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Abstract

Thermal properties including heat capacity, thermal expansion, thermal
conductivity and the Griineisen parameter are fundamental characteristics of materals.
They provide important information such as thermodynamic stability, anharmonicity of
lattice vibrations, interatomic interactions and the utility of materials for various
applications.

The thesis is concerned with determination of thermal properties, especially low-
temperature (below room temperature) heat capacities of some selected framework
materials including zeolites, clathrates and a channel-forming diol. The determination of
thermal properties of these novel materials has several purposes. First, these materials
display various physical (e.g. thermal, electrical, optical) properties which can be tailored
by doping with different guest molecules or atoms. Some are industrially important
catalysts and others are possible thermoelectric materials for cooling devices and power
generation. Secondly, thermodynamic properties such as AG, AH and AS are necessary to
understand the stability and explore the applications of novel materials. Thermodynamic
properties are especially important to design and synthesize new framework materials.
Finally, heat capacities are required to understand thermal conductivity, which is
indispensable to determine the utility and limitations of materials, especially thermoelectric
materials.

The heat capacities of three zeolites with different frameworks and compositions,
NaA, NaX and NaY, were determined by adiabatic calorimetry; the complete
thermodynamic properties below 300 K were determined and no solid-solid phase
transitions were found in the experimental temperature range. A linear relationship
between the Gibbs energy of formation and the Al/(Al + Si) molar ratio was found. These
results show that thermodynamic stability of zeolites is enthalpic but not entropic. These
findings are useful in the estimation of thermodynamic properties and synthesis of new
zeolites.

The heat capacities of five type I clathrates, NagSiss, BagGai6Sizo, SrsGaisGeso,
SrgZngGess and CsgGagSnss, were investigated. No solid-solid phase transitions were
found between 30 and 300 K and the related thermodynamic properties were derived.
Griineisen parameters indicate that anharmonicity correlates with resonant scattering and
the amorphous-like thermal conductivities of Si and Ge clathrates but the Sn clathrate
shows strong host-guest interactions.

The low-temperature heat capacity of a solvent-free diol, 2,6-dimethyl-
bicyclo[3.3.1]nonane-exo-2, exo-6-diol was determined. The linear relationship between
heat capacity and temperature shows the existence of many high-frequency modes. The
high fusion entropy indicates that this chemical compound is an ordered molecular crystal
rather than plastic crystal, likely due to strong hydrogen bonding.

xviii
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Chapter 1 Thermal Properties of Solids

1.1 Introduction

Thermal properties are among the fundamental characteristics of materials. They
generally refer to heat capacity, thermal expansion, thermal conductivity and the
Griineisen parameter.

The research of the thesis is concerned with determination of thermal properties,
especially low-temperature (below room temperature) heat capacities of some selected
materials including zeolites and semiconductor clathrates. The determination of thermal
properties of these novel materials is based on several purposes. First, these materials
display various physical properties (e.g. thermal, electrical, optical) which can be tailored
by doping different guest molecules or atoms. They are industrially important catalysts
and possible thermoelectric materials in cooler devices and power generation. Secondly,
thermodynamic properties such as AG, AH and AS are necessary to understand the
stability and explore the applications of novel materials. Thermodynamic properties are
especially important to design and synthesize new framework materials. For example,
thermodynamics can explain why some zeolites such as zeolite A and zeolite NaX can be
easily synthesized without templates while others not, and why natural zeolites usually
have low Sv/Al ratios. The reliable thermodynamic functions can be determined from heat
capacity data. In addition, heat capacities are required to calculate thermal conductivity,
which is indispensable to determine the usefulness and limitations of materials, to reveal
host-guest interactions and relationships between structure and properties.

In the following sections, heat capacity, thermal expansion, thermal conductivity,

1



2

the Griineisen parameter and their relationships are introduced. Their applications will be

discussed in more detail in the following chapters.

1.2 Heat Capacity of Solids
1.2.1 Heat Capacity and Thermodynamic Functions

Heat capacity is one of the fundamental properties of matter. It can be defined as
the energy required to raise the temperature 1 K for a substance under certain conditions,

expressed as’

(92
C, _(aTl’ (1.2.1)

where 00 is the infinitesimal energy input, 07 is the infinitesimal change of temperature
and x denotes the controlled conditions which generally refer to constant volume or
constant pressure.
For a closed system undergoing an infinitesimal reversible change of state the
heat (Q) absorbed by the system can be represented as
dQ =TdS, (1.2.2)
where S is the entropy of the system. The isobaric heat capacity (C, ) and the isochoric

heat capacity (C,, ) at temperature T are given by’

C, =(Q) =T(—a§) , (12.3)
ar ), \a7),

and



c,:(QJ =z(£) | (1.2.4)
aT), aT J,

Generally, C, is more useful than C, in the theoretical analysis of thermal

properties of solids. For isotropic materials C,, can be derived from C, by the equation’

2
Cp-C, = Wa . (1.2.5)

Kr

where V is the molar volume, a is the thermal expansion coefficient defined as

o =l(§KJ , (1.2.6)
v\aT ),

and «, is the isothermal compressibility, defined as

1(aV
K, = ——| — | . 1.2.7
T V(apl (127

The reciprocal of «, is also called bulk modulus, K = 1/« . For pressures to about 1
GPa, the compressibility of a solid can be approximated as constant.

For ideal gases, it can be shown that C, — C,, = R, in which R is the gas constant.
For very hard solids below room temperatures, C, = C, is a good approximation. At
room temperature, (C,—C,, ) for a typical solid is about 1 ~ 8 J K mol" and it reaches a
maximum at the melting point with a value of about 10% of C, .*
(C,-C},) also can be expressed as
C,-C, =TayC,, (1.2.8)

in which the dimensionless y denotes the Griineisen parameter>®



dlnv
=- 1.29
4 ( P V)r' ( )

and v is the vibration frequency of the lattice.

An exact calculation of C, —C, requires complete temperature-dependent data of
volume, thermal expansion coefficients and isothermal compressibility (and their
directional dependence). In the absence of experimental data, the Nemst-Lindemann
empirical equation’

C,-C, =AC}T (1.2.10)
can be used where A=V o®/C2x, reflects the anharmonicity of solids and is a

temperature-independent constant® which usually has the magnitude ~ 10° mol T
Heat capacity is necessary for the determination of thermodynamic functions.
Principally, if accurate heat capacities at different temperatures are determined, the

enthalpy (H) of a system is given by
T
H=Ho+j'c,,d:r, (1.2.11)
0

where Hj is the enthalpy at 7=0 K.

The entropy (S)
rc
S=So+j—"d:r, (1.2.12)
s I
and the Gibbs energy (G)
G=H-TS (1.2.13)

can also be derived. Here Sy is the entropy at 7=0 K.



5

Low-temperature heat capacity measurements provide an important method of
investigating order-disorder and residual entropies of materials. According to the third
law of thermodynamics, the entropy of any perfect crystal of a pure substance vanishes as
the temperature approaches absolute zero. However, some materials, such as carbon
monoxide, exhibit residual entropy at 7 = 0 K because they freeze in disordered
conformations that are thermodynamically accessible at higher temperatures. By
comparison with spectroscopically determined statistical-mechanical entropies and
calorimetrically determined thermodynamic entropies, residual entropies can be obtained.
For example, the statistical entropy of carbon monoxide is 4.69 J K™ mol™ higher than
the calorimetric value.'® In the perfect solid state, CO molecules would be all aligned in
one direction, for example, CO CO CO CO. In fact, two possible arrangements exist in
solid carbon monoxide at relatively high temperatures because of the small energy
difference between CO CO CO CO and CO OC OC CO. When the solid is cooled to a
temperature at which the molecules do not have enough energy to rotate, the disordered
configuration is frozen. According to the Boltzmann principle, S = R InQ, where Q is the
number of microscopic states. The maximum residual entropy due to the orientation
disorder is S =R In2 = 5.76 J K™! mol, which is larger than the observed residual entropy
of 4.69 J K mol™! for CO. The discrepancy indicates that the orientations of carbon
monoxide molecules are not completely disordered.'®

It is well known that glass is a non-equilibrium amorphous solid and it inherits its
“structure” from the liquid state. One of the important determining properties of the glass

state is the very slow relaxation of the enthalpy and other thermodynamic quantities that
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occur around the glass transition temperature. The measurement of heat capacity is
particularly powerful for the investigation of the dynamics of glass materials.' 12"

Heat capacity is a measure of thermal excitation of available energy levels. As the
temperature goes below ambient, heat capacity can change by several orders of
magnitude as the number of excited high-energy vibrational modes is reduced while low-
energy vibrational modes become dominant. Hence, heat capacity can be used to analyze
the various vibrational modes and to determine the Debye temperature of solids. For
example, low-temperature heat capacity investigations revealed that the low-energy optic
modes are the dominant mechanism driving the negative thermal expansion of ZrW;Os. 14

The importance of heat capacity is also displayed in many material applications,
from energy storage to heat conduction. For example, heat capacity data are required to
convert thermal diffusivity (the quantity usually determined experimentally) to thermal

conductivity, which is one quantity required to assess the thermoelectric figure of merit

(See Chapter 4).

1.2.2 Heat Capacity and Phase Transitions

Heat capacity provides an important technique to discover the phase transitions of
materials. The third law of thermodynamics predicts that the entropy of a perfect crystal
in thermodynamic equilibrium is equal to zero at T =0 K, ie., So = 0. From equation

(1.2.12)

(—) drT, (1.2.14)
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and, in order to converge the integral at low temperature, C, /T must be a finite number

as 7—0 and hence the heat capacities of solids are expected to approach zero in this limit.
Most solids show a smooth reduction of their heat capacity as the absolute temperature

decreases. However, some materials'®>!”

show an abrupt change in heat capacity at low
temperatures. This is generally called a heat capacity anomaly.

According to Ehenfest,'® heat capacity anomalies can be classified based on the
derivatives of Gibbs energy at a phase transition. He defined the “order” of a transition as
being the order of the lowest derivative of the Gibbs energy which shows a discontinuity
at the transition and can be derived from the strict thermodynamic equation

dG =-8SdT + VdP. (1.2.15)

In a first-order transition, there is no discontinuity in Gibbs energy at the phase-

transition temperature 7,,. However, such transitions show abrupt changes in

_(9G
V —(—a )T, (1.2.16)
and
— — ——
S = (67”),,’ (1.2.17)

which lead to the transition enthalpy AnH = TpsAwrsS # 0 where A,S is the transition
entropy. The heat capacity at the transition point is infinite since non-zero latent heat is
absorbed by the system with no temperature change. Many solid-solid phase transitions
are first order.

A second-order phase transition is one for which the first-order derivatives of
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Gibbs energy are continuous with a change of slope at the transition temperature, but the
second-order derivatives of Gibbs energy such as (6V/07)p, (0V/OP)r are discontinuous.
Thus, there are no discontinuities in S (AysS = 0), V (AxsV = 0) and H (ArsH = 0). Heat
capacity, thermal expansion coefficient and isothermal compressibility are finite at the
transition temperature. However, the second-order structural phase transitions are rather

rare. Some metals such as Hg, Sn, Pb undergo a second-order transition at low

temperatures. 19

1.2.3 Theoretical Models of Heat Capacity
1.2.3.1 Dulong-Petit Law

The study of heat capacity can be traced back to the early nineteenth century
when Dulong and Petit® first revealed the characteristics of heat capacities of elements in
the solid state. They found that the molar heat capacity at constant volume of each
element is about 3R, which is the well-known Dulong-Petit law.

In the middle of the nineteenth century, the Dulong-Petit law was extended to
solid state compounds, leading to the Neumann-Kopp law which states that the heat
capacity of a compound is the sum of the atomic heat capacities of the constituent
elements.?!

Both empirical rules are understood in terms of the theorem of energy
equipartition developed by Boltzmann in the 1870’s. However, experiments revealed that
some materials have much lower heat capacities at room temperature than those predicted

by the Dulong-Petit law, although they reach the limit 3R at high temperatures. For
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example, the value of C, for diamond is about 1/3 of the Dulong-Petit value of 3R at
room temperature but approaches 3R at 1300 K.* Generally, Dulong-Petit and Neumann-
Kopp laws are useful for estimating the heat capacities of simple solids such as binary
compounds and alloys but are not applicable for complex solid compounds®? because the
chemical properties (determined by the chemical bonds) and hence the physical
properties (such as lattice dynamics) of elements are significantly changed upon
formation of compounds. Moreover, low-temperature heat capacities strongly depend on
temperature, decreasing with lowered temperature, reaching zero at 0 K. Classical

statistical mechanics fails to explain the temperature dependence of heat capacity.

1.2.3.2 Einstein Model

As early as 1907, Einstein® applied the concept of energy quanta developed by
Planck to derive the relation between heat capacity and temperature. He assumed that the
vibrations of N atoms in the crystal lattice could be considered as 3N independent
harmonic oscillators with the same fundamental vibration frequency v.. By applying

statistical thermodynamic principles, Einstein derived the heat capacity equation

xle*

ey (1.2.18)

where x =6, /T and 6, =hv /k is the Einstein temperature. The significance of the
Einstein model is that it was the first to quantitatively predict the variation of heat
capacity with the universal function 6z/T and that the quantization of lattice vibrations

explains the reduction of heat capacity at low temperatures.
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At high temperatures (7 >> &), the heat capacity of equation (1.2.18) reaches the

limit C, = 3Nk which agrees with the Dulong-Petit value.
As T—0, C, approaches zero according to equation (1.2.18), in agreement with

experimental observation. However, at low temperature (7 << &), the predicted heat
capacity decreases much faster than that determined by experiment. This is the result of
oversimplified assumptions of the model, since in the tightly coupled lattice, the motion
of one atom affects the vibrations of the others and atoms can vibrate with different
frequencies. Nevertheless, the Einstein model is one of the early successes of quantum
mechanics. Moreover, the harmonic oscillator is a good approximation for the vibrational
heat capacities of most solids at low temperatures. From the experimental point of view,
the Einstein model is easy to use and it usually shows reasonable results in dealing with

heat capacities from intramolecular vibrations in solids (See Chapter 4).

1.2.3.3 Debye Model
A more sophisticated treatment of heat capacity of solids is the Debye model**
which assumed that a solid is an isotropic elastic continuum for all possible vibrational

modes. This model considers the concept of density of states which is defined such that

the number of modes with frequencies v —»>v+ dvis g (v) dv, where

gv) = (g}/’ (0O < v<wp) (1.2.19)

Vp

and
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g(v)=0. (v> w) (1.2.20)
Here v, is the Debye characteristic frequency. The derived heat capacity from the Debye

model can be expressed as:

65
3 T 4 x
C,,=9N7{L) [—=—ar, (1.2.21)
6,) -1

where x=hv,/kT and 6, =hv,/k is the Debye characteristic temperature. The
integral can be evaluated by numerical methods.?
In equation (1.2.21), 6 is related to the elastic constant and the velocity of sound.

The Debye temperature approximately marks the beginning of the rapid reduction in C,,
with decreasing temperature, as the high frequency vibrations begin to “freeze out” and
no longer contribute to either the internal energy or the heat capacity.!! Several methods
have been suggested to evaluate the Debye temperature from the experimental data of
various physical properties, such as the speed of sound and the Griineisen parameter.’!

At high temperatures, T >> 6p, the Debye model has the limit C,, = 3Nk which is

equal to the Dulong-Petit value. At low temperatures (7" << 6b), equation (1.2.21) gives

12

3
C, =—5—Nkn“(—7;-J . (1.2.22)

Equation (1.2.22) is called the Debye T-law, i.e., the heat capacity goes to zero as T,
in agreement with experimental observations for insulating materials. However, the
Debye model does not work as well over the entire temperature range (7 < 300 K) due to

the temperature dependence of 6p.
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In general, the Einstein model works well for optic modes while the Debye model
fits experimental data well for acoustic modes. In monatomic crystals, the heat capacity
comes from three acoustic modes. In a polyatomic crystal with N atoms in each unit cell,
the heat capacity from three acoustic modes can be calculated from the Debye model and
those from 3N - 3 optic modes can be derived from the Einstein model. Hence, the
Einstein and Debye models are usually combined for the analysis of the vibrational

modes in solids. 26%72®

1.2.4 Extrapolations and Interpolations of Heat Capacity

Heat capacity can be determined by various calorimetric methods.* However,
sometimes extrapolation is necessary to obtain complete thermodynamic properties in the
cases that experimental data are not available. On the other hand, the accurate
representation of the relation between heat capacity and temperature is important in order
to interpolate heat capacity conveniently within experimental temperatures and to
calculate other thermodynamic properties.

One method to represent the relation between heat capacity of solids and

temperature is through the empirical equations”'30

C,=a,+aT+a,T? +.., (1.2.23)
and
C,=a,+aT+a,T*+..., (1.2.24)

where the parameters a,,q,,a, and a,,a,,a, are determined by a least-squares
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procedure from the heat capacity at different temperatures. Equations (1.2.23) and

(1.2.24) can be modified according to individual systems.*!”?

Generally they are good for
fits of the heat capacity above room temperature in the absence of heat capacity
anomalies. However, extreme caution should be taken when these empirical equations are
used to extrapolate heat capacity to high temperature outside the range of temperature for
which they were derived.*?

At high temperatures, the heat capacity of a harmonic solid at constant volume
has the Dulong-Petit value, 3R. The heat capacity of a cubic solid at constant pressure can

be given by**

2
c, =3NR+2 VL. (1.2.25)
Kr

The difficulty with equation (1.2.25) is that the thermal expansion coefficient o and
compressibility xr of most solids are not available. In this case, the heat capacity can be
fitted with equation (1.2.10) with C,, =3NR.

At low temperatures, it is not easy to find a general way to fit the experimental

heat capacity at different temperatures. According to lattice dynamics, the overall heat

capacity of a solid with NV atoms in its unit cell is given by the equation
Cp =Ci®+Cp,(3)+C,,BN -6)+(C, -C,), (1.2.26)
where C,,,C,,,C,, are the heat capacities due to lattice (translational) vibration,

rotational (librational) vibration and intramolecular vibration. The parenthetic numbers
indicate the degrees of freedom. The last term gives the correction for the heat capacity

difference (C, — C, ) which can be presented as equation (1.2.5). The heat capacity from
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the three acoustic modes, C,,, can be represented by equation (1.2.21) and the remaining

3N-3 optic modes are described by equation (1.2.18). Equation (1.2.26) is very useful
when the optic modes have been assigned completely by IR and Raman spectroscopies. If

the spectral data are not accessible, the heat capacity is usually expressed as™

C
-3%=mCE+nCD, (1.2.27)

where m and n are adjustable parameters; Cg and Cp are the Einstein and Debye heat
capacity functions respectively, giving by equations (1.2.18) and equation (1.2.21). In
general, the coefficient m + n is equal or close to the number of atoms in each unit cell.?
Equation (1.2.27) is widely used to extrapolate experimental heat capacity to 7= 0 K and
36,37

can be further modified to better represent low-temperature heat capacity.

When the temperature is very low (7' < 0.01 6, ), equation (1.2.27) is generally

simplified as the Debye T equation

3
C, = 2 veRl LY (1.2.28)
5 6,

In the practical applications, equation (1.2.28) is often represented as®®
C, =al?, (1.2.29)
where a is an empirical parameter, which can be determined by a plot of C, /T? against

T at very low temperatures (7 < 0.01 6,), allowing a determination of the Debye

temperature.

In the above discussion, electronic and magnetic contributions to heat capacities
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are neglected. Equation (1.2.29) can be modified as®!

C, =aT?* +yT +6T*"?, (1.2.30)
where a, y and J terms represent the lattice, electronic, and magnetic contributions,
respectively. More contributions to heat capacity can be found elsewhere.?!

Since the lattice heat capacity at very low temperature depends on T, heat
capacity below room temperature can also be used to extrapolate 7 = 0 K with the

equation®®
CV . (] ‘4
an +bT*+cT +...., (1'231)

where a', &', c are fitting parameters.

1.3 Thermal Expansion

Generally, materials expand when they are heated. The magnitude of the
expansion can be measured by the thermal expansion coefficient as defined in equation
(1.2.6). In order to account for the thermal expansion of a real crystal in detail, additional
terms higher than quadratic (i.e. anharmonic terms) of the potential energy should be

included®, i.e.,

V(x)=ax® —gx* - fi*, (1.3.1)

where a, g, f, are constants corresponding to harmonic vibration, asymmetry repulsion,

and the softening of vibration, respectively. The average displacement, ¥ of atoms or
molecules from the minimum energy separation can be derived from the Boltzmann

distribution law to give*’
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X =

AW

g
AT (1.3.2)

This result illustrates that the thermal expansion of solids increases as temperature
increases and vanishes as the temperature approaches absolute zero, which is consistent
with observed experimental results and the third law of thermodynamics. It is evident that
the average displacement of a harmonic oscillator does not change with temperature since
£ = 0 in that case.

For cubic solids, the volume thermal expansion coefficient can be expressed by
equation (1.2.6). For non-cubic solids, thermal expansion generally varies in different
directions. It is necessary to define the thermal expansion according to the dimensions of
the unit cell of a solid. For example, the thermal expansion coefficient o, along the a-axis

of the unit cell is defined as

_lf6a
Ca _a(aT)P‘ (1.3.3)

Thermal expansion coefficients can be determined by several methods. Generally,
diffraction techniques (X-ray or neutron) have less accuracy (with an error of 2%) than
dilatometers (with an error less than 1%).

Thermal expansion can be a complicated physical phenomenon. In many cases,
although the overall volume of a solid displays positive expansion on heating, the
coefficient in the different directions can be either positive (expansion) or negative
(contraction).*"*? Moreover, not all materials exhibit thermal expansion on heating. The
well known liquid with negative thermal expansion is water below 277.15 K.* Solid-

state examples of this anomalous behavior include ice Ih below 100 K* and amorphous
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SiO; below room temperature.*’

Recently, several framework materials have been found to exhibit negative
thermal expansion. Among them are the AM;O7 family (A = Ti, Zr, Hf, Sn; M = P,
V), %4748 the A;M301, family (A = Ti, Sc, Lu, Y; M = P, W)**** and the AMOs family>’
where A and M are octahedral and tetrahedral cations. Various kinds of zeolites also
show thermal contraction (Section 3.1.3). The most interesting material in the research of
negative thermal expansion is the cubic material ZrW,Og, which shows isotropic negative
thermal expansion over a wide temperature range, 0.3 to 1050 K.'****7 The negative
thermal expansion of these framework materials is attributed to the transverse thermal
motions of oxygen atoms in A-O-M. They lead to coupled rotations of the essentially
rigid polyhedral building blocks of the structure.***’

Positive and negative thermal expansion of materials can be either a liability or an
advantage. On one hand, thermal expansion or contraction is a disadvantage for devices
or instruments (e.g., electronic components, optical systems, and computer hard disk
storage systems) which must work in a large temperature range. On the other hand,
thermal expansion or thermal contraction in liquids and in solids permits some
applications such as in thermometers. Negative thermal expansion of materials also
provides some potential applications both as pure phases or as the components of
composite materials with overall thermal expansion coefficients adjusted to a desired
value, including zero thermal expansion.” In fact, some materials like Invar (Feo¢sNio.s),

which almost has no thermal expansion®® (a = 2x10® K™') from —50°C to 150°C, have

been used in optic devices and hulls of supertankers.®’ The study of thermal expansion
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of materials can provide information about the relationship between structure and
properties, and molecular interactions as well the motion of the guest in the lattice.*!"*?

This information is vital to the development of novel materials.

1.4 Thermal Conductivity

Kinetic theory gives the Debye equation®
1
1c=§ Cpvl, (1.4.1)

where « is the thermal conductivity, C is the heat capacity per unit volume, p is the
density of the solid, v is the sound velocity, and / is the mean free path of phonons, the
quanta of electromagnetic radiation with energy of i, where 2 = A/2r and o is angular
frequency. As a first approximation, p and v are independent of temperature. Therefore,
the variation of thermal conductivity of a solid at different temperatures is governed
mainly from the temperature dependence of the heat capacity and the mean free path of
phonons.

For ideal harmonic solids without imperfections, the flow of heat associated with
phonon flow is likely unchanged. Hence, the thermal resistance is zero and xis expected
to be infinite. However, lattice vibrations in real crystals are not perfectly harmonic and
phonon-phonon interactions occur, which can result in the reversing of group velocity
(dw /dk, where k is a wave vector with magnitude 27/A and A is the wavelength) of the
phonon, in so-called U-processes. Thus thermal resistance can occur.* Although the

calculation of the effect of phonon-phonon coupling on « is quite complicated, a
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qualitative outline can be presented. The temperature dependence of the thermal
conductivity for a typical crystal and a glass are shown in Figures 1.1. For most simple
crystals, the differential, dx /07T, changes from a negative value to a positive value as
temperature decreases. On the other hand, amorphous materials always have a positive
Ox/OT in the whole temperature range.

Considering crystals at high temperatures (77 > 6p), the number of excited

phonons increases with increasing temperature, which results in the increasing

probability of collisions of phonons and the reduction of mean free path, i.e., / ~7~' On
the other hand, the heat capacity given by the Dulong-Petit law is temperature
independent at high temperatures. Therefore, the thermal conductivity from equation
(1.4.1) varies as T"'for T> 6.

At low temperatures, few phonons have sufficient energy for U-processes. The
mean free path for phonon-phonon collisions becomes very long as the temperature
decreases, and eventually depends only on the boundaries or imperfections in the crystal.
Therefore, / can be treated as a constant and the only temperature dependence of thermal
conductivity comes from the heat capacity, which obeys the Debye 7 law, i.e., thermal
conductivity has a 7° dependence at low temperatures.

In noncrystalline substances like glass, the thermal conductivity is generally
proportional to 7" (n > 0)* and relatively independent of the chemical composition of
the material. This behavior is related to the random structure of these materials, which is

dominant even at high temperatures. The mean free path of phonons in these materials is
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4— (@) Crystalline materials

(b) Amorphous materials

T

Figure 1.1.  Temperature dependence of the thermal conductivity
for (a) crystalline materials and (b) amorphous materials.®? For typical
crystalline materials, xoc 7 " at higher temperatures and xoc 7> at low
temperatures. For amorphous materials, ko 7"
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limited by the average interatomic spacing. Thus, the much shorter / of an amorphous
material results in its smaller x than that of crystalline materals.

Thermal conductivity is also a complicated physical property of solid materials.
Some crystalline materials like the hexadecane-urea inclusion compound®> show a
temperature dependence of thermal conductivity between crystalline and amorphous
materials. Such intermediate behavior is considered a result of weaker guest-host
interactions. Other interesting examples are the clathrate hydrates which are well-defined
crystalline host-guest systems based on a framework composed of water molecules. Their
thermal conductivities exhibit similar behavior to that of amorphous materials with low «
and positive ox /0T . Recently, very low thermal conductivities also have been found
in the skutterudite family and various Group 14 semiconductor clathrates (Chapter 4).
The glass-like thermal conductivity of crystalline materials is one of the necessary
requirements for applications of semiconductor thermoelectric materials. Studies®® of the
thermal conductivity of the inclusion compound HPTB.2CBr4 revealed the possible

generality of glass-like thermal conductivity in crystalline molecular solids.

1.5 Griineisen Parameter

Like thermal expansion and thermal conductivity, the Griineisen parameter is an
important quantity for the measurement of the anharmonicity in solid-state materials, as
shown in equation (1.2.9) in which it is assumed that all phonons vibrate at one
frequency. In fact, a solid that has N atoms in its unit cell has 3N vibrational degrees of

freedom, many with different frequencies. Thus, a stricter expression of the Griineisen
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dnw,
_ ‘ N 1.5.1
Vi aan), ( )

parameter is*

and

Z 7:‘CV.:

where @, and C,, are the angular frequency and the heat capacity of the ith vibration

mode, respectively. The summation is taken over all the modes in the first Brillouin zone.
In principle, the overall Griineisen parameter can be evaluated from all the vibration
modes if sufficient spectroscopic data are available.

For cubic solids, the Griineisen parameter can be expressed with physically more

accessible quantities:

y= aV
x:Cp

(1.5.3)
For anisotropic solids, the calculation of y requires other parameters such as
adiabatic compressibilities, adiabatic elastic constants and the thermal expansion
coefficients in different directions.
In harmonic solids, there is no thermal expansion and the vibrational frequency is
independent of the spacing of the crystal lattice, 3 = 0 and hence y = 0. For most non-
metallic solids, the overall Griineisen parameter is of the order of unity near room

temperature. It generally decreases with decreasing temperature and reaches zero at

absolute zero because of the requirement of the third law of thermodynamics. Some
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materials such as tetrahydrofuran clathrate hydrates®’ show the opposite behavior due to
the presence of low-frequency librational modes. For materials with thermal contraction,
the Griineisen parameter can be negative.

