.e.'s!

x,=C [ 222y (7.9)
5 (ex_l)z
and
o/T 2
[Gadpxtet e -1y
0

(7.10)

KZ:CeD/r
[ GudryeRxte*(@*-1y"dx
0
where C= k,*T%/(27*v1i’). Thus if N-processes are dominant, 7, = 7yand 7,> 7y,
and «, is the main term. If resistive processes are dominant, 7, = 7, and 74> 7,
and «, is a major component. For the case when all resistive processes are excluded
7y—> o and 7, = 7y . The denominator of equation (7.10) approaches 0 and the

thermal conductivity tends to infinity as required for a perfect crystal.
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7.2 RESUME OF THE EXPERIMENTAL METHOD

Thermal conductivity of solids can be determined by a number of experimental
techniques, the application of which depends on the type of sample, the temperature
range as well as the range of thermal conductivity values.!®? Although in principle the
measurements are not overly complicated the thermal conductivity determination is
laborious and tedious. The various techniques fall into two classes: the non-steady
state methods and steady-state methods. In the former, the temperature distribution in
the sample varies with time and it is thermal diffusivity, N\, (where \,=xp *C,?)
which is determined through measurements of the rate of the temperature change.

In steady-state methods the sample is subjected to a time-invariant temperature
profile. The thermal conductivity is determined directly by simultaneous
measurement of the rate of heat flow per urit area and the temperature gradient after
steady-state conditions have been reached. This experimental approach was utilized
here.

The determination of thermal conductivity was carried out using the standard
steady-state potentiometric method'® in which heat is supplied at a known rate dQ/dt
at one end of a single crystal sample of cross-sectional area A and this heat is
removed at the other end. Thermometers are attached at two places along the sample
at a separation d. The thermal conductivity, «, is given by

= (dg/dt)d (7.11)
AAT



125

where AT is the temperature difference between the thermometers. In the present
mesurement the value of « at a given temperature was obtained from a linear fit of
(dQ/dt) as a function of AT with several different power values and the consequent
variation in temperature gradients. In this way the random errors due to temperature

differential determinations were minimized. A typical plot is shown in Figure 7.2.
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Figure 7.2 A typical plot for Dianin-CCl, of the scaled rate of heating, (dQ/dt), s
(where (dQ/dt), ,...,=A 'd(dQ/dt)), as a function of the temperature
difference, AT, between the thermocouple junctions. The measurement
was taken at the temperature 146.6 X yielding x=0.71 W m* K. The

thermal conductivity is a slope of the linear fit as shown.
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7.3 EXPERIMENTAL PROCEDURE
7.3.1 EXPERIMENTAL SETUP

A schematic diagram of the apparatus for thermal conductivity measurements
is shown in Figure 7.3. It utilizes the previously described potentiometric steady-state
method. It had been tested by measurements of a high-purity single crystal of NaCl
(Harshaw) and results were found to be within the range of the literature valugs. "2

This fully automated experimental setup consisted of a platinum resistance
thermometer and a constant current power supply, an adiabatic shield and its heater, a
digital multimeter Hewlett-Packard 34401A, an Artronix 5301-E shield controller, a
vacuum system, the heaters for the crystal and for the heat sink, and a personal
computer {PC IBM clone) for data collection.

The sample was mounted on the copper heat sink (Figure 7.3). The platinum
resistance thermometer (Pr-100B, Cryoc Inc., St. Paul, Minnesota, R (25° C) ~ 100
Ohms) was placed inside the central cavity of the heat sink. It was secured
underneath by a protective lid. The heat sink had 43 SWG Karma wire (230 Ohm/m;
600 Ohms resistance) bifilarly wound around it to provide required heating in order to
raise and/or maintain the required temperature. The heat sink was mounted below the
thermal anchor by means of copper rods that went through the perimeter of the heat
sink.

The role of thermal anchor is tc provide a thermal buffer for electrical leads
that go outside this system.

The adiabatic shield, which performed the same function as in the adiabatic
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Plan of the thermal conductivity apparatus.’ The following letters
denote: a) connection to the vacum system, b) vacuum, c) liquid
nitrogen, d) either liquid nitrogen or liquid helium, €) thermal anchor,
f) single crystal with heater and thermocuples, g) copper heat sink and

h) Pt resistance thermometer.
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calorimeter, was placed around the sample. One copper-constantan thermocouple
junction was varnished (GE 7031, Tri Research, Inc) to the inside wall of the shield,
another was placed below a small detachable monel plate affixed to the top of the heat
sink. This plate was used as a base for the crys - :-nple. An Artronix-E shield was
used as a constant current power supply for the shield. The shield was suspended just
above the heat base by nylon filaments attached to the thermal anchor.

A computer program, developed for this experimental setup, allowed for
taking all electrical readings, i.e. heater resistance, heater voltage, thermocouple emf
and resistance ratio of the platinum resistance device relative to a standard resistor; it
also controlled all conditions by changing relevant variables. This totally automated
the operation of the apparatus.

The vacuum system that provided thermal insulation consisted of a roughing
pump and an oil diffusion pump. The pressure during experiments was lower than
10® Torr. Each of three separate regions of the cryostat (Figure 7.3) had its own
valve allowing appropriate handling of the themal conditions. The temperature range
of experiments (30 K to 210 K) was limited by heat leaks in the low-temperature
region and heat losses at high temperatures.

The cryostat in this apparatus was of the aneroid type. The cylindrical
reservoirs for refrigerants had been placed centrally on the top of the setup in such a
way that one was surrounded by another. Liquid nitrogen and liquid heiium were
used to carry out measurements in relevant temperatures. The outer chamber was

filled with liquid nitrogen during the whole experiment. Depending on the
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temperature range, either liquid nitrogen or liquid helium was in the inner chamber
(above or below 77 K, respectively).

At the beginning the whole system was evacuated and an exchange gas
(helium) was allowed into the middle region of the cryostat in order to facilitate
cooling. In order to decrease the temperature below 77 K exchange gas was also
pumped into the innermost chamber. In either case the gas was removed before
commencement of the data collection.

The overall uncertainty in the determination of the thermal conductivity was
assessed to ca. +20%. It stems from systematic errors in the determination of the
cross-sectional area (4-10%) and the thermocouple separation distance (+5%), and
from random errors from the temperature differential (+3%) and the power input
(£3%).

The power applied to the crystal heater was chosen to optimize conditions of
the data collection. An increase of signal-to-noise ratio was achieved by a reasonably
high temperature gradient, i.e. such that it did not jeopardize crystal mechanical
stability. Thus a temperature difference between the thermocouple junctions ranged

between 0.7 K to 1.8 K during measurements.



7.3.2 SAMPLE PREPARATION

The thermal conductivities of the CCl, clathrate of Dianin's compound and the
CBr, clathrate of HPTB were measured. The crystal structure and method of growth
of have already been described in Chapter 3.

The crystals produced were colourless and transparent with no cloudiness or
internal cracks. The uniformity of extinction of polarised light inspected on an optical
microscope for all orientations confirmed that crystals were single with respect to
twinning and grain boundaries.

The Dianin-CCl, crystal used in the experiment was 3.5 mm in maximum
lateral dimension and 17.0 mm long, with a cross-sectional area of 7.5 mm?®. The
lateral dimension measurement was done using a polarizing microscope equipped with
an engraved scale. The crystallographic c-axis was identified by morphological
inspection and goniometry as the longitudinal direction, along which « was measured.

One end of the crystal was polished to allow a good contact of the crystal
sample with the monel plate on the heat sink. This was done using a filter paper
soaked in CCl,.

A crystal heater was wrapped on the other end of the sample. Karma wire
(approximately 32 c¢m long; resistance of 66 Ohms) was folded in half to allow bifilar
winding. Varnish (GE 7031, Tri Research, Inc) was used to attach the heater to the
crystal.

