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Abstract: The thermal properties and transition behavior of the host-guest inclusion compounds: urea,
thiourea, Dianin’s compound, clathrate hydrates and hydroquinone have been reviewed. In particular, we
summarize their thermal conductivities, heat capacities and transitions at high pressures. Two of the
systems: urea inclusion compounds and clathrate hydrates, show unusual glass-like thermal conductivity
K, i.e. their x is low and only weakly dependent on temperature despite their crystalline structure.
Moreover, results for x of Dianin’s compound with guests such as ethanol and CCl, indicate a change
from glass-like k¥ at atmospheric pressure to crystalline-like x at elevated pressure, whereas x of
hydroquinone and thiourea inclusion compounds appears not to have been studied. Despite the
technological and fundamental importance of the unusual glass-like x, e.g. the use of inclusion compounds
as structural model systems for finding improved thermoelectrical materials, the origin of the glass-like x
is not established. More specifically, the commonly employed rattling model, in which rattling guest
motions cause resonance scattering of the acoustic host phonons, has recently been challenged, and we
discuss alternative models. Heat capacity studies of these compounds reveal numerous transitions, which
are associated with guest and host disorder-order transitions upon cooling and pressurization. A
transition in hydroquinone may be of second order, or have only a small first-order component, which can
explain discrepancies in the observed transition behavior. On pressurization at low temperatures,
clathrate hydrates collapse to an amorphous state, which appears to be a glassy state of a water solution

with perfectly spaced solute molecules.

Keywords: Glass-like behavior, Heat Capacity, High Pressure, Inclusion Compound, Phase Transition, Phase

Diagram, Pressure Induced Amorphization, Thermal Conductivity, Structure, Glassy water solution.



INTRODUCTION
Host-guest compounds

There are a significant number of compounds that are referred to as “host-guest” compounds. [1] The
classification into this type of compound is not always straightforward and sometimes somewhat arbitrary. This
review of work done under high pressure is restricted to the subclass where the host forms a lattice with cages or
channels, which can accommodate relatively weakly interacting guests. These host-guest species are commonly
referred to as inclusion compounds or clathrates [1,2]. In the compounds, the guest and host molecules interact
without strong ionic and covalent bonds and the guests are trapped in the framework formed by the host. We
focus on five different compounds or classes of compounds: urea, thiourea, hydroquinone, ice clathrates and
Dianin’s compound and the effect of direct or indirect guest-host interaction on their phase behavior and thermal
properties, and specific features caused by high pressure densification. In particular, we review the effects on
thermal conductivity, but we also present rare data for their heat capacity under pressure. Clathrates provide an
ideal system for studies of atoms or molecules in nanometer sized cages, and several clathrates show unusually
low and almost temperature independent thermal conductivity, which mimics that of glasses. Their common
structural features have therefore been used as model for finding crystalline materials with low thermal
conductivity, e.g. to identify potential materials for improved thermoelectrics, i.e. materials that generate a
voltage when subjected to a temperature gradient, or vice versa. This bright idea proposed by Slack lead to the
introduction of skutterudite thermoelectrics [3,4]. Moreover, as discussed in a detailed review by Struzhkin et al.
[5], clathrates have also been suggested as candidate materials for hydrogen storage.

The properties of several of the selected compounds at atmospheric conditions have been discussed in the
comprehensive book by Staveley and Parsonage [6], and the theory of clathrates has been reviewed by
Belosludov et al. [7]. The thermal conductivity of clathrate hydrates have been discussed by English and Tse [8]
and the transition behavior and heat capacity of numerous clathrate hydrates at atmospheric conditions have been

reviewed by Yamamuro and Suga [9].

Significance of high pressure studies

Application of high pressure provides a few important advantages compared to atmospheric pressure studies.
In particular, high pressure helps in understanding material properties and may lead to new important
technological materials. The most obvious effect of applying high pressure is strong densification of a material,
which can occur without reduction of thermal energy. One can therefore derive the density dependence of a
property. If the density dependence is independent of temperature, or only weakly dependent, the effects of
changing volume in isobaric studies can be separated from other effects of changing temperature (thermal
energy). One example, which is briefly discussed in this work, is the density dependence of the thermal
conductivity, or the Bridgman parameter. With the aid of such data, it has been shown that the commonly
observed change from a weakly positive temperature coefficient of the thermal conductivity below a glass
transition to a negative coefficient above can be attributed entirely to the effect of changing density, or thermal
expansivity, at the glass transition. However, most importantly, exposing a system to external pressure can
introduce much larger changes in its Gibbs free energy than are possible with temperature. This gives potential
access to a wide range of new materials with unknown chemical and physical properties. High pressure studies

have also provided a new method to obtain amorphous materials, e.g. amorphous solid water [10], which have



furnished important results such as polyamorphism in water. This remarkable finding has subsequently been
used as the basis for a new model of water’s structure and unusual behavior [11]. But the increased complexity
of measurements under high pressure limits the activity in this field. In particular, thermal property studies at
high pressure are rare because these typically require large volume capacity, and this excludes the use of
diamond and sapphire anvil cells. Despite relatively few studies, there are several extraordinary findings reported

for the inclusion compounds discussed in this work.

Thermal conductivity measurements

We here provide a brief account of a more extensive review of methods and theory used in high pressure
thermal conductivity x studies [12]. The general theory for k is supplemented with the phenomenological model
commonly used to account for the unusual glass-like x of some inclusion compounds.

Measurements of x under pressure are relatively rare but have an advantage that the risk of poor thermal
contact between the probe and a solid sample is avoided. In the past, measurements were done using only steady-
state methods, but these are subjected to relatively large uncertainties and are impractical for several reasons: (i)
the dimensions of the sample must be determined, (ii) heat losses must be taken into account, and (iii) a static
temperature gradient must be established, which may take up to an hour depending on the set-up. All these issues
are resolved by using dynamic methods. There are various dynamic methods [13], and those which employ
metallic heaters: e.g. hot-wires and hot-strips, have proven successful for high pressure studies up to a few GPa
[14], whereas extreme pressures require methods based on diamond anvil cells [15]. Hot-wire methods are
probably the most accurate, because hot-strip methods normally require substrates. These reduce the signal from
the sample and their thermal properties must be determined, which increases the uncertainty. An additional
advantage of dynamic methods is that these typically also give values for the heat capacity per unit volume,
albeit with a rather large inaccuracy. In our studies, we have used the transient hot-wire method, but the theory
of hot-strip methods is similar.

The hot-wire method is based on a solution of the time-dependent equation for heat conduction. The exact
solution of the temperature rise A7 for an infinitely long, infinitely conducting wire immersed in an infinitely

large specimen was derived by Carslaw and Jaeger [16]:

2qa2 ® l—exp(—/)’uz)

AT = du,
K 6uS{(uJO(u)—aJl(u))z+(uYO(u)—aY1(u))2 .

(1

where ¢ is the constant heating power per unit length, a=2pc,/(p,.c.), =K t/(pc, #?), t is the time, r is the radius
of the hot-wire, p and ¢, are the density and specific heat capacity of the specimen, p,,and c,, are the density and
specific heat capacity of the hot-wire, J, and J; are Bessel functions of the first kind of zero and first order, Y
and Y; are Bessel functions of the second kind of zero and first order.

The hot-wire probe used in high-pressure studies is typically made of a Ni alloy, which is both mechanically
strong and has an electrical resistance that varies relatively strongly with temperature. This makes it well-suited
for hot-wire experiments. The wire is mounted in a Teflon® sample cell for use as both heater and temperature
sensor (Fig. 1). Due to the limited space available in the sample cell, and the requirement of a long hot-wire, the
wire is placed in a ring of constant radius within the cell, and then immersed in the medium under investigation.