Although many materials display very similar shape in temperature-dependent
heat capacity and thermal expansion coefficients, their Griineisen parameter-temperature
curves can be significantly different. In this respect, the Grineisen parameter is more

sensitive to the anharmonicity of vibration in solids.

1.6 Summary

Thermal properties are closely related to each other and they are necessary for
both theoretical research interest and practical applications. Among the thermal
properties, heat capacity is the most fundamental from which thermal conductivity,
Griuneisen parameter, phase transition and thermodynamic properties, efc. can be
obtained. The low-temperature heat capacity can be determined by adiabatic calorimetry
which is discussed in Chapter 2.

In this thesis, the low-temperature thermal properties, especially heat capacity, of
nine materials with different frameworks will be presented. They are zeolites (Chapter 3),
semiconductor clathrates (Chapter 4) and 2, 6-dimethylbicyclo[3.3.0]nonane-exo-2, exo-

6-diol (Chapter 5).



Chapter 2 Measurement of Heat Capacity

2.1 Introduction

Accurate heat capacity is necessary to determine thermodynamic properties
including entropy, enthalpy and Gibbs energy as discussed in the previous chapter. This
is especially important for many supramolecular materials such as clathrates and other
inclusion compounds. These materials generally have the absolute values of small
entropies and enthalpies of formation.%®

Several techniques have been developed to determine the heat capacity especially
for small samples in the last 30 years. The mid-1960’s brought the introduction of
differential scanning calorimetry (DSC) to determine the heat capacity of solids.%® This is
based on the principle that the output signal of the DSC instrument depends on the heat
capacity difference between the sample and a reference.”’ One of the advantages of the
commercially available DSC instruments over the classic adiabatic calorimeter is that it
requires only a few milligrams of sample. This is especially useful for materials that are
difficult to obtain in large quantities. In the absence of heat capacity anomalies, it is
possible to use DSC to obtain the heat capacity with an accuracy of 3% and a precision
better than 1%.”"7? Other advantages of DSC over the traditional adiabatic calorimeter
are the convenient loading and quick acquisition of heat capacity data.

However, commercial DSC’s cannot presently determine the heat capacity or
other thermal properties of materials below 100 K, although there is no technological
problem in reaching this temperature range.” Careful selection of a reference material

and knowledge ofits heat capacity are also very important in the acquisition of accurate

24
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heat capacity from DSC.

One of the significant breakthroughs in the measurement of heat capacity was the
introduction of alternating current (a.c.) calorimetry, developed by Sullivan and Seidel,™
which depended on the well-developed commercially available lock-in amplifier. One of
the advantages of a.c. calorimetry is that much less sample (ca. 20 mg) is used.”””® This
method has very high temperature resolution (within 1 mK) and is particularly useful for
the study of heat capacity anomalies in the limited temperature ranges.” Careful
operation can achieve the accuracy on the order of 2%,” but a. c. calorimetry is more
commonly used for relative heat capacities not for absolute heat capacities. The major
disadvantage of a.c. calorimetry is the inaccuracy caused by the uncertainty of the heat
capacity contributions from the addenda, including the thermometer, heater and
wires.”®’® This and other factors, often mean that a.c. calorimetric heat capacities are not
known with high accuracy.7° Unlike differential scanning calorimeters, a.c. calorimeters
are not commercially available.

Additional calorimetric techniques are summarized elsewhere.*’® The remainder
of this section concentrates on the adiabatic calorimetry.

Among the various types of calorimetry, adiabatic calorimetry is the most widely
used technology to determine accurate heat capacities of materials.* Strictly speaking, an
adiabatic calorimeter is an apparatus used to directly determine the heat capacity of a
sample and its addenda (calorimeter cell, heater/thermometer assembly, etc.) without heat
exchange between the system and the surroundings. The actual operating conditions are

approximately close to the adiabatic state. The concept for evaluating the heat capacity of
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condensed phases by determining the temperature rise, which accompanies the input of a
measured quantity of electrical energy, was first exploited by Gaede” in the early 20"
century. Euken®® and Nernst®' developed Gaede’s method and their apparatus was the
precursor for the modern adiabatic calorimeter which remains one of the most important
methods for determining the heat capacities of solids.

In early experiments, accurate measurement of heat capacity relied on an ample
amount of the sample being available. The internal volume®* of the sample cell was as
large as 150 cm®. This greatly limited the application of adiabatic calorimetry for
materials which are difficult to obtain in large quantities but valuable for study.

The development of electronics, particularly the introduction of the computer in
the early 1970’s, significantly improved the field of classical adiabatic calorimetry. At the
same time, the sizes of traditional platinum resistance thermometers were greatly
reduced. These factors not only increased the efficiency of the experiment and the
accuracy of heat capacity data but also made it possible to construct small-sample
adiabatic calorimeters.®*®¢ They can be used to measure heat capacity from room
temperature down to about 10 K with a temperature resolution of better than 1 mK. The
use of a sample vessel of 5 cm’® is now routine.

Adiabatic calorimetry has a simple principle and almost no additional
assumptions introduced in the determination of heat capacity. Since adiabatic calorimetry
is an equilibrium method rather than a dynamic method, the heat capacity and phase
transition data obtained from an adiabatic calorimeter directly give absolute, equilibrium

thermodynamic information, provided that the sample is in an equilibrium state.
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Generally, adiabatic calorimetry takes a longer time for measurement than other
methods such as scanning calorimeters to determine heat capacity since it is an
equilibrium method. In addition, the heat leaks from the necessary electrical connections
can be significant at low temperatures (below 30 K). However, the major disadvantage of
most adiabatic calorimeters is that a relatively large amount of sample, ca. 1~5 g, is
required to obtain suitable accuracy. To decrease the sample size and retain the
advantages of the adiabatic calorimeter, the volume of calorimeter must be reduced such
that the heat capacity contribution from the sample is not too low relative to the overall
heat capacity. The second important consideration is the selection of a miniaturized
thermometer with high stability, sensitivity and accuracy since a large thermometer
occupies a large space and contributes significantly to the heat capacity in the
heater/thermometer assembly. As the sample size decreases, the thermal equilibrium time
and hence the time to acquire data will also decrease.

In the following sections, the principles and the operation procedures of an
automatic small sample adiabatic calorimeter is introduced. This apparatus was used to
determine the low-temperature heat capacities of porous materials and thermoelectric

materials in this thesis.

2.2 Principles of Adiabatic Calorimetry

The isobaric heat capacity is calculated by the operational equation

Oe
C, ==£ 2.2.1
POAT 22.1)
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where AT is the temperature change during heating, and Q, is the electrical energy input

at constant pressure by the heat pulse method:

Qp =—, (2.2.2)

where V}, is the heating voltage, ¢ is the time interval of heating, and R, is the resistance of
the heater. In equation (2.2.1), Cp is the total heat capacity including the heat capacities
of the sample, calorimeter, heater/thermometer assembly, and any sealants or grease.

Experimentally, the first step is to determine the heat capacity of the empty
calorimeter. The heat capacity of a sample is determined from the difference between the
heat capacity of sample-loaded calorimeter and that of the empty calorimeter. The minor
heat capacity contributions from any variance in masses (e.g. sealant or grease) can be
corrected.

Equation (2.2.1) indicates that the accuracy of the heat capacity data depends on
the accuracy of determination of the input electrical energy and of the temperatures
before heating and after heating. Generally, it is easier to obtain accurate Q than T.

To calculate AT =T, —7T,, the pre-heating temperature (7;) and post-heating
temperature (7,) are required. They can be determined by extrapolation of the pre-
heating temperature-time curve forward and post-heating temperature-time curve
backward to the midpoint of heating as indicated in Figure 2.1. These determinations
would be made under adiabatic (or more realistically, quasiadiabatic) conditions. The

temperature 7 of the heat capacity is taken as the average of 7, and 7,:
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Figure 2.1.  Determination of preheating temperature 77 and
post-heating temperature 73. They are determined by extrapolation of
preheating temperature-time curve forward and post-heating temperature-
time curve backward to the midpoint of the heating.
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T= %(T, +T,). (2.2.3)

It should be noted that the heat capacity of the sample, C,_,, is determined under

its own saturated vapor pressure, P, which is related to the isobaric heat capacity Cp by:¥’

dP
C -C,=alV|— ) 224
o —p = @ (dTL, @24

Below ambient temperature, the difference between C,, and C, usually can be ignored

due to the low vapor pressure and small thermal expansion coefficient of most solids.

23 A Small Sample Adiabatic Calorimeter

The apparatus used in this research is an immersion-type adiabatic calorimeter,®
as shown in Figure 2.2. It uses liquid nitrogen or liquid helium as a refrigerant depending
on the desired temperature range. The sample calorimeter shown in Figure 2.3, is a thin-
walled cylinder (0.3 mm thick) made from gold-plated copper. The overall mass and
volume of the calorimeter are about 10 g and 5 cm’®, respectively. The calorimeter sits in
a heater/thermometer assembly.

The heater/thermometer assembly is made from thin-walled copper with a central
well to hold a miniaturized capsule platinum resistance thermometer, described further
below. The heater is a 2.6 m double silk-wound Karma wire (540 Q at room temperature)
wound bifilarly around the heater/thermometer assembly and varnished with GE 7031
low-temperature varnish. At the bottom of the assembly is a thermocouple (copper-

constantan) with a resistance of 28 Q at room temperature. The temperature difference
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between the adiabatic shield and sample cell is monitored by the thermocouple which is
connected to an Artronix 5301-E shield controller.

The adiabatic shield, made from a thin-walled copper cylinder, is used to decrease
the temperature gradient between the calorimeter and the refrigerant and has enough
space to surround the heater/thermometer assembly. The shield heater is a 15 m
manganin wire with a resistance of about 100 QQ which is wound bifilarly on the surface
of the shield. The ceramic pins on the top and the bottom of the shield are used to connect
cables coming from the heat sink and those from heater/thermometer assembly. The
power to the shield is provided by the shield controller through the shield heater.

The electrical energy is supplied to the calorimeter by a d.c. constant-voltage
power supply. The resistance and potential drop across calorimeter heater are measured
by a Hewlett Packard 3456A digital voltmeter. The time interval of heating is measured
by an internal clock in the computer.

A commercial PT-103 (Lake Shore) thermometer was used to determined the
temperature of the calorimeter. It was calibrated by the manufacturer from 4 to 380 K
with the asserted accuracy of £ 10 mK above 27 K and * 15 mK below 27 K. The
resistance of the thermometer was determined by comparing the potential drop across the
thermometer with that across an approximate 100 €2 standard resistor. The potential drops
are measured by the digital voltmeter. To increase the sensitivity, ]| mA constant current
is passed through the thermometer and the standard resistor. Hence their voltage ratio is
equal to the resistance ratio, which is measured with the current in the forward direction

and in the reverse direction, so that the thermal electromotive force at the junctions can
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be cancelled.

The heat capacity of the empty calorimeter was determined and the data were
stored in the computer. The accuracy of the calorimeter had been tested with Calorimetry
Conference Standard benzoic acid, and the agreement with the known value was within +
0.5%.% A most recent investigation of heat capacity of NaOH showed that the result
agreed with literature value within 1.5%," indicating that the accuracy of this apparatus

is rather stable.

2.4 Operation of the Adiabatic Calorimeter

Before loading a sample, the calorimeter vessel was cleaned and dried, and its
mass was determined. The sealing gasket, a piece of indium wire with a diameter of 0.5
mm, was put in the grove of the calorimeter vessel. The mass of the indium wire is about
85 mg and indium’s heat capacity has been measured.®**° Sample loading was performed
under a dry nitrogen atmosphere and the calorimeter was sealed under a dry helium
atmosphere. The He was necessary to increase the thermal conductivity between the
sample and the calorimeter. The sample was about 1 ~ 5 g depending on its availability.
To enhance the thermal contact between the calorimeter and the thermometer/heater
assembly, the outside of the calorimeter was greased slightly with weighed amount of
Apiezon T grease, usually about 10 mg. Its heat capacity at low temperatures has been
determined.”’ The calorimeter and thermometer/heater assembly were then hung by a
nylon filament attached to a hook on the top of the adiabatic shield. The latter was hung

on the three hooks from the heat sink (See Figure 2.2). All the leads from the
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corresponding instruments outside of the vacuum system were wrapped around the heat
sink to reduce the thermal leaks from the surroundings to the system.

To minimize the thermal electromotive force all electrical connections were
soldered with thermal-free solder (70.44% Cd + 29.56 Sn).”? The copper enclosure can
was sealed with an indium wire with a diameter of 1 mm to obtain suitable vacuum and
was immersed in a glass Dewar vessel filled with refrigerant. In the acquisition of data
below about 80 K, two Dewars were used: the inner Dewar for liquid helium and the
outside one for liquid nitrogen.

To achieve adiabatic conditions the system is pumped down to a pressure of less
than 107 Pa by running a roughing pump and an oil diffusion pump connected to the
vacuum system. A small amount of helium gas was introduced to the enclosure can to
cool the system down to the desired temperature and then pumped out until the vacuum
was restored. After turning on the power to the shield and adjusting the set point
manually to the desired value so that the temperature drift of the calorimeter was within
+1 mK min’!, the shield controller was set to automatic mode. The data acquisition and
analysis were automatically done by the computer.

The time required to obtain one point of heat capacity ranges from 30 to 100
minutes depending on the temperature. During the heating period, the temperature step
was adjusted to about 10% of the experimental absolute temperatures up to a maximum
of 7 K to obtain maximum accuracy.

In the following chapters, the above small sample adiabatic calorimeter was used

to determine the heat capacities of various materials.



Chapter 3 Thermal Properties of Zeolites

3.1 Introduction

Zeolites are aluminosilicates with various cavities and channels in their crystalline
structures. The name zeolite comes from the Greek ‘zein’ meaning ‘to boil’ and ‘lithos’
meaning ‘stone’. Hence, zeolites are also called boiling stones in reference to their
peculiar frothing characteristics when heated. Zeolites exist in nature as fine crystals of
hydrothermal genesis in geodes and in fissures of volcanic rocks, or as microcrystalline
masses of sedimentary origin.”?

The first natural zeolite, now known as stilbite with typical chemical composition
Cay.09Nao.136Ko.006 Al2.18Si652018-7.33H20,”* was discovered by a Swedish mineralogist
Cronstedt in 1756.° During the next hundred years or so these boiling stones received
little attention. The pioneering work of Wiegel and Steinhof” revealed that dehydrated
zeolitic crystals selectively adsorb small organic molecules but reject larger ones. Thus
zeolites received their other name, “molecular sieve”. Although many zeolites are
“molecular sieves”, not all “molecular sieves” are zeolites.”®

The early attempts to synthesize zeolites can be traced back to the 1860’s, but
most of them were unsuccessful. Large scale preparation of synthetic zeolites started in
the late 1940’s. The synthesis of the first generation of zeolites, including zeolite A,
zeolite X and zeolite Y, was performed using reactive aluminosilicate gels with alkali and
alkaline earth metal hydroxides. These zeolites contain a low silica to alumina ratio with
Si02:Al;03 < 5. They exhibit a high ion exchange capacity, an extremely hydrophilic

surface and have many acid sites with a wide variety of acid strengths. The frameworks
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of these novel materials show different thermal stabilities depending on the structure and
composition.

The second generation of synthetic zeolites was prepared from organic quaternary
ammonium ions such tetramethylammonium (TMA) as structural directing agents instead
of alkali metal ions. These organic cations have a larger size than alkali metal ions and
template large cavities in the aluminosilicate framework. Zeolites with high Si/Al ratio
(SiO2:Al,03 > 10) such as ZSM-5 can be successfully synthesized by this method.”” The
end member of ZSM-5, also known as a pure silica molecular sieve, shows the
hydrophobic and organophillic properties of the internal surface.

In the last two decades, the application of large organic species as structure-
directing templates or pore-filling agents led to new zeolite-like materials with different
framework ions, such as Ga®', Ge*'and P°* replacing the traditional silicon and
aluminum.®® Generally, these zeolitic-like materials have no ion exchange capacity.

In this chapter, the general properties and the research purposes of zeolites are

summarized. The determined thermal properties of three important zeolites are discussed.

3.1.1 Framework Topology, Cations, Water and Si/Al ratio
The typical empirical formula of a zeolite can be expressed as:*
M2,O- Al;O5- xSiO,- YH,0,
where M usually is an alkali metal or alkaline earth metal ion although many other
cations such as NHy", H', or Ag" may be inserted instead by ion exchange or synthetic

processes, and n represents the valence of cation M™. In general, x > 2. The physical and
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chemical properties of zeolites rely on three components: the aluminosilicate framework,
the exchangeable cations, and the zeolite water.

The aluminosilicate framework is the most conserved and stable component, and
defines the structure type. The framework topology describes the connectivity of the
tetrahedral atoms (or T-atoms) of the framework in the highest possible space group,
neglecting the framework composition, the observed symmetry and the unit cell
dimensions.'® Therefore, many different zeolitic materials can be classified under one
framework topology designation. The framework topology can consist of channels and
cages which have approximately molecular diameter and can host the charge-
compensating cations, water or other molecules and salts. The topology of the
framework, the numbers and distribution of charges, and the stacking faults are all
formed at the crystal growth stage and define a series of technologically important
properties of zeolites. The framework is generally considered as open because
communication between the interior and exterior of the crystals is through the openings,
with a typical diameter larger than 4 A circumscribed by at least eight corner-shared AlO4
and SiO4. These TO4 (T = Al, Si) tetrahedra are the basic units of the framework and are
called the primary building units. Compared with other framework materials, zeolites
have a low tetrahedral TO4 density in the framework, less than 20 (TO4) / 1000 A3, due to
their large pore volume.'®! Different combinations and arrangements of TO4 construct the
various structural units in the zeolite framework from the simple B-cage of sodalite to the
supercage of faujasite and from the one-dimensional channel in the mordenite framework

to the three-dimensional channels in zeolite X and zeolite Y.'*!
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Indeed, the primary building units are not enough to describe the complicated
structures of zeolitic materials and the concept of secondary building units (SBU) was
proposed. Some selected SBUs are shown in Figure 3.1. The complete and unique
framework of a particular zeolite can generally be obtained by linking SBUs. For
example, the framework of sodalite (NagAlsSisO24-2NaCl) can be obtained by joining the
body-centered truncated octahedra, B-cages, through single 4-rings and 6-rings, as shown
in Figure 3.2. About 800 different zeolites can be classified by 119 framework
topologies.'® They are not only helpful for classification purposes and for deducing rules
relative to these structures but also are important for the assignment of vibrational
spectra.'®!

Nonframework cations not only are necessary to balance the negative charges of
the AlO, terahedra in the framework but also contribute to the thermodynamic stability
of zeolites which will be discussed in Section 3.5. The cations determine many important
applications of zeolites such as ion exchange, separation and metal inclusion compounds.
For example, in noncryogenic air separation, the lithium ion in Li-zeolite LSX exhibits
strong affinity for N, instead of O because the former has a quadrupolar moment three
times larger than the latter.'® The cations are distributed in various sites, such as B-cages
(See Figure 3.2) and hexagonal prisms. However, their precise locations remain uncertain
and are of both practical and theoretical research interest.

Water is important in the formation of zeolites and in the ion exchange process.
The water molecules generally are loosely bound to the zeolitic framework through

hydrogen bonds due tothe large voids of the zeolite. Itis found that the entropy'** of
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(d) (e)

Figure 3.1. Some selected secondary building units (SBU) of zeolite
frameworks. (a) Single four-ring (S4R), b) single five-ring (SSR), (c)
single six-ring (S6R), (d) double four-ring (D4R) and (e) double six-ring
(D6R). All the vertices represent the T atoms and the oxygen atoms in
T—O-T bonds are omitted.



Figure 3.2.  Framework of sodalite. It can be
constructed by joining body-centred cubic octahedra, 3-
cages (or sodalite cages), through single 4-rings and
6-rings. The f3-cages can also be obtained by linking 4-
rings and 6-rings.
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zeolitic water is between that of ice and liquid water, with a value of 45 + 10 J mol™’ K.
The incorporation of water is exothermic in most cases and hydration can stabilize
zeolites with respect to their anhydrous phases but the effect diminishes at high
temperatures especially above 373 K due to the large negative entropy effect from
water.'%° The water content varies depending on the character of the exchangeable cations
and the conditions of crystallization. Ideally, if the water molecules completely fill the
free volume of channels and cages in the zeolites, the free inner volume of the zeolite can
be determined by measuring the volume of the water released while heating in vacuo.
The dehydration procedure is reversible and the dehydrating temperature ranges from 200
to 450°C depending on the zeolite. For instance, it is generally accepted that the
dehydration of faujasite is complete at 400°C under vacuum conditions'® while the
dehydrating temperature of the crystals of ZSM-5 is only 200°C.'%7
Apparently, framework topology, cations, and water molecules influence each
other. Since the cations are mobile, the framework can influenced by dehydration.'®® The
distribution of water molecules depends upon both the framework and the character,
quantity and location of cations, which in turn are defined by the density and distribution
of anionic sites in the framework. Concurrently, the presence of cations and negative
charges of the framework can produce a cooperatively strong electric field to stabilize or
activate the molecular species inside the cages and channels.'®
In fact, one of the most fundamental parameters to determine the physical and

chemical properties of a zeolite is the SI/Al ratio. In natural zeolites, the Si/Al ratio lies

within the limits of 1 to 6 while in synthetic zeolites the value can vary from 1 to . The
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lower limit of S/Al is determined by Lowenstein’s rule,''® which states that an AlOj
tetrahedron cannot be connected with another AlO4 tetrahedron by a common oxygen
atom. Hence, at Si/Al =1, the silicon and aluminum tetrahedron alternate to form an
ordered framework. As the Si/Al ratio increases, the ordering of Si and Al become
complex and both ordered and disordered frameworks are possible.'!! It is common that
the Si/Al ratio can significantly change not only in the zeolites with different framework
topologies, but also in those with the same framework topologies such as zeolite X and
zeolite Y. Generally, the lattice parameters of zeolites increase with the decrease of the
Si/Al ratio and an approximately linear relationship exists between the lattice parameter

and the Al content,'?

i.e., the lattice parameters decrease as the Si/Al ratio increases
because Si-O has a shorter bond length than Al-O. In addition, the stability of zeolites
also strongly depends on the Si/Al ratio; this will be presented in more detail in Section

3.5.

3.1.2 Techniques for Investigating Physical Properties of Zeolites

One of the most common techniques in zeolite research is diffraction, including
X-ray diffraction and neutron diffraction. These techniques are sensitive to long-range
order and can provide the structural parameters of the lattice at different temperatures.
Hence, phase transitions, the mechanical properties (such as bulk modulus) and the
thermal expansion parameter can be determined. In general, it is very difficult to obtain
single crystals of synthetic zeolites with adequate quality and sufficient dimensions for

single crystal diffraction. Thus, powder diffraction methods are commonly used. Since X-
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rays are scattered by the electrons around the nuclei and the scattering factors are directly
proportional to atomic number, distributions of Al atom and Si atom are not well
distinguished owing to their close scattering factors,'"> although X-ray diffraction
provides an accurate overall framework for the zeolites. Unlike X-rays, neutrons are
scattered by the nuclei. The advantage of neutron diffraction over X-ray diffraction is that
the former can distinguish atoms with similar numbers of electrons such as Al and Si.

Solid-state NMR spectroscopy plays a very important role in the research of
structure and property of zeolites.!'* Both #’Si and Al NMR spectroscopy provide
information about the local distribution of Si and Al and hence the immediate
environment of a particular tetrahedral site.!'® Solid-state NMR spectroscopy is
especially powerful in the study of dynamics and site distribution of various guests in the
channels and cages of zeolites.

Vibrational spectroscopic techniques including IR and Raman spectroscopy are
powerful methods for the characterization of zeolites.''®!'” The vibrational frequencies
also can be used to estimate the heat capacity of optic modes and the Griineisen
parameter. However, the successful application of vibrational techniques requires reliable
assignments of observed vibrational modes. A definite interpretation of spectral data is
usually rather difficult due to the complicated frameworks of zeolites which contain
hundreds of atoms per unit cell. Moreover, the vibrational spectra of zeolites generally
exhibit a limited number of broad, strongly overlapped bands. Hence the application of
vibrational spectroscopic techniques is greatly limited in the determination of thermal

properties of zeolites.
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In the past few decades, computational simulations such as Monte Carlo
calculations''® and molecular dynamics'"® have proven to be useful methods of studying
the structural stability and various properties of zeolites. However, these techniques are
generally restricted to fragments of zeolitic structures and further there remain many

118

problems associated with the selection of appropriate potentials. © Quantum mechanical

calculations can be computationally expensive because of the large unit cell and low

symmetry.'%°

On the other hand, adiabatic calorimetry is considered one of the most powerful
techniques to determine thermodynamic properties (Section 2.1) and hence to understand
the thermodynamic stability of zeolites with different Si/Al ratios and to predict the
experimental conditions that will lead to zeolite syntheses. Furthermore, calorimetric
investigation can reveal whether the thermodynamic stabilities of zeolites are enthalpic or
entropic. However, experimental data especially below 300 K only exist for the heat
capacities and related thermodynamic properties for a few synthetic zeolites. The
applications of an adiabatic calorimeter in some selected synthetic zeolites will be

presented from Section 3.2 to 3.4.

3.1.3 Thermal Expansion

Thermal expansion behavior of zeolites is of great academic interest and
industrial importance since expansion and contraction of the pores and channels can
significantly influence the rate of diffusion and sorption, and hence the formation of

reaction products.
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The open structure and low framework density of the unit cell can result in
unusual thermal properties for zeolites. X-ray diffraction'?! and lattice energy
calculations'?? revealed that zeolite X exhibits significant thermal contraction below 200
K. Negative thermal expansion also was found in zeolite A'>* and many siliceous
zeolites, including siliceous faujasite,124 ITQ-1, ITQ-3 and $SZ-23,'% ITQ4 and
chabazite.'*® The aluminophosphate, AIPO4-17, was identified as the most strongly
contracting zeolite-like material with a volume expansion coefficient -3.51x 10° K over

127 However, the similar framework material

a temperature range from 18 K to 300 K.
sodalite exhibits typical positive thermal expansion.121 Theoretical calculations'?? further
predict that thermal contraction depends on the Si/Al ratio and that the more siliceous
zeolites have much greater contraction or expansion. It had been proposed that the highly
porous framework and three-dimensional channels in zeolites allow expansion into the
pores and channels upon heating and result in its negative thermal expansion. %
However, X-ray diffraction of siliceous faujasite indicates that the bond lengths and
bond angles of the rigid TO,4 remain essentially constant between 25 and 573 K.'** Thus,
it was supposed that the strong negative thermal expansion in siliceous zeolites is due to
the transverse vibrations of the bridging oxygen atoms in O-Si-0.'*® A similar
mechanism has been suggested to explain the negative thermal expansion of ZrW,03.7%°7

Although several mechanisms have been suggested to explain thermal contraction

of various materials,'?%'%°

it is not completely understood yet why some zeolites show
negative thermal expansion while others with similar structures show a positive thermal

expansion. Even if only one zeolite is considered, the property of thermal expansion
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depends on the temperature region. For example, AIPO4-17 shows a strong thermal
contraction below ambient temperatures,'®® but displays positive thermal expansion
between 320 and about 770 K.'>’ A similar phenomenon also has been found for

dehydrated zeolite NaX.'?!

3.1.4 Research Objectives

As mentioned above, the open framework and high stability of zeolites lead to
many industrial applications including ionic exchangers, molecular sieves and catalysis
or catalyst support. Zeolites are also closely associated with the daily life of humans. For
example, zeolite 4A (Linde Type A) is commonly used in soap powders and in water
treatment plants for the removal of heavy metal ions. Recently, zeolites have been used in
photochemistry, ' solid state batteries and solar energy converters.”®"3!

To inclusion chemists, the existence of various intersecting channels and cavities
with definite shape and uniform size makes zeolites ideal materials for the study of the
host-guest interactions. Unlike most host structures such as urea and thiourea,'*? zeolites
exhibit high stability, with or without guests. The stabilizing interactions in zeolite
inclusion compounds can be guest-guest interactions, Coulombic interactions between
cations and anions in the framework, or guest-framework interactions from van der
Waals forces to hydrogen bonds.'**'** In alkali-metal zeolite inclusion compounds,
dehydrated zeolites behave as solid solvents and the alkali atoms form clusters with the

extra framework cations."*> By including various guests, the properties of zeolites can be

tailored, for example, from insulator to conductor and from many novel composite
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materials to advanced molecular-scale electronic and optic devices such as optical
transistors.** The urgent need for thermodynamic data on zeolite inclusion compounds is
clear.'3¢

As discussed in Section 1.2, heat capacity is a fundamental property of a material,
from which information concerning such matters as phase transitions can be obtained and
thermodynamic functions such as AH, AG, and AS can be determined. Thermodynamic
information can enhance our understanding of the relationships between structure and
properties of zeolitic materials, especially the effect of aluminum concentration on the
thermodynamic stability of zeolites to develop new methodologies for the syntheses of
these novel framework materials. While a few natural zeolites including analcime,'’
sodalite,'*® erionite,'> epistilbite,'*® natrolite, mesolite and scolecite,'®* heulandite,'*""'*
mordenite and gibbsite,'** and stilbite®® have been investigated by calorimetry, lack of
compositional uniformity is a major problem encountered in accurately determining heat
capacity and other thermodynamic functions of these natural zeolites. Moreover,
investigation of the behaviour of dehydrated zeolites is important since catalytic
properties and adsorption, such as molecular sieve effects, sorptive and catalytic
properties, depend on the dehydrated forms.