The temperature gradient (AT, vide infra) was determined using the AuFe

(one piece; 0.08 mm in diameter and 125 mm long, 0.03 %Fe)/Chromel (two pieces;
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0.08 mm in diameter and 150 mm long each) differential thermocouples (Johnson
Matthey; provided and calibrated by Cryogenic Calibrations Ltd., England with
accuracy +0.05 K in the investigated temperature region). The AuFe thermocouple
wire of this length minimized the flow of heat along the thermocouple wires. The
thermocouple wizes were coiled prior to welding to expedite their final placement
inside the shield. The junctions were made with spark welding in a helium
atmosphere.'® They were attached symmetrically to the crystal with varnish (GE
7031, Tri Research, Inc). The separation between them for Dianin-CCl, was 8.630
mm, determined by means of a travelling microscope originally used for measuring
Debye-Scherrer films with accuaracy + 0.001 mm.

The crystal was kept in thermal contact with the monel plate by general
purpose silicone sealant (no. 67-0859-0, Canadian Tire).

The above procedure was repeated to prepare the HPTB-CBr, crystal. These
crystals grew as rhomboids so definite determination of the direction of heat flow
after appropriate polishing with the filter paper soaked with chloroform was not
possible. The crystal used in the experiment was 4.0 mm in maximum lateral
dimension and 6.4 mm long with a cross-sectional area of 14 mm?, The junctions of
the thermocouple were placed symmetrically with the separation of 2.375 mm. Since
chloroform is not trapped into the clathrate cavities and it is volatile, it was used in
this case to solvate GE varnish to facilitate the sample preparation.

In order to prevent any damage to the HPTB-CBr, crystal due to possible guest

escape, after the crystal placement in the thermal conductivity apparatus but prior to



evacuation of the cryostat, the crystal was cooled to about 250 K. A similar

procedure was used in the case of THF clathrate hydrate.®
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7.4 RESULTS AND DISCUSSION

7.4.1 THE CCl, CLATHRATE OF DIANIN*S COMPOUND

7.4.1.1 EXPERIMENTAL FINDINGS

The temperature profile of the thermal conductivity of the CCl, clathrate of
Dianin’s compound is shown in Figure 7.4, and the data are presented in Table 7.1.
In contrast with most simple crystalline materials in which (dx/dT) is negative in this
temperature range (T = Debye temperature), (dx/d7) is positive for Dianin-CCl,
throughout the temperature range of this experiment (60 to 210 K); a similar result
was found for Dianin-C,H;OH and for the clathrand.®

The results show that x for Dianin-CCl, is virtually identical with values found
for the corresponding clathrand, whereas k of the ethanol clathrate is significantly
lower than that of the clathrand.’® This is somewhat surprising in light of the thermal
expansion (which, like thermal conductivity, reflects anharmonic intermolecular
interactions) of Dianin-CCl,,” which is slightly greater than the clathrand but slightly
less than Dianin-C,H;OH; similar ordering of thermal conductivities might have been
expected. It appears that the thermal expansivity and the thermal conductivity reflect
different subtleties of the anharmonicity of the intermolecular interaction.

Similarly, if guest concentration were the dominant factor in controlling «, as
would be the case, for example, if the guests were scatteri;lg phonons as hypothetical
point defects,* the CCl, clathrate of Dianin’s compound (with one guest molecule per
cage) would be expected to fall intermediate between the clathrand (no guests) and the

ethanol clathrate (two guest molecules per cage). That Dianin-CCl, is more like the
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Figure 7.4  The thermal conductivity of Dianin-CCl, as determined in this

experiment.
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Table 7.1 The thermal conductivity of the CCl, clathrate of Dianin’s compound.
T K T K T K
[X] [WK*' m"] [X] [W X' m-1] [X] [W K m]
57.78 0.523 126.00 0.685 183.43 0.839
64.90 0.626 126.11 0.731 190.12 0.852
68.58 0.719 126.17 0.730 194.27 0.905
72.20 0.700 126,30 0.675 195.16 0.959
78.88 0.675 132.81 0.737 197.52 0.924
86.28 0.674 134.94 0.702 201.54 0.981
87.68 0.678 135.52 0.676 205.57 0.978
87.73 0.683 138.00 0.681 207.99 0.983
90.28 0.659 138.04 0.744 211.98 0.996
90.95 0.642 138.50 0.702 212.73 0.962
91.34 0.670 142.71 0.723
96.00 0.699 142.90 0.751
97.31 0.747 142,92 0.789
97.50 0.686 143.67 0.718
98.07 0.678 144.00 0.721
99.50 0.685 146.61 0.712
99.60 0.698 149.98 0.728
99.68 0.748 152.45 0.738
99.70 0.685 154.00 0.766

101.50 0.686 154.07 0.740

105.38 0.723 156.46 0.788

107.98 0.693 156.78 0.834

112.59 0.755 157.71 0.738

113.00 0.693 160.74 0.771

115.42 0.665 162.33 0.730

115.44 0.656 164.00 0.768

115.73 0.692 164.59 0.781

116.00 0.674 166.55 0.769

117.50 0.684 169.87 0.800

117.84 0.760 170.77 0.709

118.00 0.773 174.31 0.723

121.60 0.681 174.59 0.906

122.11 0.760 175.88 0.832

125.82 0.699 180.05 0.837

12599 0.686 181.58 0.896
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clathrand indicates that the type (not concentration) of guest plays an important role in
determining thermal conductivity in this system (vide infra).

In light of the finding that the clathrand, the ethanol clathrate and the CCl,
clathrate of Dianin’s compound all show similar temperature profiles, with
characteristics more usually associated with glassy materials than with crystalline
solids, it is appropriate to begin the discussion of origins of thermal resistance in

systems with similar features.

7.4.1.2 GLASSY-LIKE BEHAVIOUR

In most other crystalline materials exhibiting the same type of thermal
behaviour, highly effective thermal resistance mechanisms were found on the basis of
individual (system-specific) analysis. For example, in alkali cyanide mixed crystals
the ability of the cyanide ions to perform rotational motions at high temperature
resulting in low-energy staies seems to be the origin of the thermal conductivity
behaviour.'®® In Zr:Nb alloys small atomic motions cause fluctuations between two
coexisting phases and thus give rise to low-energy states. %

Universal behaviour of glass-like thermal conductivity can be deduced if a
scaling procedure rewriting the thermal conductivity in a universal dimensionless form

is employed. This is given by®

0,/T

_(TY? kfpT x4 e* (7.12)
@k (5] | e
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where K=47k,’0,%/(h?v), the Debye temperature 6, is 170 K here,* and 7 is the total
relaxation time. It is believed that external modes are principally responsible for
mechanical properties of organic molecular crystals. Here, as well as in all other
relevant expressions, by virtue of the experimental findings that the structure of the
clathrates of Dianin’s compound is insensitive to the presence of the guest, the value
of v = 2250 m s reported for the ethancl clathrate of Dianin’s compound®® was used
for the CCl, clathrate. The scaling of equation (7.12), applied to the Dianin
clathrates (ethanol clathrate and now CCl, clathrate) puts them into the same pattern
of the temperature evolution as for many glassy materials.

The scaled « for the crystals investigated here (Dianin-CCl, and HPTB-CBr,),
as well as for other materials exhibiting typical glass-like temperature evolution of the

thermal conductivity are shown on Figure 7.5.

7.4.1.3 MEAN FREE PATH

Preliminary examination of x of Dianin’s clathrates using the temperature-
dependence of the phonon mean free path derived from the Debye formula once again
indicates similarity with glassy materials. The phonon mean free path, derived from
the Debye formula (equation (1.1)), in the CCl, clathrate (and other Dianin’s systems)
is shown in Figure 7.6. The mean free path drops from 30 A to about 10 A (very
similar to the decrease for the clathrand) and from above 10 A to about 5 A in the
ethanol clathrate. The short mean free path suggests that rather localized oscillations

are partly responsible for the behaviour of the thermal conductivity, and these are
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The scaled thermal conductivities for Dianin-CCl, and HPTB-CBr,, and
other materials exhibiting similar types of glass-like thermal behaviour.
Abbreviations: O is Si0,, a is B,0;, [ is polybutadiene, v is
poly(ethylene terephthalate), ® is polystrene, M is poly(methyl
methacrylate),” © is the tetrahydrofuran clathrate hydrate.®> Heavy
solid line is Dianin-CCl,, light solid line is HPTB-CBr,, and the dashed

line is Dianin-C,H;OH.%
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Figure 7.6  Phonon mean free paths as functions of temperature as calculated from
equation (1.1); (a) the clathrand of Dianin’s compound; (b) Dianin-
CCl;; (c) Dianin-C,H;OH. Data for (a) and (c) are taken from refs.