To supply the load, hydraulic presses are used in combination with piston-cylinder type of pressure vessels, and
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in some cases the whole set-up is enclosed in vacuum to avoid frosting in low-temperature investigations [17].
The values for x and pc, are obtained by fitting Eq. (1) to experimental values for the temperature rise of the hot-
wire, which are measured simultaneously as the wire is heated with a short heating pulse. The inaccuracy is
estimated as 2% in k¥ and 5% in pc, However, in the latter case, and sometimes for unclear reasons, we have
occasionally observed larger deviations from more accurate methods. At low pressure, this can be due to poor
thermal contact that strongly affects the initial part of the hot-wire temperature rise, which is most important to
obtain accurate values for pc,,.

At phase and glass transitions, the hot-wire method gives anomalous results due to exothermic and
endothermic heating and enthalpy relaxation, and these features are superimposed on real changes in x. An
endothermic transition occurring at an equilibrium phase line gives typically an anomalous peak in x. This
occurs when the enthalpy of the transition retards the transient heating of the hot-wire probe. The effect of a
sluggish exothermic, non-equilibrium, transition on « is more difficult to anticipate. Cold-crystallization gives a
real increase in x, which may be superimposed on an anomalous decrease caused by the heat evolution. In the
vicinity of a glass-liquid transition, k¥ and pc, often show an anomalous peak and dip, respectively. These arise
because the heat capacity increases in a sigmoid shape manner on heating a glass through this range, and the
change depend upon time, i.e. the heat capacity is time dependent on the time-scale of the measurements [18].
But in the fitting of Eq.(1) to the experimental data for the hot-wire temperature rise both fitting parameters, x

and pc,, are treated as constants.

The Debye model for thermal conductivity

Although we do not here use theory to fit the experimental data available in the literature, we still present the
theoretical framework used in discussions of heat conductivity and the equations required for quantitative
analyses. This outline also shows the importance of results obtained in high pressure studies for making the best
comparison between theory and experimental results, and how the unusual glass-like k reported for some of the
inclusion compounds can be described by a phenomenological model, which originates from the picture of
rattling guests in the cages of a host structure.

Results for k, are often discussed in terms of the simple Debye formula [19]:

K=%pc,,v€, ()

where p is the mass density, cy is the specific heat capacity at constant volume, v is the phonon velocity and ¢ is
the phonon mean free path. This simplified equation is easily derived by assuming that the heat is carried by
particles, phonons with a heat capacity per unit volume pcy, that travel a distance ¢ in between each collision.

Eq. (2) may be used to discuss x of crystals at relatively high temperatures near the Debye temperature and
above. Generally, the main carriers of heat are acoustic phonons and, at high temperatures, their heat capacity is
roughly constant. The density and the phonon velocity decrease slightly with temperature, but normally the
temperature change in x is determined by the change in the phonon mean free path. In crystals, it is typically
limited mainly by three phonon-phonon Umklapp scattering, i.e. processes where two phonons combine into a,
new, third phonon with a wave vector outside the first Brillouin zone. The consequence is that the phonon
momentum will not be conserved and the new phonon will move in a different, nearly opposite, direction than

that suggested by the sum of the combined phonons’ momentum, which explains the term “Umklapp” or flip-
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over. At high temperatures, the number of phonons that can participate in Umklapp scattering processes
increases in direct proportion to temperature. It follows that the mean free path varies inversely with temperature
and, accordingly, x as T'"'. This is also observed for many crystals and we here refer to it as crystalline-like k. A
stronger temperature dependence than this suggests that other, e.g. higher-order, phonon-phonon scattering
processes become effective in limiting the mean free path and/or that the thermal expansion causes a significant
decrease in k. Slightly weaker temperature dependence indicates that structural scattering, such as scattering on
grain boundaries, impurities and point defects, is also significant.

If instead the phonon mean free path in Eq. (2) is constant, e.g. due to lack of long-range structural order,
then k is governed by the weak changes in the three other parameters: p, v and /. This is an assumption which
may be done to understand the behavior of liquids and glasses at high temperatures. In the case of an amorphous
state, the disordered structure does not allow for long-range phonon propagation, at least not for high frequency
excitations. Therefore the concept of phonons in glasses and the use of Eq. (2) might be disputed. However, the
equation should be applicable for samples in which the crystal sizes are small enough to make boundary
scattering the dominant scattering source. In these cases, / would become small and almost independent of
temperature, which is the behavior observed for glasses, and it is here referred to as glass-like k.

At a glass transition temperature, T, experimental results show that the temperature derivative of x (dx/d7)
typically changes from small and positive to small and negative. If / is constant in Eq. (2), then a positive d«/dT
must be due to an increasing heat capacity, because v and p normally decrease with temperature. The change to a
negative value at T, can be described quantitatively by Eq. (2) through the increase in the thermal expansivity
which decreases the density [20].

A constant mean free path, explains the weak temperature independent x of glasses and liquids, but also a
few cases of well-ordered crystals show deviant behavior from crystalline-like x. In particular, clathrates take a
prominent place among crystalline systems that show glass-like k. This unusual feature was first observed for ice
clathrates [21] and lead to the “rattling”, or resonance scattering, model where rattling guest motions are
assumed to strongly scatter phonons, as suggested by Tse and White [22], and Slack and co-workers [3, 23].
Although support for the model has been presented [24], it was recently challenged, at least for the cases of La-
and Ce-filled FesSby, [25] and BagGa,Ge; (type I clathrate) [26].

Eq. (2) can also be used to understand the change of x of crystals at an isothermal increase of pressure.
Isothermal densification typically increases the Debye temperature, which decreases the heat capacity. With
only a few exceptions, all the other parameters in Eq. (2) (p, v, [) increase. The density must increase at
increasing pressure and this normally leads to increasing phonon velocity. (In e.g. ice, however, the transverse
sound velocity decreases.) When the Debye temperature increases then the number of phonons that can
participate in Umklapp processes also decreases, which leads to a slight increase of the mean free path.
Moreover, normally the lattice becomes more harmonic when pressure is applied, i.e. the Griineisen parameter
(=d In v/d In p, where v is the phonon frequency) decreases. As a result, the coupling constant between phonons,
which is typically proportional to the square of the Griineisen parameter [27], decreases and this leads to less
frequent phonon scattering. Thus, Eq. (2) predicts that k of crystals should increase with pressure, which is also
almost invariably observed in experiments. For glasses and liquids, the change of k with pressure is again

governed by the changes of: ¢y, p, and v since the mean free path remains about constant. As for crystals, ¢y



may decrease slightly but the increase of p and v more than well compensate for this decrease, and k should
increase. This behavior has also been observed for all liquids and glasses with only one exception, the low
density amorphous state of ice [28].

The Debye formula described by Eq. (2) can be used in qualitative and simple quantitative comparisons
between theory and experimental results at temperatures higher than the Debye temperature. However, in a more
realistic comparison it is necessary to take into account the frequency dependence of scattering processes,
especially at low temperatures. This includes the range where Umklapp scattering ceases because of a vanishing
number of phonons with wave vectors near the limit of the first Brillouin zone. As a consequence, the relative
importance of scattering processes due to defects increases. Under these conditions, it is common to calculate a

relaxation time for each phonon frequency, and the equation becomes [29]:

kT3  (6p/T x*e¥ hw
=— T(x)——=dx ; =—
2vi2h3 fO ( )(ex—1)2 ’ x kgT 3)

where 0 p is the Debye temperature, T (x) is the resultant relaxation time, w is the phonon angular frequency
and the other symbols have their usual meanings. A requirement for the validity of Eq. (3) is that the
redistribution of phonons by normal phonon-phonon processes and its (indirect) contribution to the thermal
resistivity can be ignored. Moreover, in the form given here, no distinction is made between transverse and
longitudinal modes other than that the phonon velocity can be calculated as a weighted average of the modes.
The relaxation time for three-phonon Umklapp processes has been written in various forms, but one of the

most common form used at <6, is given by [29,30]:

_(G_D)

T, (x) = A x2T3e ‘BT 4)

where A is the scattering strength for three-phonon Umklapp scattering and f is a constant. To account for
scattering processes associated with structural defects, e.g. point defects, boundaries etc., additional terms must
be included [29,30]. Moreover, it has been suggested that the rattling of guest molecules in clathrates can give

rise to strong phonon resonance scattering, i.e. the rattling model, and various scattering terms have been derived

to account for this effect. Adding these terms together typically gives a total relaxation time:

T1(x) = Ax2T3e (7)1 B o7t +§+N0Dw‘§§—‘:;)2 )
where B and C are constants which normally are associated with point defect and boundary scattering,
respectively [29,30]. The last term is a phenomenological expression used to account for resonance scattering
when it is associated with a single (rattling) frequency wg [22]. Ny is the concentration of resonance scatters, or

guests, and D is a coefficient describing the coupling strength between phonons and guest vibrations.
Also other scattering terms may be included, but at moderately high temperatures (~6 p), there is a
relatively small difference in the temperature dependence of x between cases where the dominating scattering
processes differ only weakly in phonon frequency dependence. For example, scattering from strain fields of

1

dislocations (7~ « w) [29,30] yields about the same dependence as one governed by a constant relaxation time,

i.e. the same as for boundary scattering. Thus, the results discussed in this review, which typically concerns
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temperature above 50 K, can be described by a total relaxation time of the form given by Eq. (5). Under such
conditions, the point defect and boundary scattering terms in Eq. (5) can also roughly account for scattering
processes which have slightly different dependence on phonon frequency.

The theory described by Eqgs. (2) and (3) assumes that the sample volume is constant, i.e. these do not take
into account changes in k due to thermal expansion. Consequently, to make a quantitative comparison between
theory and experimental results, the measured isobaric data should be transformed to isochoric conditions. This
requires measurements of x when the sample is densified under isothermal conditions, and shows one major
importance to employ high pressure in these studies.

The change in x due to expansion alone is given by [20, 31]
dink dink
(57), - (57), = - Q

where g (=dIn /9 In p)r is the Bridgman parameter and « is the volume thermal expansivity. Consequently, data

for both thermal conductivity and density as a function of pressure are required for employing Eq. (6).

Heat capacity measurements

Heat capacity investigations under high pressure are probably even rarer than thermal conductivity studies.
High accuracy methods such as adiabatic calorimetry have poor compatibility with the need to apply high
pressure. Yet some have used gas pressure in combination with adiabatic cells and pressures up to about 0.25
GPa have been reached [32]. But to obtain very high pressures clamped cells must be used [33]. In this case, a
limitation is that the pressure cannot easily be changed other than at room temperature, and it can also not be
kept constant as the cell and sample volume changes on heating and cooling. Non-adiabatic methods are less
accurate but better suited for high-pressure studies. Most common are methods based on metal heaters in
combination with piston-cylinder apparatuses or multi-anvil cells [34]. One of these is the hot-wire method,
which is describe above, and others are based on thin-film heaters that are placed (evaporated) onto a substrate or
directly on a (solid) sample. The draw-back of the latter technique is that the thermal properties of the substrate,
or those of the pressure transmitting medium, must be subtracted. Moreover, a general problem with dynamic
methods is that they typically give the heat capacity per unit volume (i.e. the density must be known to obtain the
heat capacity per unit mass) or the thermal diffusivity, which requires the thermal conductivity. (The hot-wire
method gives both x and pc,.) More recently, methods based on laser heating in diamond cells have been
developed, and these permits studies at very high pressures of up to at least 20 GPa [15,35].

In studies of inclusion compounds, the use of a gas to apply pressure provides the great advantage of, in-situ,
production of gas clathrates. That is, the gas system can both be used to study the effect of pressure on
transitions and heat capacity and to produce the clathrate sample. Yamamuro et al. [32] used their high-pressure
system to obtain high-accuracy heat capacity data for Ar clathrate hydrate. This is one of few high-accuracy
studies of the heat capacity for clathrate hydrates under pressure. It showed that their assumption of an ice host
lattice with the same heat capacity as hexagonal ice, and an excess heat capacity due to that of the guest,
reproduced “fairly well the experimental data”. Using a simple one dimensional Pdschl-Teller potential for the
potential wells of the Ar atoms, with two free parameters; the diameter of the clathrate cages and the stiffness,
the model suggested cage sizes of 2.2 A and 3.8 A for the D and H-cages, respectively, which are less than their

actual sizes (7.8 A and 9.4 A —see section about clathrate hydrates). However, Yamamuro and Suga [9] also



concluded that the same assumptions for Xe and Kr clathrate hydrates could not describe well the experimental

data.

TRANSITION BEHAVIOUR AND THERMAL PROPERTIES UNDER PRESSURE
Hydroquinone

Hydroquinone (HQ) can exist in three different crystalline forms under atmospheric pressure conditions: ¢,
p and y. The stable ambient phase of pure HQ, i.e. without guests, is the a-form, where HQ crystallizes in the
rhombohedral space group R3 with 54 molecules in each unit cell of hexagonal dimensions: a = b = 38.46(2) A,
¢ = 5.650(3) A and a density of 1.36 g cm” [36]. Both the - and y-forms are metastable under ambient
conditions. The latter, which is monoclinic, P2,/c, a= 8.07, b= 5.20, c= 13.20 A, = 107 ° with 4 molecules per
unit cell and a calculated density of 1.380 g cm™ [37], can be produced by sublimation of a solution in ether. The
p-form is typically obtained in association with clathrate formation, but may remain metastable even if the guest
species are removed by heating. The S-form shows a hexagonal structure, a= 16.61 A and ¢ = 5.511 A (space
group R3), with methanol guests [38], and commonly roughly similar values for @ and ¢ for the S-form with
other guest species, e.g. HCI, HBr, H,S, C,H, and SO, [39, 40]. The “empty” pB-form, i.e. without guest
molecules, has a density of 1.258 g cm™ [41].

Yet another form of HQ, the d-form, has been detected at elevated temperatures and pressures by Naoki et
al. [42]. In their differential thermal analysis (DTA) and volume measurements, they observed an endothermic
transition from the o-form to a slightly denser phase (1.355 g cm™ at 443.3 K and 78.5 MPa) on isobaric heating
above 0.03 GPa. Naoki et al. [42] used their DTA and volume results under pressure together with atmospheric
pressure results to calculate the high pressure properties of the J-form from thermodynamic relations. The
temperature-pressure 7-p phase line between the o-form and the new J-form has a negative slope, as shown in
Fig. 2. Accordingly, the 6-form has higher entropy and they also derived a significantly higher molar heat
capacity for the d-form than that of the a-form. The heat capacity of the d-form is close to that of the liquid,
which Naoki et al. attributed to “rigid body vibrations and/or librations”. Another possibility could be that the -
form has some degree of rotational freedom. However, the d-form is far from fulfilling the entropy definition of
a plastic crystal, i.e. a crystal with a significant degree of rotational freedom. In terms of Timmermann’s
definition [6,43], a plastic crystal shows an entropy of fusion of less than SR/2, where R is the gas constant.
Although the J-form has a large molar heat capacity close to that of the liquid their entropies differ more than 6R
[42].

Subsequently, the a-form of HQ was also studied by Rao ef al. [44] using Raman spectroscopy under high
pressure. During isothermal pressurization in a diamond anvil cell at room temperature, they observed changes in
the Raman spectra suggesting two transitions at 3.3 GPa and 12 GPa, respectively. The 3.3 GPa feature was
attributed to a new phase, but considering the results of Naoki et al. [42], it may correspond to the o to &
transition, which they observed at lower pressures and high temperatures. The transition line obtained by a linear
extrapolation of Naoki et al.’s data intersects the room temperature isotherm at 1.7 GPa, i.e. significantly below
3.3 GPa. However, due to the limited pressure range of Naoki et al.’s study (below 0.1 GPa), this can be
accounted for by the uncertainty of the extrapolation in combination with significant pressure inaccuracy in

diamond anvil cells. In the phase diagram in Fig. 2, hypothetical phase lines have been inserted assuming that the



two phases are identical. Rao et al. [44] found that the 3.3 GPa transition was reversible upon pressure decrease,
but with a significant pressure hysteresis, and the ambient pressure phase was recovered below 1.3 GPa. Rao et
al. [44] hypothesized that the transition is a group-subgroup transition involving loss of inversion symmetry, e.g.
a trans-cis conformational change. The results of Naoki ef al. [42] show that their a to § transition is a first-order
transition but with only a small volume change of about 1%. As mentioned, the changes in heat capacity and
thermal expansion coefficient are, however, large. Consequently, by studying any of these properties, it should
be possible to map the transition line up to higher pressures and investigate whether or not the new phase
suggested by Rao ef al. is identical to that studied by Naoki ef al.