In the following sections, the thermal properties, especially the low-temperature
heat capacities of three zeolites, i.e., zeolite 4A, zeolite NaX and zeolite NaY, are
reported. The selection of these materials was based on several considerations. First, as

discussed above, they are academically and industrially important in ion exchange,

catalysis, separations, etc. Secondly, the high purity of these commercially available
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materials is especially helpful to acquire accurate thermodynamic properties. In addition,
the effects of different frameworks and compositions of these synthetic zeolites on
thermodynamic properties can be revealed through the investigation of heat capacities.
Finally, the heat capacities of these zeolites could be useful to convert experimental

thermal diffusivities to thermal conductivities.

3.2 Heat Capacity and Thermodynamic Properties of Zeolite 4A
3.2.1 Structure

The unit cell of zeolite 4A can be constructed by arrangement of B-cages'*
through the double four-rings, which results in the formation of a-cages as shown in
Figure 3.3. The framework of zeolite 4A is more open than that of sodalite. There are
eight o-cages (11 A diameter) and eight B-cages (7 A diameter) in each unit cell.'*>'4
The negative charged framework is balanced by the presence of cations such as sodium
ions. The crystal structure of dehydrated zeolite 4A has been determined with greater
precision than that of hydrated zeolite 4A because of the difficulty in distinguishing
crystallographically the water oxygen and the sodium ions.'* The average T-O bond
length is 1.66 A and the average O-T-O bond angle is 109.4°.14718 gingle crystal X-ray
diffraction indicates strong ordering of Si and Al into alternate tetrahedra.!*® Depending
on the report, two chemical formulae of zeolite 4A are widely used: Na;2Al12S811204s has
a pseudocell with a unit cell parameter 12.29 A and cubic space group Pm3m"*" while the
true unit cell has the chemical formula NagsAloeSissO3g4 With a unit-cell parameter of

24.56 A, space group Fm3c.'*®



Figure 3.3. Framework of =zeolite 4A. It can be
described by linking the B-cages through double four-rings.
This results in the formation and a-cage with a diameter of

11 A
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3.2.2 Experimental Methods and Characterization

Zeolite 4A (molecular sieve 4A) powder was purchased from Aldrich Chemical
Company. The sample was heated in a quartz tube to 453 K under vacuum conditions for
10 hours to achieve essentially complete dehydration. DSC was used to detect the
possible water in the dehydrated sample in the temperature range 350-600 K. A scanning
rate of 5 K min™ was used. The limit of detection of water in the DSC experiment is 0.1%
and there was no detectable water within this limit.

The lattice parameter of the dehydrated powder sample was determined by X-ray
diffraction (Cu Ko radiation with wavelength 1.54056 A) at 298 K. It revealed that the
sample was highly crystalline with a cubic unit cell parameter of 24.51(3) A, in very
good agreement with published values.'*1%

To determine the composition about 1 g of the sample was analyzed by X-ray
fluorescence. The compositions of all oxides in the dehydrated sample are shown in
Table 3.1. The Si/Al mole ratio was found to be 0.98 + 0.02. The unit cell of zeolite 4A is
considered to have an ideal chemical formula, NagsAls¢SissO334.

The dehydrated sample was handled exclusively in a dry nitrogen atmosphere in a
glove box to avoid the adsorption of moisture. The sample was sealed in the calorimeter
under a helium atmosphere to facilitate thermal equilibrium. The heat capacity of a
2.3039 g sample of zeolite 4A was determined over the temperature range 37 K to 310K
by using an automated adiabatic calorimeter which was operated in the heat pulse mode

as described in Section 2.4.
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Table 3.1. X-ray Fluorescence Analysis of Components in Zeolite 4A.

Components mass%(exp.) mass%(theor.)*
SiO2 41.840.8 423

TiO2 0.02+0.01

Al;O3 36.1+£0.7 35.9

Fe,0s 0.02+0.01

MgO 0.07+0.00

CaO 0.1240.00

Na,O 21.310.42 21.8

K;0 0.56+0.01

* The mass% (theor.) is based on the ideal formula NagsAlgsSissO3s4.
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3.2.3 Results and Discussion
3.2.3.1 Heat Capacity

The experimental heat capacities of zeolite 4A are given in Table 3.2 and shown
in Figure 3.4. The heat capacity of the sample comprised about 20% of the total (sample
+ vessel) heat capacity at 300 K and 15% at 37 K. Although the full temperature
evolution of the heat capacity of zeolite 4A does not appear to have been determined
previously, the heat capacity at T = 300 K has been determined,'* and is within 5% of
the present data.

The heat capacity is smooth over the experimental temperature range. Although it
has been proposed that subtle changes in the rhombohedral distortion of the lattice of

151

zeolite 4A are associated with a phase transition at 335 K, neither anomalous

pretransitional heat capacity nor any sharp anomalous features near 7 = 335 K was
detected by differential scanning calorimetry.

The experimental heat capacities are essentially those at constant pressure,C,,
but the more meaningful heat capacity can be that at constant volume, C,, . Since zeolite

4A is a cubic solid, C, and C, can be related by equation (1.2.5). The volume of the

unit cell of zeolite 4A has been reported for only two temperatures, viz. S K and 290 K, !152

but this allows an estimate of the thermal expansion. Combined with the isothermal
compressibility results'>® for zeolite 4A, this leads to an estimate of (C rp—C,)/IC, at
room temperature of 0.005%. As this would be expected to decrease with decreasing

temperature, it is assumed that C, -C, = C, .
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Table 3.2. Experimental Heat Capacity of Zeolite 4A, NagsAlssSiosO3sa.

T/K CplIK' g’ T/K CAIK ' g" T/K CelIK' g
37.02 0.0936 130.37 0.495 230.82 0.780
42.26 0.141 133.09 0.497 234.42 0.783
46.91 0.159 136.67 0.508 237.95 0.796
51.16 0.174 140.82 0.529 241 .38 0.810
55.24 0.186 145.94 0.547 244.83 0.813
58.90 0.201 148.56 0.553 248.40 0.821
62.88 0.222 153.61 0.568 251.72 0.830
67.99 0.249 156.23 0.572 255.37 0.834
73.67 0.267 161.27 0.586 258.69 0.840
79.35 0.291 163.87 0.592 262.02 0.851
81.08 0.301 170.10 0.618 265.44 0.858
84.96 0.323 171.48 0.622 268.42 0.862
86.55 0.325 176.53 0.641 272.18 0.863
87.47 0.330 179.02 0.641 27492 0.871
90.58 0.343 183.99 0.654 278.81 0.873
92.08 0.352 186.63 0.664 281.30 0.878
96.26 0.367 190.97 0.685 283.67 0.885
97.62 0.374 194.13 0.682 287.09 0.895
101.25 0.388 198.31 0.696 287.65 0.889
103.22 0.390 201.56 0.701 290.74 0.901
106.80 0.406 205.64 0.712 294 .30 0.904
109.88 0.417 208.95 0.723 294.36 0.901
112.40 0.438 212.89 0.735 298.71 0915
117.61 0.448 216.26 0.742 301.39 0.921
118.04 0.452 220.15 0.753 305.13 0.935
123.68 0.466 223.56 0.766 307.57 0.938
125.36 0.470 227.29 0.768 311.41 0.948
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Figure 3.4.  Heat capacity of zeolite 4A. e, experimental heat capacity
and ==, extrapolated value (7 < 100 K) from equation (1.2.27), described
in the text. The inset diagram indicates the difference between the
experimental and fitted heat capacity data. See text for details.
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From the chemical formula of the unit cell of zeolite 4A, it is clear that the major
contribution to the heat capacity is from the optical modes while the heat capacity from
acoustic modes is very small. From the Dulong-Petit value, it appears that about 75% of
the maximum heat capacity has been achieved at 300 K.

The temperature dependence of the apparent Debye temperature, ®p, based on the
conversion of the total heat capacity to the Debye model, equation (1.2.21), is shown in
Figure 3.5. Like many other solid materials, the apparent @p from zeolite 4A is a
temperature-dependent function. Around 7 = 42 K, the apparent ®p has a minimum value
of 363 K. It reaches a maximum value of 750 K at 7 = 290 K. ®p slightly decreases
above 7 = 300 K, likely due to anharmonic vibrations of the lattice. The relatively high
®p explains why the heat capacity of zeolite 4A did not reach the Dulong—Petit value at

room temperature.

3.2.3.2 Constituent Additivity

As discussed in Section 1.2.3, the Neumann-Kopp law is based on additivity of
the properties of the elements to estimate heat capacity of a solid. Another approach,
namely consideration of thermodynamic contributions from the “constituent groups” of a
compound has been used with the considerable success to estimate heat capacity and
other thermodynamic properties of complex inorganic compounds, 222335104138

For example, sodalite, (NagAlsSis024Cl;), can be considered to have the

constituent compounds (3Na,O + 3Al, 03 + 6Si0O; + 2NaCl). The heat capacity of sodalite
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Figure 3.5.  Apparent Debye temperature of zeolite 4A. It
was calculated from overall experimental heat capacity based
on the Debye model, equation (1.2.21), described in the text.
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can be estimated from the contributions of its constituents, i.e. C, = D v,C,, in which

C,, is the heat capacity of a constituent / and v; is the number of moles of the constituent

compound i in sodalite. At 298.15 K, the calculated heat capacity of sodalite from those
of constituents'> is 815 J K' mol™" while the Neumann-Kopp value is 1147 J K"' mol™.
The value from constituent additivity agrees well with the experimental value, 812 J K!
mol™!,'*® and is much better than that from the Neumann-Kopp law. More examples can
be found elsewhere.?

With similar methods, other thermodynamic functions, such as Gibbs energy of
formation of many inorganic materials can also be estimated. For example, the Gibbs
energies of formation of various zeolites at 298.15 K calculated from constituent
additivity agree with experimental results usually within a deviation of 0.5%."°

Generally, the estimation of thermodynamic functions from constituent additivity
methods works well, provide that: (1) the experimental data for the constituent solids are
reliable, (2) the coordination within the constituent solids is similar to the complex solids
and (3) there are no solid-solid phase transitions.??

Under favorable conditions, the reasonably accurate thermodynamic functions

generally can be obtained. In this chapter, the constituent additivity method was used to

estimate the Gibbs energies of formation of zeolite 4A, NaX and NaY at 298.15 K.

3.2.3.3 Thermodynamic Stability

The thermodynamic data allow an understanding of the relative contribution of
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enthalpy and entropy to the stability of zeolite 4A. To calculate the thermodynamic
functions, the complete low-temperature C, is required. As discussed in Section 3.1.2,
ideally, if the full vibrational spectrum was known and correctly assigned, the optic
contributions to the heat capacity could be calculated. However, reliable vibrational
assignments are not available for zeolite 4A. Hence, a least-squares procedure was used
to fit the low temperature (< 100 K) experimental data to equation (1.2.27) and
extrapolate the heat capacity to 7= 0 K, as shown in Figure 3.4. It is found that the best
fit (generally within 1% of the experimental data) has a m = 224 and n = 448 with 6, =
211 K and & = 528 K. Thermodynamic function increments relative to 0 K were
calculated from the heat capacity fit and are listed in Table 3.3.

Although Caullet et al.'* reported A/G°, the standard Gibbs energy of formation
of zeolite 4A at 298.15 K from solubility studies, they were not able to obtain
temperature-dependent data to determine AF° or AS°. However, by using their data,'*¢
AG°(Na;Al,Siz 120824) = - 4078 kJ mol™” and A/G°(SiO,),'”’ and the assumption of
constituent additivity, the value of AG°® (NagsAlosSissO3s4) was determined here to be
(~1.908 + 0.005)x10° kJ mol™. From the present results for S, — S, with the assumption
that Sp = O, and the data for the constituent elements AL'7 Si,'*® 0,,'%!* Na'®
AS°(NagsAlgsSiosO3g4) has the value of (-35.80 + 0.07) kJ K™ mol™, which results in AH®
(NaggAlssSissO3ss) = (=2.015 + 0.005)x10° kJ mol™. The thermodynamic functions of

formation of zeolite 4A below 300 K are listed in Table 3.4. From these data, it can be

clearly found that the stability of zeolite 4A stems from enthalpic, not entropic



Table 3.3. Thermodynamic Functions (I) of Zeolite 4A, NagsAlgsSissO3z4.

T/K Cp/IKTmol! (Hr-Ho)/k mol? (SrSo)J K" mol” (Gr-Go)/kJ mol™

5 483 0.0121 2.41 0.000
10 38.6 0.121 14.5 -0.024
15 130 0.542 45.8 -0.145
20 303 1.63 105 -0.482
25 562 3.79 200 -1.20
30 885 7.41 330 -2.48
35 1240 12.7 492 -4.50
40 1610 19.8 681 -7.39
45 1940 28.7 889 -11.3
50 2270 393 1110 -16.2
55 2570 514 1340 -22.3
60 2890 65.0 1580 -29.8
65 3180 80.2 1820 -38.1
70 3480 96.8 2070 -48.1
75 3780 115 2320 -59.0
80 4060 135 2570 -71.0
85 4360 156 2830 -85.0
90 4650 178 3080 -99.1
95 4930 202 3340 -115
100 5200 227 3600 -133
105 5460 254 3860 -151
110 5710 282 4120 -171
115 5960 311 4380 -193
120 6200 342 4640 =215
125 6440 373 4900 -239
130 6670 406 5160 -265
135 6900 440 5410 -291
140 7140 475 5670 -319
145 7370 511 5920 -347
150 7600 549 6170 =377
155 7810 587 6430 -409
160 8020 627 6680 -442

Continued. ..



Table 3.3. (continued).

T/K  CplIK mol” (HrHo/kI mol’ (SrSo)/TK' mol™ (GrGo)/kJ mol™
165 8210 667 6930 -476
170 8400 709 7180 512
175 8590 751 7420 -547
180 8790 795 7670 -586
185 8980 839 7910 -624
190 9160 885 8150 -664
195 9340 931 8390 -705
200 9510 978 8630 -748
205 9710 1030 8870 -788
210 9900 1080 9100 -831
215 10090 1125 9340 -883
220 10280 1176 9570 -929
225 10430 1228 9810 979
230 10600 1280 10040 -1029
235 10760 1334 10270 -1079
240 10920 1388 10490 -1130
245 11070 1443 10720 -1183
250 11240 1499 10950 -1239
255 11370 1555 11170 -1293
260 11510 1612 11390 -1349
265 11640 1670 11610 -1407
270 11750 1729 11830 -1465
275 11860 1788 12050 -1526
280 11980 1847 12260 -1586
285 12110 1907 12480 -1650
290 12250 1968 12690 -1712
295 12400 2030 12900 -1776

298.15 12490 2069 13030 -1816
300 12550 2092 13110 -1841
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Table 3.4. Thermodynamic Functions (II) of Zeolite 4A, NaggAlosSissOass.
TIK  AH/KI mol!  AG/KI mol™ T/K  AH/KI mol’  AG/KI mol™
0 -200500 -200500 155 -201300 -195900
5 -200600 -200500 160 -201300 -195700
10 -200600 -200400 165 -201300 -195600
15 -200600 -200300 170 -201300 -195400
20 -200700 -200200 175 —201300 -195200
25 -200700 -200000 180 -201400 -195000
30 -200700 -199900 185 -201400 —-194900
35 -200700 -199800 190 -201400 -194700
40 -200800 -199600 195 -201400 -194500
45 -200800 -199500 200 -201400 -194300
50 -200800 -199300 205 -201400 -194200
55 -200800 -199200 210 -201400 -194000
60 -200900 -199000 215 -201400 -193800
65 -200900 -198900 220 -201400 -193600
70 -200900 -198700 225 -201400 -193400
75 -201000 -198600 230 -201500 -193300
80 -201000 -198400 235 -201500 -193100
85 -201000 -198300 240 -201500 -192900
90 -201000 -198100 245 -201500 -192700
95 -201000 -197900 250 -201500 -192600
100 -201100 -197800 255 -201500 -192400
105 -201100 -197600 260 -201500 -192200
110 -201100 -197400 265 -201500 -192000
115 -201100 -197300 270 -201500 -191800
120 -201200 -197100 275 -201500 -191700
125 -201200 -196900 280 -201500 -191500
130 -201200 -196800 285 -201500 -191300
135 -201200 -196600 290 -201500 -191100
140 -201200 -196400 295 -201500 -191000
145 -201200 -196300 298.15 -201500 -190800
150 -201300 -196100 300 -201500 -190800

62



63
contributions. Indeed, the latter are destabilizing (AS° < 0). It is apparent that the
thermodynamic stability of zeolite 4A is mainly from the strong T-O bonds of the

primary building units.

3.2.3.4 AM° of NaAlSiO, in Zeolites

Komada et al. '*8

reported the standard enthalpy of formation of sodalite, which,
as discussed above, can be considered to be the “parent structure” from which zeolite 4A
is derived. To compare the enthalpy of formation of their common constituent NaAlSiO4
at 298.15 K, the standard enthalpy of NaAlSiO4 from sodalite can be calculated from:
2NaCl(s) + 6NaAlSiO4(s) = NagAlsSigO24Cla(s), 3.2.1)
where the NaCl data is from the literature.'** The result indicates that AF° (NaAISiOs)
from sodalite is -2106 kJ mol™, while Ad° (NaAlSiOg) from zeolite 4A is -2099 kJj mol ™.
Robie er al.'®! reported that the standard enthalpy of formation of AF°(NaAlSiOs,
crystal, nepheline) was -2092 kJ mol'. The values of AFH°(NaAlSiO4) from the three
considerations (zeolite 4A, sodalite and nepheline), deviate by only 0.3%. These rather
remarkable results are understandable because all three of these materials are composed
of similar TO, tetrahedral groups and all have the same cations in their structure. Hence,
their T-O bonds have very similar strengths. In their studies of zeolitic silicas, Petrovic et
al.'®? found a similarly small range of differences in stability, only 4.9 kJ mol”, between
the densest and least dense frameworks. These results indicate that enthalpy changes
associated with zeolites have a rather weak dependence on their structure. The

importance of this consideration is that materials scientists can use known values of
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thermodynamic functions to predict the stability of structures and the synthetic conditions

for preparation of new zeolites and other framework matenals.

3.2.4 Conclusions

The low-temperature heat capacities of zeolite 4A, NaggAlosSiosO3s4, below
ambient temperature were determined by using an adiabatic calorimeter. The heat
capacity of zeolite 4A is mainly from the optic modes due to its large number of atoms in
the unit cell. At room temperature, about 75% of the maximum possible heat capacity is
achieved. The apparent Debye temperature of zeolite 4A is a temperature-dependant
function with a minimum of 363 K at 7= 42 K and a maximum of 750 K at 7=290 K.

The standard thermodynamic functions below ambient temperature were dernived

from the heat capacity. At 7 =298.15K, C,, S; -S,, A H, A,G of zeolite 4A are

1.249%10* J K mol™, 1.303x10* J K mol?, —2.015x10° kJ mol™ and -1.908x10’ kJ
mol~!, respectively. From these data, it is found that zeolite 4A is enthalpically stabilized,
as are several other zeolitic materials.'*”!*!"'*3 It is found that the enthalpy of formation
of NaAlISiOy4 in zeolite 4A is -2099 kJ mol™ which agrees within 0.3% with those values
obtained from sodalite and nepheline. It is concluded that the thermodynamic stability of
zeolite 4A results from the strong T-O bonds in the primary building units, with bond

strengths very close to those in similar materials.
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3.3 Thermal and Thermodynamic Properties of Zeolite NaX
3.3.1 Structure
Zeolite NaX (also called zeolite X, NaX, Linde X) is an analogue of the natural
zeolite faujasite. The unit cell of zeolite X can be considered to be built up by
tetrahedrally connecting the B-cages through hexagonal prisms, creating a large three-
dimensional supercage with a diameter of 13A and a three-dimensional channel with a
diameter of 7.5 A,'%3'%5 shown in Figure 3.6. There are eight sodalite cages and eight
supercages in each unit cell of NaX.'® This framework topology gives NaX a more open
structure than that of zeolite 4A (Linde A). Unlike zeolite 4A in which the Si/Al ratio is
close to 1, the typical Si/Al ratio in NaX varies from 1.1 to 1.5. When Si/Al = 1, the SiO4
and AlQ, terahedra alternate as required by the Léwenstein law and the framework of

163

NaX has long-range order with space group Fd3. "~ Howeuver, if the Si/Al ratio is greater

than one, the long-range order may be lost and the space group changes to Fd3m. 167 The

163.167 and neutron

crystalline structure of NaX has been determined by X-ray diffraction
diffraction.'®® The lattice parameter of the cubic unit cell ranges from 24.80 A to 25.10 A,
depending on the S¥/Al ratio and the temperature. The T-O bond length ranges from
1.619 A to 1.722 A and the average O-T-O bond angle'®® is 109.5°. Sodium ions can

occupy several nonequivalent positions in the framework.'¢""'¢’

3.3.2 Experimental Methods and Characterization
Zeolite NaX (molecular sieve 13X or Linde X) powder was purchased from

Aldrich Chemical Company. It was dehydrated in a quartz tube under vacuum conditions
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Figure 3.6.  Framework of zeolite NaX and of faujasite. The unit
cell is constructed by connecting the sodalite cages through hexagonal
prisms, creating a three dimensional supercage 13 A in diameter.
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for 24 hours at 673 K and sealed at room temperature. The dehydration was examined by
DSC between 300 and 670 K with a scanning rate of 5 K min™'. DSC did not find
detectable peaks, indicating the dehydration was complete to better than 0.1% water.

Powder X-ray diffraction was used to determine the lattice parameter of the unit
cell at 298 K as for zeolite 4A. X-ray diffraction showed that NaX is a well-defined
crystalline material with cubic lattice parameter of 24.7701(1) A. It was confirmed that
NaX dehydrated at 673 K has the same pattern as the sample before heating.'”

To determine the composition of NaX about 1 g of sample was analyzed by X-ray
fluorescence. The contents of constituent oxides in NaX are listed in Table 3.5. The
dehydrated NaX has a Si/Al mole ratio of 1.207 + 0.001, which agrees with that from
chemical and solid-state NMR analysis.'”" The uncertainty is estimated from two runs.
The unit cell of NaX is considered to have the ideal chemical formula, Nag;Alg7Si10503s4.
Hence, there are total 192 T-atoms in the unit cell of NaX.

The dehydrated sample of 2.908 g was loaded with the same procedure as
discussed for zeolite 4A. The heat capacity was determined for the temperature range 33

to 310 K by the automated adiabatic calorimeter, described in Section 2.3.

3.3.3 Results and Discussion
3.3.3.1 Heat Capacity

The experimental heat capacities of NaX increase smoothly with temperature and
are shown in Table 3.6 and Figure 3.7. The heat capacity of the sample comprised about

25% of the total (sample + calorimeter vessel) heat capacity at room temperature and



Table 3.5. X-ray Fluorescence Analysis of Components in NaX.

Components mass(exp.) mass%(theor.)**
SiO, 47.1+0.1 46.9

TiO; 0.03+0.00

AlLO3 33.1+0.0 33.0

Fe,05 0.0440.01

MgO 0.05+0.00

Ca0 0.09+0.00

Na,O 19.440.1 20.0

K.0 0.171+0.00

P20Os 0.011+0.00

* The mass%(exp.) is the average value of two runs. The deviation is

estimated from the two runs.
b The mass%(theor.) is based on the ideal formula Nag7Alg7Si1050324-
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Table 3.6. Experimental Heat Capacity of NaX, NagrAlgrSij0sO3s4.

T/K CpIK'g" TIK ColIK'g' /K CpIK'g’
33.70  0.0653 122.16 0.432 212.38 0.687
37.14  0.0830 125.38 0.436 215.47 0.691
39.44 0.100 127.60 0.446 219.27 0.704
43.13 0.118 131.57 0.471 222.36 0.709
48.55 0.127 133.11 0.471 226.31 0.718
53.94 0.146 137.00 0.492 229.38 0.722
54.01 0.151 139.59 0.495 233.31 0.729
59.18 0.178 143.42 0.515 236.35 0.731
64.43 0.194 147.21 0.516 240.40 0.753
69.70 0.215 150.90 0.530 243.33 0.755
74.94 0.240 154.71 0.534 247.48 0.768
80.27 0.259 158.26 0.546 254.39 0.777
84.16 0.287 162.18 0.556 257.70 0.785
86.50 0.289 165.63 0.570 262.21 0.789
87.92 0.303 169.66 0.578 265.26 0.793
91.89 0.316 172.91 0.595 270.92 0.801
93.28 0.320 176.98 0.601 273.63 0.813
97.33 0.330 180.15 0.609 278.83 0.822
98.59 0.351 184.24 0.615 282.13 0.825
103.88  0.364 187.55 0.632 287.09 0.838
105.79  0.367 191.58 0.635 290.87 0.852
109.26  0.387 194.79 0.646 295.39 0.853
11124 0392 198.74 0.647 298.86 0.858
11469  0.410 201.89 0.668 303.86 0.858
116.72  0.411 205.87 0.673 307.04 0.869
120.14  0.428 208.66 0.678 312.27 0.879
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Figure 3.7.  Heat capacity of zeolite NaX. e, Experimental heat
capacity and ==, extrapolation result from equation (1.2.27), as discussed
in the text. The inset diagram indicates the difference between the
experimental and fitted heat capacity data.
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15% at 35 K. This appears to be the first determination of heat capacity of NaX.

To calculate the physically more interesting heat capacity C,, from C,, the value

C, —C, was estimated from equation (1.2.5). The thermal expansion coefficient of NaX

was derived from the experimental lattice parameters (unit in A) between 44 K and 293
K'?! by least squares fitting a polynomial equation:

a=a,+aTl+a,T*+a,T*+a,T’ 3.2)

where the fitted parameters are a, =24.8081, g, =-24x107°, a, =-4.96x107",

a, =2.73x107°, a, =-3.73x107"?. The results are shown in Figure 3.8. At 298.15, the

thermal expansion is estimated to be (1.8 + 0.6)x10° K. The uncertainty is estimated
from the error of the experimental lattice parameter.

The bulk modulus, K, of NaX has not been reported yet. Since NaX and zeolite
4A have very similar frameworks, K for zeolite 4A, 22 + 2 GPa,'>® was used to estimate

C, —C, for NaX. At 300K, (C, -C,)/C, for NaX is 0.00006 and C, = C, is used,

hereafter.

It is interesting to compare the experimental heat capacity with the Dulong-Petit
value 663x3R. About 70% of the total heat capacity is achieved at 298.15 K. This value
is 5% lower than that of zeolite 4A at same temperature, likely due to the higher Si/Al
ratio in NaX and more Si-O bonds, which vibrate at a higher frequency than Al-O bonds.

The apparent Debye temperature, ®p, for NaX, calculated from the total heat

capacity, is presented in Figure 3.9. It is a temperature dependent function. At room
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Figure 3.8.  Volume thermal expansion coefficient of NaX, calculated
from experimental lattice parameters121 by fitting equation (3.7.1), as
described in the text. The error bar indicates the uncertainty in oy, based
on the error of the lattice parameter.
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Figure 3.9. Apparent Debye temperature of zeolite NaX, calculated
from the overall experimental heat capacity and the Debye model
equation (1.2.21).
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temperature, the apparent ®p reaches a maximum value of 840 K. NaX has a higher
maximum apparent @p and hence a lower heat capacity than zeolite 4A at 300 K.

Due to the large number of atoms in the unit cell (663) of NaX it is evident that
the heat capacity contribution from the acoustic modes is small compared to the overall
heat capacity. This means that there are some low-frequency optic modes which are

excited even at very low temperatures. The energy of weakly dispersive optic modes can

be approximately described with the equation,'* @, < (k,/m,)""?, where w, is the

wave number, £, is the interatomic force constant and m, is the atomic mass. In NaX,

the oxygen atom has the smallest atomic mass and is the most likely to be excited at low
temperature. The low-energy modes can be the transverse motions of oxygen atoms in Si-
O-Si and Al-O-Si, which have lower energy than longitudinal modes and hence are easier

to vibrate at low temperatures. This factor is important in the next section.