55 and 86.
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more localized for Dianin-C,H;OH than for Dianin-CCl, or the clathrand.

7.4.1.4 MINIMUM THERMAL CONDUCTIVITY

In studies of glasses, the concept of "minimum thermal conductivity" has
attracted considerable attention. In Slack’s model'™ of the minimum thermal
conductivity the minimum phonon mean free path is arbitrarily assumed to be of the
order of one phonon wavelength. « of the clathrand of Dianin’s compound is greater
than the predicted minimum thermal conductivity, xg,,q, by a factor of 30.% Slack’s
model extrapolates phenomenological theory of heat resistivity of perfectly ordered
structures to topologically disordered systems. A similar concept, but of different
origin, was proposed by Cahill and Pohl® who modified Einstein’s classical analysis
of coupled oscillators by inclusion of Debye’s model of lattice vibrations and larger
oscillating entities. The physical picture of energy transport is that of a random walk
of energy between near-neighbour localized quantum-mechanical oscillators of varying
sizes and frequency. Although both models seem to be similar they differ
significantly in the physics of the phenomena. Slack postulates that heat is always
carried by waves and for this to be true the mean free path cannot be shorter than one
wavelength. This assumption seems to be controversial since it is difficult to accept
that waves that short are present in a crystal. On the other hand the Cahill-Pohl
approach is based on independent oscillators with a lifetime of one half of the period
of vibration (w=2#/\ where A=2d and d is the size of the site in the crystal) and this

appears to depict heat transport more realistically.
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In Cahill-Pohl model the minimum thermal conductivity, kp, for a single

polarization i is given by®

Kep = [

where v, is the speed of sound for this polarization, 8;=vh(67°n)"?/k; is the cutoff

ol =

13 x
] by 2y, [ﬂl e g (7.13)

frequency for this polarization and n, (= 6 per Dianin’s molecule®) is the number
density of rigid groups. Although the phonon mean free path above 70 K (Figure
7.6) becomes so short that lattice vibrations seem to be more appropriately described
as those of damped oscillators with random phases, the Cahill and Pohl approach
yielded minimum values of k for the Dianin system only slightly larger than those
obtained from Slack’s model. This indicates that phonon-phonon scattering causing
thermal resistance is at less than maximum effectiveness in the Dianin system, in
contrast with mixed crystals such as KBr,,(CN), which approach the minimum

calculated thermal conductivity.'s?

7.4.1.5 RESONANCE SCATTERING MODEL
The Callaway relaxation-time approach for a Debye crystal was used to
analyze the experimental data. Theoretical prediction of « relies on the postulate

concerning the phonon scattering rate, 7,

=yt (7.14)
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i.e. it is the sum of all independent scattering rates. Since even a rudimentary look at
the character and values of the thermal conductivity of Dianin-CCl, shows that
thermal resistant mechanisms are much in eftect, « is approximated by the first

component of Callaway’s model, i.e.

wp

2,4
K(D=11ﬁw e
)

2 T 2, Nk, T do .
2wtv Y kgT? (™ -1)?

Dalk,T

(7.15)

In this case the overall phonon scattering rate, 7', consists of three different terms,
viz.: 7", phonon-phonon Umklapp scattering rate; 7,", boundary scattering rate;
7%, Tesonant scattering rate.

The postulate of resonant scattering follows from studies of clathrate hydrates,
Dianin’s compounds, and other systems, in which one can distinguish groups that give
rise to low-frequency optic modes that can act as scatterers for acoustic
phonons.®2861%  For example, molecular dynamics studies of clathrate hydrates
revealed coupling between the low-frequency translational and vibrational motion of
the guest molecules with the host lattice motion,'? confirmed for CH, clathrate
hydrate by incoherent inelastic neutron scattering,' and these localized modes might
scatter thermal phonons quite effectively, resulting in low thermal conductivity.
Motion of the guest molecule in the cages, as deduced from analysis of the heat
capacity of THF clathrate hydrate™ and Dianin-C,H;OH,* has been proposed as a
source of resonance scattering in these systems. The low value of the elastic

constant, ¢, (= 0.44x10'° N m?), for the ethanol clathrate of Dianin’s compound'" is
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characteristic of soft transverse modes that are prone to rotational-translational
coupling that might have an effect on the thermal behaviour. Furthermore, the
Cauchy (elastic constant) ratio, ¢;,/c,, for the ethanol clathrate of Dianin’s
compound'?® is 1.48; as was mentioned in Section 4.4.2, values of this ratio
exceeding unity have been associated with rotational-translational coupling in N,, CO
and Ar-O, mixtures,!® and this could also be the case with the Dianin’s system.
This is in accord with conclusions concerning mixed crystals where glass-like
behaviour was associated with motion'® and with conclusions from a study of thermal
properties of a crystalline polymeric molecular solid where acoustic phonons appear to
be scattered by low-energy modes arising from the motions of hydrocarbon side
chains.'® The interaction between low-frequency librational motions of anions and
acoustic modes has been shown to take place in crystalline KCI doped with NO, and
CN-.nl

Because the thermal conductivities of the clathrates and the clathrand of
Dianin’s compound are qualitatively unchanged by the presence of the guests, the
dominant role in the thermal resistivity mechanism in this system can be identified
with scattering from modes which arise from internal degrees of freedom of the host
molecule. Methyl groups with frequencies of the order of 10" s estimated from C
NMR' seem to be the most likely candidates for scattering.

The theoretical Umklapp scattering rate in the analysis of the thermal

conductivity of the CCl, clathrate of Dianin’s compound is taken after Klemens'”
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0

7 =BwT e (7.16)

where B and « are empirical parameters. Sometimes, in order to take into account
the relative role of Umklapp and Normal processes, the preexponential temperature
dependence takes the form, 77, with » ranging from 1 to 8 (e.g. Berman and Brock
assume quadratic dependence,'™ Callaway and von Baeyer assume cubic!™),
Uncertainty in the determination of the Umklapp scattering rate may also arise from
the assumed isotropy of a crystal. Anisotropy may cause extra collisions with
different frequency dependencies.

The boundary scattering rate, 7", is given by'™!7

rite- v (7.17)

where d is the diameter of the sample.

The general form of the resonant scattering rate, 74", is given by!”"7

2
(.000.)2

73 =GD (7.18)

(wp-w?)?

where G is the concentration of the scatterers (i.e. the number of scatterers per unit
volume), D is related to the strength of the optic-acoustic coupling and w, is the
optical vibrational frequency involved in the resonant scattering.

This model assumes two different contributions to resonant scattering in the
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CCl, clathrate of Dianin’s compound. One stems from the motion of the methyl
groups of the host lattice, and the other is from motions of the CCl, guest molecule.
(These concentrations vary with temperature according to the thermal expansion,® but
the small temperature variation of G had no noticeable affect on the resulting fit. At
T = 200 K, G is 7.8x10%” m? for the methyl groups and 0.4x10% m™ for the CClI,
molecules.) The dependence of the motion of the methyl groups on the included
guest is the basis for treating these scatterers as free parameters in the fit.'”

The experimental data was least-squares fitted within the described model.

The resulting fit is shown, along with the experimental data, in Figure 7.7. The
values of B and o extracted from the fit are 1.40x10% s K! and 1.55, respectively.
The values of w, and D for the methyl groups arec 4.57x10'! s and 1.40x10"® m® s?,
respectively; w, and D for the carbon tetrachloride molecule are 1.65x10" s and
1.40x10™" m® !, respectively.

The values of resonant frequencies should not be taken too literally, as thermal
conductivity data do not yield high-resolution spectroscopic information concerning
vibrations in solids, especially in complex structures like Dianin’s compounds or
hydrates.