Rao ef al. [44] noted that the transition at 12 GPa is associated with an extensive broadening of the Raman
lines caused by an increasing disorder, and they suggested that this is due to a hindered transition to a y-
hydroquinone-like structure. They discussed this feature in terms of pressure induced amorphization into an
amorphous-like structure that occurs in some hydrogen-bonded systems such as ice, which is the most well-
known example [10]. It has been suggested that the pressure induced transition from hexagonal ice to amorphous
ice occurs due to a mechanical instability of the crystalline hexagonal ice phase [45]. This instability forces a
transformation into a denser phase, and the thermodynamically most stable phase is typically another crystalline
phase (ice VI). However, for kinetic reasons, this transition is obstructed and when the crystalline phase becomes
mechanically instable, it instead collapses to an amorphous state. The work of Rao et al. [44] suggests that
something similar may occur for HQ at 12 GPa. However, Rao ef al. [44] also noted that “nonhydrostatic effects
start increasing beyond pressures of about 11 GPa”, which provide an alternative explanation for the observed
broadening of the Raman lines. Although, this work does not provide indisputable evidence for pressure induced
amorphization in a clathrate system, such evidence exists for ice clathrates, which is discussed further below.

In two recent studies, Yoon and coworkers [46,47] investigated both the S-form, with and without a guests
(Nand CHy), and the a-form of HQ under high pressure conditions. They studied the structural changes at room
temperature using synchrotron X-ray scattering and Raman spectroscopy but found no evidence for a transition
in the a-form up to 8.8 GPa, despite the report of a transition near 3 GPa [44] and the well-established « to 6
phase line at high temperatures, which also suggests a transition upon isothermal pressurization at room
temperature [42]. Although the transition at elevated temperatures and pressures is a first-order transition, the
lack of features of Yoon and coworkers’ [46,47] X-ray spectra suggests that any transition at room temperature
must be of second-order, or have only a weak first-order component.

Yoon and coworkers’ study of the S-form shows that the empty lattice transforms irreversibly into the stable
a-form at 0.4 GPa, which thus remains stable upon pressure release. The N, or CHy4 loaded f-form shows a
structural transition at 4 GPa and 5 GPa, respectively, which causes a gradual release of N, from the clathrate
structure on further pressure increase. This transformation is reversible and the original f-structure is thus
recovered upon pressure decrease.

HQ with guests such as HCN and methanol also shows an interesting transition on cooling at ambient
pressures. Matsuo and coworkers [48,49] used adiabatic calorimetry and dielectric measurements and revealed
ordering transitions at 177.8 K in the HCN clathrate, and in the range 44.4 K to 65. 7 K in the methanol clathrate
depending on the methanol occupation fraction, which varied from 0.728 to 0.974. They concluded that these

transitions are due to orientational ordering transition of the guest molecules.



In the case of HQ, one can conclude that two studies suggest a transformation in the a-form upon pressure
increase, but that this is not well-established and require further studies because of lack of features in structural
studies. There seems to be no investigations of thermal properties under high pressure conditions other than that
of Naoki et al. [42], which concerned pressures below 0.1 GPa. But considering the large difference in the heat
capacity between the a- and §-forms, such a study would probably be rewarding and would likely resolve the

issue concerning a possible a to § transformation on isothermal pressurization at room temperature.

Urea and thiourea

Urea, which is also referred to as carbamide, has the chemical formula CO(NH;),. Thiourea is the sulfur
analog of urea and has, accordingly, the chemical formula CS(NH;), The fundamental properties of both urea
and thiourea and their inclusion compounds have been reviewed by Harris [50].

The phase diagram of urea for pressures up to 1 GPa and temperatures in the range 271-430 K, shown in Fig.
3, was established by Bridgman [51,52]. Bridgman used volume measurements and reported three solid phases:
phase I, II and III, where phase II is stable at pressures above about 0.65 GPa and temperatures above 375 K
(Fig. 3). Subsequently, Hamann and Linton [53] used infrared measurements at room temperatures and verified
the existence of phase III. More recently, urea has been studied at room temperature at even higher pressures,
and two new phases were reported: Phase III transforms into phase IV at about 2.8 GPa and further to phase V at
7.2 GPa [54,55].

Urea crystallizes in a tetragonal lattice, P42;m [56] (Phase I). The structure of phase II is unknown but
phases III and IV have been studied in detail and these are both orthorhombic with space group P2,2,2;
[54,55,57 ]. Phase V has been suggested to be orthorhombic with space group Pmcn [54,55].

At atmospheric pressure, phase I is stable, or metastable, from the freezing point down to low temperatures.
No transition to a more ordered low-temperature modification has been established, but there are a few reports of
features indicating a constrained transition on cooling below room temperature [58]. Moreover, the phase
diagram suggests that phase I can be metastable below 218 K [59], still adiabatic heat capacity results provide
negative evidence for a transition [60]. Thus, urea can be among the quite a few cases for which a transition to a
phase with the lowest Gibbs energy is obstructed for kinetic reasons. One of the most famous case is hexagonal
ice, which remains stable down to 0 K despite that proton-ordered phase, ice XI, is the thermodynamically stable
state [61]. The latter can only be obtained after suitable doping, e.g. with KOH, which relaxes the ice rules [62]
that restricts proton movements and a transition into the proton ordered ice phase XI. The phase diagram of urea
suggests that a transition from phase I to phase III should occur at about 220 K on cooling at low pressures and,
thus, that phase III is the thermodynamically stable phase below 220 K at atmospheric pressure.

A study of the thermal properties of urea [59] shows that phase III has about 20% lower x than phase I (Fig.
4), despite its 7% higher density [63]. A decrease in K at a pressure induced transition is rather unusual but it has
been observed before, e.g. for KBr [64]. In the case of KBr, the transition was sluggish, which also was the case
for urea at low temperatures. This is shown by the wider transition range at 252 K compared to that at 295 K
(Fig. 4a and 4b). From the temperature dependence of x (Fig. 4d), it was deduced that three-phonon Umklapp
scattering was the dominant scattering process in both phases I and III of urea [59]. In terms of the simple Debye
formula, Eq. (2), the significant difference in the magnitude should therefore be due to a stronger scattering

strength (shorter /) and/or lower phonon velocity in phase III. The recent comprehensive study of the phase I and
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III structures [57] provides further information concerning the unusual decrease of x at the transition to the high-
density phase III. Based on their structural analysis, Olejniczak et al. [S7] established a major change in the
hydrogen-bonded network at the phase I to phase III transition. In particular, some hydrogen bonds break and the
dimensions of others change significantly. In phase I, each molecule forms eight hydrogen bonds, but only six in
phase III. Thus, this drastic change in the hydrogen bonded network may explain the unusual decrease in k.

The heat capacity per unit volume of urea, show the typical behavior of molecular solids. That is, it increases
with increasing pressure, and decreases with decreasing temperature (Fig. 4). At equilibrium phase transitions,
the measurement method used in this study, the hot-wire method (see above), gives anomalous results because of
the heat of transformation. But the results above and below this range, suggest that pc, is almost continuous
through the transition. At low pressures, ca. 0.15 GPa, the derivative of pc, changes discontinuously (Fig. 4a).
Concurrently, x shows a small dip (Fig. 4b), which provides weak indications of a higher-order transition, e.g. a
freezing of a molecular motion. If this is indeed the case, then the transition is almost independent of
temperature. However, there are no other reports that suggest a transition in this pressure range.