3.3.3.2 Griineisen Parameter

The Griineisen parameter is important to understand the abnormal negative
thermal expansion of NaX at low temperatures. It has been known since the late 1950s
that the transverse modes can result in the negative thermal expansion of solids.'”*'”
These modes are shown for T-O-T in Figure 3.10. From equation (1.5.3), the sign of the
thermal expansion coefficient is always the same as that of the Grineisen parameter,
which is associated with the vibrational modes through equation (1.5.1) and (1.5.2).

Below 220 K, the low-frequency transverse vibrations of oxygen atoms might dominate

the overall Grineisen parameter and their frequencies could decrease asthe volume



&

() ®) (©)

Figure 3.10. Vibrational modes in T-O-T bonds: (a) longitudinal
vibration, resulting in the expansion of lattice; (b) equilibrium state;
(c) transverse vibration resulting in the contraction of the lattice on
excitation.
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decreases. The overall Griineisen parameter would be negative and the lattice would
contract on heating. This is observed for NaX at low temperature (Figure 3.8).

As the temperature increases above 220 K, the high-energy longitudinal modes
that tend to expand the lattice could dominate the overall Griineisen parameter and
positive thermal expansion would result, as observed for NaX in Figure 3.8.

With the thermal expansion coefficient, bulk modulus of zeolite 4A'>* and present
heat capacity, the overall Griineisen parameter of NaX was estimated from equation
(1.5.3) and it is presented in Figure 3.11. Although the approximation concerning the
bulk modulus can result in uncertainty of the Griineisen parameter, the most uncertain
quantity is the thermal expansion coefficient. Nevertheless, the estimated Griineisen
parameter still can provide information about the anharmonicity of the lattice vibrations.
The result is shown in Figure 3.11. (The uncertainty of the Griineisen parameter is
estimated to be 0.03 independent of temperature). The relative small Griineisen
parameter, especially around room temperature, indicates that NaX has a rather stiff
lattice which is important for its applications such as in ion exchange and catalysis.

Since the framework of NaX can be constructed from sodalite, it is helpful to
compare the overall Griineisen parameter of these framework materials. The thermal

138 and compressibility'*®) of sodalite have

properties (thermal expansion,121 heat capacity
been studied thoroughly. From these data, the derived Griineisen parameter is 1.0 £ 0.2 at

300 K, higher than that of NaX due to the larger thermal expansion of sodalite.
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Figure 3.11. Griineisen parameter of NaX, derived from the lattice
parameter,'?! compressibility of zeolite 4A'*? and present heat capacity.
The error bar indicates the uncertainty of y, as discussed in the text.
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3.3.3.3 Thermodynamic Stability

Thermodynamic properties are necessary to understand the stability of NaX. They
require complete heat capacity data below room temperature. Reliable vibrational
assignments and elastic properties of NaX are not available. Hence, the Debye model and
Einstein model were used to fit experimental data below 100 K through equation (1.2.27).
The least-square fitting parameters were found tobe 6p =227 +2 K, =579+ 5K, m =
166 and n = 497 with fitting error of 2.5%. 2Na NMR showed that 6y of NaX is 250 +
20 K.'" The result is quite close to the value from the heat capacity. The heat capacities
below 35 K were derived from the extrapolation of equation (1.2.27). Other
thermodynamic function increments relative to 0 K were calculated from the heat
capacity. They are listed in Table 3.7.

Although the standard Gibbs energy of formation of NaX has been determined
from solubility studies'® at 298.15 K, the data do not allow calculation of enthalpy of
formation, AH"° and entropy of formation, AS°. From the experimental value'*® of Gibbs
energy of formation of NaX with an empirical chemical formula, Na;Al;Si 480396,
AG°(NazAl,Siz 480896) = - 4392 kJ mol’ and AG°(SiO;)'*° combined with the
assumption of constituent additivity, the Gibbs energy of NaX with a chemical formula
Nag7Alg7Sii0s0384, A/G [NagrAlgsSiiosOsss] = (—1.886 + 0.002) x10° kJ mol” was

obtained. With the assumption of §, =0 and the absolute entropy, S-Sy, determined

from the heat capacity of NaX and the entropies of the elements at 298.15 K,'34!33157-160
the entropy of formation and enthalpy of formation of NaX are AS°[Nag7Alg7Sii050384] =

-36.53 £ 0.06 kJ K™ mol"! and A#H°[NagsAlg7Sii0s03s4] = (-1.995 + 0.002)x10° kJ mol”,



Table 3.7. Thermodynamic Functions (I) of NaX, Nag7Alz7S11050334.

T/K  Cp/IK mol” (HrHy)/kI molT (SrSo)/J K" mol” (GrGg)/kJ mol™

5 3.63 0.00906 1.81 0.000
10 29.0 0.0906 10.9 -0.018
15 97.8 0.408 34.4 -0.108
20 229 1.23 79.4 -0.362
25 431 2.88 151 -0.903
30 689 5.67 252 -1.88
35 979 9.84 379 -3.42
40 1280 15.5 529 -5.66
45 1540 22.6 695 -8.71
50 1810 30.9 871 -12.6
55 2090 40.7 1060 -17.6
60 2380 51.9 1250 -23.1
65 2670 64.5 1450 -29.8
70 2960 78.6 1660 -37.6
75 3260 94.1 1880 -46.9
80 3550 111 2100 -56.9
85 3840 130 2320 -67.6
90 4120 150 2550 -80.0
95 4400 171 2780 -93.3
100 4680 194 3010 -108
105 4950 218 3240 -123
110 5210 243 3480 -140
115 5470 270 3720 -158
120 5710 298 3960 -178
125 5960 327 4190 -197
130 6190 357 4430 -219
135 6420 389 4670 -242
140 6640 421 4510 -266
145 6850 455 5140 -290
150 7060 490 5380 =317
155 7260 526 5610 -344
160 7460 562 5850 -374

Continued. ..



Table 3.7. (continued).

T/K  CpIKTmolT (HrHo)/kI molT (SrSo)/TK" mol”™ (Gr-Go)/kJ mol™

165 7640 600 6080 -403
170 7830 639 6310 -434
175 8010 678 6540 -466
180 8180 719 6770 -500
185 8350 760 6990 -533
190 8520 802 7220 -570
195 8680 845 7440 -606
200 8840 889 7660 -643
205 9000 934 7890 -684
210 9150 979 8100 -722
215 9300 1025 8320 -764
220 9450 1072 8540 -807
225 9600 1120 8750 -849
230 9740 1168 8960 -893
235 9890 1217 9170 -938
240 10030 1267 9380 -984
245 10170 1317 9590 -1033
250 10300 1369 9800 -1081
255 10440 1420 10000 -1130
260 10570 1473 10210 -1182
265 10700 1526 10410 -1233
270 10830 1580 10610 -1285
275 10960 1634 10810 -1339
280 11080 1689 11010 -1394
285 11200 1745 11210 -1450
290 11320 1801 11400 -1505
295 11430 1858 11600 -1564
298.15 11500 1894 11720 -1600

300 11540 1916 11790 -1621
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respectively. These data were used to calculate the standard thermodynamic functions of
formation of NaX below ambient temperatures, as listed in the Table 3.8. Comparing the
enthalpy and entropy of formation of NaX, it can be concluded that the thermal stability
of NaX is from the enthalpy contribution, AH°, while the entropy term, TAsS°, slightly
decreases the thermodynamic stability of NaX. The high thermal stability of NaX is a
consequence of strong T-O bonds of the primary building units. Similar results have been

obtained in considering zeolite 4A.

3.3.4 Conclusions

The heat capacities of zeolite NaX with chemical formula Nag7Alg7Sii0sO384 were
determined from 33 to 310 K by an automatic adiabatic calorimeter. About 70% of the
maximum heat capacity of NaX is achieved at room temperature, 5% lower than that of
zeolite 4A. The heat capacity of NaX mainly comes from the contribution of optic modes
because of the large number of atoms in the unit cell. The apparent Debye temperature is
a temperature dependent function and is approximately 840 K at 7= 300K.

The standard thermodynamic functions of formation of NaX from 7 = 0 to 300 K

were calculated. At 298.15 K, Cpand S, — S, are 1.150x10* J K'mol™” and 1.172x10* J

K'mol”; AH and A/G are -1.995x10° kJ mol™ and -1.886x10° kJ mol™, respectively. The
high thermal stability of NaX is due to the large dissociation energy of the T-O bonds.
The negative thermal expansion of NaX might be due to the domination of the

low-energy transverse motions of the oxygen atoms in T-O-T bonds. The small



Table 3.8. Thermodynamic Functions (IT) of NaX, Nag7Alg7Si10503z4.

/K  AH/KI mol®  AG/K] mol™ TIK  AH/KI mol!  AG/kI mol”
0 -198400 -198400 155 -199200 -193700
5 -198400 -198400 160 -199200 -193600
10 -198500 -198300 165 -199200 -193400
15 -198500 -198200 170 -199200 —-193200
20 -198500 -198000 175 -199300 -193000
25 -198600 -197900 180 -199300 -192900
30 -198600 -197800 185 -199300 -192700
35 -198600 -197600 190 -199300 -192500
40 -198600 -197500 195 -199300 -192300
45 -198700 -197400 200 -199300 -192100
50 -198700 -197200 205 199300 -192000
55 -198700 -197100 210 -199300 -191800
60 -198800 -196900 215 -199400 ~191600
65 -198800 -196800 220 -199400 -191400
70 -198800 -196600 225 -199400 -191200
75 -198800 -196400 230 -199400 -191100
80 -198900 -196300 235 -199400 -190900
85 -198900 -196100 240 -199400 -190700
90 -198900 -196000 245 -199400 -190500
95 -198900 -195800 250 -199400 -190300
100 -199000 -195600 255 -199400 -190200
105 -199000 -195500 260 -199400 -190000
110 -199000 -195300 265 -199400 -189800
115 -199000 -195100 270 -199500 -189600
120 -199100 195000 275 199500 -189400
125 -199100 -194800 280 199500 -189300
130 -199100 -194600 285 -199500 -189100
135 -199100 -194400 290 -199500 -188900
140 -199100 194300 295 199500 -188700
145 -199200 194100 298.15  -199500 -188600

150 -199200 -193900 300 -199500 -188500
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Grineisen parameter indicates that NaX has a very stiff lattice which is important to its

applications.

3.4 Thermodynamic Properties of Zeolite NaY
3.4.1 Structure

Zeolite Y has the same framework topology as the natural zeolite faujasite and
zeolite X, shown in Figure 3.6. The SV/Al ratio and hence the numbers of cations in the
unit cell of synthetic zeolite Y vary from sample to sample. The difference between
zeolite Y and zeolite X is that the former has a higher Si/Al ratio, typically in the range of
1.5 ~ 3.0 and the latter has Si/Al ratio ranging from 1.1 to 1.5. Thus, zeolite Y has fewer
exchangeable cations. The structure of dehydrated sodium zeolite Y (NaY) has been
investigated by many researchers.'’®!”>'77 It displays a cubic crystalline structure with
space group Fd3m. The lattice parameter of NaY ranges from 24.60 A to 25.12 A,
depending on the Si/Al ratio.!” The average O-T-O angle is around 109° and the T-O
bond length varies between 1.64 and 1.70 A 170171180 1 iy e 2eolite X, the framework of
NaY is composed of B-cages that are connected together through a tetrahedral
arrangement of hexagonal prisms, which result in supercages with a diameter of about 13

A and three-dimensional channels with a diameter of 7.5 A.!7

3.4.2 Experimental Methods and Characterization
The NaY (molecular sieve Y) powder was purchased from Aldrich Chemical

Company. The dehydration procedure, analysis of compositions and lattice parameter
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determination of the sample were the same as for NaX (Section 3.3.2).

DSC was run between 300 K and 670 K and it did not shown any detectable peaks
due to water in NaY. X-ray diffraction showed that NaY is well-defined crystalline solid
with a lattice parameter of 24.6609(5) A.

The compositions of oxides in NaY are listed in Table 3.9. The Si/Al mole ratio is
2.65 + 0.02 which agrees well with that from chemical and solid-state NMR analysis.'”*
The uncertainty is estimated from two runs. The unit cell of NaY is considered to have
the ideal chemical formula Nas3Als3Si;390334.

The dehydrated sample of 2.062 g was loaded in the calorimeter as for zeolite 4A
(Section 3.2.2). The heat capacity was determined in the temperature range 30 K to 300
K. The measurement of heat capacity was carried out by the automated adiabatic

calorimeter as described in Section 2.3.

3.4.3 Results and Discussion
3.4.3.1 Heat Capacity

The heat capacity of NaY increases monotonically with temperature and is shown
in Table 3.10 and Figure 3.12. The heat capacity of the sample comprised of about 20%
of the total (sample + calorimeter vessel) heat capacity at room temperature and 10% at
30 K. The heat capacity of NaY appears not to be determined previously.

To determine the heat capacity at constant volume from the heat capacity at
constant pressure, the heat capacity difference was estimated from equation (1.2.5). The

lattice parameters'’® at T=4 and 298.15 K were used to estimate the thermal expansion



Table 3.9. X-ray Fluorescence Analysis of Compositions in NaY

*
* %k

Components mass%(exp.)* mass%(thecr.)**
SiO; 65.61+0.2 65.8

TiO, 0.06+0.00

AlLO3 21.0+0.1 21.3

Fe;O3 0.07+0.00

MgO 0.10+0.00

Ca0O 0.03140.01

Na,O 13.110.2 12.9

K,O 0.031+0.01

P,Os 0.011+0.00

The mass%(exp.) and deviations were determined by two runs.
The mass%(theor.) was calculated from the ideal formula Nas3; Als3Sij390334.
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Table 3.10.

Experimental Heat Capacity of NaY, Nas3Als3Sij3003s4.

86

/K CpIK'g* T/K  ClIK'g" /K  CelIK'g'
30.80 0.0405 124.50 0.383 215.04 0.616
35.94 0.0823 126.58 0.392 218.68 0.626
39.63 0.0924 130.21 0.407 222.43 0.637
43.71 0.107 132.16 0.409 226.05 0.642
48.47 0.119 136.87 0.422 229.77 0.657
53.13 0.131 138.77 0.431 233.37 0.660
54.34 0.137 144.68 0.447 236.98 0.666
57.72 0.151 146.53 0.458 240.53 0.668
62.24 0.172 152.50 0.468 244.05 0.684
67.45 0.193 154.33 0.471 247.60 0.686
73.03 0.203 158.24 0.486 251.01 0.688
78.59 0.223 160.30 0.492 254.41 0.695
84.15 0.248 162.03 0.489 257.97 0.697
88.71 0.270 168.04 0.506 261.21 0.702
89.72 0.274 169.67 0.512 265.94 0.710
94.32 0.284 175.71 0.526 268.10 0.719
96.38 0.292 177.36 0.535 268.47 0.719
101.24 0.314 183.40 0.547 274.69 0.725
103.54 0.320 185.00 0.552 275.51 0.727
107.47 0.333 191.06 0.566 282.25 0.742
109.70 0.348 192.56 0.563 283.49 0.746
109.80 0.343 194.42 0.564 289.86 0.752
113.17 0.358 198.66 0.574 291.98 0.762
115.39 0.363 203.96 0.590 298.54 0.781
118.83 0.372 206.10 0.597
120.95 0.377 211.85 0.607
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Figure 3.12. Heat capacity of NaY. e, experimental heat capacity and
—, extrapolated result (below 100 K) from equation (1.2.27), described in
the text. The inset diagram indicates the difference between the experimental
and fitted heat capacity data. See text for details.
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coefficient for NaY. Due to the absence of experimental data, the bulk modulus, K = 22

GPa for zeolite 4A'>> was used. The calculated value of (C, —C,)/C, at 298.15 K is
0.003% of C, and the approximation C, =~ C, is used in the discussion hereafter.

There are 629 atoms in the ideal unit cell of NaY. The experimental heat capacity
of NaY at 298.15 K is 63% of the Dulong-Petit value (629x3R). Comparing the heat
capacity of zeolite 4A, NaX and NaY, heat capacities at 298.15 K decrease with the
increasing Si/Al ratio, which indicates that the stronger Si-O bond requires higher energy
(higher temperature) than the Al-O bond to achieve the same heat capacity.

Like zeolite NaX, the phonon spectrum of NaY is mainly composed of optic
modes due to the large numbers of atoms in the unit cell. Hence, the low-energy optic
modes are important to the heat capacity at low temperature.

The apparent Debye temperature calculated from total heat capacity at different
temperatures, shown in Figure 3.13, displays a shape typical of solids. It has a minimum

of ®@p =376 K at 7= 35 K and reaches a maximum of 950 K at 273 K.

3.4.3.2 Thermodynamic Stability

Thermodynamic functions are important to understand the stability of NaY, which
require complete heat capacity data. Due to the lack of reliable vibrational data and
elastic properties of NaY to calculated heat capacity, equation (1.2.27) was used to fit the
experimental data below 100 K through the least-squares procedure. The best fitting

parameters were ép = 236 £ 3 K and & = 629 + 8 K with the coefficients m = 157 and n

174
1.

=472. Igarashi eta reported a Debye temperature of 230 +20 K for NaY from
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Apparent Debye temperature of NaY. It is derived from

overall heat capacity and the Debye model, equation (1.2.21).
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ZNa NMR spectroscopy which suggests that equation (1.2.27) reflects the low-
temperature heat capacity well. The heat capacities below 30 K were derived from the
extrapolation of equation (1.2.27), shown in Figure 3.12. The enthalpy increment, Hr-Ho,

and entropy increment, S, —S,, were calculated from the heat capacity. They are listed

in Table 3.11. At 298.15 K, the heat capacity, enthalpy and entropy of NaY relative to 7
=0 K are 9.84x10° J K mol™, 1.59%10° J mol™ and 9.85x10* J K™! mol™, respectively.
There are no complete low-temperature experimental thermodynamic functions
available for NaY. The Gibbs energy of formation of NaY can be estimated from those of
NaX'*® and Si0,'*® with the assumption of constituent additivity. At 298.15 K, the Gibbs
energy of formation of NaY is calculated to be (-1.791 £ 0.002)x 10° kJ mol*. The

entropy of formation is —38.44 + 0.06 kJ K™' mol™, which is calculated from the entropies

154,155,157-160

of the elements and the present entropy of NaY with the assumption S, =0.

These values were used to calculate the enthalpy of formation of NaY to be (-1.906 +
0.002)x10° kJ mol™. The complete thermodynamic properties of NaY between 7 = 0 and
300 K are listed in Table 3.12. The results show that the thermodynamic stability of
zeolite Y is mainly from the enthalpy term and not from entropy term. The latter actually

makes a slightly negative contribution to the thermodynamic stability of zeolites.

3.4.4 Conclusions
The low-temperature heat capacity of NaY, Nas3Als3Si13903s4, was determined by

an automatic adiabatic calorimeter from 30 to 300 K. The heat capacity of NaY mainly



Table 3.11. Thermodynamic Functions (I) of NaY, Nas3Als3Sij3903za.

TIK CplIKTmolT (Hr-Ho)kI molT  (SrSo)/T K molT  (GrGo)/kJ mol™

5 2.90 0.00724 1.45 0.000
10 23.2 0.0724 8.69 -0.015
15 78.2 0.326 275 -0.087
20 184 0.981 63.5 -0.290
25 349 231 121 -0.721
30 566 4.60 204 -1.51
35 818 8.07 309 -2.76
40 1090 12.9 436 -4.59
45 1320 18.9 578 -7.12
50 1560 26.1 729 -10.4
55 1800 34.5 889 -14.4
60 2040 441 1060 -19.5
65 2290 54.9 1230 -25.0
70 2530 66.9 1410 -31.8
75 2770 80.2 1590 -39.1
80 3010 94.6 1780 -47.8
85 3240 110 1970 -57.2
90 3470 127 2160 -67.4
95 3700 145 2350 -78.3
100 3920 164 2550 -91.0
105 4130 184 2740 -104
110 4340 205 2940 -118
115 4550 228 3140 -134
120 4740 251 3340 -150
125 4940 275 3530 -166
130 5130 300 3730 -185
135 5320 326 3930 -204
140 5500 353 4120 -224
145 5670 381 4320 -245
150 5850 410 4520 -268
155 6020 440 4710 -290
160 6190 470 4900 -314

Continued...



Table 3.11.  (continued).

T/K  CplTK mol’ (Hr-Ho)/kI mol’ (SrSo)/JK' mol™ (GrGo)/kJ mol™
165 6350 502 5100 -340
170 6510 534 5290 -366
175 6670 567 5480 -392
180 6830 600 5670 -420
185 6980 635 5860 -449
190 7140 670 6050 -479
195 7280 706 6230 -509
200 7430 743 6420 -541
205 7570 781 6610 -574
210 7710 819 6790 -607
215 7850 858 6970 -641
220 7980 897 7150 -676
225 8110 938 7340 -714
230 8240 978 7520 -751
235 8360 1020 7690 -787
240 8480 1060 7870 -829
245 8600 1110 8050 -862
250 8710 1150 8220 -905
255 8820 1190 8400 -952
260 8930 1240 8570 -988
265 9040 1280 8740 -1040
270 9150 1330 8910 -1080
275 9260 1370 9080 -1130
280 9370 1420 9250 -1170
285 9490 1470 9410 -1210
290 9610 1510 9580 -1270
295 9750 1560 9740 -1310
298.15 9840 1590 9850 -1350
300 9890 1610 9910 -1360
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Table 3.12.  Thermodynamic Functions (I) of NaY, Nas3Als3Si;1390334.

T/IK  AH/KI mol® AG/KI mol™ T/KK  AH/KI mol' AG/KJ mol”
0 -189500 -189500 155 -190200 -184500
5 -189500 -189400 160 -190200 -184400
10 -189500 -189300 165 -190300 -184200
15 -189500 -189200 170 -190300 -184000
20 -189600 -189100 175 -190300 -183800
25 -189600 -188900 180 -190300 -183600
30 -189600 -188800 185 -190300 -183400
35 -189700 -188600 190 -190300 -183200
40 -189700 -188500 195 -190300 -183000
45 -189700 -188300 200 -190400 -182900
50 -189700 -188200 205 -190400 -182700
55 -189800 -188000 210 -190400 -182500
60 -189800 -187900 215 -190400 -182300
65 -189800 -187700 220 -190400 -182100
70 -189800 -187500 225 -190400 -181900
75 -189900 -187400 230 -190400 -181700
80 -189900 -187200 235 -190500 -181500
85 -189900 -187000 240 -190500 -181300
90 -189900 -186900 245 -190500 -181200
95 -190000 -186700 250 -190500 -181000
100 -190000 -186500 255 -190500 -180800
105 -190000 -186300 260 -190500 -180600
110 -190000 -186200 265 -190500 -180400
115 -190100 -186000 270 -190500 -180200
120 -190100 -185800 275 -190500 -180000
125 -190100 -185600 280 -190500 -179800
130 -190100 -185400 285 -190500 -179600
135 -190100 -185300 290 -190600 -179400
140 -190200 -185100 295 -190600 -179200
145 -190200 -184900 298.15  -190600 -179100

150 -190200 -184700 300 -190600 -179000
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comes from the optic modes due to its large numbers of atoms in unit cell. At 298.15 K
the heat capacity and entropy of NaY are 9.84x10° J K™ mol" and 9.85x10° J K mol™,
respectively, while the estimated A/ and A/G of NaY are ~1.906x10°> kJ mol" and

—1.791x10° kJ mol’!, respectively.

3.5 Thermodynamic Stability and the Concentration of Aluminum in Zeolites

It is known that the thermal stability of zeolites depends on the Si/Al ratio,'®'
however, it appears that there are few quantitative discussions about the relationship
between A/G° and the concentration of aluminum in zeolites. Table 3.13 and Figure 3.14
show the values of AG° of some dehydrated synthetic zeolites, natural zeolites with
different Al/(Al + Si) ratios, and related materials, for the purposes of comparison. AG®
is calculated from the experimental values based on the empirical chemical formula

155,182 f zeolitic

containing Na,Al,Si(;.xyO2. The Gibbs energy and enthalpy of formation
water are known. Analbite, nepheline and jadeite are non-zeolitic aluminosilicate
materials, included for comparison with zeolites.

The thermodynamic functions of aluminosilicate materials depend mainly on the
Al/(Al + Si) ratio. For example, the natural zeolite analcime has almost the same Gibbs
energy of formation as the non-zeolitic jadeite. Both have the same Al/(Al + Si) ratio.
Similar results have been obtained for pure SiO,-zeolite materials and quartz.'*® (A/G®)

and the Al/(Al + Si) ratio can be expressed in kJ mol™ as:

AG® = -859.6 - 268.4 [AV/(Al + Si)]. (3.5.1)



Table 3.13.  A/G° and A° of Zeolites with Different Al/(Al + Si) at 298.15 K.*

Zeolite Composition Al/(Al+ Si) AG°/kJ mol! AH°/k) mol”  Ref.
Analbite** NaAlSizOg 0.250 -926.8 -983.8 183
Analcime NaAlSi;O¢ 0.333 -950.3 -1008 183
Analcime NaAlg 96Si3 0406 0.320 -946.6 -1004 184
Jadeite** NaAlSi;Os 0.333 -950.3 -1010 185
Na-Clinoptilolite Na3sAl3¢Si14.4036 0.200 -911.6 182
Na-phillipsite =~ NagAlgSi;4040 0.300 -938.7 -1003 186
Natrolite Na;Al,Si3010 0.400 -968.4 -1025 143
Nepheline** NaAlSiO4 0.500 -988.5 -1046 187
Zeolite 4A Na, Al,S15 120824 0.485 -989.8 154
Zeolite 4A NaggAlgsSiggOass 0.500 -994.0 -1050 k%
Zeolite NaX NazAl>Si3.480s8.96 0.446 -982.6 154
Zeolite NaX Nag7Alg7S110503384 0.453 -982.3 -1039 k¥
Zeolite NaY Nas3Als3Si13903384 0.276 -932.8 -992.7 *xx

* The values of A(G° and AF1° are based on the formula Na,Al,Si(1.xyO2, and expressed
per mole of T ( T = Si or Al).
** Analbite, jadeite and nepheline are non-zeolitic aluminosilicates materials, included

for comparison with zeolites.

*** This work.
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Figure 3.14. Dependence of A/G° (®) and AF"° (m) of zeolites versus
Al/(Al + Si) at 298.15 K. The thermodynamic functions of formation are
based on the formula NaxAl,Si(1-xO2.
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The intercept at AI/(Al + Si) =0, -860 + 7 kJ mol™, corresponds to the A ,G;’gs of the

constituent SiO; in the zeolites, very close to A G, = -856.4 kJ mol of quartz."**

The enthalpy of formation of zeolites also exhibits a linear relationship with the
Al/(Al + Si) ratio, which can be expressed in kJ mol™! as:
AH® = -921.4 - 258.3 [AV/(Al + Si)]. (3.5.2)

The intercept at Al/(Al+ Si)=0, -921 + 7 kJ mol?, corresponds to the A ,H3, of
P stz

constituent SiO; in the zeolites, close to A (H 2, =-910.0 kJ mol™ of quartz.'**

From Figure 3.14, increasing the content of aluminum increases the
thermodynamic stability of zeolites. As silicon atoms are replaced by aluminum, the
framework charges require more non-framework cations, Na“, to compensate, i.e., Si*" is
replaced with AI’* and Na*. Since the Gibbs energy of formation of one mol of SiO,
(quartz, -856.4 kJ mol™)!** is larger than that (-980.7 kJ mol™) of (0.5 mol «-Al;O3 + 0.5
mol NazO),154 increasing the concentration of aluminum decreases the Gibbs energy and
hence increases the thermodynamic stability of zeolites. Similar results were found for
the dehydrated sodium faujasite frameworks with different Si/Al ratios at 977 K.'"! One
immediate application of the result is that zeolitic scientists generally use templates to
synthesize high Si zeolites because they are not thermodynamically as favorable as low
Si zeolites. This further illustrates that natural zeolites generally have higher Al/(Al + Si)
molar ratio as discussed in Section 3.1.1.

In Figure 3.14 the difference between A#{ and A/G represents the entropy changes

in the formation of zeolites, which are negative and hence decreases the thermal stability
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of zeolites. Thus, thermodynamic stability of zeolites comes from the enthalpic effect not
from the entropic effect. Furthermore, equations (3.5.1) and (3.5.2) indicate that the
entropic effect is almost independent of Al to Si ratio.

Similar results are found for the thermodynamic functions of formation of zeolites
relative to Na,O, Al,O; and SiO,.

One phenomenon related to the above discussion is the decomposition of zeolites.
DTA experiments'’' show that the decomposition temperature of zeolites increases with
increasing Si/Al mole ratio. This is because the Al-O bonds are weaker than Si-O bonds
and are easier to break in the framework. It should be noted that the thermodynamics of

formation data in Table 3.13 are relative to the elements, not thermal decomposition.

3.6 Overall Summary

The three commercial zeolites: zeolite 4A, NaX and NaY were characterized.
Their low-temperature heat capacities were determined, from which the complete
thermodynamic functions between 0 and 300 K were derived. The thermodynamic
functions at 298.15 K are summarized in Table 3.14.