The physical picture of heat transport that takes into account contributions
from only two resonant scatterers (the host lattice and the guest molecule) might be a
reasonable simplification of the real processes in Dian:n-CCl,. The larger the value
of D, the more effective the resonant coupling between the optic and the acoustic

modes is, which leads to reduced thermal conductivity. The clathrand yields the same
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Figure 7.7  The experimental thermal conductivity of the CCl, clathrate of Dianin’s
compound (O and error bars) and the least-squares fit to the resonant-

scattering model (—), as described in the text.
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value of the resonant coupling constant (D = 1.4x10™" m? s)* as Dianin-CCl,, and
the resonant coupling parameters for the methyl groups and the guest in the ethanol
clathrate are larger (both are 1.6 %10 m3s).* These findings are consistent with
the experimental observation of similar thermal conductivities for Dianin-CCl; and the

clathrand, and lower values for Dianin-C,H;OH.®

7.4.1.6 ROLE OF THE GUEST

This investigation appears to allow the first comparison of thermal conductivity
of an inclusion compound with guests of significantly different molecular masses and
shapes, fitting the cages in different ways. In the Dianin system, ethanol guests have
a significant effect on the thermal conductivity® (reducing « by about a factor of 2),
whereas we have now found that CCl, guests leave the thermal conductivity virtually
unchanged from the clathrand.

Since the Dianin system is one of the most often studied lattice inclusion
assemblies, much is known about its physical properties. This allows more detailed
consideration of factors that results in the unusual thermal conductivity effects.

Several aspects of the system show little dependence on the presence and type
of guest: the gross features of the host lattice structure are independent of the
presence of guests;'"® lattice dynamics of the Dianin host lattice are insensitive to
the presence and type of guest;'” the velocity of sound is the virtually the same
(within 3%) for the clathrand and Dianin-C,H;OH.> These facts indicate that the role

of the guest in thermal conductivity in this system is not likely related to matters
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concerning the host lattice per se.

Attention is turned now to guest species. The most striking difference
between Dianin-CCl, and Dianin-C,H;OH is the degree of dynamical disorder of the
guest species.

In Dianin-CCly, the guest is lodged in the cage, with its three-fold axis
coincident with the three-fold axis of the host lattice, and with the axial ClI at the mid-
point of the hour-glass-shaped cage (see Figure 3.3). NQR studies show only weak
guest-host interactions in Dianin-CCl,."® An analysis of the heat capacity of Dianin-
CCl, shows the guest molecule to behave much as CCl, in its ordered bulk solid
state.”> From analysis of the crystallographic data (thermal motion analysis), CCl, is
found® to have librational frequencies of 40 cm™ and 27 cm™, which compare well
with the determinations of 47 cm™ and 37 cm™ from NQR studies.’*® Calculations'™
based on atom-atom potential for Dianin-CCl, reveal a barrier to reorientation of the
CCl, molecule of 22 kJ mol™, which is tco high to allow the guest molecule to
reorient freely in the cage. Therefore, the picture of the CCIl, guest is a molecule
trapped in the cavity, undergoing librations (mean squared amplitudes of libration of
10.7° with respect to the c-axis, and 7.2° with respect to the a- and b-axes at room
temperature).*

On the other hand, the ethanol molecules in Dianin-C,H;OH are considerably
freer to move in the cage. One indication of this comes from analysis of the heat
capacity: ethanol guests experience degrees of freedom comparable to liquid

ethanol.®® A detailed single-crystal H NMR study of Dianin-C,H;OH has shown that
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at temperatures as low as 60 K the ethanol molecules have rotational and translational
degrees of freedom, and even at T = 70 K the two ethanol molecules can exchange
places in their cage.!®

This picture — CCl, molecules held in their cage. and ethanol molecules free
to move in their cage — is entirely consistent with the thermal conductivity results
and the resonance scattering model. CCl, molecules are much less able to absorb the
energy of the heat-carrying acoustic phonons, and the thermal conductivity of Dianin-
CCl, is much like that of the host lattice, whereas the heat-carrying acoustic modes
can interact with localized modes associated with motion of the ethanol molecules in
Dianin-C,H;OH, decreasing the thermal conductivity. This picture is reinforced by

the values of the resonance coupling constant from the fits to the experimental data.
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7.4.2 THE CBr, CLATHRATE OF HPTB

7.4.2.1 EXPERIMENTAL FINDINGS

The temperature profile of the thermal conductivity of the CBr, clathrate of
HPTB is shown in Figure 7.8. The data are presented in Table 7.2, The « values
are similar to that of the tetrahydrofuran clathrate hydrate.®! The temperature
derivative of the thermal conductivity, as in other clathrates (vide supra), is positive
in the temperature range of this experiment (30 K to 150 K).

In light of the previously described findings for Dianin-CCl,, HPTB-CBr;
shows temperature evolution of ¥ more characteristic of glassy materials than for most

crystalline solids where most here refers to systems that have been investigated.

7.4.2.2 GLASSY-LIKE BEHAVIOUR

Employing equation (7.12), the scaled themal conductivity of this system falls
into the same pattern that is characteristic for glassy materials (see Figure 7.5). Here
the following values were used in this expression. The Debye temperature was
assumed to be 135 K which is the average value for 8, between 30 K and 950 K
derived from the heat capacity data with n=>54 (Section 6.4.5). 0, ranges between
120 K and 155 K for temperatures from 30 K to 90 K; above 90 K, 6, steeply
decreases (shown in Figure 6.11). Since the measurements of x are from 30 K to 150
K the above assumption seems to be reasonable. The average velocity of sound was
assumed to be 1410 m/s (derived from the elastic constants; Section 6.4.5).

The mean free path as a function of temperature calculated from equation (1.1)
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Figure 7.8  The experimental thermal conductivity of the CBr, clathrate of HPTB.
( ¢ denotes points taken for another crystal for which measurements
were interrupted; the cross-sectional area of this crystal was 25.83

mm?, the distance between the thermocouple junctions was 3.5 mm).



153

Table 7.2 The thermal conductivity of the CBr, clathrate of HPTB.

T K T K T K
K] [WK!'m"] [X] [WK'! m-1] [X] [WK!'m'
38.66 0.0559 87.39 0.0956 101.72 0.1059
40.10 0.0574 87.54 0.0946 102.43 0.1039
41.11 0.0580 87.74 0.0941 102.70 0.1031
42.24 0.0679 87.90 0.0967 102.93 0.1026
42.50 0.0686 88.07 0.0963 103.09 0.1030
43.26 0.0685 88.28 0.0957 105.49 0.1053
43.37 0.0689 88.94 0.0990 105.69 0.1003
43.49 0.0681 88.98 0.0969 105.84 0.1002
46.34 0.0664 89.03 0.0971 106.07 0.1000
46.54 0.0660 89.09 0.0972 108.72 0.1087
46.66 0.0686 91.12 0.0989 109.01 0.1030
48.42 0.0689 91.21 0.0988 109.21 0.1027
48.62 0.0692 91.31 0.0989 112.26 0.1019
51.68 0.0662 93.37 0.0988 112.52 0.0985
52.49 0.0698 93.80 0.0972 112.66 0.0983
52.66 0.0684 94.08 0.0968 115.76 0.1004
52.83 0.0698 94.36 0.0972 115.91 0.0958
56.39 0.0682 94.67 0.0968 119.47 0.1013
56.54 0.0691 94.99 0.0978 119.60 0.1006
56.74 0.0673 95.09 0.0959 119.72 0.1005
61.53 0.0734 95.25 0.0946 122.91 0.1058
65.32 0.0810 95.38 0.0950 123.00 0.1058
69.82 0.0820 97.92 0.1003 123.10 0.1055
74.34 0.0787 98.11 0.0993 126.11 0.1087
78.67 0.0850 98.42 0.0995 126.23 0.1082
80.95 0.0920 98.58 0.1054 129.74 0.1065
81.89 0.0895 98.72 0.0999 129.84 0.1051
82.75 0.0893 98.73 0.1035 129.94 0.1053
83.52 0.0907 98.86 0.1030 132.60 0.1103
83.67 0.0864 98.98 0.1004 132.75 0.1057
86.67 0.0865 101.60 0.1063 132.88 0.1032

cont.
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Table 7.2 continued...