If we turn to the inclusion compounds of urea, then the most common structure is hexagonal with a<8.2 A
and c=11.0 A and space group P6,22 or P6522 [65,66]. The urea molecules form a hollow channel structure with
linear parallel tunnels that, e.g., n-hydrocarbon molecules can accommodate. The periodicity of the urea host and
the periodicity of the guest are normally incommensurate along the channel axis. At high temperatures, the guest
may be relatively mobile and reorient, but as the temperature is lowered, the reorientation typically ceases at an
ordering transition, which is also accompanied by a change in the structure. Toudic ef al. [67] have studied the
phase behavior and structures of deuterated urea-nondecane inclusion compound under pressure, and they
suggested the phase diagram shown in Fig. 5. They observed four phases and reported that “All the phases (I, II,
111, IV) require a description within a crystallographic superspace: hexagonal for the phase I, orthorhombic for
the phases II, III and IV.” This appears to be one of few structural studies of urea inclusion compounds under
pressure. Unfortunately, k¥ and ¢, of urea-nondecane inclusion compound have not been studied. Ross has,
however, measured x of urea-hexadecane inclusion compound [68]. Ross measured k at 0.1 GPa pressure and
reported indications of a phase transition at 160 K (see Fig. 6), in agreement with results of an earlier heat
capacity study by Pemberton and Parsonage [69]. Moreover, Ross noted that k of the high temperature phase
was independent of temperature and that x of the low temperature phase decreased only weakly with
temperature. These behaviors are far from the 7~ behavior commonly found for ordered crystals. In Fig. 6b,
the results for the urea-hexadecane compound are plotted against temperature at 0.1 GPa, together with results
for (metastable) phase I of urea at 0.28 GPa. The difference is striking as the latter shows typical crystalline-like
K, whereas the inclusion compound show glass-like x. This was not the first crystalline material that had shown
such deviant behavior. As noted above, Ross and coworkers [21] first discovered this in ice clathrates, which
was a remarkable finding. It was initially attributed to the orientational reorientation of the guests, which was a
logical conjecture since x of many orientationally disordered phases, both in frozen states (glassy crystals) and in
unfrozen states (e.g. plastic crystals), show similar behavior as that of liquids and glasses [64,70]. But since also
ice clathrates with monoatomic guests show glass-like behavior at temperatures above 100 K [71,72], this cannot
be the origin for the weak temperature dependence of x. The weak temperature dependence can, however, be
semi-quantitatively described by the phenomenological model, which attributes the weak x(7) to resonance

scattering (see Eq. (5)) [22].
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If we consider thiourea, then the phase diagram depicted in Fig 7 shows a more complex transition behavior
than that of urea. At room temperature, thiourea crystallizes in an orthorhombic lattice in space group Pbnm with
a=5.488, b=7.663 and c=8.564 A and shows a closely-packed hydrogen bonded structure. The phase (phase V) is
paraelectric but transforms to a ferroelectric phase (phase I, Pb2;m, Z =4) at 202 K, via several intermediate
higher-order transitions. The phase diagram has been the subject in several studies [52,73,74,75] and the one
depicted in Fig. 7 is based on a summary made by Gesi [74].

The thermal conductivity of a single crystal of thiourea has been studied by Menon and Philip [76] using a
photopyroelectric technique (Fig. 8). Their results indicate a crystalline-like x, which is similar to the behavior of
urea. However, the magnitude at room temperature is about 100 W m™ K in thiourea and 1 W m™ K™ in urea
[59], i.e. about 100 times larger in thiourea, which is a surprisingly large difference. In principle this could be
due to the use of a single crystal instead of a polycrystalline material, but normally the difference between single
crystal and polycrystalline materials is not a factor of 100, at least not near room temperature. Moreover, there is
no reason that k of thiourea should be much larger than that of urea. Urea shows a magnitude of k, which is
typical of an organic crystal. (This could mean that there is a mistake in the unit of figure 5 of Ref. [76].)

We have not found any studies of «k or ¢, of thiourea inclusion compounds under pressure. In fact, we found
only a few studies of the high pressure properties of thiourea inclusion compounds. However, the phase
diagrams of two thiourea inclusion compounds, which form ferroelectric phases, have been studied by Bilski and
co-workers [77, 78]. Despite the similarity between the compounds, the phase diagrams, which are depicted in
Fig. 9, differ significantly. In particular, bis-thiourea pyridinium bromide shows extensive polymorphism, which
suggests that a study of the thermal properties would be interesting to determine the effect of structural changes.
Since the tunnels in the thiourea host structure are larger in cross-sectional area than those in the urea host
structure [66], it can accommodate larger guest molecules and, thus, it provides also a further opportunity to

study the effect varying guest molecules on .

Dianin’s compound

Dianin’s compound [4-(p-hydroxyphenyl)-2,2,4-trimethylchroman] is special among the guest-host
compounds since it forms both clathrates and an isostructural form that is stable without guests. Dianin’s
compound can accommodate numerous guest molecules such as CCly [79] and ethanol [80], and the guest-free
compound crystallizes in the trigonal space group R3 with a= 26.965 A and c= 10.933 A [81]. In a recent
comprehensive structural study, Lee ef al. [82] have reported the structure of 18 of its clathrates, as well as data
on the location, orientation and dynamics of the guests in the host cavity. They concluded that “Although all unit
cells are closely similar in size, the host undergoes significant change in response to the imprisonment of its
various guests.”, i.e. structural analysis of each clathrate may be required to understand differences in their
properties.

We have been unable to find any studies of the p-T diagram of Dianin’s compound. In fact, there are
relatively few studies of this compound, and only one of these has concerned high pressure. It reported the
thermal properties of Dianin’s compound and its ethanol and CCly clathrates [83], and the results are shown in
Fig. 10.

The data for pc, of the compound without guests as well as with ethanol or CCl, guests measured on cooling

at 0.2 GPa are depicted in Fig. 10a. As shown, pc, decrease smoothly with decreasing temperature. That is, these

12



data suggest that there is no transition on cooling down to about 50 K at 0.2 GPa. Moreover, the data indicate
that pc, of the compound with guests is slightly higher than that without. Since the structure is essentially
unchanged, the inclusion of guests increase the density, and likely also the heat capacity.

The x of single crystal and polycrystalline material of Dianin’s compound, and its ethanol and CCly
clathrates was studied by White and co-workers [83,84,85]. They used both the hot-wire method and a steady-
state radial heat flow method to study the behavior at high pressure [83], and a modulated heat flow method to
study the behavior at atmospheric pressure [84,85,86]. All high pressure results, independent of sample (empty
or filled Dianin’s compound) and method (hot-wire or radial heat flow method) showed crystalline-like behavior,
whereas the atmospheric pressure data showed glass-like behavior irrespectively of sample: empty or filled,
polycrystalline or single crystal Dianin’s compound [84,85]. Consequently, these results suggest a change from
the unusual glass-like x at atmospheric pressure to normal crystalline-like dependence of k under elevated
pressures. The reason for such change should be due to: (i) a strong pressure induced shift in the vibrational
frequency of some scattering source, (ii) a strong shift in the frequency of the dominant heat carrying modes, or
(iii) a phase transition, unless there are systematic errors in either the high or atmospheric pressure
measurements. The first possibility (i), which would provide support for the rattling, or resonance scattering,
model [24], was further studied by Raman measurements under pressure [83]. Although several candidates for a
strong scattering source were found, no-one showed a Raman peak that shifted significantly with pressure.
Consequently, either there is no such rattling mode that causes the glass-like behavior observed at atmospheric
pressure, or it occurs below the range covered by the Raman study (i.e. below 70 cm™), which is, in fact, the
most likely range for a rattling mode. Another possibility that would be consistent with the resonance scattering
model [24] is that the dominant heat carrying modes are instead strongly shifted by pressure, i.e. case (ii), and
therefore moved off resonance of a strong phonon scattering source. To fully rule out, or establish, any of the
possibilities (i) and (ii) would require inelastic x-ray and/or neutron scattering studies under pressure. However,
if we consider the glass-like results for the compound without guests at atmospheric pressure [84], then these are
obviously not compatible with the original rattling model where the rattlers are associated with the guest
molecules. Zakrzewski and White [84] therefore suggested that also the host methyl groups could serve as strong
resonance scatters and take the role of the rattlers in the clathrate without guests. The third possibility that can
cause a significant change in x behavior under pressure is a phase transition (iii). However, since the high-
pressure results showed crystalline-like x down to relatively low pressures (about 0.035 GPa), it means that such
a transition must occur at even lower pressures. This issue was difficult to study in the measurements of the
thermal properties because good thermal contact with the probe cannot be ensured below 0.05 GPa. It would,
however, be somewhat surprising if such low pressure, or densification, would cause a phase transition
irrespectively whether or not the cages are filled.