The heat capacity of zeolites largely results from the contribution of optic modes
due to the large number of atoms in their unit cell. As the Si/Al ratio increases from
zeolite 4A to NaY, the apparent Debye temperature increases and hence the total heat
capacity at a given temperature decreases. The thermodynamic stabilities of zeolites are
an enthalpic effect but not an entropic effect. In fact, the entropic term destabilizes the

zeolite framework.
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The thermodynamic stabilities of zeolites strongly depend on the concentration of

Al but less so on the framework of zeolites, i.e., the higher the Al/(Al + Si) ratio, the

lower the A Gy ,s and hence, thermodynamically more stable the zeolite.

Table 3.14. Summary of Thermodynamic Properties of ZeoliteA, NaX, and NaY at
298.15K.*

Zeolites Cp/J K 'mol™ (Hr-Ho)/kJmol ™ (Sr-So)/T mol'K™ AH/kImol" AG/kImol™

Zeolites 4A 12490 2069 13030 -201500 -190800
Zeolite NaX 11500 1894 11720 -199500 -188600
Zeolite NaY 9840 1590 9850 -190600 -179100

* The thermodynamic functions are based on the ideal chemical formulae, i.e., zeolite 4A
(NagsAlosSiosO334), zeolite NaX (Na37Alg7$i10503s4) and zeolite Y (Na53A153Si13903g4).



Chapter 4 Thermal Properties of Clathrates

4.1 Introduction

Clathrates in this chapter refer to those in which Group 14 elements or Group 14
elements and other elements form a framework with the metal atoms occupying the cages
in the framework. The details of the structures of these novel materials will be discussed
in Section 4.1.2.

Clathrates can display various thermal, electrical and even optical properties by
doping different guests or adjusting the concentration of guests in the cages.'®®!% One of
the interesting properties of clathrates of Group 14 elements is that they generally exhibit
much lower thermal conductivity than most crystalline materials, and many of them show
the thermal conductivity typical of amorphous materials. This is summarized in Section
4.1.3. The amorphous-like thermal conductivity makes clathrates of Group 14 elements
poor heat conductors and hence one of the most promising thermoelectric materials in
cooling devices which do not use refrigerants.

In this chapter, the thermal properties, especially low-temperature heat capacities
and the related thermodynamic properties enthalpy, entropy and Gibbs energy of five
novel clathrates of Group 14 elements are determined. They are NagSis, SrsGaisGeso,
SrsZngGess, CsgGagSnig and BagGasSize. In addition to their remarkable properties
mentioned above, the objectives of investigating the thermal properties of clathrates of
Group 14 elements in this thesis rely on several considerations. First, heat capacity data
are required to convert thermal diffusivity to thermal conductivity and hence to determine

the efficiency of thermoelectric materials, as discussed in the following section.
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Secondly, measurements of thermal properties are necessary to understand phonon-
phonon interactions and anharmonicity of lattice vibrations in clathrates, which are
important to understand the amorphous-like thermal conductivities of these crystalline
materials. Finally, the investigation of heat capacity can provide information such as why
a clathrate framework of Group 14 elements is stable with or without guests in the cages,
which is important for their applications. In this chapter, the background of

thermoelectric properties of materials is briefly introduced first.

4.1.1 Thermoelectric Materials

Thermoelectricity deals with the relationship between electricity and heat. The
Seebeck and Peltier effects are typical thermoelectric phenomena.

The Seebeck effect was discovered by Thomas Seebeck!®® in 1822. When a
material is placed in a temperature gradient, an electrical potential, known as the thermal
electromotive force (emf), develops between the hot and cold ends. The origin of the
Seebeck effect in 2 material can be explained by the electron-gas model,'*® as shown in
Figure 4.1. As long as the temperature gradient exists, the electrons at the hot end will
diffuse towards the cold end to produce an electrical potential gradient, AV. At the same
time the electrons at the cold end will diffuse at a relatively slow velocity towards the hot
end because of the electrical potential gradient. Consequently, an equilibrium of diffusion
between cold and hot ends is established. The rate of change of thermal emf with respect
to temperature is called the thermoelectric power or Seebeck coefficient, S, defined as §

= dV/dT, where V is the electric potential. 191 Generally, the Seebeck coefficients of pure
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Figure 4.1. Seebeck effect. (a) When a temperature gradient exists, electrons
disperse from the high temperature (7+A7) end to the low temperature end (7),
producing an electrical potential gradient, AV. (b) When two dissimilar materials
are used, as shown, a net voltage, AV = AV, + AV>, develops.
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metals are less than 10 £V/K while alloys have much higher Seebeck coefficients (10 ~
10? 1 V/K).'”>P! Hence, alloys are widely used in temperature measurement and control.

The Peltier effect is exhibited when a current flows across a junction between two
dissimilar materials and a temperature increase or decrease at the junction occurs,
depending on the direction of the current. The mechanism'?? of the Peltier effect again
can be understood by the free-electron gas model, as shown by a cooling device in Figure
4.2. When a current flows through the device, electrons in the n-type semiconductor and
holes in the p-type semiconductor carry heat away from one surface, making it cooler
than the other surface. If the direction of the current is reversed, the flow of the electrons
and holes and hence the heat effect are reversed. Commercially available devices contain
from 18 to 128 couples of n-type and p-type thermoelectric materials.'”? Heat (Q) flows
away from the junction in unit time (¢) defined as'®® dQvdt = ITI, where IT and I are the
Peltier coefficient and electrical current, respectively.

Lord Kelvin discovered in 1854 that there is a relation between the Peltier and
Seebeck effects given by the equation,192 IT = (S4 — Sg)T , where S4 and Sp are the
Seebeck coefficients of the thermoelectric materials A and B, respectively.

Apart from thermoelectric power, the Peltier effect depends on the electrical
resistance and thermal conductivity of the materials. As electrical current flows through
the device, the Joule heat I°R increases the temperature of the device. Meanwhile, heat
will flow back to the low temperature end as long as a temperature gradient, A7, exists.
The heat can be calculated from the Debye equation'”® dQ/dr = x A dT/dl where « is the

thermal conductivity of the material, A is its cross—section area material, and d7/dl is the
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Figure 4.2.  Thermoelectric cooler device. As electrical current
flows through the device, electrons (e) in the n-type semiconductor and

holes (@) in the p-type semiconductor carry heat away from the upper
surface, making it cooler than the lower surface. If the current direction is
reversed, heat (and electrons and holes) will flow in the opposite direction
and the device is a thermoelectric heater. Similarly, a temperature gradient
can give rise to a current flow, for thermoelectric power generation.
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temperature gradient along the material.

The thermoelectric efficiency of a material can be quantified'”? by Z = $%c /x
where ois the electrical conductivity. Since Z has the dimension of K™, a dimensionless
figure of merit, Z7, is commonly used. Hence an ideal thermoelectric material has a large
Seebeck coefficient, a high electrical conductivity and a low thermal conductivity. The
most challenging work in searching for efficient thermoelectric materials is to balance the
three parameters S, o and xbecause they are not independent of each other. For example,
pure metals have high electrical conductivity, but their Seebeck coefficient is low and
their thermal conductivity is high. On the other hand, insulators are characterized by high
Seebeck coefficients and low thermal conductivity but low electrical conductivity.
Semiconductors have moderately high Seebeck coefficients, high electrical conductivity
and relatively low thermal conductivity. They are possible thermoelectric materals.
Examples of commercial thermoelectric materials are bismuth telluride (Bi;Tes),
antimony telluride (Sb,Te;) and their alloys,194 with a ZT of about 1 at room temperature.
Over the past 30 years, commercial thermoelectric cooling devices have primarily relied

on these semiconductor materials'®’

with about 10% Camot efficiency, 7 = Teotd / (Thot —
T.01a). Theoretically, there is no fundamental maximum limit to ZT. If ZT is increased to
the value of 4, thermoelectric solid-state cooling devices, which do not use refrigerants,
could replace refrigeration units with 30% Carnot efficiency.'”?

On the basis of investigations of thermal conductivities of clathrate hydrates and

7
64,67 Slackl96, 19

the role of the guest species, proposed that cage-type compounds with a
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large unit cell containing encapsulated atoms that can rattle inside the voids could be
useful thermoelectrics. They would have low thermal conductivities but rattling would
not scatter the conduction electrons as long as the electrical conductivity takes place
mostly through the framework. Slack'®*!*7 called such a material “a phonon-glass and an
electron-crystal” (PGEC). One of the possible candidates for PGEC’s is filled
skutterudite compounds.

Filled skutterudite compounds'®® can be represented by the formula RM.Xi»
where R is La, Ce, Pr, Nd or Eu, M is Fe, Ru or Os and X is P, As, or Sb. They can be
prepared by direct reaction from the elements at around 7 = 1000 K under vacuum
conditions.'® Skutterudite compounds have a cubic structure and a space group of /m3.
The unit cell*® consists of eight MX3 groups and has two cages that can hold various
metal atoms. One example is CeFe4Sby;. It has a thermal conductivity of 1.7 W m’! K! at
300 K and shows only a weak temperature dependence between 300 and 900 K."”” The
low thermal conductivity is predominantly attributed to the scattering of heat-carrying

29! In general, empty skutterudite

phonons through the rattling of Ce atoms in cages.
compounds MX3, (M = Co, Rh, or Ir; X =P, As or Sb) such as CoAsj;, are not efficient
thermoelectric materials because of their high thermal conductivity although they have
large Seebeck coefficients and high electrical conductivity.

Recently, clathrates of Group 14 elements have shown promise in extending the
ZT range. Like skutterudite compounds, these novel materials have voids that can

accommodate various guests including alkali, alkali-earth and rare-earth atoms. This is

discussed in more detail in the following sections.
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4.1.2 Structures of Clathrates
Clathrates are a type of inclusion compound, having a cage structure capable of
holding guests. The history of clathrates can be traced back to as early as 1778 when
Priestley observed the sulfur dioxide clathrate hydrate.?®? It was Powell**?°* who not
only proposed the structures for these host-guest compounds but also coined the term
clathrate to indicate the situation where the molecule is completely enclosed by the host
and cannot escape from its surroundings. Like many other inclusion compounds, the
existence of clathrates is due to the presence of guests in the voids. The empty or even
partially filled framework of clathrates is generally unstable. However, some empty
clathrates (the clathrands) such as Dianin’s compound and Sij3s indeed exist.?>2
Metal-doped clathrates with Group 14 elements, Si, Ge and Sn as host atoms were

5.2°7 However, the rapid development of these novel materials has

first developed in 196
occurred only in recent years. They display the same framework topology as type I and
type II clathrate hydrates, and are similarly named as type I and II clathrates.

In type I clathrates of Group 14 elements, 46 framework atoms, Q, combine to

form a simple primitive cubic structure, shown in Figure 4.3, with a general chemical

formula of M,Qas and space group Pm 3 n, where M is an alkali metal, alkali-earth metal
or rare-earth metal atom and Q is Si, Ge or Sn.2%?% These clathrates are isostructural
with type I clathrate hydrates, such as Clg(H20)4¢. Each unit cell contains two small cages
(dodecahedra), Qi, formed by 20 framework atoms, and six large cages
(tetrakaidecahedra), Q.4, formed by 24 framework atoms.?'? The cages are linked to each

other by shared pentagonal or hexagonal faces. Alkali or alkali-earth metal atoms occupy
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Figure 4.3.

4

Type I clathrate structure. 20-atom cages and 24-atom
cages combine in a two-to-six ratio to form the unit cell, Qqs.
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the cages, with the maximum occupancy of eight per unit cell.

In type II clathrates, 136 host atoms (Q) form a face-centred cubic structure,

shown in Figure 4.4, with a general chemical formula of MQ3¢ and space group Fd3m.
They are isostructural with type II clathrate hydrates,?®® such as (CCls)s(H2O0)136 oOF
(H28)16(CCl)s(H20)136. There are sixteen smaller 20-atom cages (pentagonal
dodecahedra), Q3o, and eight large 28-atom cages (hexakaidecahedra), Qzg, in the unit
cell 2?12 The maximum guest occupancy is 24.

In both structures, the framework atoms have sp® hybridization and form the same
covalent network as their diamond phases. The bond lengths between framework atoms
are only slightly greater than in the crystalline diamond phase structure.?®” X-ray
diffraction®'>?'* and theoretical calculations®'’ revealed that the bond angles range from
105° to 125° but the average bond angle is close to an ideal angle of 109.5°. The internal
energies of type I and type II empty clathrate structures are slightly higher than those of
the diamond phase, by ~ 1 kJ mol™* 216217

Si, Ge and Sn atoms not only form the uniform framework such as in MgQus and
M24Qi136 but also form multicomponent frameworks, which greatly increases the number
of clathrates. In these framework topologies, the Group 14 atoms are partially replaced by
other atoms. The general formula of type I clathrates can be expressed as MgNxQasx
where M is the metal atom and N and Q are framework atoms. In many cases, the number
of replaced framework atoms is 8 with chemical formula, MgNgQss, where M is Na, K,
Rb or Cs; N is Al, Ga, or In and Q is Si, Ge or Sn. When x = 16, type I clathrates have the

chemical formula MgN;6sQ30, where M is Ba or Sr, Nis Al, Ga or Inand Q is Si, Ge, or
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(©)
Type II clathrate structure: (a) 20-atom cages and (b) 28-

atom cages. (c) 20-atom cages and 28-atom cages combine in a sixteen-to-

eight ratio to form the unit cell, Q3e.

Figure 4.4.
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Sn. A few examples®'®?%° of these clathrates are KgGagSizs, RbgAlgGess, RbgAlgSnsg and

RbgIngGess. The numbers of clathrates can be further extended by doping with different
guests in the cages.

The electronic states of metal guests in Si and Ge clathrates have been

d 212216221-2% 14 has been suggested that metal atoms in uniform framework

investigate
clathrates be regarded as neutral or partially ionized.?'>**! In the multicomponent
framework clathrates, the alkali metal or alkaline earth metal atoms are ionized by
transferring their valence electrons to the framework.?'® For example, Sr atoms can
provide 16 electrons to the framework of SrsGaisGeso.?'® As a consequence, Ga,sGeso has
the same valence electron configuration as the Geys clathrate. Such a method makes it
easy to understand the electronic structures of multicomponent frameworks and helpful to
design new frameworks. However, the real electronic state of metal atoms in frameworks
is not completely understood. For example, a recent theoretical calculation indicates there
is little charge transfer between metal atoms and the framework.?® To a first
approximation, the metal atoms in the cages are neutral and the main contribution to the
electrical conductivity comes from the framework electrons.?*® On the other hand,

significant charge transfer from the metal to the clathrate framework has also been

proposed.??*

4.1.3 Thermal Properties of Si, Ge and Sn Clathrates
Thermal properties are necessary to select efficient thermoelectric materials and

to understand the mechanism of their glass-like thermal conductivity. The thermal
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properties of some clathrates of Group 14 elements have been investigated recently. For
example, the thermal expansion of both powder and single crystal samples®®® of
SrgGa;sGeso have been determined by neutron diffraction below room temperature. The
Griineisen parameter and compressibility of Na,Siizs also were determined at room
temperature.z“'”'6 The results?®®??® indicated that silicon clathrates are about 10% less
compressible than the diamond phase.

The thermal conductivities of clathrates of Group 14 elements have been widely
investigated in the past five years. Among the clathrates of Group 14 elements, the
thermal conductivity of CssSngs is typical of a crystalline insulator, exhibiting a
maximum at low temperatures and depending on T~ at high temperatures.??’ However,
the thermal conductivity*'* of CsgZn,Sny; is less temperature-dependent than CsgSmua. At
room temperature, the lattice component of the thermal conductivity, x,, of Sn
clathrates®'>?**’ is about 1.0 W m™ K. According to the Wiedemann-Franz law,”*® x =
LoT, where L = 2.44 x 10 V? K? is the Lorenz number, the electronic component of the
thermal conductivity, x, of Sn clathrates is less than 2% of the total thermal
conductivity.?'* The structures of several other Sn clathrates?**° also were reported, but
their thermal properties have not been investigated yet.

The thermal conductivity of the Si clathrate BagGaisSizo was investigated.**’ The
lattice component of the thermal conductivity of BagGaieSiz is less than that of
CsgZnsSns2 below 100 K. At higher temperatures, both have very similar thermal
conductivity. At room temperature, BagGa;sSizo has a higher ZT than Sn clathrates

because of its much higher electrical conductivity.?'***’
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The thermal conductivities of Ge clathrates such as SrgGa;¢Geso, EusGa;6Geso and
SraEusGa 6Geso, have been determined®?’?*! and are found to have typical characteristics

227 The lattice component of thermal conductivity of these

of amorphous matenals.

clathrates at room temperature approaches the minimum based on a theoretical model. %’
Generally, the clathrates of Group 14 elements have much lower thermal

conductivities than their diamond phases due to the rattling guests strongly scattering the

221831 This is reasonable because the coupling of optic

heat-carrying acoustic phonons.
phonons and acoustic phonons could result in Umklapp processes and hence decrease the
thermal conductivity, as discussed in Section 1.4. A similar mechanism has been used to
explain the thermal conductivity of other clathrates? and is supported by molecular
dynamics calculations.?

The efficiency of scattering of heat-carrying phonons depends on the size
difference between the cage and guest, U = rcage - Tguest, Where r is the radius. Generally
the larger the cages, the lower the vibrational frequency.?'® The rattle frequencies of the
guests in the cages can be determined from the atomic displacement parameters
(ADP).”* This measures the mean-square displacement amplitude of an atom about its
equilibrium position in a crystal. For example, the rattle frequencies of Sr in SreGa;6Geso
are 95 cm™ in 20-atom cages and 20 ~ 60 cm™" in the 24-atom cages.?2*?***

In the following sections, the results of thermal properties determined for Si, Ge

and Sn clathrates are presented and discussed.
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4.2 Thermal Properties of the Clathrate NagSiys
4.2.1 Structure

Silicon clathrates form isostructures of type I and type II clathrate hydrates. Each
Si framework atom is sp® hybridized with a mean bond angle of 109.4° and covalent bond
length of about 238 A, slightly greater than 235 A in the crystalline diamond
phase.?**?* Theoretical calculations reveal that the silicon clathrands have an internal
energy about 7 kJ mol™ higher than that of the diamond phase.?">#

In type I silicon clathrates, M,Siss, where M represents the guest metal atoms, 46

08.209 with space group Pm3n

silicon atoms form the unit cell of a simple cubic structure?
and lattice parameter of about 10.235 A. Each unit cell contains two small 20-atom cages,
pentagonal dodecahedra, Siy (/) and six large 24-atom cages, tetrakaidecahedra, Sizs
(Dsa). Metal atoms can be trapped in both these cages. The numbers of trapped metal
atoms depend on their sizes. When all the available cavities are occupied, the clathrate
has the ideal formula MgSiss. In the cases where the metal atom is too big, only the larger
cages are occupied.?'*

The cages of silicon clathrates can be occupied by different metal atoms, which
leads to the mixed metal guest clathrates. When all the cages are completely occupied by
two different metal atoms, the silicon clathrate has a formula of M;M’¢Sis where M and
M’ are different metals. Generally, the smaller metal atoms M occupy the cages of Sizo
and the larger ones M’ occupy the sites formed by Siz4. %% Metal atoms in the small

and large cages can be investigated by solid-state NMR.?®

In type II silicon clathrates, M,Si;3s, 136 silicon atoms form a face-centred cubic
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structure, space group209 Fd3m and lattice parameter 14.62 A. The unit cell consists of
16 smaller 20-atom cages, pentagonal dodecahedra or Siy (/x), and 8 large 28-atom
cages, hexakaidecahedra or Siys (7). The maximum occupancy in a unit cell of a type II
clathrate is 24 guests.

The electrical conductivity of silicon clathrates can be tailored from
semiconductor to conductor by trapping different numbers of metal guests. Generally,

M;Siss is metallic and M,Sij3s is an insulator’’® when x < 9. Recently, it has been

1 211

discovered that barium—doped Si clathrates, such as BagSis’*' and Na,BasSiss” 'show
superconductivity below 10 K. Since metal atoms are located inside the cages formed by
framework atoms, silicon clathrates are remarkably stable in air, moisture and even in

strong acids except HF 2!!4

4.2.2 Experimental
4.2.2.1 Synthesis

A polycrystalline NagSiss sample was supplied by the National Research Council
(NRC) of Canada. The sample was prepared from combined batches from two
preparations, similar to those described previously.“"‘z'243 Sodium silicide (NaSi)
precursor was synthesized by reacting stoichiometric amounts of Na with Si in a stainless
vessel (evacuated and sealed) at 873 K for three hours. The air and moisture-sensitive
NaSi product was then wrapped in tantalum foil and placed in a quartz tube in an inert
atmosphere dry box. This was heated in a furnace to 633 K under active vacuum for 1h.

The tube was then closed under vacuum and heated at 720 K for 20 hr to produce NagSi4s.
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Na metal, from the decomposition of NaSi, condensed on the walls of the glass tube
outside the furnace.

The purity of the materials was determined by X-ray powder diffraction and Na
solid state MAS NMR at NRC. Na NMR, described elsewhere,?** showed no traces of
Na metal or NaSi, to which NMR is quite sensitive.

X-ray power diffraction patterns were measured by NRC using
mononchromatized Co K, (A=1.79021 A) radiation on a Rigaku X-ray diffractometer
(model RAD-R). For sample purity analysis the data were collected over the range 5 to
80° in 26 at 0.04° intervals in continuous scan mode at a scanning speed of 0.5%. The
first sample contained traces of crystalline Si (estimated at 1%) and the second sample

traces of NaySii3¢ (< 4%).

4.2.2.2 Lattice Parameter Determination

The lattice parameter of NagSiss was determined by NRC using powder X-ray
diffraction from two independent samples at 11 temperatures between 90 and 330 K. The
[222], [320], and [321] Bragg peaks were measured between 32-39° in 26 at intervals of
0.02° at a scanning rate of 0.24°%min. The unit cell size calculated using each peak
individually was averaged at each temperature. For the expansion measurements
crystalline silicon was included with the powdered samples to provide an interval

reference.
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4.2.2.3 Heat Capacity Measurement
A 0.9456 g power sample was loaded in the calorimeter in a glove box under dry
nitrogen atmosphere. The calorimeter was sealed in a helium atmosphere to increase the
heat exchange rate. The heat capacity was determined between 35 and 300 K and the

details of the adiabatic calorimeter and its operation have been described in Section 2.4.

4.2.3 Results and Discussion
4.2.3.1 Lattice Parameter and Thermal Expansion

The lattice parameters are listed in Table 4.1. No phase transitions were found in

the experimental temperature range.

Table 4.1. Experimental Lattice Parameters of NagSiss.

/K a/A T/K alA

90 10.180 260 10.195

100 10.180 280 10.199

140 10.180 300 10.200

180 10.185 320 10.210

200 10.187 330 10.210

240 10.193

The volume thermal expansion coefficient, a, of a cubic solid can be determined
from equation (1.2.6). The lattice parameters were least-squares fitted to a polynomial

equation:
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a=a,+aT*+a,T’ (4.2.1)
with a, =10.178 A, a, =6.887x10°A K?, and a, =6.802x107° A K. At 298.15 K,

NagSiss has a typical ay of (6 1)x10° K. The temperature dependence of v below

room temperature is shown in Figure 4.5.

4.2.3.2 Experimental Heat Capacity

The experimental heat capacities are listed in Table 4.2 and they increase
smoothly with temperature as shown in Figure 4.6, indicating the presence of a single
phase from T = 35 to 300 K in agreement with X-ray diffraction results. The heat
capacity from the sample comprised about 10% of total heat capacity over the whole
range of experimental temperatures.

To compare with experimental heat capacity, the sum of heat capacity from the
constituent elements Na'®® and Si,'*® i.e., Cp (Na) + Cp (Si), was calculated and is shown
in Figure 4.6. At 298.15 K, the experimental heat capacity is 1160 J K mol™?, 1.2%
greater than the value from the Neumann-Kopp value. Around 130 K, the difference
increases to approximately 8%. Considering that the energy of the silicon clathrand is
calculated to be only slightly higher (7 kJ mol™)?7 than that of the diamond phase, such a
difference is reasonable. Furthermore, it probably can be concluded that the Si-Si bond
strength in the silicon clathrate is very close to that in the diamond phase of Si and the
host-guest interactions are weak, which is reasonable given that the clathrand, Sij3s, has

recently been synthesized.?%
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Figure 4.5. Volume thermal expansion coefficient of NagSiss,
calculated from the experimental lattice parameters as described

in the text. The dashed line shows extrapolated values. The error

bar indicates the uncertainty of the thermal expansion coefficient,
estimated from the uncertainty in the experimental lattice parameters.
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Table 4.2.

Experimental Heat Capacity of NagSiss.

120

7/K Cp/I K mol™ T/K  CplT K mol™ 7/K Cp/J K mol”
35.87 94.7 97.86 533 208.34 977
36.60 102 99.14 553 211.42 988
40.76 145 104.86 570 216.07 1001
43.24 175 108.67 605 219.01 1009
4436 183 113.63 632 223.68 1014
4533 193 116.65 648 226.56 1026
47.01 201 122.20 673 231.24 1027
48.24 208 124.55 693 233.71 1037
50.01 219 129.46 712 238.70 1054
51.27 232 132.55 730 240.99 1060
53.03 243 137.39 747 24723 1067
53.08 254 140.55 769 253.33 1076
54.02 269 145.31 784 254.59 1078
58.94 303 148.53 803 256.35 1082
60.32 315 153.21 818 260.41 1092
64.42 336 156.80 829 263.45 1093
64.71 342 161.19 838 267.42 1100
70.11 375 164.51 852 270.55 1107
70.45 367 169.11 865 274 .36 1115
76.20 401 172.44 872 277.36 1127
81.12 443 176.99 882 281.32 1130
81.92 439 180.78 898 284.27 1136
86.80 467 184.83 912 288.76 1141
87.63 472 188.10 918 290.98 1141
90.05 494 192.66 932 295.00 1154
92.48 521 196.53 938 297.80 1158
92.86 519 200.54 950 301.62 1163
93.38 513 203.74 962
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Figure 4.6.  Heat capacities of NagSiss from experiment (©) and
from the Neumann-Kopp law (==+), as discussed in the text.
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4.2.3.3 Heat Capacity from Vibrational Spectroscopy and Lattice Dynamics

The heat capacity contribution from the optic modes can be determined from
vibrational spectroscopy if the spectrum is correctly assigned.

In a unit cell composed of N atoms, there are 3 acoustic modes (translational
motions or lattice vibrations) and 3N-3 optic modes (librations and intramolecular

vibrations). In the case of NagSise, there are 54 atoms in the unit cell. There should be 159

45 09,246,247
12 15,2 alZ

optic modes. There are several early reports of theoretica and experiment
vibrational spectra of silicon clathrates, but the published theoretical Raman frequencies
are considerably higher than those determined experimentally. Moreover, of the 20
Raman lines predicted for NagSiss on the basis of group theory,>*? 18 lines are associated
with the Si framework, but only 15 have been observed experimentally.247

A new theoretical assignment®*® of the vibrational spectrum of NagSiss was used

to calculate the optical contribution to C, . The acoustic contribution to the heat capacity
was calculated with a Debye temperature of 371 K deduced from the experimental

226

density and bulk modulus.”” An additional term for (C, —C, ) was given by equation

(1.2.5) using the present lattice expansion results and the published bulk modulus.?$ This

term is less than 3% of C, throughout the range of experimental temperatures. The

calculated total heat capacity, C, ., =Cy pne +Cp +(C, -C,), shown in Figure

4.7, matches the experimental results quite well. Above 150 K, the deviation of the
spectrally calculated heat capacity from the experimental value could be ascribed to

anharmonic vibrations of the optic modes.
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Figure 4.7.  Heat capacities of NagSis from experiment, Raman
spectroscopy and theoretical calculation. O, experiment data;
---— calculation from vibrational assignment + Debye modes

+ empirical (C, — C, ) correction; — calculation from lattice dynamics.

The inset diagram indicates the difference between the experimental
and calculated heat capacity data. See text for details.
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A direct theoretical calculation®*® of the heat capacity of NasSiss from lattice
dynamics was done by NRC and is also shown in Figure 4.7. The total theoretical heat

capacity of NagSiss, C,, (7)), is from the sum of all modes over the Brillouin zone:

C,(N=XC, (T (4.2.2)

where C, , (k, T) is the mode contribution to the heat capacity. The quantities required to

calculate (C, —C, ) also were obtained from the theoretical calculation. The agreement

between the calculated and experimental heat capacity is remarkably good.