T K
(K] [W K m]
136.62 0.1034
136.74 0.1022
139.24 0.1118
139.35 0.1094
140.92 0.1111
140.99 0.1098
141.13 0.1089
144.56 0.1158
144.69 0.1148
144.78 0.1155
146.22 0.1146

146.37 0.1148
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is shown in Figure 7.9. It is quite constant at a value of 3 A, which is of the order
of the average separation between guests and host molecules along the c-axis. It
increases slightly below 50 K. It is similar in character to that of the ethanol clathrate
of Dianin’s compound and indicates the similarity to the glassy-like behavior.

One has to realize that this low value of the mean free path is unrealistic for Debye
crystals (continuum-wave theory) for which the minimum path should be about 6 A
(the minimum path from atomistic point of view).* The low value of ! for HPTB-

CBr, is caused by the crudeness of the dominant-phonon approximation (i.e. equation

(1.1)).

7.4.2.3 SLACK’S MINIMUM THERMAL CONDUCTIVITY
The Slack mimimum thermal conductivity, «g,.., hypothetically near the

melting point (vide supra) is given by'¢’

2
_ Sk (7.19)

Ke - =
Smin anVA

where 2 is the average volume per atom, v, is the acoustic phonon cut-off frequency
(v,=k,0,/(n*h); n is the number of atoms in the unit cell). This simplified model
does not include contributions from the optic modes (due to the absence of necessary
information in this case). This yields g, =0.015 W m™* K which is about 10
times less than the experimentally determined values. It indicates that the phonon-

phonon scattering is at less than maximum possible effectiveness.
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Figure 7.9  The mean free path of phonons in the CBr, clathrate of HPTB.
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7.4.2.4 EINSTEIN MODEL

Einstein tried to explain the thermal conductivity of crystalline solids by
concept of a random walk of localized (Einstein) oscillators.® It was an extension of
his model of the heat capacity. This model failed to give a reasonable correspondence
to experimental findings due to presumed randomness which does not occur in
crystals. However this model seems to yield reasonable explanation if employed for
the modelling of thermal conductivity of amorphous materials and highly disordered
crystals.® Since the thermal conductivity of HPTB-CBr, seems to bear glassy-like

features, the Einstein model was applied here. It is given by®

ke ale (7.20)

where 6, is the Einstein temperature evaluated from the isochoric heat capacity of the
compound with the assumption of 54 sites per unit cell (as in the calculation of Debye
temperature) and 6,=65 K; n, is the number density of sites in the solid (n,=54 per
unit cell) and x=0,/T. The volume thermal expansion was employed to yield the
temperature dependence of x,.. The resultant curve is shown in Figure 7.10.
Despite its crudeness, the Einstein model gives surprisingly good correspondence with

the experimental data.

7.4.2.5 CAHILL-POHL MODEL

Cahill and Pohl® extended the Einstein concept (vide supra). The temperature
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Figure 7.10 The experimental thermal conductivity of the CBr, clathrate of HPTB

(O and error bars) and the Einstein (- -), and Cahill-Pohl model (-).
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evolution of the thermal conductivity in their model is given by equation (7.13). The
plot of k¢ as a functicn of the temperature is shown in Figure 7.10. Once again the
correspondence to the experimental values is surprisingly good. Although
experimental values of « are lower in the temperature range of measurement, they
tend to approach xp at higher temperatures.

Yet in toto the Einstein approach yields a better estimation of the thermal
conductivity than the Cahill-Pchl model which can be regarded as its refined version.
This indicates, most likely, that these two approaches do not lead to a correct answer
as to why such a highly effective thermal resistivity mechanism governs heat {lux in
this system.

Another drawback of models based on minimum thermal conductivity is the
classical picture of the phenomenon. If the phonon wave vector k is to have a well-
defined value then the spatial extent of the wave-packet cannot be as small as the

interatomic separations,* which is one of the basic assumption of these models.

7.4.2.6 RESONANT SCATTERING MODEL

Previously presented arguments concerning the resonant scattering model for
the thermal conductivity of clathrates apply also to the HPTB-CBr, assembly.
Prospective candidates for resonant scatterers are the pheny! rings and the guest
molecules. However the infrared frequencies of phenyl rings range'® from 420 cm™
to 1625 cm™ and since the phonons responsible for the heat flux fall into the energy

window® ca. 10 cm™ to 120 cm™, the phenyl rings seem to be excluded. Remaining
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candidates are the CBr, guest molecules. This view is based on common structural
and dynamical features among clathrates, and crystallographic results which
demonstrate that the CBr, molecules in HPTB-CBr, experience translational as well as
librational motion (Section 3.3.2). It is most likely that these vibrations can give rise
to localized modes. This is also supported by the heat capacity results. The single-
molecule molar heat capacity exceeds the bulk molar heat capacity of the CBr,
molecule by about R between 30 and 120 K (see Figure 6.6). This can be brought
about by vibrational rattling or libration of the guest molecule in the clathrate cavity.
The magnitude of the excess heat capacity would correspond to a frequency that
coincides with the energy range of phonons that conduct heat.

The previously described formalism was applied to fit the experimental thermal
conductivity, «, of the CBr, clathrate of HPTB to equation (7.15) with the overall
scattering rate 7' =7, + r,'+75'. The experimental parameters used in the fit were
as follows: the radius of the sample was 2.11 mm, the density of scatterers was
assumed to be two per cage; the volume thermal expansion also was used (Section
5.3). On the basis of the heat capacity results (Section 6.4.5) the Debye temperature
used in the fit was 135 K. The average sound velocity derived from the elastic
constants, i.e. v= 1410 m 5™, was used in the fitting procedure. The resultant fit is
shown in Figure 7.11. The values of the fitted parameters are: B=9.39x10% s K",
D=1.17 x10" m* s, &=2.89 and w,=6.88x10" s'. As was explained previously
thc resonant frequency should not be taken verbatim. Yet the magnitude of the fitted

parameter, w,, appears to reflect an average frequency of the guest vibration. This
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Figure 7.11 The experimental thermal conductivity of the CBr, clathrate of HPTB
(O and error bars) and the least-square fit to the resonant-scattering

model (—).
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model quite precisely describes the temperature evolution of the thermal conductivity
of HPTB-CBr, system. It also exhibits a slight positive temperature derivative of the
thermal conductivity. The coupling constant, D, is of the order 10" m?* s?. For
comparison, the coupling constants for Dianin’s sytems®® were of the order 10

m? s'and for tetrahydrofuran clathrate hydrate® were of the order 105 m® s!. Since
these systems cannot be compared directly due to differences in their structural
makeup and concomitant lattice dynamics {e.g. hydrogen bonding, which is absent in
HPTB-CBr, plays an important role in THF clathrate hydrate and Dianin’s systems),
the values of D only indicate similar type of matching.

In the case of HPTB-CBr, the major role in the thermal resistivity mechanism
seems to be played by the guest species. Their motion appears to be responsible for
lowering the thermal conductivity coefficient to values characteristic for glassy
materials. The dynamics of the crystal lattice, as probed by the Brillouin scattering
(Cauchy ratios), showed the angular and/or torsional nature of the crystal interaction
(vide supra; Section 4.4.2). This most likely implies that translational-rotational
coupling is a premise of the resonant scattering model. Moreover, it is believed that
constraints of the harmonic approximation, fulfilled quite well for most of
translational vibrations, are not satisfied to the same degree by rotational vibrations.'®
Enrhanced anharinonicity is the obvious culprit of such an effective thermal resistivity
mechanism. Experiments as well as computations corroborate this point of view for
other materials (¢.g. mixed crystals'®>!®). On the other hand, the vibrational rattling

of the guest molecules in the cavities appears also to be responsible for localized
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vibrations coupled to acoustic modes of the host lattice as in the case of the clathrate

hydrates with atomic guests.®
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7.4.3 CONCLUSIONS

The thermal conductivities of clathrate systems have been the subject of
several studies since its unusual behaviour was first reported in 1979." A number of
approacies were applied to understand this anomalous crystalline thermal behaviour.
Different aspects of either structural or dynamical features of clathrates were
emphasized in those interpretations, ranging from an atomic level of consideration (as
in the case of hydrates where tunneling states caused by the proton disorder were
erroneously purported to be the source of the thermal resistance mechanism®) to
loosely defined hopping process of heat transporting excitations'® perhaps similar in
nature to the presented Einstein or Cahill-Pohl models, or to the recent attempts to
explain the high temperature thermal conductivity of glassy materials.”" Subsequent
experimental investigations of different clathrates revealed weak points of these
explanations.®

On the other hand, the resonant scattering model successfully explains the
thermal conductivity of the investigated materials. It must be stressed that the model
itself is general in nature and presents the most comprehensive treatment of the
problem. It does not rely on the particular properties of chosen systems, which was
the main flaw of other models, but instead approaches the thermal conductivity of
clathrates from a very general point of view. The question is rather what these
systems have in common that manifests itself as an attenuation of the thermal
conductivity. It also takes into consideration other solid state systems that present

similar thermal behaviour but have little resemblance to clathrates. At the same time
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the resonant scattering model allows for a thorough explanation of the thermal
conductivity.