Indications of a transition in Dianin’s compound was indeed observed but then at much higher pressure. Fig.
11 shows results on initial pressurization of Dianin’s compound with CCl, guests at room temperature. The
rather strong initial increase of both x and pc, is typical when a virgin powdered material is compacted at the
initial pressure increase. Although the results in k do not indicate any strong features on pressure increase, the
results for pc, show a dip at about 0.7 GPa, which may be due to a transition. This pressure is, however, rather
close to the phase II to III transition in Teflon at about 0.65 GPa at 295 K [87]. Since Teflon is the material

which is used in the sample cell, this may be the cause of the subtle effects noticed in the data. In any case, this
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possible transition cannot explain the crystalline-like temperature dependence of k, which is observed already at
pressures near 0.035 GPa.

We can conclude that the studies of White and co-workers [83,84,85] could not verify the resonance
scattering model, or establish some other origin for the glass-like k observed in inclusion compounds. However,
the results suggest that further studies, and particularly high-pressure studies, of Dianin’s compound may be
helpful to establish the origin of the unusual feature. The fact that a change to crystalline-like behavior occurs
already at about 0.035 GPa (350 bar), or less, means that the range can be relatively easily studied by numerous
methods. The glass-like results for Dianin’s compound both with and without guests at atmospheric pressure
suggest that it is not the guests that are the main origin of glass-like k, but instead the structure. This is in
correspondence with the model by Dharma-wardana [88]. He studied clathrate hydrates and suggested that the
glass-like behavior for k of clathrate hydrates is due to the large number of atoms per unit cell, which gives
numerous optical phonon modes. Typically, optical phonons have flat dispersion relations, i.e. low velocity,
which limits their contribution to heat transport. The model of Dharma-wardana suggests that optical phonons
cause strong scattering of acoustic phonons, and therefore limit their mean free path to the same extent as occurs
in glasses and liquids due to structural disorder. This model cannot, however, explain glass-like x in all
crystalline materials, e.g. Sn,P,S¢ [89] in which the number atoms in the unit cell do not change at a ferroelectric
to paraelectric phase transition, yet the paraelectric phase shows glass-like behavior whereas the ferroelectric
phase shows crystalline-like behavior. Moreover, in order for the model to be consistent with the pressure
induced change in the behavior of x(7) of Dianin’s compound, then a structural transition must occur on

pressurization to 0.035 GPa.

Clathrate hydrates

Clathrate hydrates (CHs), or ice clathrates, are inclusion compounds in which the host, water, forms cages
which accommodate various guest molecules [90,91]. Without the guests, the structure is unstable. Hydrocarbon
filled CHs exist naturally in large amounts in permafrost, and in the deep ocean floor, and are at the same time
potentially both an energy source and an environmental threat. This is one reason for the great interest in the
CHSs’ properties, and in particular their thermal properties, but there are several more reasons to analyze and
investigate CHs.

In a pioneering study, Ross et al. [21] were first to show that the temperature dependence of x of an
inclusion compound, tetrahydrofuran (THF) CH, was similar to that of glasses. Later, this was shown to be a
general feature of CHs. This remarkable deviation from crystalline-like behavior for a polycrystalline material
still attracts a lot of attention because its origin is important for the search of better materials in applications that
require crystalline materials with poor k. Yet, more than 30 years after Ross et al.’s discovery, the reason for the
glass-like x is not established [25,26]. The result of Ross ef al. inspired Slack and co-workers [3,23] to suggest
similar, but electrically conducting, materials, to optimize the figure of merit of thermoelectric materials. The
thermoelectric effect is the phenomenon by which an electric potential difference develops in a circuit due to a
temperature gradient, or the reverse, and the figure of merit is proportional to the electrical conductivity but
inversely proportional to k. Slack and co-workers combined the finding of Ross ef al., and Slack’s concept of

minimum x [92], and coined the idea of a phonon-glass electrical-crystal to find the best thermoelectric
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materials. Thus, the surprise finding of Ross et al. [21] was likely the start of the new methodology for search for
better thermoelectric materials and lead to the introduction of skutterudite thermoelectrics.

In another important study, Suzuki [93] showed that THF CH collapsed to an amorphous state in a similar
manner as ice on pressurization at low temperature [10]. This work followed Ross and Andersson’s studies
[94,95] that reported indications for a transition in THF CH on pressurization at 130 K, and Handa et al.’s
volume study [96] that suggested a transition to an amorphous state on pressurization of the same material at 77
K. This finding is important to understand the phenomenon of pressure induced amorphization, but may also
help to understand the reason for, and properties of, the multiple amorphous states of water [10,97, 98].

CHs typically crystallize in one of three structures denoted: I, II, and H. The two former have cubic space
groups Pm3n and Fd3m, respectively, and are the most common [90,91]. (The H-structure is hexagonal with
space group P6/mmm [99].) In the type I and type II CHs, which we review here, the hydrogen-bonded H,O
network combines to form three types of cages: pentagonal dodecahedron (D), tetrakaidecahedral (T), and
hexakaidecahedral (H) which are shown in Fig. 12. The oxygen coordination is close to tetrahedral, i.e. the first-
neighbor environment of each water molecule is similar to that in hexagonal and cubic ice. The type I unit cell is
12 A and consists of 2 D-cages and 6 T-cages (46 water molecules) with average cage radiuses of, respectively,
3.95 A and 4.33 A [91]. The type II unit cell is 17 A and consists of 16 D-cages and 8 H-cages (136 water
molecules) with average cage radiuses of, respectively, 3.91 A and 4.73 A [91]. Dependent on sizes of “guest”
molecules, these can accommodate the small, large or both type of cages in the type I and type II CHs.

The most commonly studied CH is probably THF CH, which crystallizes in the type II structure with the
THF molecules accommodating the 8 H-cages, i.e. an ideal composition: THF-17 H,O (=136/8). It is known that
THF CH decomposes on pressurization at relatively high temperatures [100,101,102] but below 140 K it instead
amorphizes [93,96,97,103]. The decomposition at high temperatures occurs in gradual steps; the homogenous
type II CH first transforms into ice and type I clathrate, THF-7 H,O, at 0.23 GPa, further to a state referred to as
a non-clathrate hydrate (THF-5 H,O) at 0.53 GPa, and then finally into pure THF and ice well above 1.5 GPa
[100]. (The transformation to the type I CH may also produce a mixture of amorphous material and ice phases
[104].) Manakov ef al. [105] has described this in a p-T phase diagram of THF CH.