4.2.3.4 Thermodynamic Stability
In order to calculate the complete thermodynamic functions between 7 = 0 and

300 K, the heat capacities below 30 K were obtained from C,_, discussed in 4.2.3.3.
With the assumption of Sp = 0, the entropy of formation of NagSis, A S, derived from
the entropies of Na,'®® Si'*® and NagSiss, is shown in Table 4.3. At T=298.15K, A S is
32 + 7 JK"! mol™. The uncertainty in A /S is largely from the error of Sr-Sp of NagSiss.
The positive A .S decreases the Gibbs energy of formation, A/G, and hence increases the

thermodynamic stability of NagSiss. Due to the higher energy of a silicon clathrate than

237,238

that of its diamond phase, the enthalpy of formation of a silicon clathrate would be

expected to be positive (endothermic). Hence, the positive A, S is important in

stabilizing the structure of silicon clathrates. The quantitative calculation of A/G requires

additional experimental thermodynamic data such as enthalpy of formation.
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Table 4.3. Thermodynamic Functions of NagSiss.

T/K  CplIK!' mol" (Hr-Ho)/kJ mol® (Sr-So)/J K" mol” (Gr-Go)/kJ mol* A#S/J K mol”

5 0.323 0.000808 0.162 0.000 -0.18
10 2.59 0.00810 0.970 -0.0016 -0.97
15 8.73 0.0364 3.07 -0.097 -2.8
20 20.7 0.110 7.11 -0.0322 -5.8
25 39.9 0.261 13.7 -0.0808 -9.5
30 67.1 0.529 233 -0.169 -13
35 101 0.949 36.1 -0.313 -17
40 137 1.54 51.8 -0.530 -19
45 182 2.34 70.5 -0.832 -21
50 224 3.36 91.8 -1.23 -21
55 261 4.57 115 -1.75 -21
60 296 5.96 139 -2.38 -21
65 334 7.54 164 -3.14 -20
70 371 9.30 190 -4.03 -19
75 404 11.2 217 -5.04 -18
80 435 13.3 244 -6.20 -16
85 465 15.6 271 -7.49 -14
90 494 18.0 299 -8.91 -13
95 525 20.5 326 -10.5 -11
100 555 23.2 354 -12.2 -8.8
105 585 26.1 382 -14.0 -6.7
110 614 29.1 410 -16.0 -4.5
115 641 32.2 438 -18.1 2.2
120 667 35.5 465 -20.4 0.0
125 693 38.9 493 -22.8 23
130 717 42.4 521 -25.3 4.5
135 741 46.1 548 -28.0 6.7
140 763 49.8 576 -30.8 8.9
145 785 53.7 603 -33.7 11
150 804 57.7 630 -36.8 13
155 822 61.7 656 -40.0 15
160 839 65.9 683 -43.4 16

Continued. ..
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TIK  CplIK' mol” (Hr-Ho)/kImol" (Sr-So)/J K* mol” (Gr-Go)/kJ mol™ AS/J K™ mol®

165
170
175
180
185
190
195
200
205
210
215
220
225
230
235
240
245
250
255
260
265
270
275
280
285
290
295
298.15
300

856
872
885
897
910
924
937
951
967
981
994
1006
1018
1029
1041
1052
1062
1071
1080
1088
1097
1107
1116
1125
1134
1143
1153
1159
1162

70.1
74.4
78.8
833
87.8
924
97.0
102
107
111
116
121
126
132
137
142
147
153
158
163
169
174
180
186
191
197
203
206
208

709
735
760
785
810
835
859
883
906
930
953
976
999
1020
1040
1070
1090
1110
1130
1150
1170
1190
1210
1230
1250
1270
1290
1310
1310

-46.9
-50.5
-54.2
-58.1
-62.1
-66.2
-70.4
-74.7
-79.3
-83.8
-88.5
933
-98.3
-103
-108
-114
-119
-125
-130
-136
-142
-148
-154
-160
-166
-172
-179
-183
-185

18
19
21
21
22
23
24
24
25
26
26
27
27
28
28
28
29
33
30
30
30
31
31
31
31
31
32
32
32
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4.2.3.5 Apparent Debye Temperature

The apparent Debye temperature, ®p, of NagSiss from the total heat capacity,C,,
with the Debye model, equation (1.2.21), is shown in Figure 4.8. Here C, was derived
from the experimental C, values and (C, —C, ) as discussed in 4.2.3.3. Like most

solids, ®p depends on temperature. Around 280 K, ®p approaches a maximum with a
value of 590 + 8 K. The result is not unreasonable considering the porous structure of
NagSiss with a density of 2.309 g cm™, less than 2.329 g cm™ of pure silicon 24

X-ray photoemission and X-ray absorption spectroscopy®’' reveal that the Debye

temperature of NagSiss is close to 640 K of the diamond phase of Si at 300 K. The
apparent ®p is higher than the Debye temperature &, = 373 K calculated from the
experimental bulk modulus®®*® discussed in Section 4.5.3.4. The reason is that the
apparent @p includes all vibrational modes including optic and acoustic modes while &,

considers only acoustic modes. Since the acoustic modes are usually excited at lower

temperatures than the optic modes, the Debye temperature is lower than the apparent ®p.

4.2.3.6 Mean Free Path of Phonons

For cubic solids, the sound velocity is given by the equation®

1 1

v=33(v3+2 v;%) 3, (4.2.3)

where v, the longitudinal velocity of sound wave is:2%?
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Figure 4.8.  Apparent Debye temperature of NagSise, derived
from the total heat capacity, C,,, as discussed in the text.

128



129
1
Pod 2
vy = (%) N (42.4)
and v,, the transverse velocity of sound wave is:?>

Vo= (ci)z . (4.2.5)
P

253

Here, c¢,, and c,, are elastic constants™", and p is the density of a solid. The calculated

sound velocity for NagSiss from theoretically determined elastic constants®'’ is (4.9 +
0.3)x10° m/s, which corresponds to a Debye temperature of 540 + 23 K and agrees with
the maximum apparent Debye temperature determined from experimental heat capacity
as discussed in Section 4.2.3.6.

With knowledge of the sound velocity and heat capacity, the mean free path of the
phonons, /, can be estimated from equation (1.4.1). The thermal conductivity®® of
NagSiss below room temperature is almost a temperature-independent quantity with a
value of about 0.40 W m™ K™'. Based on the present heat capacity data and the velocity of
sound, / has been calculated as a function of temperature. The results are shown in Figure
49; I has a value between 1.5 and 6 A and a temperature-dependence typical of
amorphous materials. The value of / in NagSiss is quite close to that in tetrahydrofuran
clathrate (THF-17H,0).%* The short mean free path of phonons can be associated with

the rattling of sodium atoms in the cages, which results in the low thermal conductivity of

. 238
Na38146.
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Figure 49.  Mean free path of phonons in NagSiss, calculated

as described in the text. The error bars indicate the uncertainty of
the mean free path of phonons, which is estimated from the errors
in thermal conductivity,?® elastic properties’'® and the present heat
capacity. Most of the uncertainty results from the error in thermal
conductivity.
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4.2.3.7 Griineisen Parameter

The Griineisen parameter measures the anharmonicity of lattice vibrations. A
convenient way to obtain y for cubic phases is given by equation (1.5.3). The y of NagSiss
at different temperatures is shown in Figure 4.10. The experimental compressibility, %
molar volume and thermal expansion coefficient, and isochoric heat capacity are
available. At 300 K, it has a value of 3.4 £ 0.5, which is typical of solids. The uncertainty
in » is due largely to the error of thermal expansion coefficients. At very low
temperatures, ¥ increases as temperature decreases, in agreement with experimental
thermal conductivity.238 Similar results have been found for other clathrates, >’ a

consequence of the scattering of acoustic phonons through the rattling of guests in the

cages.??

4.2.4 Conclusions
The low temperature heat capacity of NagSiss has been determined using an

adiabatic calorimeter and the related thermodynamic functions were calculated. At

298.15 K, NagSiss has a Cp of 1159 J K mol™, S,4,5s —S, of 1310 J K mol”, and
(H y5,s —H,) of 206 kJ mol™. It exhibits normal thermal expansion and has a volume

expansion coefficient of 6x10° K at 298.15 K. The Griineisen parameter was also
calculated and found to have a value of 3.4 at room temperature. The mean free path of

phonons of NagSiss has a temperature profile typical of an amorphous material and is 1.5

A ~ 6 A between 50 K and 300 K.
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Figure 4.10. Griineisen parameter of NagSiss as a function of
temperature. It is calculated from equation (1.5.3) as described in
the text. The error bars indicate the uncertainty of the Griineisen
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expansion coefficient.
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4.3 Thermal Properties of SrsGa;sGeso Clathrate
4.3.1 Structure

Neutron diffraction indicates that both powder and single-crystal samples of

SrgGaisGeso have the structure of type I clathrate hydrates with space group Pm3n 2
The Ga and Ge atoms are distributed randomly in the framework.”’ The estimated
average radii’>® of Geyo and Geyq cages are 2.2 and 2.4 A, respectively. The cage size
depends only on the framework atoms, not on guest atoms. Theoretical calculations
reveal that the energy of a type I Ge clathrate increases by 5 kJ mol” compared with its
diamond phase while the internal energy of the type II Ge clathrate increases by 4.4 kJ
mol ™! 216

The lattice parameter of SrgGa;¢Geso is around 10.74 A at 295 K, which is slightly
greater than that?'® of KeGeus, 10.66 A. The Ge-Ge bond length®®’ ranges from 2.44 A to
2.51 A with an average of 2.50 A, which is close to 2.45 A of diamond-structure

germanium.?! Single-crystal X-ray diffraction analysis shows that the Ge-Ge-Ge bond

angle ranges from 106 to 125°, and the bond is close to sp° hybridization. !

4.3.2 Experimental
4.3.2.1 Synthesis

The sample SrgGa;sGesq was synthesized and provided by Marlow Industries, Inc.
High purity Sr (99.95%) and Ge (99.999%) were arc-melted together in an argon
atmosphere to form nominal SrGe,. The exact composition was determined by weighing

the sample before and after melting and assuming the mass loss was due to Sr.
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Stoichiometric amounts of SrGe,, Ga, and Ge were loaded in a helium dry box into a
carbonized silica tube. It was sealed under vacuum, held at 1320 K for 20 h and then
cooled to 920 K, held for several days. The resulting black boule consisted of large
single-crystal grains (5-10 mm) of SrgsGa;sGeso. The detailed procedures of synthesis can
be found elswhere 2*°

The melting point of the sample was found to be 1043 K.?** Electronic-beam
microprobe analysis256 indicates the atomic percentage are 14.7, 29.8, 55.5 for Sr, Ga and
Ge, respectively. For SrgGa;sGeso, the theoretical atomic percentage are 14.8, 29.6 and

55.5, respectively.

4.3.2.2 Lattice Parameter Determination

Single-crystal neutron diffraction data were collected by Nolas ez al*® from 15K
to 295 K using the HB2a four-circle diffractometer at the High-Flux Isotope Reactor at
Oak Ridge National Laboratory.?”> The 331 reflection from a Ge monochromator at a
take-off angle of 45° was used, which gives the neutron wavelength of 1.0037 A for this

instrument configuration. More details can be found elswhere.?*

4.3.2.3 Heat Capacity Measurement

A shiny black boule of 2.6968 g sample was loaded in the adiabatic calorimeter.
The sample loading procedure was the same as for NagSiss, described in Section 4.2.2.3.
The measurement of heat capacity was carried out from the temperature 29 to 302 K by

an adiabatic calorimeter operated in a heat-pulse mode as described in Section 2.4.
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4.3.3 Results and Discussion
4.3.3.1 Lattice Parameter and Thermal Expansion

The lattice parameters®*® from neutron diffraction are listed in Table 4.4 and agree
well with an earlier report.?’® They were fitted by equation (4.2.1) through a least-squares

procedure. The best fitting parameters were a, =10.709 A, a, =8.234x107 A K? and

a, =-1464x10° A K> The volume thermal expansion coefficients of SrsGaisGeso
were calculated from equation (1.2.6). At 298.15 K, the volume thermal expansion
coefficient of SrgGa;sGeso is (3.0 + 0.7)x10° K. The error in thermal expansion

coefficient, especially at the high temperature region, is due to the large uncertainty of

lattice parameters.??

Table 4.4. Experimental Lattice Parameters of SrsGaisGeso. 22
/K alA T/K alA
15 10.708 230 10.734
85 10.715 295 10.743
155 10.723

4.3.3.2 Experimental Heat Capacity

The experimental heat capacity is given in Table 4.5 and shown in Figure 4.11.
There is no heat capacity anomaly in the experimental temperature range. The heat
capacity of the sample comprised 15% of the total heat capacity at 300 K and 10%

around 30 K.
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Figure 4.11. Heat capacity of SrgGa;Geso. *and — represent heat
capacities from experiment and extrapolation, respectively, as described
in the text. The inset diagram indicates the difference between the
experimental and fitted heat capacity data. See text for details.



Table 4.5.

Experimental Heat Capacity of SrgGa;6Geso.

T/K CplI K mol” /K  Cp/JK' mol™”
29.01 205 90.16 824
31.07 270 93.06 851
31.49 280 95.79 857
34.14 294 98.48 876
34.61 297 98.59 888
37.66 326 101.42 899
38.36 356 104.22 912
39.99 360 106.00 940
40.37 388 109.88 964
4339 405 113.85 964
44.02 439 118.43 988
47.68 456 121.61 993
48.66 459 124.07 1009
49.54 470 126.76 1012
52.31 484 129.76 1029
54.01 501 132.40 1037
56.77 558 135.39 1057
58.44 566 138.19 1073
61.19 597 141.07 1085
62.40 608 143.85 1088
66.20 631 145.10 1094
66.81 642 146.69 1106
71.74 668 149.53 1097
71.78 676 152.59 1106
77.27 692 155.21 1116
77.29 692 158.02 1120
80.09 745 160.82 1129
82.80 775 163.53 1140
82.82 784 166.44 1147
84.54 786 169.15 1156
86.72 806 172.09 1158

Continued...
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Table 4.5. (continued).
77K Cp/T K" mol” T/K Cp/T K™ mol™

174.94 1162 237.44 1264
175.36 1164 240.55 1265
177.56 1173 241.17 1269
180.48 1189 242.62 1270
182.98 1195 243.53 1274
186.07 1199 247.75 1277
188.63 1201 248 .80 1275
190.60 1203 249 81 1285
191.58 1206 254.88 1285
193.98 1205 260.88 1283
197.07 1211 261.93 1285
199.39 1216 262.05 1288
202.58 1219 266.79 1293
204.93 1222 267.51 1302
208.06 1231 268.61 1297
210.43 1236 272.57 1298
213.51 1240 276.05 1311
215.79 1242 278.88 1319
218.99 1241 282.91 1325
221.09 1249 284.99 1325
22430 1256 289.99 1336
226.46 1258 291.23 1334
230.24 1259 296.81 1344
234.10 1259 302.03 1362
236.38 1262

138
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(C,- C,) can be calculated from equation (1.2.5). From the thermal expansion

216

coefficients, the theoretical bulk modulus®® and the experimental lattice parameters,zzs

(C, —C,)is 10 J K mol™ at 300 K, corresponding to 0.7% of C, .
P v P

Figure 4.11 shows that the heat capacity of SrgGaisGeso increases quickly as the
temperature increases. For example, the heat capacity at 150 K is already about 80% of
the Dulong-Petit value, 3NR (1347 J K! mol™). From this, it is concluded that the optic
modes of SrsGajsGesp have low vibrational frequencies and are excited at low
temperatures. It is evident that the heat capacity contribution from the optic modes is
much more important than from acoustic modes due to the large number of atoms in the
unit cell. At 300 K, the heat capacity of SrgGa;sGeso has the classical Dulong-Petit value
meaning that optic modes and acoustic modes are virtually fully excited.

One of the interesting properties of SrsGa;sGeso is that the heat capacity closely
obeys the Neumann-Kopp law, i.e., Cp(SrsGaisGeso) = 8Cp(Sr) + 16Cp(Ga) + 30Cp(Ge).
The calculated heat capacity from Sr,>’ Ge,'*® and Ga?**** is shown in Figure 4.12. The
additivity property can be ascribed to the similar energy of the clathrate framework and

the diamond phase structure, and weak guest-host interactions.

4.3.3.3 Thermodynamic Stability

In order to calculate thermodynamic functions, complete low-temperature heat
capacity data are required. Ideally, if the full vibrational spectrum were known and
correctly assigned, the optic contribution to the heat capacity could be calculated.

However, detailed vibrational assignments of SrgGa sGeso currently are not available.
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Figure 4.12. Heat capacities of SrgGa ;sGeso from experiment and

the Neumann-Kopp law. o, experimental data; ===, the Neumann-

Kopp value, as discussed in the text. The (Cp,cai — Cp,exp)/Cprexpx 100 is the
error of calculated heat capacity from the Neumann-Kopp law relative to
experimental values. See text for details.
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Hence, experimental heat capacity data below 100 K were extrapolated to 0 K with
equation (1.2.27) through least-squares fitting procedure, and are as shown in Figure
4.12. The best-fit Debye temperature and the Einstein temperature are ép = 164 K and ¢
=373 K; m =29 and n = 25. The average fit deviation is 1.7% from the experimental heat
capacity. Heat capacities below 30 K were derived from equation (1.2.27).
Thermodynamic function increments relative to 0 K, calculated from heat
capacity, are listed in Table 4.6. The entropy of formation of SrgGaisGeso was calculated

from the entropies of the elements' %2372

and the absolute entropy of SrgGasGeso with
the assumption of Sp = 0, and it increases with temperature but is found to be negative
below room temperature (Table 4.6). This means the entropy term decreases the
thermodynamic stability of the germanium clathrate from its elements below room
temperature. At 298.15 K, the entropy of formation of SrgGa;sGeso has the value of -52 +
11 JK mol™. The entropy change for the reaction, 8Sr + 16Ga +30Ge —> SrsGaisGeso, is

relatively small. The error of Sr~Sp of SrgsGa ¢Geso is the major source of uncertainty in

A /S . Since Ge clathrates and Si clathrates have energies quite close to those of their
diamond phases, the lower AsS of SrsGa;sGeso compared to that of NagSiss (A ;Sy,5 =
32 + 7 J K" mol’, Section 4.2.3.4) and especially the temperature-dependence of A .S

(Table 4.3 and 4.6), reflects the higher synthesis temperature”' (1170 ~ 1270 K for

SrgGa,6Geso) compared to that of NagSiss (770 ~ 870 K).2'



Table 4.6.

Thermodynamic Properties of SrgGa;sGeso.
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T/K Cpl/IK' mol' (Hr-Hg)/J mol” (Sr-So)/J K mol™ (Gr-Go)/kJ mol”’ AS/T K mol™

10
15
20
25
30
35
40
45
50
55
60
65
70
75
80
85
90
95
100
105
110
115
120
125
130
135
140
145
150
155
160

1.65
13.2
43.8
96.8
165
237
306
370
421
475
526
579
626
671
712
751
790
827
861
893
922
949
972
994
1014
1032
1051
1069
1086
1102
1116
1131

0.00412
0.0412
0.184
0.535
1.19
2.19
3.55
524
7.22
9.45
12.0
14.7
17.7
21.0
244
28.1
31.9
36.0
40.2
44.6
49.1
53.8
58.6
63.5
68.5
73.7
78.9
84.2
89.6
95.0
101

106

0.823
4.94
15.5
34.9
63.5
99.7
141
186
233
280
328
376
424
472
520
567
613
660
705
750
794
838
881
923
964
1000
1040
1080
1120
1160
1190
1230

0.000
-0.0082
-0.049
-0.164
-0.398
-0.801
-1.40
221
-3.26
-4.54
-6.05
-7.81
-9.81
-12.1
-14.5
-17.3
-20.2
-23.4
-26.8
-30.4
-34.3
-38.4
-42.7
-47.2
-51.9
-56.9
-62.0
-67.3
-72.7
-78.4
-84.3
-90.3

-0.35
-6.2
-15
-24
-34
-43
-51
-57
-61
-65
-67
-69
-70
-71
-71
-72
-72
=72
=72
-72
-72
-72
-72
-71
-71
-70
-70
-69
-69
-68
-67
-67

Continued. ..
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T/IK CplTK'mol" (Hr-Ho)/kJ mol' (StSo)/J K' mol” (Gr-Go)/KJ mol™ ARSI K mol”!

165
170
175
180
185
190
195
200
205
210
215
220
225
230
235
240
245
250
255
260
265
270
275
280
285
290
295
298.15
300

1144
1156
1170
1182
1193
1202
1211
1219
1226
1232
1239
1246
1252
1258
1263
1268
1274
1278
1286
1290
1298
1303
1310
1318
1326
1334
1342
1348
1351

112
118
123
129
135
141
147
153
160
166
172
178
184
191
197
203
210
216
222
229
235
242
248
255
261
268
275
279
282

1260
1300
1330
1370
1400
1430
1460
1490
1520
1550
1580
1610
1640
1660
1690
1720
1740
1770
1800
1820
1850
1870
1890
1920
1940
1960
1990
2000
2010

-96.5
-103
-110
-116
-123
-130
-137
-145
-152
-160
-168
-176
-184
-192
-201
-209
-218
=227
-235
-245
-254
-263
=272
-282
-292
-302
=311
-318
-321

-66
-66
-65
-65
-64
-64
-63
-63
-62
-62
-61
-61
-61
-60
-60
-59
-59
-59
-58
-58
-57
-57
-56
=55
-55
-54
-53
-52
-52




144

4.3.3.4 Apparent Debye Temperature
The temperature dependence of the apparent Debye temperature, ®p, can be

derived from the total heat capacity C, with equation (1.2.21). C, was calculated from
the present experimental C, and (C, —C, ) discussed in Section (4.3.3.2). The apparent

Op is shown in Figure 4.13. It does not change very much between 50 K and 260 K but
decreases drastically at higher temperatures due to the anharmonicity of lattice vibrations.

The averaged ®p between 50 K and 260 K has the value of 300 + 12 K.

4.3.3.S Mean Free Path of Phonons

The mean free path of phonons, /, is important to understand the mechanism of
thermal conductivity of materials and is given by equation (1.4.1). The published thermal
conductivity,”' sound speed”®’ and present heat capacities are used to estimate / below
room temperatures. The results are shown in Figure 4.14. At 300 K, /is 5 = 1 A. The
uncertainty of / is mainly from thermal conductivity. The mean free path of phonons has
the typical behaviour of an amorphous material, which is due to the scattering of heat

carrying acoustic phonons by the rattling of guests in the cages.?*’

4.3.3.6 Griineisen Parameter
For cubic phases, a convenient way to obtain the Griineisen parameter is given by

equation (1.5.3). The values of y of SrgsGa;sGeso at different temperatures are shown in

Figure 4.15. Between 50 and 250 K, 7 behaves as a constant with an average of 1.7 + 0.6.
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Figure 4.13. Apparent Debye temperature for SrgGa6Gezo,
calculated from the total heat capacity, C, , as discussed in the

test.
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Figure 4.14. Mean free path of phonons of SrgGaisGeso, based on
the thermal conductivity data,*! present heat capacity and the sound
velocity.??® The error bars represent the uncertainty of /, which is
estimated from thermal conductivity, sound speed and heat capacity.
The uncertainty largely results from the uncertainty in thermal
conductivity.
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from equation (1.5.3) as discussed in the text. The error bars indicate
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The uncertainty is largely from the thermal expansion coefficient. At lower temperatures
¥ should tend to zero according to the thermodynamic laws. However, it increases rapidly
as temperature decreases. Such behaviour has been observed in Dianin's compound®*’
and NagSis in Section 4.2.3.7. It is proposed that the existence of low vibrational
frequencies of guests results in the abnormal temperature dependence of the Griineisen

parameter.

4.3.4 Conclusions

The thermal properties of the clathrate SrgGaisGeso were investigated. The heat
capacity below ambient temperature was determined by an adiabatic calorimeter and the
entropy and enthalpy relative to O K were determined. The isobaric heat capacity, entropy
and enthalpy are 1348 J K mol”, 2000 J mol® K" and 279 kJ mol® at 298.15 K,
respectively. The heat capacity obeys the Neumann-Kopp law, which can be ascribed to
the structural similarity between the clathrate and the diamond phase, and weak guest-
host interactions. The apparent ®p is a constant with an average value of 300 + 12 K
between 50 and 260 K. The mean free path of phonons is characteristic of amorphous
materials indicating that the rattling of guest Sr atoms in the cages of SrgGa;sGeso
effectively scatters the phonons. The Griineisen parameter of SrgGa;cGeszo is 1.7 + 0.6

between 50 K and 250 K.
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4.4 Thermal Properties of SrsZngGe;s Clathrate
4.4.1 Structure

Neutron powder diffraction reveals that the SrgZngGesg has the structure of a type
I clathrate hydrate, space group Pm3n and lattice parameter of 10.7055(1) A at 300 K.%!
This is slightly greater than the lattice parameter for KgGess, 10.66 A. 216 The zinc and

germanium atoms are randomly distributed through the framework ?!

4.4.2 Experimental Methods and Characterization
4.4.2.1 Synthesis

The sample of SrsZngGes;s was provided by Marlow Industries, Inc. It was
synthesized in a fashion similar to SrsGasGeso.”>> The sample contained about 1% of

another phase and the detailed analysis of the sample is ongoing.?®!

4.4.2.2 Heat Capacity Measurement

The sample was several shiny black boules with a mass of 3.002 g and they were
loaded in the same procedure as for NagSiys described in Section 4.2.2.3. The heat
capacity was determined from 29 to 303 K. The measurement of heat capacity was

carried out by an automated adiabatic calorimeter discussed in the Section 2.4.

4.4.3 Results and Discussion
4.4.3.1 Experimental Heat Capacity

The experimental heat capacity of SrgZngGesg is shown in Figure 4.16 and
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Figure 4.16. Heat capacity of SrgZngGess. ® experimental values and
=, extrapolated values (<100 K) from equation (1.2.27) as described in
the text. The inset diagram indicates the difference between the
experimental and fitted heat capacity data. See text for details.
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summarized in Table 4.7. No heat capacity anomalies were observed within the
experimental temperature range. The heat capacity of the sample comprised of 15% of
the total heat capacity at 300 K and about 10% around 30 K.

The experimental data needed to derive the theoretically more interesting C,

from equation (1.2.5) require thermal expansion coefficient and compressibility. They are
not available for SrgZngGess. However, the theoretical compressibility of Ge clathrand
has been reporte,d.216 SrgZngGesg and SrgGa;sGeso have similar frameworks. Their
thermal expansions are expected to be very close. As an approximation, the theoretical

3.216

compressibility 61.3 GP and the thermal expansion coefficient of SrgGa;cGeso in

Section 4.3.3.1 were used to estimate (C, — C, ) of SrgZngGess. This should not result in
significant uncertainty of C, since (C, —C,) is small. With these approximations,

(Cp —C,) of SrsZngGesg corresponds to 0.8% of C, at 300 K, less at lower

temperatures.

The experimental heat capacity approaches the Dulong-Petit value, 3NR (= 1347 J
K mol™), at 280 K, which indicates that all vibrational modes are virtually fully excited at
this temperature. Due to the large numbers of atoms in the unit cell of SrgZngGess, it can
be deduced that the heat capacity contributions are mainly from optic modes.

257 . 262,263
Zn and

The heat capacities of SrgZngGesg calculated from those of Sr,
Ge'*® (Neumann-Kopp values) are lower than the experimental values by an average of
3.5%, as shown in Figure 4.17. The difference likely results from the fact that Zn-Ge and

Ge-Ge bonds have different bond energies.



Table 4.7.

Experimental Heat Capacity of SrzZngGess.

T/K Cp/T K mol™

/K  CpIK' mol’

29.28
30.06
33.39
34.74
38.15
38.22
42.62
4281
4724
49.04
51.47
53.31
55.63
57.50
59.72
61.61
64.35
65.71
69.51
73.85
74.69
77.93
79.87
81.16
82.02
82.58
85.06
85.39
86.13
86.70
90.15
90.25
91.91

152
163
233
262
333
332
375
403
464
445
488
479
537
556
588
617
614
636
677
696
689
725
751
785
779
784
783
791
810
810
839
853
8438

95.43

95.43

97.68

99.75

100.69
102.95
103.85
105.90
107.92
111.11
113.15
118.48
123.84
126.35
129.19
131.70
134.59
137.08
139.97
142.47
145.37
147.77
150.83
153.10
156.15
158.46
161.51
163.72
166.86
169.06
172.23
174.21
177.53

865
873
885
913
907
916
908
942
951
984
988
1012
1023
1025
1044
1061
1063
1092
1094
1107
1127
1127
1134
1136
1146
1151
1154
1162
1167
1185
1193
1204
1200

Continued. ..
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Table 4.7.

(continued).