The thermal conductivity of Dianin-CCl; has been found to be almost the
same as for the host lattice without guests, in contrast with results for Dianin-C,H;OH
where the presence of the guests has been found to increase thermal resistance
(decrease thermal conductivity).® The source of the extra thermal resistance in
Dianin-C,H;OH appears to be motions of the ethanol guest molecules in the cages,
which can interact with the heat-carrying acoustic modes. This model is consistent
with the observed high thermal resistance in clathrate hydrates, as guests freely move
in the symmetrical hydrate cages. In contrast, the guest molecules are not able to
move so freely in Dianin-CCl,, and this source of thermal resistance is not active; as
a result, the thermal conductivity of Dianin-CCl, is much the same as that of the host
lattice.

The origin of the highly effective thermal resistance mechanism in HPTB-CBr,
was identified with the motion of the guest species. It is similar to that of the
hydrates. Unfortunately, attempts to grow single crystals of HPTB of sufficient size
to carry out single crystal thermal conductivity measurements were unsuccessful.
Therefore the comparison of the thermal conductivity to that of the host compound, as
had been done for the hydrates, or the direct examination of the thermal conductivity
of the isomorphous host compound as in the case of the Dianin clathrand, was not
performed. The only feasible test seems to be future determination of the thermal

conductivity of HPTB powder samples.



166

This study proves that molecular architecture and ensuing dynarnics can
control thermal conductivity. These principles can underlie thermal properties of a
wide variety of materials. Glass-like behaviour of thermal conductivity of these
crystalline materials is ascribed to molecular motion. The ultimate test of every
theory is an experiment. This study shows that the low-frequency motion of
molecular moieties can significantly affect thermal properties. The physical picture of
the enhanced thermal resistivity mechanism is rather independent of the particular
solid state system. It would be salutary to examine crystals with molecular motion
that gives rise to acoustic-optical coupling. For example tetracyanoethylene'®” or
s-traizine'® seem to be excellent candidates. Although the reason that these materials
have been studied to date is quite different (to investigate their phase transitions) they
display features of the lattice dynamics required for rescnance scattering, i.e.
translational-rotational coupling. The continuation of the investigation of Dianin’s
compound and/or its analogues should also be very instructive due to the plethora of
guests these compounds can trap and thus the variety of behaviour these species can
experience in the host framework. As the present investigation shows, the type of
guest dynamics is important in determining thermal properties. Another lattice
inclusion compound which would be of interest is tri-o-thymotide'®® (TOT for short).
The TOT molecule is flexible and it is known for its ability to enclathrate a large
number of chemical species (about 100 so far).'™ This material can crystallize either
as a channel inclusion compound or as a clathrate. This would allow one to carry out

quite an instructive comparable study of the thermal properties.



CHAPTER 8

SUMMARY

It can be said that motions of chemical species in molecular crystals underlie
many properties of these materials. Investigations of lattice dynamics can be divided
into techniques utilizing observations of microscopic quantities, such as different
spectroscopies, and more classical methods based on observations of macroscopic
quantities. The latter approach was mainly employed in this study, i.e. calorimetry
and thermal conductivity determination. Measurements of the heat capacities and the
thermal conductivity coefficients as functions of temperature, as well as other
experiments carried out here, were indirect in the sense that the character of motions
of the chemical species was inferred from the experimeriat findings.

This study showed that lattice dynamics are highly anharmonic in the
investigated systems. The most dramatic manifestation of this is the very low and
“glass-like" thermal conductivities measured here. The heat capacity data and the
resonant-scattering mode! of thermal conductivity provide insight into understanding
of the motions of either molecular moieties (methyl groups of Dianin’s molecule in
Dianin-CCly) or whole molecules (CCl, in Dianin-CCl, and CBr, in HPTB-CBry).
Localized optic modes due to wotions of these molecular units seem to be responsible
for the highly effective thermal-resistant mechanism in these materials. Since there

appears to be an interaction between the guest and host molecules, this model of
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thermal conductivity also indirectly lends support to the view of mechanical stability
of clathrates in which guest molecules play a crucial role.

Another aspect of the anharmonic interactions is the thermal expansion. The
enhanced thermal expansion of clathrate hydrates and the clathrates of Dianin’s
compound with respect to the crystal structures of the host compounds can be
explained by the augmented internal phonon pressure on the walls of the crystal. The
absence of this phenomenon for the HPTB systems was ascribed to the differences in
the structural and energetic makeup of these systems.

Despite the same crystallographic structure and the similarity between the
HPTB molecule and the Dianin’s supramolecule, the fact that HPTB yields clathrates
is rather fortuitous since the topology of the HPTB clathrates and the structural matrix
of Dianin’s system is different. This conclusion is supported by stability information
for HPTP clathrates.

This study also showed that the molecular architecture and the ensuing
dynamics of the crystal lattice appear to have a significant effect on thermal
conductivity. The pendant-like methyl groups of Dianin’s molecule and the mobile
guest molecules seem to experience motions which give rise to localized modes. The
physical picture of the heat-resistant mechanism, given by the resonant-scattering
model, is that of spatially well-defined centres of localized optic modes impeding the
flow of acoustic phonons i.e a three-dimensional matrix of localized optic vibrations
damping the acoustic waves. The energies of the optic and acoustic modes have to be

similar in order for this process to take place.
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Thermal properties and vibrational spectroscopy of the investigated systems
also indicate that the lattice dynamics of the investigated clathrates do not fully
conform to the external vibration formalism which employs a conceptual partitioning
of vibrations into internal and external modes. This assumption does not hold for
these systems since these modes are not energetically well-separated. The coupling
between these modes can significantly affect phonon dispersion relations in
comparison with the theoretical treatment of lattice motions in the spirit of the formal
theory of the dynamics of external modes in complex crystals in the harmonic
approximation. This corollary can be projected on other structures consisting of
relatively flexible molecular clusters where ranges of crystal and valence field forces
might be in a propinquity. This also issues a caveat for the use of the rigid molecule
approximation. It also can be viewed in the wider context of all problems set by
lattice dynamics including phonon-assisted solid-state reactions where the crystal
energetics and nature of motions of chemical species in solid structures seem to play a
crucial role in governing their chemical functioning, or modelling behaviour of
systems of great industrial interest such as drugs where mechanical stability is one of

the prominent features.