During pressurization at low temperatures, the transition to the type I CH does not occur. This is likely due
to sluggish kinetics in the same manner as a transition from hexagonal ice, ice Ih, to a high pressure ice is
obstructed. Instead ice transforms to an amorphous state, high density amorphous ice (HDA), near 1 GPa on
pressurization below about 140 K [10,106]. A similar effect was reported by Handa ef al. [96] when CHs were
pressurized at 77 K. They found transitions corresponding to that in ice Ih in the type II CHs: THF CH and SF,
CH at 1.3 GPa and 1.6 GPa, respectively. However, they did not find a transition in a type I CH (Xe CH) up to
the maximum pressure of 1.8 GPa. Moreover, on depressurization, the type II CH reverted (partially) to the
original crystalline state. In a later study, Suzuki [93] improved the stability of the amorphized THF CH by
annealing the collapsed state at 150 K and 1.5 GPa, and the state could thereafter be recovered at 77 K at
atmospheric pressure to establish its amorphous nature. This effect of improved stability is likely similar to that
which occurs when HDA ice is heated at pressures near 1 GPa. In the case of ice, it has been shown that the
originally heterogeneous state, which is produced by pressurization to ~1.5 GPa at 77 K state homogenizes [107]
and densifies on heating to ~150 K near 1 GPa, and the ultimately densified state is generally referred to as

vHDA [108]. The treatment at high pressure and high temperature apparently removes inhomogeneous remnants
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left after the collapse. In the case of THF CH, these remnants cause the recrystallization on depressurization of
the collapsed state. In a recent study, Bauer et al. [109] showed that a carefully high-pressure annealed state
could be heated to 150 K at atmospheric pressure before slow recrystallization into the type II CH commenced.

The thermal properties of type II CHs have been thoroughly studied down to low temperatures at both
atmospheric pressure and elevated pressures. Fig. 13a shows the heat capacity for THF-16.64 H,O [110],
THEF-16.64 H,O doped with 1.8:10™ mole fraction of KOH [110], and THF-16.65 H,0O on cooling at 0.05 GPa
[97]. (The latter was calculated from data for pc, [97] and density [111,112]). As shown, the KOH-doped
sample, but not the pure samples, displays a transition at low temperatures. This transition is the CH counterpart
of the proton-ordering transition observed in KOH doped ice Ih [61,62,110]. Although the proton mobility is less
restricted in CHs than in ice, which has been attributed to more defects in the CHs due to guest-water hydrogen
bonding [90,113,114], it is still insufficient to induce a proton-ordering transition. That is, a dopant (e.g. KOH) is
required to relax the ice rules [62] also in CHs, or else the transition to the thermodynamically more stable low-
temperature proton-ordered state does not occur due to sluggish kinetics.

The thermal properties of CHs under high pressure was first studied by Ross and co-workers [21,94,95].
Their results for k¥ of DO-16.46-H,0 (DO = 1,3-dioxolane), CB-16.50 H,O (CB = cyclobutanone) [95], and
THF-16.59 H,0 [94] at 0.1 GPa are shown in Fig. 13b. Fig. 13b also include results for KOH doped THF-16.9
H,O [115] and THF-16.9 D,O at 0.1 GPa [115], as well as atmospheric pressure results for THF CHs
[116,117,118]. Ross et al. [21] originally suggested that the glass-like behavior of x was due to phonon
scattering caused by the reorientational motion of the guests, but it was later shown that CHs with monoatomic
guests also displayed glass-like behavior. The results of Ross et al. (Fig. 13b) show that the magnitude of k
depends only weakly on the guest species. Moreover, the behavior of x is also not much different whether or not
the protons are ordered. The results for KOH-doped normal and deuterated THF CH [115] show that x increases
ca. 15% at the ordering transition near 62 K, and also that the glass-like behavior remains unchanged in the low-
temperature proton-ordered phase. The increase at the transition, which is almost identical to that at the proton-
ordering transition in ice Th [119], can be accounted for by a decrease in the ice lattice anharmonicity. (A
decrease, or vanishing, of scattering from a source would affect k of ice Th and CHs differently since x of ice Ih
is crystalline-like and about 10 times larger than that of CHs.)

If we turn to the effect of pressure on the thermal properties, then the most interesting is the change at the
pressure collapse. The transition is unique in the sense that the CHs transforms from a crystalline phase with
glass-like k to a real glassy state, or at least an amorphous state. Fig. 14 shows the behavior of DO CH and THF
CH during pressurization at about 130 K [97]. The pc, data show a strong increase near 1 GPa, which is caused
by densification and due to the collapse of the CHs. The behavior in the two different CHs is identical with about
the same increase in pc, during the collapse, but the data suggest that the lattice is slightly more stable with THF
guests than with DO guests. The behavior in x is more complex with an initial decrease before an abrupt

increase. The decrease was attributed to a slight decrease in the phonon mean free path (Eq. 2) as the crystal
lattice deforms and the empty cages in its structure begin to collapse [103], i.e. the decrease is a precursor of the

major collapse. As the major collapse commences, the density increases significantly, and therefore also the
phonon velocity and, accordingly, k. An interesting comparison can be made using the density dependence of «,
or the Bridgman parameter g (see Eq. 6). This parameter has been estimated as 0.9 for THF CH [103], which

corresponds to a k increase of 27% for a 30% increase in density. The density increase at the collapse is roughly
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30%, but the change in x is only about 10%, i.e. 17% less than if the CHs would remain crystalline during the
densification. Thus, although the x behavior of the (crystalline) CHs is glass-like, the magnitude is still larger
than that of a corresponding amorphous state of the same density. A similar comparison can be made at the
melting point of the CHs. Measurements show that k of the clathrate is about 15% higher than that of the melt,
and in this case the density of the two states is about the same. Thus, the two independent calculations show that
the melting or amorphization of the crystalline lattice at constant density causes a decrease of 15-17% in k.

Data for pc, of two collapsed CHs measured on heating at 1 GPa are depicted in Fig. 15 [97] together with
those for the HDA ice (collapsed ice) and the as-made CH at 0.05 GPa. The behavior in pc, of the collapsed
states is identical showing an initial weak increase with temperature up to 140 K, of the same size as that for the
crystalline, as-made, phase at 0.05 GPa. But at 140 K, pc, of the collapsed states displays a stretched sigmoidal
change, which is typical at a glass-liquid transition. The change is about the same in all the collapsed states and
corresponds to a heat capacity increase of 3.7-3.9 J mol” K. On further heating, collapsed ice crystallizes at
about 154 K, whereas the collapsed CHs remain stable to significantly higher temperatures. These data show that
there is an almost identical glass transition in collapsed ice and collapsed CHs under these conditions. The glass
transition must therefore be associated with the H,O network, and the relatively large heat capacity step, which is
larger than that observed for hyperquenched glassy water [120] and amorphous solid water at 1 atm [121],
suggests that this is a glass to liquid transition. An orientational glass transition, which has been established in
crystalline ices and CHs, shows a heat capacity step, which is typically less than 1 J (H,O-mol)" K
[110,122,123]. Still, further studies are required to fully establish that these transitions corresponds to glass-
liquid transitions.

The behavior of the collapsed state is interesting as it appears to be a glassy state of a water solution with
perfectly spaced solute molecules. Because of random fluctuations, such a state is impossible to achieve directly
by vitrifying a liquid (water) solution. Moreover, water normally crystallizes unless the solute is strongly
interacting, or in high concentration, and then the solute molecules are typically rejected into the ice grain
boundaries. But in the case the water solution is a CH former, then crystallization instead distributes the solute
molecules equidistantly in the crystal. After pressure collapse, this perfect distribution of the solute molecules
remains and apparently obstructs formation of ice nuclei. Consequently, the collapsed state of CHs are less prone
to crystallize to ice than similar water solutions vitrified by rapid cooling. Furthermore, THF, DO and other CH
formers are relatively weakly interacting solutes compared to e.g. glycols, which are commonly used to study
highly viscous water solutions. Thus this opens up for studies of ultraviscous water solutions with low
concentrations of relatively weakly interacting solute molecules.

Recently, Tulk ez al. [124] showed that also a type I CH of deuterated methane hydrate, CF4-6.26 D0,
collapses to amorphous state at 3.2 GPa during pressurization at 100 K, i.e. pressure collapse may be a general
phenomenon of both type I and type II CHs, but with the collapse pressure being much higher for type I CHs.
Moreover, Tulk et al.’s study [124] showed that the collapsed state was stable up to high temperatures, e.g. 220
K in the 1.5 GPa to 4 GPa range, which is significantly higher than for collapsed ice.