T/K Cp/TK' mol™” T/K Cp/T K™ mol™
179.39 1197 243 .44 1306
182.89 1199 244 41 1317
184.62 1214 248.28 1306
188.20 1213 249.16 1303
189.43 1219 249.80 1314
189.86 1217 253.10 1322
193.47 1220 253.99 1317
194.60 1225 257.88 1324
195.12 1228 258.71 1326
198.33 1230 262.68 1328
199.72 1231 262.73 1328
203.40 1244 263.74 1328
204.82 1238 267.40 1335
205.48 1245 267.53 1324
208.52 1235 269.43 1331
209.87 1240 272.09 1342
210.64 1246 275.04 1344
213.65 1248 276.81 1344
214.93 1251 277.27 1329
218.76 1253 280.70 1344
219.99 1262 281.50 1357
223.82 1262 283.14 1362
22481 1265 286.24 1366
225.05 1268 286.50 1369
228.84 1275 288.92 1371
229.65 1277 290.87 1376
230.03 1281 292.17 1380
233.82 1286 29430 1380
234.53 1282 297.67 1397
235.07 1290 299 .64 1407
238.87 1309 303.15 1412
239.48 1298
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Figure 4.17. Heat capacity of SrgZngGess. O, from experiment and ===,
from the Neumann-Kopp law, as described in the text.
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4.4.3.2 Thermodynamic Stability

The calculation of complete thermodynamic functions requires heat capacity data
below 30 K. Since the vibrational frequencies to determine heat capacity contributions
from optic modes are not available, the experimental heat capacities below 100 K were
used to fit equation (1.2.27) through a least-squares procedure. The best fit parameters are
6p = 198 K and Gz =382 K; m = 36 and n = 18. The average fitted deviation is 1.9% from
the experimental heat capacity. The heat capacities below 30 K were obtained from the
extrapolation of equation (1.2.27), shown in Figure 4.16.

The thermodynamic functions derived from the heat capacity are listed in Table
4.8. The entropy of formation of SrsZngGess can be calculated from those of Sr,®’

262263 Ge'*® and the present data for SrgZngGess with the assumption of So = 0. At

Zn,
298.15 K, SrsZngGesg has a AS° of 18 + 10 J K! mol’!, which is quite small. The
uncertainty of AsS mainly results from the uncertainty of S+—Sy of SrsZngGess.

The positive entropy increment decreases the Gibbs energy of the reaction, 8Sr +
8Zn + 38Ge — SrgZngGesg, and hence stabilizes SrgZngGesg formed from elements. The

quantitative calculation of Gibbs energy of reaction requires additional thermodynamic

data such as enthalpy of formation.

4.4.3.3 Apparent Debye Temperature

The apparent Debye temperature ®p can reveal the anharmonicity of vibration of

the lattice. It can be obtained from the total C,, with the Debye model, equation (1.2.21).



Table 4.8.

Thermodynamic Properties of SrgZngGess.
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T/IK Cpl/YK' mol' (Hr-Hg)/KJ mol’ (Sr-So)/J K' mol” (Gr-Go)/kJ mol” A/ K mol™

10
15
20
25
30
35
40
45
50
S5
60
65
70
75
80
85
90
95
100
105
110
115
120
125
130
135
140
145
150
155
160

1.12
8.94
30.1
69.5
127
195
267
338
405
468
527
581
631
678
721
762
800
836
870
901
931
958
984
1009
1032
1053
1073
1092
1110
1126
1141
1155

0.00280
0.0280
0.126
0.375
0.87
1.67
2.82
433
6.19
8.38
10.9
13.6
16.7
19.9
234
27.1
31.0
35.1
39.4
43.8
48.4
53.1
58.0
63.0
68.1
73.3
78.6
84.0
89.5
95.1
101

107

0.559
3.35
10.6
243
45.7
74.5
110
150
194
240
287
335
384
432
480
528
575
622
668
714
758
802
846
888
930
970
1011
1050
1089
1127
1164
1200

0.000
-0.0055
-0.034
-0.112
-0.28
-0.57
-1.02
-1.67
-2.52
-3.60
-4.92
-6.47
-8.27
-10.3
-12.6
-15.1
-17.9
-20.9
-24.1
-27.6
-31.2
-35.1
-39.3
-43.6
-48.1
-52.9
-57.9
-63.0
-68.4
-74.0
-79.6
-85.5

-0.27
-6.0
-13
-18
-25
-31
-36
-40
-41
-42
41
-41
-39
-38
-36
-34
-33
=31
-30
-28
-26
-25
-23
=22
-20
-19
-17
-16
-14
-13
-12
-10

Continued. ..



Table 4.8.

(continued).
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T/K  Cp/IK' mol" (Hr-Hp)&J mol” (Sr-So)/J K mol” (Gr-Go)/kJ mol" AS/J K mol™

165
170
175
180
185
190
195
200
205
210
215
220
225
230
235
240
245
250
255
260
265
270
275
280
285
290
295
298.15
300

1168
1181
1192
1202
1212
1221
1229
1237
1244
1251
1258
1264
1271
1277
1284
1290
1298
1305
1313
1321
1329
1338
1347
1357
1367
1377
1387
1393
1396

112
118
124
130
136
142
148
155
161
167
173
180
186
192
199
205
212
218
225
231
238
245
251
258
265
272
279
283
286

1236
1271
1305
1339
1372
1405
1436
1468
1498
1528
1558
1587
1615
1643
1671
1698
1725
1751
1777
1802
1828
1853
1877
1902
1926
1949
1973
1988
1996

-91.6
-97.9
-104
-111

-118
-125

-132
-139
-146
-154
-162
-170
-178
-186
-194
-202
=211

-220
-229
-237
-247
-256
-265
=275
-284
-294
-304
-310
-313

9.2
-8.0
-6.8
-5.7
-4.6
-3.5
-2.5
-1.5
-0.6
03
1.2
2.1
29
3.7
4.6
5.4
6.2
7.0
7.9
8.7
9.7
11
12
13
14
15
17
18
18
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The calculation of C, was discussed in Section 4.4.3.1. The derived apparent ®p of

SrgZngGesg has a maximum value of 300 K at 7 = 90 K, as shown in Figure 4.18.

18 the decrease of ®p of

Compared with maximum apparent ®p of germanium (370 K),
SrsZngGess can be ascribed to the weaker bond strength between framework atoms,
which also can be observed in the bond length in SrsZngGess and KgGess, as indicated in
Section 4.4.1. The apparent ®@p decreases above T = 250 K due to the anharmonicity of

the lattice vibrations.

4.4.3.4 Griineisen Parameter

The Gruneisen parameter is important to understand the anharmonic vibrations of
the lattice especially for clathrates, for which resonant scattering of heat-carrying
phonons by the rattling of guests in the clathrate cages can be revealed.

The experimental lattice parameter 10.7055 A at 300 K was used to calculate the

molar volume.?%! The compressibility, 61.3 GPa,?' the thermal expansion coefficient and

the isobaric heat capacity C, have been discussed in 4.4.3.1. These data were used to

calculate the Grineisen parameter of SrgZngGess from equation (1.5.3). The
approximation (thermal expansion of SrgGa;sGeso) used in the calculation might increase
the uncertainty of the Grineisen parameter. Nevertheless, the approximate Griineisen
parameter can provide useful information regarding the anharmonicity of lattice
vibrations. The results are shown in Figure 4.19. As expected, SrgZngGesz has a

Griineisen parameter-temperature profile similar to SrgGa;sGess. Below 50 K, the
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Figure 4.18. Apparent Debye temperature of SrgZngGess, calculated

from the total isochoric capacity, C,,, as described in the text.
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Figure 4.19. Grineisen parameter of SrgZngGess, calculated from the
thermal expansion coefficient of SrsGai6Geso, total C,, of SrsZngGess,
compressibility?'® and experimental lattice parameter,”®' as discussed in
the text. The error bars indicate the uncertainty of ¥ which is largely from
the uncertainty of the thermal expansion coefficient.
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increase of y is due to the scattering of heat carrying phonons by the rattling of Sr atoms

in the cages as discussed in NagSiss and SrzGa sGess.

4.4.4 Conclusions

The thermal properties of SrgZngGesg below room temperature were determined.
At 298.15 K, the heat capacity, H— Ho, and Sr— So are 1393 J K mol™, 283 kJ mol™,
and 1988 J K™ mol”, respectively. The AS°® has a positive value of 18 J K mol™ at
298.15 K, which is important to the thermodynamic stability of SrgZngGess. The
maximum apparent Debye temperature is 300 K. The Grineisen parameter has a

temperature profile similar to NagSiss and SrgGai6Geso.

4.5 Thermal Properties of CssGasgSnzs Clathrate
4.5.1 Structure
Single-crystal X-ray diffraction®®* reveals that CsgGasSnsg has the structure of a

type I clathrate hydrate. The lattice parameter is 12.0792(1) A at 300 K with the space

group Pm3n. The Ga and Sn atoms are randomly distributed through the framework.

The details can be found elswhere.?%*

4.5.2 Experimental Methods and Characterization
4.5.2.1 Synthesis
The sample was synthesized and supplied by Marlow Industries, Inc. High purity

elements were mixed in the appropriate stoichiometric proportions in an argon
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atmosphere glovebox and reacted for 2 weeks at 823 K inside a tungsten crucible which
was itself welded inside a stainless steel canister. The resulting compounds consisted of
very small crystals with a shiny, blackish metallic luster that were not visibly reactive in
air or moisture. The details can be found elsewhere.?**

The purity of the sample was analyzed by electron-beam microprobe. The atomic
percentages of the sample are 14.9, 14.9, 70.2 for Cs, Ga and Sn, respectively.”4 For
CsgGagSnss, the ideal atomic percentage are 14.8,14.8 and 70.4, respectively. The directly

determined density of the sample agrees well with that from X-ray diffraction.?"

4.5.2.2 Heat Capacity Measurement

A 1.157 g of a shiny sample of CsgGagSnsg was loaded in the calorimeter. The
loading procedure was the same as for NagSis described in Section 4.2.2.3. The
operation of the adiabatic calorimeter was described in the Section 2.4. The experimental

heat capacity data were determined from 37 to 305 K.

4.5.3 Results and Discussion
4.5.3.1 Experimental Heat Capacity

The experimental heat capacity of CsgGasSnsg is shown in Figure 4.20 and Table
4.9. It increases smoothly with temperature. The heat capacity of the sample comprised
about 5% of the total (sample + vessel) heat capacity in the experimental temperature
region. Such a small percentage of heat capacity from the sample does increase the

uncertainty of heat capacity especially at low temperatures and makes it difficult to
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Figure 4.20. Heat capacity of CsgGagSnsg. === C__ . ;= C, .’

= (C_, and o, experimental heat capacity, as discussed in the text. The

inset diagram indicates the difference between the experimental and
calculated heat capacity data. See text for detalils.



Table 4.9.

Experimental Heat Capacity of CsgGaisSnss.
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/K Cp/J K mol™

/K  Cp/IJ K mol”

77K CplT K mol™

37.36
37.94
39.25
42.68
47.40
48.81
51.75
52.05
53.36
56.34
56.58
57.86
60.82
61.01
62.26
65.23
65.40
66.61
69.60
69.78
70.93
73.97
74.15
75.32
78.33
81.08
82.67
83.22
85.34
85.49
87.00

372
439
536
635
670
668
678
696
684
753
764
737
779
795
813
787
816
819
818
813
806
858
852
854
893
874
914
901
935
936
968

89.72

89.89

91.74

94.26

96.12

98.67

98.83

100.58
103.14
103.40
105.01
107.75
108.07
109.50
112.18
112.64
114.53
116.60
117.16
118.60
119.06
121.73
123.09
123.63
125.63
127.56
128.18
130.15
132.07
132.73
134.68

983

977

986

991

998

1021
1044
1026
1035
1060
1031
1061
1073
1070
1119
1090
1122
1135
1113
1126
1128
1120
1130
1133
1141
1142
1148
1155
1154
1156
1153

136.59
137.31
139.16
141.16
141.88
143.67
145.68
146.52
151.00
152.61
154.85
155.47
156.94
159.35
159.91
161.38
163.87
164.30
165.82
168.38
168.69
170.21
172.82
173.02
174.61
177.32
177.40
178.99
181.73
181.85
183.40

1158
1158
1160
1166
1169
1173
1187
1184
1192
1164
1195
1206
1185
1213
1215
1218
1230
1222
1214
1238
1241
1244
1242
1249
1248
1255
1260
1256
1260
1263
1264



Table 4.9. (continued).

T/K Cpl/T K mol™ T/K  CplIK' mol”
186.21 1272 242 .49 1382
187.33 1284 243.56 1385
190.59 1280 246.62 1397
191.71 1281 248.68 1415
195.04 1289 251.30 1409
196.15 1284 253.66 1411
199.50 1294 256.24 1421
200.54 1297 258.61 1432
204.02 1307 261.24 1442
205.04 1309 263.57 1457
208.30 1307 266.14 1461
209.45 1318 268.49 1466
212.61 1315 270.94 1489
214.20 1323 275.69 1479
216.95 1341 277.26 1491
218.53 1340 281.13 1510
220.81 1353 281.70 1503
221.20 1350 284.92 1530
222.82 1355 286.70 1530
225.33 1355 291.36 1534
229.54 1370 293.87 1559
233.64 1361 296.02 1568
233.74 1378 298.67 1553
237.83 1376 300.74 1571
238.35 1372 305.18 1591

165
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reliably extrapolate the experimental heat capacity to 0 K.

The heat capacity of CsgGagSnss increases rapidly with temperature, likely due to
the existence of low energy internal vibrational modes. At 220 K, the heat capacity is
close to the Dulong-Petit value, 3NR (1347 J K mol™).

The Neumann-Kopp value of CsgGagSnig can be calculated from the heat capacity
of Cs,"®® Ga,2**?% and Sn™ at 298.15 K, the calculated heat capacity is 1492 J K' mol,
which is lower than the experimental value by 5%. This is similar to the Si and Ge
clathrates already discussed, and likely due to guest-host interactions in CsgGagSnss and

the different energies of the clathrate framework and the diamond phase of Sn.

4.5.3.2 Thermal Expansion

The experimentally determined lattice parameter for CssGagSnsg is available only
at 300 K.?** However, the data from 11 K to 300 K were reported for similar clathrates
CsgZn4Sruz and CsgSnss. 25 From these data, it is found that CsgZnSns; and CssSnas have
very close thermal expansion coefficients with a difference of about 1% below 300 K. In
order to discuss anharmonic vibration of lattice, it is assumed here that CsgGagSnsg has
the same thermal expansion as CsgZnsSny;. Thus the experimental lattice parameters%4

(units in A) of CsgZnsSny; were least-squares fit to equation (4.2.1) with the coefficients

of a, =12.093 A, a, =7.328x107 AK?and a, =-1.246 x10° A K. At 298.15 K, the

thermal expansion coefficient is (2.5 + 0.5)x10” K. The uncertainty is estimated from

the uncertainty in the experimental lattice parameter.
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4.5.3.3 Heat Capacity from Raman Spectroscopy

The experimental heat capacity, C,, is under isobaric conditions. The calculation
of the theoretically more interesting heat capacity C, requires compressibility, thermal

expansion coefficients and experimental C,. The experimental compressibility of
CsgGagSnzg has not been reported yet. However, it has been confirmed both
experimentally and theoretically that the bulk modulus of Ge clathrates and Si clathrates
are less than those of their diamond phases by about 10%.2%?%*% Hence, the
compressibility, 111 GPa,* of Sn (cubic) was scaled by 0.9 to estimate the bulk modulus

of CsgGagSnss in order to calculate (C, —C, ) with equation (1.2.5). The required thermal

expansion coefficients have been discussed in Section 4.5.3.2. These approximations
should not introduce significant uncertainty to (C, —C, ) which generally is very small

for most solids. The molar volume was calculated from experimental lattice parameter”**
of CsgGagSnsg and is considered as constant due to its small change (less than 1% for Sn

clathrates between 0 K and 300 K).?** The obtained (C, —C, ) of CsgGagSnsg is less than

2% of C, below room temperature.

The comparison of heat capacities from vibrational spectroscopy and adiabatic
calorimetry can provide a test of lattice dynamical models. Like NagSis, there are 159
optic modes in CsgGagSnig and 3 acoustic modes. The Raman frequencies of CsgGagSnsg
have been reported recently.?®® Theoretically, there are 18 Raman-active frequencies
related to the Sn framework atom vibrations (3A;g + 7E; + 8T, ) and 2 for the guest

vibrations (Eg + ng)265 where A;; modes are singly degenerate, E; are doubly degenerate
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and T, are triply degenerate. However, the Raman spectroscopy experiment showed only
14 frequencies. The reduced number is likely due to accidental degeneracy given the high
symmetry of the structure. Furthermore, the degeneracies of observed frequencies were
assigned only for two frequencies based on Raman polarization experirnents.z‘s5 They are
132 cm™ (Ajg) and 141 cm™ (A)g). The 26 cm™ mode was assigned as T2 based on the
similarity of the spectrum to other clathrates.?®®> These three frequencies correspond to 5
Raman modes. For the present analysis, the observed other 11 frequencies?®® were
considered to evenly share the remaining 41 Raman modes. This means that the 14
observed frequencies represent the 20 expected Raman frequencies. Accounting for
degeneracies, the 20 frequencies correspond to 46 modes and are representative of 159
optic modes of CsgGagSnsg, so the calculated optic contribution to the heat capacity,
equation (1.2.18), was taken with a weight of 159/46. A similar method has been
successfully used in the discussion of heat capacities of other clathrates.?*’

The calculation of the heat capacity from the acoustic contribution, C,_ ...,

requires the Debye temperature. Due to the lack of knowledge about elastic properties of
CsgGagSnssg, the Debye temperature of Sn at its low temperature limit,*® 200 K, was used.
Such an approximation will not introduce significant error to the total heat capacity due
to the large number of atoms in the unit cell. In fact, the heat capacity from the acoustic
modes is only 0.4% of total C, at 7= 10 K and 1.6% at T =300 K based on the above
Debye temperature.

The calculated total heat capacity C,_ ., = Copue +Cacoume +(Cp —Cp) is shown in
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Figure 4.20. It agrees well with experimental results between 50 K and 200 K but
deviates at higher temperatures, possibly due to the anharmonic vibrations of both

acoustic and optic modes, or the simplifications in the optic mode treatment.

4.5.3.4 Apparent Debye Temperature
The apparent Debye temperature, ®p, is useful to understand the anharmonicity of
lattice vibrations and examine lattice dynamic models. It can be calculated from the total

isochoric heat capacities, C, , through the Debye model, equation (1.2.21). C, can be
obtained from C, —(C, —C, ) as discussed in Section 4.5.3.3. The calculated apparent

®p is a temperature dependent function as shown in Figure 4.21. Above 200 K, the
apparent ®p decreases as temperature increases, likely due to the anharmonic lattice

vibration.

4.5.3.5 Thermodynamic Stability
Thermodynamic properties can be used to understand the thermodynamic stability
of CsgGagSnig. To calculate the complete thermodynamic functions, the isobaric heat

capacity data below 40 K were derived from C,_, as discussed in Section 4.5.3.3. The

thermodynamic functions below ambient temperatures were calculated from C, and are

summarized in Table 4.10. Since the complete entropy data for Sn below room
temperature are not available, the entropy of formation of CsgGagSnig below 298.15 K is

not listed in Table 4.10.
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Table 4.10. Thermodynamic Properties of CsgGagSnss.

/K CpI K mol' (HrHo)kI mol™ (SrSo)/T KT molT  (GrGo)/kJ mol”

5 3.07 0.00768 1.54 0.000
10 523 0.146 16.2 -0.015
15 131 0.604 51.0 -0.162
20 204 1.44 98.3 -0.526
25 268 2.62 151 -1.14
30 327 4.11 205 -2.03
35 386 5.89 259 -3.19
40 445 7.96 315 -4.62
45 505 10.3 371 -6.34
50 612 13.1 429 -8.33
55 680 16.4 491 -10.6
60 739 19.9 553 -13.2
65 798 23.8 614 -16.2
70 843 27.9 675 -19.4
75 879 32.2 734 -22.9
80 913 36.6 792 -26.7
85 944 413 848 -30.8
90 973 46.1 903 -35.2
95 1000 51.0 957 -39.9
100 1026 56.1 1009 -44.8
105 1049 61.3 1059 -49.9
110 1071 66.6 1108 -55.4
115 1091 72.0 1157 -61.0
120 1110 71.5 1203 -66.9
125 1128 83.1 1249 -73.1
130 1144 88.8 1294 -79.4
135 1159 94.5 1337 -86.0
140 1173 100 1380 -92.8
145 1186 106 1421 -99.8
150 1198 112 1461 -107
155 1210 118 1501 -114
160 1220 124 1539 -122

Continued. ..



Table 4.10.  (continued).

K  CAIKTmolT (HrHp)/kImolT (SrSo)/JK' mol” (GrGo)/kJ mol”
165 1231 130 1577 -130
170 1241 137 1614 -138
175 1250 143 1650 -146
180 1259 149 1685 -154
185 1268 155 1720 -163
190 1278 162 1754 -171
195 1287 168 1787 -180
200 1296 175 1820 -189
205 1305 181 1852 -199
210 1315 188 1884 -208
215 1325 194 1915 217
220 1336 201 1945 -227
225 1347 208 1976 -237
230 1359 214 2005 -247
235 1371 221 2035 -257
240 1384 228 2064 -267
245 1397 235 2092 -278
250 1411 242 2121 -288
255 1425 249 2149 -299
260 1441 256 2177 310
265 1456 264 2204 -320
270 1472 271 2232 -332
275 1489 278 2259 -343
280 1505 286 2286 -354
285 1522 293 2312 -366
290 1538 301 2339 =377
295 1554 309 2365 -389
298.15 1564 314 2382 -397
300 1570 317 2392 -401
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At 298.15 K, the absolute entropy of CsgGagSnsg has the value of 2382 J K™ mol™
with the assumption of Sp = 0. From the entropies of Cs,'®® Ga****° and B-Sn**® the
entropy of formation of CsgGagSnsg is =570 + 10 J K mol™ at 298.15 K. The negative
entropy of formation can significantly decrease the thermodynamic stability of
CsgGagSnig. Such a large negative entropy change suggests strong host-guest interactions
due to the similar radii of Cs atoms and the cage.?*’ The host-guest interactions decrease
the degrees of freedom of both the guests and host, and hence the entropy of clathrates.
Theoretical calculations suggest that Cs and Sn atoms are rehybridized and strongly
interacting in a similar clathrate, CsgSnss, which is significantly different from the case of

NagSiss. 257

4.5.3.6 Griineisen Parameter

The Griineisen parameter can be derived from equation (1.5.3). The required
thermal expansion coefficients, compressibility and total isochoric heat capacities are
discussed in Sections (4.5.3.3). The molar volume was calculated from the experimental
density at 300 K.2%! The results are shown in Figure 4.22.

It is found that the Griineisen parameter is essentially independent of
temperatures. Between 20 K and 250 K, the variation of y is within the experimental
uncertainty, which is in contrast to NagSiss and SrgGaisGeso discussed in the Sections
(4.2.3.7) and (4.3.3.6). This finding indicates that the scattering of acoustic phonons by
the rattling of guests in the cages is reduced due to the strong host-guest interactions.

Such a conclusion agrees well with experimental thermal conductivity of CsgGagSnss®®*
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Figure 4.22. Griineisen parameter of CsgGagSnsg. Its calculation
was discussed in the text. The error bar indicates the uncertainty of y.
The thermal expansion coefficient is the major source of uncertainty of y.
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and theoretical calculations.?%’

4.5.4 Conclusions

The low-temperature heat capacity of CsgGagSnig was determined from 37 to 305
K. At 298.15 K, the heat capacity, Hr — Ho, and St — So are 1564 J K mol?, 314 kJ
mol™!, and 2382 J K™ mol”, respectively. The large negative AS°, -570 J K mol™, of
CsgGagSnsg at 298.15 K indicates the strong host-guest interaction. The heat capacity
calculated from Raman frequencies agrees well with experimental data between 50 K and
200 K. The Griineisen parameters were constant below 250 K which indicates that
resonant scattering is not a major effect in the CsgGagSnig. This finding agrees well

experimental thermal conductivity?®* and theoretical calculation.?®’

4.6 Thermal Properties of BagGa;sSizo Clathrate
4.6.1 Structure

BagGa,6Size has the type I clathrate structure as for NagSis with the cubic space

group Pm3n and a lattice parameter®”’ of 10.554 A. The Ga and Si atoms are assumed to

be randomly distributed through the framework.2¢!

4.6.2 Experimental
4.6.2.1 Synthesis
A 2409 g sample of BagGa;sSizo was synthesized and supplied by Marlow

Industries, Inc. The synthesis of the sample was similar to that of SrsGaj6Geso. >’ Powder
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X-ray diffraction showed that there is a trace amount of Si in the sample.?*"?°"

4.6.2.2 Heat Capacity Measurement
The sample was loaded in the calorimeter as for NagSis (Section 4.2.2.3). The
heat capacity data were taken between 29 and 300 K. The detailed operation of the

adiabatic calorimeter has been discussed in Section 2.4.

4.6.3 Results and Discussion
4.6.3.1 Experimental Heat Capacity

The experimental heat capacity of BagGa;6Siso is shown in Figure 4.23 and listed
in Table 4.11. The heat capacity of the sample comprised about 15 % of the total heat

capacity at 300 K and 10% at 30 K.

The experimental heat capacity data are those at constant pressure, C,. The
theoretically more interesting C, can be determined from C, through equation (1.2.27).
The additional required data include temperature-dependent thermal expansion
coefficients and bulk modulus but they are not available for BagGa;Sizo. The thermal
properties of the similar clathrate NagSiss have been discussed in Section 4.2.3. The

226

experimental thermal expansion coefficients and bulk modulus®® of NagSiss were used to

estimate (C, —C,) for BagGa;cSizop. Such an approximation should not introduce
significant uncertainty in C, . At 298 K, (C, —C, ) of BagGasSizo is estimated to be

about 5% of C,.
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Table 4.11.

Experimental Heat Capacity of BagGai¢Siso.
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T/K Cp/I K mol™

/K  Cp/TK' mol”

/K Cp/IK! mol’

29.11
29.52
32.63
33.25
33.90
3543
36.13
36.40
37.36
38.07
39.67
40.57
41.10
42.69
44.04
45.00
45.63
47.20
4722
49.44
51.54
51.98
53.77
55.77
56.21
58.02
59.87
60.41
62.21
6391
64.57
66.33
68.10

102
105
114
151
154
189
191
193
247
215
277
300
307
296
309
316
316
348
328
354
345
344
363
383
394
399
426
434
445
438
452
473
476

68.77
70.41
72.28
72.94
74.53
77.08
78.68
81.31
81.88
82.84
85.58
86.05
87.01
89.86
90.25
93.33
94 .45
97.58
98.44
101.86
102.66
106.20
106.92
107.23
108.28
110.52
111.21
111.66
113.77
115.51
117.06
119.84
121.35

473
490
496
508
515
535
540
573
568
574
589
597
617
632
634
656
660
683
687
709
716
719
717
708
728
767
7717
769
781
792
794
805
810

124.13
125.68
128.43
130.05
132.73
134.44
137.01
138.82
141.30
143.21
145.65
147.60
149.93
151.98
154.22
156.35
158.50
160.81
162.79
165.21
167.07
169.55
171.37
173.88
175.35
178.18
179.55
182.51
183.81
186.85
188.11
191.15
192.37

816
822
832
845
877
872
891
899
922
922
936
929
945
949
949
953
958
965
975
1003
983
1006
1010
1024
1032
1042
1042
1048
1048
1054
1069
1079
1083

Continued...



Table4.11.  (continued).

T/K Cp/I K mol” /K  Cp/T K" mol™
195.46 1096 247.69 1253
196.53 1101 248.26 1263
199.78 1112 248.77 1270
200.70 1114 252.42 1276
204.01 1106 253.15 1274
204.90 1118 257.24 1292
208.23 1124 257.98 1285
209.06 1131 260.93 1294
212.49 1140 262.05 1296
213.25 1140 262.85 1295
216.69 1170 265.77 1296
217.21 1173 266.91 1315
218.54 1174 270.57 1301
220.80 1170 271.64 1320
221.28 1158 273.98 1308
222.51 1180 275.55 1318
22267 1167 276.37 1329
22491 1178 280.19 1329
226.50 1190 281.01 1336
226.79 1178 284.97 1337
229.05 1189 285.64 1349
230.46 1187 288.23 1341
230.85 1205 289.53 1349
233.11 1216 290.13 1360
234.35 1200 292.70 1352
234.80 1225 294.10 1365
237.11 1230 294.51 1379
241.05 1238 297.17 1380
243.18 1237 298.50 1386
243 .40 1262 298.92 1396
244 88 1259

179



180

The heat capacity increases smoothly with temperature and approaches the
Dulong-Petit value (1347 J K™ mol™) around 290 K, indicating that all vibrational modes
are essentially fully excited. This temperature is lower than that where NagSiss is fully
excited; it reaches only about 85% of its Dulong-Petit value at room temperature. It is
likely that the framework of BagGa;6Siso is not as stiff as NagSiss due to the Ga-Si bonds
being softer than Si-Si bonds.