g
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Table Al

Heat capacity of CBr, as determined in the experiment.
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T C T C T C
K] [J K!'mol'l [K] [J K! mol] K] [J K mol')
32.55 44,068 94.04 81.566 123.73 90.062
34.38 47.064 94.46 82.513 126.1% 91.216
36.59 48.553 97.27 82.736 126.98 91.503
39.70 51.546 97.64 82.549 127.23 92.815
41.12 53.726 97.74 83.071 128.13 92.569
45.53 53.630 98.61 83.357 131.81 91.875
45.54 55.352 101.67 85.191 131.84 93.071
49.46 57.945 102.41 84.446 132.02 92,272
50.46 58.957 103.37 84.267 132.03 92.634
53.26 59.951 106.26 85.587 132.58 92.791
54.36 61.901 106.56 86.035 136.39 03.346
57.31 63.644 107.22 86.310 136.76 93.576
59.30 63.690 107.50 87.075 137.04 93.719
61.94 65.393 108.23 85.950 137.09 93.306
64.70 66.448 110.86 87.378 137.83 93.348
67.10 68.404 111.53 87.546 141.51 94.854
69.46 69.366 112.10 87.783 141.69 93.866
72.45 69.985 112.34 87.931 141.72 94.722
74.46 72.469 113.11 87.572 141.82 94.595
77.63 74.154 115.32 88.358 142.15 94.213
78.84 74.840 115.38 88.142 143.56 95.577
82.54 77.263 117.04 88.903 146.01 96.827
83.36 76.860 117.18 88.868 146.71 96.505
87.70 79.070 118.03 88.239 146.84 95.764
88.22 78.842 119.32 89.374 147.05 96.546
88.68 79.496 119.42 89.076 147.26 96.683
88.90 78.499 120.39 89.839 148.62 98.274
90.79 80.153 121.99 89.611 150.51 96.896
92.91 81.550 122.05 89.885 151.74 97.371
93.15 81.324 123.36 90.696 151.90 96.810

cont,
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Table Al continued...
T C T C T
(K] [J X! mol'] K] [T X' mol'] K] [J K! mol]

152.44 97.697 188.05 104.982 223.88 114.307
153.10 98.206 190.45 104.807 224.55 112.434
155.03 97.278 193.10 106.883 225.08 113.117
156.82 98.291 193.27 105.143 225.42 113.678
156.98 97.719 193.39 105.601 228.41 113.465
157.63 99.016 195.26 105.828 229.08 114.552
157.84 98.675 195.57 105.833 229.31 113.331
159.61 97.787 198.14 107.065 232.31 113.541
161.92 98.371 198.58 106.670 232.74 113.940
162.09 98.751 198.79 106.746 233.12 115.385
162.19 99.764 199.88 106.041 233.45 113.923
163.08 99.133 200.06 107.086 234.30 115.961
164.19 98.635 203.23 107.989 234.41 114.653
166.81 100.236 203.91 107.343 235.61 115.382
167.08 100.123 204.16 108.425 236.42 114.358
167.24 100.675 204.17 107.972 236.87 114.323
168.14 100.493 204.88 107.938 237.54 117.053
168.74 100.380 208.36 110.117 237.61 114.886
171.47 101.822 208.38 110.404 237,75 116.826
172.28 100.816 209.29 109.030 239.13 114.816
172.41 100.879 209.63 110.656 239.52 116.241
173.15 101.789 209.63 108.906 239.56 115.844
173.25 101.585 212.56 110.859 240.77 116.848
176.15 101.064 213.53 111.380 241.72 116.768
177.49 101.904 214.36 110.754 241.90 116.686
177.60 101.914 214.67 110.925 242.43 117.113
177.75 102.825 215.13 111.342 242.82 115.705
178.10 102.711 216.72 112.543 244.69 116.553
180.87 103.178 218.68 111.803 245.80 116.470
182.73 103.270 219.04 112.885 248.17 115.931
182.80 102.401 220.06 112.120 249.76 117.441
185.64 104.602 220.54 112.940 249.78 118.007
186.76 104.571 220.87 113.202 249.92 118.213
188.02 103.654 223.76 112.749 250.21 118.919

cont.
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Table A1l continued...

T C T C T C

[X] [J X! mol] (K] 7 K mol™ (K] ¥ K mol?)
251.17 118.060 270.73 120.367 302.20 131.660
251.74 118.406 270.88 121.866 303.62 134.460
252.99 119.589 271.15 122.685 305.72 134,942
253.48 119.173 271.72 124.671
254.09 119.086 272.52 123.364
254.90 120.204 275.06 123.262
255.20 120.573 275.71 122,119
255.47 119.357 276.07 125.911
255.59 120.511 276.36 125.288
256.37 120.185 276.56 124.623
258.05 118.596 276.75 126.575
258.57 120.686 276.86 122.344
260.07 119.445 277.45 125.148
260.28 119.649 277.59 126.777
260.36 121.695 280.03 125.341
260.48 121.290 280.90 124.210
260.57 119.650 281.28 124.652
261.47 121.055 281.70 127.466
261.50 122.305 281.82 126.104
262.22 120.664 282.77 124.788
262.78 120.668 283.51 125.319
264.06 121.095 283.72 126.452
264.41 120.359 284.89 128.542
265.17 122.617 285.21 127.071
265.44 123.254 286.81 129.439
265.63 120.792 287.05 129.441
265.64 121.561 288.88 129.632
265.70 122.585 289.94 128.537
266.31 122.855 291.66 128.126
266.62 123.706 292.50 128.701
266.99 120.219 292.53 129.854
267.47 122.974 293.76 130.008
267.64 122.267 296.07 131.108
270.05 121.593 296.75 133.123
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Table A2 Heat capacity of HPTB as determined in the experiment.

T C T C T Cc

K] [J K! mol™] K] [ K mol™) K] [J X! mol™]
31.84 106.918 109.16 333.201 174.76 476.058
35.26 122.495 111.81 341.920 174.76 476.058
39.05 140.357 113.56 345.704 175.22 481.428
42.92 142.656 117.40 352.909 176.63 479.852
46.69 171.251 118.41 353.207 179.07 485.669
50.25 178.969 121.19 358.842 181.27 493.305
52.07 180.404 123.32 362.772 184.53 503.245
53.73 184.404 124.39 364.350 188.51 510.487
57.27 199.394 125.06 365.929 191.76 520.319
60.98 206.086 126.72 369.298 192.53 523.823
64.54 212.394 128.27 375.110 194.47 530.028
65.95 222.071 131.43 381.172 196.39 532.17C
68.18 223.750 131.74 379.084 197.47 536.570
70.04 233.488 133.95 385.063 199.03 537.766
72.54 241.968 137.03 392.667 203.04 543.988
73.77 243.688 138.44 395.515 206.33 557.253
77.04 255.098 138.51 397.042 206.56 555.528
71.71 259.395 141.22 404.059 208.87 561.654
81.71 266.988 145.17 411.521 213.52 573.681
85.70 276.343 148.48 417.306 213.62 576.461
85.84 278.228 151.90 427.382 214.90 577.917
86.53 280.889 152.69 428.757 217.09 586.872
89.73 284.374 155.81 437.708 217.64 587.231
90.81 286.447 158.66 442.878 219.39 590.534
91.93 291.087 159.78 443.008 220.45 592.198
92.75 296.351 162.94 452,701 224.98 605.510
93.77 296.047 165.43 456.625 227.65 614.239
96.53 305.541 166.32 461.179 228.24 612.712
98.19 308.807 170.10 470.159 229.87 616.004
100.33 316.153 172.23 472.667 232.31 622.688
103.49 321.800 174.52 478.328 234.32 625.988
105.52 328.463 174.52 478.328 235.56 630.757

cont.
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Table A2 continued...
T C
K] [ XK' mol™]
236.48 634.882
239.64 642.384
241.84 647.509
243.44 648.117
244.85 654.284
246.96 656.513
248.69 659.941
250.17 666.407
252.37 672.033
255.04 678.063
259.84 684.420
262.76 690.570
266.11 696.490
268.56 702.789
272.14 707.866
273.99 714.060
275.11 715.385
277.59 723.147
279.35 730.722
282.69 738.859
285.54 747.508
286.11 748.190
290.25 759.694
293.44 766.660
295.76 772.924
299,35 779.932
303.40 790.390
307.47 798.176
310.36 810.561
310.97 810.272
312.29 815.461
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Table A3 Heat capacity of HPTB-CBr, as determined in the experiment.

T C T C T C
[K] JK'mol']  [K] [7 K mol] [X] [ K mol*]
31.47 224.800 85.76 460.430 148.42 622.747
31.66 221.065 90.94 465.111 149.31 623.808
33.71 234.144 91.06 464.035 150.89 628.727
34.63 235.809 91.17 464.751 152.13 635.289
36.46 246.023 93.57 475.270 155.79 641.271
39.28 269.276 96.30 480.912 155.92 636.808
40.18 271.288 97.49 484.734 158.22 647.202
44.11 281.917 98.27 490.280 158.23 639.712
44.93 283.806 100.62 495.811 158.31 650.746
46.94 317.897 101.50 497.179 162.10 651.700
47.81 307.878 105.10 509.269 162.63 655.630
49.54 312.446 106.71 515.115 163.19 656.524
51.21 350.523 107.70 516.190 164.52 670.023
52.00 344.115 110.27 523.205 164.92 659.412
54.44 350.160 111.93 525.948 167.85 673.892
54.63 338.658 112.21 523.516 170.75 679.649
57.43 354.366 114.80 537.789 173.03 679.125
61.28 371.154 116.69 539.984 175.91 687.508
61.46 378.259 117.13 541.270 176.96 697.833
64.35 373.115 119.35 546.125 178.16 700.921
65.22 382.738 121.93 554.134 178.42 696.999
67.28 380.967 122.36 553.644 178.44 701.925
69.02 397.805 123.16 553.347 180.48 704.487
70.23 386.599 126.54 569.539 182.59 707.232
72.64 406.399 129.11 571.953 183.23 712.002
73.48 411.929 129.64 573.122 183.74 713.236
76.14 424.928 133.01 581.336 185.74 720.687
77.01 426.252 136.16 596.736 187.97 729.768
79.56 441.096 136.34 592.657 189.31 726.757
80.56 428.395 141.09 606.081 189.51 729.697
82.59 454.369 142.73 608.532 193.35 735.965
84.84 447.833 143.60 612.971 195.48 751.798

cont.
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Table A3 continued...

T C T C

[K] [J K mol!] K] [J K mol]
195.78 826.655 246.74 750.758
196.05 816.998 247.62 752.067
201.00 828.521 250.60 759.829
203.04 836.222 250.75 771.755
203.62 837.578 253.43 774.314
206.80 833.799 257.29 781.792
208.70 852.271 257.60 800.347
209.68 853.614 260.11 796.956
210.31 854.013 263.93 797.368
210.63 843,477 264.46 803.491
213.43 854.973 266.381 804.376
216.43 864.254 270.60 814.318
216.48 874.599 273.45 814.063
217.G3 879.487 277.20 818.658
218.26 876.298 280.09 819.378
220.06 875.446 283.19 998.186
223.33 888.979 286.72 1030.25
224.22 885.798
22591 901.186
226.75 904.856
230,17 899.355
230.47 916.929
232.02 932.456
233.43 926.838
233.56 933.533
237.03 950.506
237.19 956.059
239.85 959.992
240.10 963.429
241.16 967.809
243.89 983.064
243.92 986.684
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Table A4 The smoothed values of C, for CBr,.
T/K C,/ J K! mol? T/K Cy /! J K! mol?
30.0 42.15 175.0 96.66
35.0 46.19 180.0 97.50
40.0 49.98 185.0 £8.33
45.0 53.52 190.0 99.17
50.0 56.85 195.0 100.01
55.0 59.95 200.0 100.86
60.0 62.85 205.0 101.65
65.0 65.57 210.0 102.45
70.0 68.10 215.0 103.24
75.0 70.46 220.0 104.03
80.0 72.66 225.0 104.82
85.0 74.72 230.0 105.61
90.0 76.64 235.0 106.38
95.0 78.44 240.0 107.13
100.0 80.11 245.0 107.87
105.0 81.68 250.0 108.57
110.0 §3.14 255.0 109.23
115.0 84.52 260.0 109.84
120.0 85.81 265.0 110.38
125.0 87.03 270.0 110.85
130.0 88.19 275.0 111.21
135.0 89.28 280.0 111.46
140.0 90.32 285.0 111.55
145.0 91.31
150.0 92.27
155.0 93.19
160.0 94.08
165.0 94.96
170.0 95.81
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Table A5 The smoothed values of C, for HPTB-CBry.

T/K C. /JK'mol'! T/K C. /1 K" mol
30.0 217.24 175.0 687.42
35.0 244.88 180.0 700.35
40.0 270.91 185.0 713.40
45.0 295.42 190.0 726.60
50.0 318.55 195.0 739.92
55.0 340.39 200.0 753.39
60.0 361.05 205.0 766.98
65.0 380.63 210.0 780.69
70.0 399.22 215.0 794.51
75.0 416.92 220.0 808.42
80.0 433.80 225.0 822.40
85.0 449.96 230.0 836.43
90.0 465.47 235.0 850.48
95.0 480.41 240.0 864.52
100.0 494.84 245.0 878.51
105.0 508.83 250.0 892.43
110.0 522.46 255.0 906.21
115.0 535.76 260.0 919.83
120.0 548.81 265.0 933.22

125.0 561.65 270.0 946.34
130.0 574.34 275.0 959.11

135.0 586.90 280.0 971.49

140.0 599.40 285.0 983.38

145.0 611.85 290.0 994.73

150.0 624.30 295.0 1005.44

155.0 636.78 300.0 1015.42

160.0 649.31 305.0 1024.59

165.0 661.91 310.0 1032.85

170.0 674.61
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Table A6 Positional parameters and B(eq) of nonhydrogen atoms for HPTB.
Atom x/a ylb zlc B(eq)
S(1) 0.0007(1) 0.2287(1) 0.7025(1) 3.3()
S() 0.3147(1) 0.0336(1) 0.8470(1) 3.31)
S(3) -0.3078(1) 0.1872(1) 0.8520(1) 3.3(1)
C(1) 0.4377(2) -0.1526(2) 0.8510(2) 2.8(3)
C@2) 0.5912(3) -0.1881(3) 0.8582(3) 4.8(3)
C@3) 0.6976(3) -0.3240(3) 0.8445(4) 5.93)
C@4) 0.6519(3) -0.4259(3) 0.8285(3) 5.003)
C(5) 0.4988(3) -0.3932(3) 0.8274(3) 4.3(3)
C(6) 0.3903(3) -0.2552(3) 0.8667(3) 3.8(2)
C 0.0932(2) 0.3461(2) 0.7013(2) 3.1Q2)
C@®) 0.1648(3) 0.4055(3) 0.5773(3) 4.1Q2)
C©O) 0.2256(3) 0.5110(4) 0.5626(4) 5.8(3)
C(10) 0.2193(4) 0.5559(4) 0.6703(5) 6.5(4)
can 0.1521(4) 0.4955(4) 0.7940(4) 5.94)
C(12) 0.0875(3) 0.3507(3) 0.2105(3) 4.4(3)
C(13) -0.2795(2) 0.1163(2) 0.7162(2) 2.6(2)
C(14) -0.1532(3) -0.0039(3) 0.6899(2) 3.3(2)
C(15) -0.1520(3) -0.0539(3) 0.5847(3) 4.0(3)
C(16) -0.2743(3) 0.0132(3) 0.5080(3) 4.6(3)
cumn -0.3996(3) 0.1327(3) 0.5339(3) 4.6(3)
C(18) -0.4028(3) 0.1849(3) 0.6373(2) 3.5(2)
C(19) 0.1403(2) N.0148(2) 0.9339(2) 2.4(2)
C(20) 0.0039(2) 0.1022(2) 0.8693(2) 2.4(2)
CQ21) -0.1356(2) 0.0848(2) 0.9332(2) 2.3(2)
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Table A7 Positional parameters and B(eq) of nonhydrogen atoms for HPTB-CBry.
Atom x/a y/b zlc B(eq)
Br(1) 0.5461(1) 0.3439(1) 0.0350(1) 7.3509)
Br(2) 0.6667 0.3333 -0.0866(2) 11.5¢3)
S 0.1101(2) 0.8545(2) 0.0031(1) 1.8(1)
C(1) 0.0541(7) 0.7721(7) 0.0718(5) 1.5(4)
C2) 0.0598(9) 0.6793(8) 0.0736(6) 3.3(5)
C@3) 0.027(1) 0.6143(8) 0.1289(6) 4.3(6)
C@) -0.013(1) 0.641(1) 0.1797(6) 4.2(6)
C(5) 0.0226(8) 0.731(1) 0.1796(5) 3.3(5)
C(6) 0.0138(8) 0.7979(8) 0.1263(5) 2.6(5)
C() 0.0459(7) 0.9333(7) 0.00042(5) 1.5Q2)
C(8) 0.6667 0.3333 0.006(1) 4(2)
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