The heat capacities'®? of Ba,'** Ga®*?° and Si'*® at several temperatures were
used to evaluate that of BagGa,¢Sizg according to the Neumann-Kopp law. The difference
between the experimental and calculated Neumann-Kopp value is about 2% at 100 K and
increases to 10% at 300 K, which likely reflects from the energy change between the

diamond phase and clathrate.

4.6.3.2 Thermodynamic Stability

Thermodynamic properties can be used to determine the thermodynamic stability
of BagGai6Sizo. They require complete heat capacity at low temperatures. Since the
vibrational data and the elastic properties of BagGa;6Sizo have not been reported yet, the
present experimental heat capacities below 100 K were least squares fit to equation
(1.2.27). The best fit parameters were &p = 186 K and & = 436 K; m = 24 and n = 30.
The fitted heat capacity deviates from experimental values above 40 K by an average of
2%. The heat capacity below 40 K was extrapolated to 0 K according to equation (1.2.27)
and is shown in Figure 4.23.

The enthalpy and entropy derived from the experimental Cp are listed Table 4.12.
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Table 4.12.  Thermodynamic Properties of BagGa6Si3o.

T/K  CplJK mol” (Hr-Ho)kJ mol' (SrSo)/J K" mol” (GrGg)/kJ mol™

5 0.911 0.00227 0.455 0.0000
10 7.29 0.0230 2.73 -0.0043
15 245 0.102 8.63 -0.027
20 558 0.303 19.7 -0.091
25 99.4 0.69 36.6 -0.22
30 149 1.31 59.0 -0.46
35 200 2.19 85.7 -0.81
40 249 3.31 116 -1.31
45 294 4.67 148 -1.97
50 337 6.25 181 -2.79
55 374 8.02 215 -3.78
60 414 10.0 249 -4.94
65 452 12.2 283 -6.26
70 490 14.5 318 -1.717
75 527 17.1 353 -9.45
80 563 19.8 389 -11.3
85 598 227 424 -13.3
90 631 258 459 -15.5
95 663 290 494 -17.9
100 694 324 529 -20.5
105 723 359 563 -23.2
110 751 39.6 597 -26.1
115 778 43.4 631 -29.2
120 804 47.4 665 -32.4
125 828 51.5 698 -35.8
130 851 55.7 731 -394
135 874 60.0 764 -43.1
140 895 64.4 796 -47.1
145 916 68.9 828 -51.1
150 936 73.6 859 -55.3
155 955 78.3 890 -59.7
160 973 83.1 921 -64.2
165 991 88.0 951 -68.9

Continued ...



182

Table 4.12.  (continued).

T/K  CpI K mol’ (Hr-Ho)k molT  (SrSo)T K mol?  (Gr-Go)/kJ mol™

170 1009 93.0 981 -73.7
175 1026 98.1 1010 -78.7
180 1043 103 1039 -83.7
185 1059 109 1068 -89.1
190 1075 114 1097 -94.5
195 1092 119 1125 -100
200 1107 125 1153 -106
205 1123 130 1180 -112
210 1139 136 1207 -118
215 1154 142 1234 -124
220 1170 148 1261 -130
225 1185 153 1288 -136
230 1200 159 1314 -143
235 1215 165 1340 -150
240 1230 172 1366 -156
245 1245 178 1391 -163
250 1259 184 1416 -170
255 1273 190 1441 -177
260 1287 197 1466 -185
265 1300 203 1491 -192
270 1313 210 1515 -199
275 1325 216 1540 -207
280 1337 223 1564 =215
285 1349 230 1587 -223
290 1359 237 1611 -231
295 1370 243 1634 -239
298.15 1376 248 1649 -244

300 1379 250 1657 -247
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With the assumption S, = 0, the entropy of formation for BagGasSizo at 7 = 298.15 K,
determined from the entropies of Ba,'** Ga,>**%° and Si'*® is -69 + 8 J K™ mol"". The
negative entropy change indicates destabilization of the clathrate structure, relative to
elements. The complete entropies of Ba below 298.15 K are not available, so the

entropies of formation of BagGai6Sizo were not listed in Table 4.12.

4.6.3.3 Apparent Debye Temperature

The apparent Debye temperature, ®p, can provide information about
anharmonicity of lattice vibrations. The total heat capacity, C, , discussed in Section

4.6.3.1 was converted to apparent ®p through equation (1.2.21). As for most solids, it is a
temperature-dependent function and approaches a maximum of 430 K around 7' = 160 K,
as shown in Figure 4.24. The apparent ®p decreases above 220 K due to anharmonicity
of the lattice vibrations. It is apparent that replacement of Ga atoms for Si atoms
decreases the stiffness of the silicon clathrate framework and hence the maximum

apparent ®p because of the weaker Ga-Si bond.

4.6.3.4 Griineisen Parameter

The Griineisen parameter is helpful to understand the anharmonicity of lattice
vibrations and phonon-phonon interactions for clathrates of Group 14 elements. The
required data to estimate the Griineisen parameter include thermal expansion coefficients
and bulk modulus, and present total isochoric heat capacity. The calculations of the first

two quantities have been discussed in Section 4.6.3.1. The molar volume was calculated
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Figure 4.24. Apparent Debye temperature of BagGa;6Siag, calculated
from the total heat capacity, C, , discussed in the text.
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from the experimental lattice parameter of BagGai6Sizo at 300 K.?*’ The results are shown
in Figure 4.25. Like most solids, the uncertainty of the Griineisen parameter largely from
thermal expansion. Nevertheless, the estimated Griineisen parameter still can provide
information associated with anharmonicity of the lattice vibrations. At room temperature,
the uncertainty of the Grineisen parameter is around 20%. The increase of Griineisen
parameters at low temperature is from the acoustic phonon scattering by the rattling of
guest Ba atoms in the cages, which agrees with the interpretation of experimental thermal

conductivity.??’

4.6.4 Conclusions

The heat capacity of BagGa;¢Sizo below room temperature was determined. At
298.15 K, Cp, Hr-Ho, St — So and AsS° were found to be 1376 J K™ mol™, 248 kJ mol™,
1649 J K~ mol™ and -69 J K™ mol™, rcspectively. The apparent Debye temperature is a
temperature-dependent function. At 7 = 160 K, it has a maximum of 430 K. The
replacement of Ga atoms for Si atoms deceases the stiffness of the silicon clathrate
framework. An increase of the Griineisen parameter at low temperatures results from the

acoustic phonon scattering by the rattling of guests in the cages.

4.7 Overall Summary for Clathrates
The heat capacities of five Si, Ge, Sn clathrates were determined below ambient

temperatures. Their heat capacities, entropies, enthalpies, and entropies of formation at
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Figure 4.25. Griineisen parameter of BagGa;6Siso, estimated from the

thermal expansion and bulk modulus of NagSiss, the present total heat capacity,
C, , and the experimental lattice parameter of BagGai6Siso. The error bar
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298.15 K are summarized in Table 4.13. The experimental heat capacities for all five

clathrates are shown in Figure 4.26.

Table 4.13.  Summary of Thermodynamic Properties of Clathrates at 77=298.15 K.

Clathrates  Cp/J K" mol”  (Hr-Ho)/J mol” (Sr-So)/J K™ mol” A/ K™ mol™

NagSiss 1159 +6 206+ 1 1310 +7 32+7
SrgGa16Geso 1348 £7 279t 1 2000+ 10 -52+10
SrgZngGesg 1393 +7 283 +1 1988 £ 10 18 +£10
CsgGagSnsg 1564 £ 8 314 +2 2382 + 10 -570 £ 10
BagGa;6Sizo 1376+ 7 248 +2 1649 +8 -69 +8

Among these clathrates, NagSiss has the lowest heat capacity and consequently the
highest apparent Debye temperature at room temperature.

In the Sn clathrate examined, it would appear that the stronger host-guest
interactions result in more negative entropy of formation at room temperature than for the
Si and Ge clathrates.

The Griineisen parameters of the clathrates investigated were estimated. At very
low temperatures, the y values of the Si and Ge clathrates increased with decrease of
temperature while the y of the Sn clathrate was approximately temperature independent.
These results indicate that the anharmonicity of lattice vibrations in Si and Ge clathrates
result from the scattering of heat-carrying acoustic phonons by the rattling of guests in

the cages. However, such resonant scattering is significantly reduced due to the strong
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host-guest interactions in Sn clathrates. These conclusions agree with both experimental

thermal conductivities and lattice dynamic calculations.



Chapter S Thermal Properties of 2,6-dimethylbicyclo[3.3.1]nonane-
exo-2, exo-6-diol
5.1 Introduction

In the late 1970’s it was found that some organic diols, such as 2,6-
dimethylbicyclo[3.3.1]nonane-exo-2, exo-6-diol**® abbreviated as diol 1 and shown in
Figure 5.1, can form a strong helical channel (or tubuland) structure through
intermolecular hydrogen bonds, as shown in Figure 5.2. The most significant difference
between these novel materials and many other hosts such as urea and clathrate hydrates is
that the hydrogen-bonded helical tubuland frameworks of organic diols do not depend on
their guests. By modifying the molecular skeleton of diols, the volume of the unit cell can
be changed significantly from 858 to 1150 A® and the cross-section area from 4.7 to 34
A?, depending on the shape of the channel .2’

Diol 1 has the simplest molecular structure of diols that form helical tubuland
channels.?”® The host molecules in each channel wall alternatively behave either as a
double hydrogen donor pointing inwards or as a double acceptor pointing outwards, as
shown in Figure 5.2. Due to the 2c¢ pitch of the diol chains, there are two independent
helices in each channel wall.?”® Each OH function in diol 1 acts as both hydrogen bond
donor and acceptor along the helical spine of hydrogen bonds, Figure 5.3. All the
channels are parallel to the c-axis and have an equilateral triangular cross section,””'
which is surrounded by six units of diol 1 with an unobstructed area of about 22 A% The
walls of the channels are lined with only hydrogen atoms on the non-polar hydrocarbon
functions of the host molecules. In contrast with urea inclusion compounds, the guest

molecules indiol 1 are not exposed to the hydroxyl groups and generally strong guest-
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Figure 5.1. 2,6-Dimethylbicyclo[3.3.1]-nonane-exo-2, exo-6-diol,
or diol 1. It has C, symmetry and the bridge is on the same side as
the hydroxy groups. These properties of the molecule skeleton

are important for diols to form helical tubuland structures.



192

Figure 5.2.  Double helical arrangement of diol 1 molecules
around one helical tubuland channel with each helix altemativel¥ shaded.
Six units of diol 1 are required for one turn around the channel "
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Figure 5.3. A view along the c-axis of the helical tubuland channel of diol 1.
The cross-section of the channel is an equilateral triangular. The helical
spines of hydrogen bonds are circled.?”!
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host interactions do not exist.

Various guest molecules with different functions and polarities have been
included in diol 1.?7? The typical host to guest ratio is approximately 3:1. Whether a guest
can be entrapped in the channels or not depends on its shape and size. For example,
chlorobenzene is appropriate but mesitylene is too bulky to be included in the channels.
Hence, the latter can be used as a solvent for diol 1. The framework of diol 1 displays a
high elasticity when it entraps the guests. The volume of the unit cell can change from
862 A’ for the acetonitrile compound to 938 A’ for the dioxane compound. The
unobstructed cross-section area of the channel can be altered as much as 62% by
including guests.?’”® The inclusion compounds of diol 1 generally are very stable and the
removal of guests from the channels requires harsh conditions such as sublimation under
low pressure.

As discussed in the previous chapters, the investigation of the thermal properties
of materials provides considerable information such as thermodynamic stability and
structure-property relationships. The empty host of this diol and its highly stable
inclusion compounds provide ideal materials to study guest-guest and guest-host
interactions. In this part of the thesis, the heat capacity and the fusion enthalpy of diol 1

were determined and the thermodynamic stability of diol 1 is discussed.

5.2 Experimental
5.2.1 Synthesis

The sample diol 1 was provided by Dr. R. Bishop of the University of New South
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Wales. It was prepared by the hydration of 2,6-dimethylenebicyclo-[3.3.1]nonane using
the mercuric acetate procedure’*®with a yield of 66%.2"

The crystalline structure of diol 1 has been investigated?’*?”! by X-ray diffraction.
The unit cell has a chiral trigonal structure with a space group P3,21 or its enantiomer
P3,21. The room temperature lattice parameters have values ofa =5 = 12.165 A and ¢ =
7001 A; =B = 90° and Y = 120°2® The O---O distance?”! in the intermolecular
hydrogen bond is 2.812 A. Each unit cell is composed of three diol 1 molecules.

Solid-state '*C NMR showed 5 groups of peaks®” indicating the equivalence of
C-2,6; C-1,5; C-3,7;, C-9,4,8 and C-10,11 where the numbers are the positions of carbon
atoms in diol 1 as shown in Figure 5.1.

Raman spectra for diol 1 have been determined using a Bruker RFS100 Fourier-
transform Raman spectrometer at 83, 163, 217 and 300 K.** Low-temperature
measurements were carried out in a vacuum-jacket, glass cold-finger, which was cooled
by nitrogen gas fed through a coil of copper tubing submerged in liquid nitrogen. The
interior of the finger was bathed in this cooled nitrogen. Variable temperatures were
achieved through the variation of the flow rate of nitrogen gas. The temperature was
determined by copper-constantan thermocouple at the sample site.

A Perkin Elmer Pyris-1 differential scanning calorimeter (DSC) was used to
examine a 10.1 mg sample at a scanning rate of 5 K min™. The apparatus was calibrated
with a standard indium sample, which has a melting point of 429.45 K and fusion

enthalpy of 28.45 J g™
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5.2.2 Heat Capacity Measurement

The solvent-free diol 1 (0.8667 g) was loaded in a glove box under a dry nitrogen
atmosphere. The vessel of the adiabatic calorimeter was sealed in helium gas to increase
thermal equilibrium. The details of operation of the calorimeter have been discussed in

Section 2.4. The heat capacity of diol 1 was determined between 30 and 300 K.

5.3 Results and Discussion
5.3.1 Experimental Heat Capacity

The experimental heat capacity of diol 1 increases smoothly with temperature, as
shown in Figure 5.4 and Table 5.1. The heat capacity from the sample comprised of about
10% of total heat capacity at 30 K and 15% at 300 K.

The heat capacity of diol 1 increases almost linearly with temperature above 40 K
(Figure 5.4) due to the existence of many high-frequency optic modes. At 300 K, the heat
capacity is only about 30% of the Dulong-Petit value, 823.1 J K'! mol’ (3R x 33),
indicating that most optic modes are not excited yet at room temperature.

The experimental heat capacity, C,, is under constant pressure. The calculation
of the physically more interesting heat capacity, C,, requires thermal expansions
coefficients and compressibility, which are not available presently. Thus it was assumed
that C, = C, for further analysis.

The apparent Debye temperature, ®p, calculated from the total heat capacity,C,,

shown in the Figure 5.5, increases smoothly with temperature and has a temperature-
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Figure 5.4.  Heat capacity for diol 1. e and = represent the
experimental and extrapolated values from equation (1.2.27), as discussed
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Table 5.1.

Experimental Heat Capacity of Diol 1.
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T/K  Cpl/T K" mol?! /K  Cp/JK' mol™ /K Cp/JK' mol”
29.70 15.4 120.01 98.6 226.20 189
32.08 19.3 124.04 101 227.44 189
35.58 24.1 128.09 103 228.12 190
38.77 29.6 132.12 109 230.21 192
41.02 31.6 135.82 111 233.40 192
45.10 36.8 140.00 116 234.87 195
45.97 37.0 143.87 120 237.56 196
50.86 40.1 148.01 124 240.60 198
55.63 448 151.93 125 244.73 203
56.97 45.0 156.02 127 245.69 204
60.95 48.6 160.10 129 24783 208
62.95 50.2 164.05 134 251.90 210
66.77 53.0 168.21 136 254.69 210
69.35 54.6 172.05 140 258.78 213
72.58 56.0 176.15 143 261.46 214
76.28 59.6 179.93 150 261.83 218
78.43 61.1 184.13 152 263.44 218
82.90 66.9 189.63 155 265.85 219
83.21 67.6 192.05 157 270.26 221
85.37 69.4 195.93 161 272.29 224
87.86 70.3 197.48 162 273.88 224
90.58 71.5 199.80 163 278.80 229
93.10 74.5 203.79 168 281.14 232
97.52 76.5 207.58 168 282.86 236
98.74 79.6 208.07 169 287.66 241
99.96 81.7 211.65 174 289.74 243
104.49 82.3 215.21 175 291.82 247
107.99 85.7 217.68 177 296.32 253
111.95 91.7 220.62 181 298.35 257
115.99 96.7 222.78 184 300.56 261
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Figure 5.5.  Apparent Debye temperature for diol 1, calculated from
the total heat capacity, C,, as discussed in the text.
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profile typical of solids. At 290 K, ®p approaches a maximum value of 1600 K. The high

®p is related to the large number of high-frequency optic modes in the diol crystal.

5.3.2 Raman Spectroscopy

The Raman spectra of diol 1 are shown in Figure 5.6.27* Although the intensity of
the peaks changes slightly with temperature, the overall variation of the spectra at
different temperatures is rather small (Figure 5.6), indicating that diol 1 has a very stiff

! at 83 K was assigned to that of liquid

framework. The peak appearing at 2330 cm’
nitrogen?”® which was found to condense inside the apparatus during the experiment.
Most peaks are located in the range 100 ~ 1500 cm™. Two other regions are 2850 ~ 3000
cm™ and 3220 ~ 3380 cm™.

In the region 100 ~ 1500 cm™, especially 200 ~ 500 cm™ (Figure 5.7), pairs of
peaks, one pair at ~ 430 cm™ and the other pair at ~ 500 cm™ were clearly resolved at 83
K but severely overlapped at 300 K. In addition, a broad peak around 270 cm™ at 300 K
was separated into two at 83 K and one of the peaks has quite strong intensity, likely
suggesting some change of lattice vibration.

In the region 2850 ~ 3000 cm™ (Figure 5.8) the intensity of all peaks increases
with the decrease of temperature. At 83 K, an additional peak at 2940 cm’™ appears which
might be smeared at higher temperature.

In the region 3220 cm™ ~ 3380 cm™ (Figure 5.9) each peak shifts down about 10

cm’ when the temperature is decreased by 50 K.

The detailed assignment of the Raman vibrational modes will require further
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work. A test of that assignment would be a good fit between the calculated and

experimental heat capacities.

5.3.3 Thermodynamic Stability

Thermodynamic properties are necessary to determine the stability of diol 1. In
order to obtain the complete thermodynamic properties, in absence of a vibrational
assignment which would allow calculation of the low-temperature heat capacity, the
experimental heat capacities below 100 K were fitted with equation (1.2.27) to
extrapolate the heat capacity to 7 = 0 K. The best-fit parameters were & = 190 K and &
= 618 K; and m = 9 and n = 27. The average fitted deviation was 1.6% of the
experimental heat capacity. The increments of entropy and enthalpy relative to 0 K were
calculated from the heat capacity and are listed in Table 5.2. From the entropies of Hj,
0,, C (graphite)'* and diol 1, the standard entropy of formation for diol 1 was
determined to be ~1377 + 7 I mol” K™' at 298.15 K.

The DSC reveals that diol 1 has a long melting path as shown in Figure 5.10. The
peak begins to deviate from the baseline around 430 K and ends at 452 K with an onset
temperature of 450 + 1 K, indicating a gradual collapse of the hydrogen-bonded
framework upon heating. The present melting point is lower than that reported (462 K) in
the literature.?”” The difference is probably due to the fact that the instrument used in the
literature report was not calibrated. DSC results reveal that diol 1 has a fusion enthalpy

change of 25.9 + 0.4 kJ mol™ and fusion entropy change of 57.6 £ 0.8 J K mol™.
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Table 5.2. Thermodynamic Properties of Diol 1.

T/K  CplJK' mol’ (HrHo)/kI mol' (S~So)/JK" mol” (GrGo)/kJ mol™

5 0.105 0.000262 0.0524 0.000
10 0.838 0.00262 0314 0.00052
15 2.82 0.0118 0.993 -0.0031
20 6.47 0.0350 227 -0.0105
25 11.6 0.080 424 -0.0259
30 17.6 0.153 6.87 -0.0529
35 238 0.257 10.0 -0.0946
40 29.7 0.391 13.6 -0.153
45 35.1 0.553 17.4 -0.231
50 399 0.740 213 -0.327
55 442 0.95 254 -0.444
60 48.2 1.18 294 -0.581
65 51.8 1.43 334 -0.737
70 56.1 1.70 374 -0.914
75 60.4 1.99 41.4 -1.11
80 64.5 2.30 45.4 -1.33
85 68.7 2.64 494 -1.57
90 72.8 299 53.5 -1.82
95 76.8 3.37 57.5 -2.10
100 80.9 3.76 61.6 -2.40
105 84.9 4.17 65.6 -2.72
110 89.0 4.61 69.7 -3.05
115 93.0 5.06 73.7 -3.41
120 97.1 5.54 77.7 -3.79
125 101 6.03 81.8 -4.19
130 105 6.55 85.8 -4.61
135 109 7.09 89.9 -5.05
140 114 7.64 93.9 -5.51
145 118 8.22 98.0 -5.99
150 122 8.82 102 -6.49
155 126 9.44 106 -7.00
160 131 10.1 110 -7.55

Continued...
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Table 5.2 (continued).

T/K CoIKTmol" (Hr-Ho)/kJ molT (Sr=So)/T K" molT (Gr~Go)/kJ mol™

165 135 10.8 114 -8.11
170 139 11.4 118 -8.70
175 144 12.1 123 -9.30
180 148 12.9 127 -9.92
185 152 13.6 131 -10.6
190 156 14.4 135 -11.2
195 161 15.2 139 -11.9
200 165 16.0 143 -12.6
205 169 16.8 147 -13.4
210 173 17.7 151 -14.1
215 177 18.6 155 -14.9
220 181 19.5 160 -15.6
225 186 204 164 -16.4
230 190 213 168 -17.3
235 194 223 172 -18.1
240 198 233 176 -19.0
245 202 243 180 -19.9
250 206 253 184 -20.8
255 210 263 188 -21.7
260 214 274 193 -22.7
265 218 284 197 -23.7
270 223 295 201 -24.7
275 228 30.7 205 -25.7
280 233 31.8 209 -26.7
285 238 33.0 213 -27.7
290 244 34.2 217 -28.8
295 251 354 222 -29.9
298.15 255 36.2 224 -30.6

300 258 36.7 226 -31.0
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Figure 5.10. The melting of diol 1 in DSC with scanning rate of

5 K min™'. The fusion enthalpy is 25.9 £ 0.4 kJ mol™. The melting
curve is rather unsymmetrical. The melting point is considered as the
onset temperature (Zonser) Which is the intersection between the
baseline and tangent line of peak with a maximum slope. It has a value
of 450 + 1 K. Thus the melting entropy is 57.6 £0.8 J K™ mol™.
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® molecular crystals with the fusion entropy change

According to Timmermans,?’
below 2.5 R (21 J K! mol™) are plastic crystals, and possess orientational disorder before
melting and have much higher melting temperatures than molecules with similar
molecular weights. However, diol 1 exhibits a much higher melting entropy, 6.9 R (57.6 J

K™ mol™), which is close to Walton’s Rule*”

(i.e., rigid molecules have a fusion entropy
of 6.5 R). Gilson®*® also pointed out that molecular crystals that are ordered prior to
melting have fusion entropies between 6.0 R and 7.2 R. The large fusion entropy of diol 1
indicates that its framework is highly ordered in the solid state. This agrees with the
investigation of heat capacity and is particularly important for the stabilization of the
helical tubuland channels of diol 1.

Urea also forms inclusion compounds with parallel channels through
intermolecular hydrogen bonds. However, pure urea’s fusion entropy,”®' 4.38 R, is much
less than that of diol 1. Such a difference is ascribed to the formation of hydrogen bonds
in liquid urea,?®® which is apparently more difficult for diol 1, likely because of steric
hindrance and relatively random movement of molecules in the liquid state. In the solid
state, the hydrogen bond in diol 1 is stronger than that of urea: the O---H distance in diol 1
is around 1.85 A, assuming that the bond length?” of O—H is 0.956 A as in CH;0H and
the O---O distance®”! in the hydrogen bond is 2.812 A, and this is shorter than the O---H
distance of 2.0 A in either tetragonal or hexagonal urea.”®® The methyl group is also an
important factor in the formation of the helical tubuland framework of diol 1.7”! Hence,
diols form the empty helical tubuland channels while urea cannot support an empty

channel structure.
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The enthalpy of combustion of diol 1 is currently under investigation. With it, the
temperature dependent Gibbs energy and enthalpy of formation of diol 1 can be obtained.
The heat capacity of diol 1 inclusion compounds with various guests will be investigated
in the future. Information about guest-guest and host-guest interactions can be obtained

from the study of the heat capacity of these inclusion compounds.

5.4  Conclusions

The heat capacity and the related thermodynamic properties of diol 1, 2,6-
dimethylbicyclo[3.3.1]nonane-exo-2, exo-6-diol, have been determined below ambient
temperature. At 298.15 K, the heat capacity, enthalpy and entropy relative to 0 K are 255
J mol™, 36.2 kJ mol™ and 224 J mol™ K™!, respectively.

The Raman spectra of diol 1 at different temperatures do not show significant
change of vibrational frequencies, indicating that diol 1 has a very stiff framework and no
solid-solid phase transitions, in agreement with the findings from adiabatic calorimetry.

Diol 1 has a melting point of 450 + 1 K, fusion enthalpy of 259 + 0.4 kJ mol™
and fusion entropy of 57.6 + 0.8 J mol’ K\ Its fusion entropy is in the region of an
ordered molecule crystal rather than that of plastic crystals, suggesting that the
framework of diol 1 is highly ordered. The strong helical tubuland framework of diol 1 is

related to the intermolecular hydrogen bonding.



Chapter 6 Conclusions and Future Directions

The thermal properties of some selected zeolites, clathrates of Group 14 elements
and a channel-forming diol have been investigated and the related thermodynamic
properties below 300 K were obtained. These novel materials do not have solid-solid
state phase transitions in the examined temperature range.

Around room temperature, the heat capacities of most of the studied clathrates
approach the Dulong-Petit value (3NR) while the zeolites and the diol have much lower
heat capacities, indicating that their optic modes are at high frequencies.

In the zeolites, it was found that the higher the concentration of Al, the more
thermodynamically stable the zeolite. The stabilities of zeolites relative to the elements
were found to be enthalpic but not entropic and the formation of zeolites from their
elements is exothermic.

However, entropic effects would be important for the formation of these clathrates
from their elements due to higher energy of clathrate frameworks relative to their
diamond phases. Further study of the heat capacity of different guests in the same
clathrate framework, and the same guest in the different clathrate frameworks would
delineate the role of guest and host in thermodynamic stabilities. Furthermore, if the
enthalpies of formation of these clathrates were determined, their Gibbs energies of
formation could be obtained.

Structurally, the frameworks of zeolites and clathrates of Group 14 elements are
based on covalent bonds while the framework of the diol relies on hydrogen bonds and

steric effects. It is expected that the covalent bonds are thermodynamically more
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stabilizing than the latter. In fact, the framework of the diol begins to collapse near its
melting point, 450 K.

The zeolite NaX has a small Griineisen parameter (much less than 1) and small
thermal expansion coefficient (~10° K™') at room temperature, revealing that zeolite NaX
has a rather stiff framework. At the same temperature, the clathrates examined have
Grineisen parameter values around 2 and thermal expansion coefficients (~10-s K™
typical of most solids. This is due to the much stiffer Al-O and Si-O bonds than Si-Si,
Ge-Ge or Sn-Sn, in agreement with the results obtained from heat capacity investigations.

At very low temperature, the rattling of the guests in the cages of Si and Ge
clathrate frameworks couples with acoustic phonons, increasing the Griineisen parameter
as temperature decreases. Such a coupling significantly decreases the mean free path of
phonons and results in the amorphous-like thermal conductivities of these Si and Ge
clathrates. However, the Griineisen parameter is a constant for CsgGagSnig below room
temperature, indicating that resonant scattering in this Sn clathrate is not important, likely
due to the strong guest-host interactions. These results agree well with both experimental
thermal conductivities and theoretical calculations.

Although the empty frameworks of these zeolites and diol 1 are stable, the
clathrands of Group 14 elements currently are not available except for Sijzs. The study of
thermal properties of the corresponding clathrands certainly would help to develop new
framework materials and to understand structure-property relationships. Moreover, the
investigation of elastic properties also is important to improve the understanding of

thermal properties of these framework materials. Finally, heat capacity determinations of
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the inclusion compounds of zeolites and diol 1 would be necessary to obtain quantitative

information concerning host-guest interactions and to explore their various applications.
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