Other important findings in CHs under pressure concern new clathrate structures in the H,+H,O system,
which is interesting for hydrogen storage applications [5]. H,+H,O mixtures form a type II clathrate at low
pressures [125,126,127], which is stable up to 0.36 GPa. At high pressure, two new clathrates have been reported
[128], and the phase diagram has been studied and summarized by Strobel ef al. [129]. (Efimchenko et al. [130]
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have shown that the p-T diagram of the deuterated system, D,+D,0, is similar to that of the normal system at
pressures below 0.18 GPa.) Moreover, Lokshin and Zhao have showed that clathrate formation in the H,+H,0

system occurs much faster if ice is used as starting material instead of formation from water and hydrogen [131].

SUMMARY AND CONCLUSIONS

In this review, we have mainly focused on the thermal conductivity of a number of inclusion compounds:
hydroquinone, Dianin’s compound, urea, thiourea, and clathrate hydrates, and their transition behaviors under
high pressure. Several of these show remarkable differences in thermal conductivity behavior from that typically
observed for crystalline species, but the reason for this deviant behavior remains unresolved. The summary here
shows that high pressure studies may help resolving this issue. In particular, Dianin’s compound, which is stable
both with and without guest molecules, provides unique possibilities to study the effect of guest molecules on the
thermal conductivity behavior. Studies at atmospheric pressure suggest that it has glass-like thermal conductivity
both with and without guests [84,85] and, thus, that the behavior is not directly associated with guest molecules.
This result instead advocates models which link the glass-like behavior indirectly to presence of guest molecules,
e.g. a guest-induced change of (host) structure. Dharma-wardana [88] has presented such a model for clathrate
hydrates, which ascribes the glass-like behavior to the large unit cell of clathrate hydrates, and the consequently
numerous optical phonon modes. Recent results for La- and Ce-filled FesSby, by Koza et al. [25] and
BagGa,¢Ge; (type I clathrate) by Christensen et al. [26], which all show glass-like thermal conductivity, are also
in conflict with the prevailing model of resonance scatting due to “rattling” guest motions. These studies instead
suggest strong scattering by Umklapp processes and/or flat dispersion relations (low phonon velocity) for many
of phonon modes. But since Umklapp scattering gives a thermal conductivity that varies as 7', this must be
combined with another condition. For example, that the Umklapp scattering is sufficiently strong to quench the
mean free path to its minimum possible value, or close to that value. These two studies provide results that are
consistent with, but do not prove, the theoretical model of clathrate hydrates by Dharma-wardana.

Since results for the thermal conductivity of both empty and filled Dianin’s compound under pressure is
crystalline-like [83], it may be possible to directly observe changes that can explain the transformation from
glass-like to crystalline-like behavior by studies of this compound on pressurization. For example, significant
pressure induced changes in low-frequency vibrational modes, which can serve as phonon scatters, and/or
acoustic phonon modes, may explain the reduced scattering at high pressure. In order for the results to be
consistent with the model of Dharma-wardana, should require the finding of a structural transition at pressures
below that for crystalline-like behavior, i.e. below or near 0.035 GPa [83].

We also note that the thermal conductivity behavior of hydroquinone inclusion compound is unknown and
that the S-form may be studied both with and without guests, but that the latter is metastable against the o-form.
Again, this provides an important possibility to gain further information about the glass-like thermal
conductivity. Moreover, the summary of the studies of the phase diagram of hydroquinone has revealed an
unresolved issue concerning the transition behavior on pressurization at room temperature. Structural studies
[46,47] do not support findings of a transition, which has been reported to occur near 3.3 GPa [44]. However,
thermal studies at high temperatures and low pressures show a phase transition with negative temperature-
pressure phase line [42]. That is, if these results are extended to high pressures, it is possible to resolve whether

or not the a-form of hydroquinone show a (first or second order) transition at 3.3 GPa to a new structural form.
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The combined results of the thermal and Raman properties suggest that hydroquinone has a structural form with
unknown structure, the 6-form, which is stable both near 1 atm at high temperatures, and at room temperature and
high pressures.

Finally, we find that clathrate hydrates may provide possibilities to obtain glassy and ultraviscous states of
water solutions in which the solute molecules are perfectly spaced. This perfect distribution of solute molecules
occurs when a water solution of a clathrate hydrate former crystallize on cooling, and it should remain when the
clathrate hydrate collapses to an amorphous state on pressurization at low temperatures. Due to random
fluctuation in a liquid, it seems difficult to obtain such a state by rapid cooling of liquid solutions and, in

particular, water solutions.
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Figure Captions

Fig. 1. Sample cell made of Teflon for measurements of thermal properties using the hot-wire method under
pressure [12]. The hot-wire is heated by a short current pulse and the thermal properties of the surrounding

sample are obtained through an analysis of the temperature rise of the wire using Eq. (1).

Fig. 2. Phase diagram of hydroquinone under pressure. The dashed lines represent conjectured extensions of the
phase boundary between the a-form and the d-form (unknown structure), which is established below 0.1 GPa
[42]. The filled circle with lines (error boundaries) represent the transition pressure of a transition suggested in a

Raman study [44]. The inset shows the chemical structure of hydroquinone.

Fig. 3. Phase diagram of urea. Dashed lines represent the phase lines reported by Bridgman [51,52]. Crosses
represent phase transitions obtained for a commercially pure sample and the solid line represents results for a

carefully purified urea sample [59]. The inset shows the chemical structure of urea.

Fig. 4. Transition behaviour of urea. (a) Heat capacity per unit volume and (b) thermal conductivity plotted
against pressure at the temperatures indicated. (c) Heat capacity per unit volume and (d) thermal conductivity
plotted against temperature at the pressures indicated [59]. (Results for heat capacity affected by the phase I to

III transition were removed to avoid confusion [59].)

Fig. 5. Phase diagram of fully deuterated urea-nonadecane inclusion compound [67]. The shaded range indicates

a metastable region “between phases II and III, on the one hand, and the phase IV, on the other hand.” [67].

Fig. 6. Thermal and transition properties of urea-hexadecane. (a) Thermal conductivity measured on cooling and
heating at 0.1 GPa [68]. (b) Thermal conductivity of urea (phase I) [59] and urea-hexadecane inclusion

compound.
Fig. 7. Phase diagram of thiourea after Gesi [74]. The inset shows the chemical structure of thiourea.

Fig. 8. Thermal conductivity of thiourea plotted as a function of temperature at 1 atm [76]. The results were
measured along different crystal axes for a single crystal. Note the unit, which is the same as in the original

publication [76], i.e. W em” K.

Fig. 9. Phase diagrams of two thiourea inclusion compounds: (a) bis-thiourea pyridinium nitrate [77] and (b) bis-
thiourea pyridinium bromide [78]. (The dashed lines show discontinuous transition, whereas the black solid lines
show continuous transitions.) For bis-thiourea pyridinium nitrate, Bilski ez al. [77] wrote “For pressures up to
450 MPa, the transition between the ferroelectric and paraelectric phases (III-II phase) is continuous, whereas
above 450 MPa, the phase transition between these phases (III-I phase) is discontinuous.” For bis-thiourea
pyridinium bromide, Bilski ef al. [78] concluded “The transition from phase I to II is continuous and that from
phase III to IV is discontinuous, while that from phase II to III is discontinuous for pressure up to about 300 MPa

and continuous above 300 MPa.”
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Fig. 10. Thermal properties of Dianin’s compound. (a) Heat capacity per unit volume at 0.2 GPa (no data at 1
atm or at 0.15 GPa) and (b) thermal conductivity at the pressures indicated plotted against temperature (labels in
10a). The results refer to both single crystal data (Dianin’s compound without guests at 1 atm) and
polycrystalline data (the other data sets). The results were obtained using the hot-wire method (HW) and steady-
state radial heat flow method (RHF) under pressure [83], and modulated heat flow method (MHF) at 1 atm
[84,85,86].

Fig. 11. (a) Heat capacity per unit volume and (b) thermal conductivity plotted against pressure for Dianin’s

compound with CCly guest molecules.

Fig. 12. The three structures showing the oxygen positions in the three cages (not to scale), which build the CH
structures; from left to right: pentagonal dodecahedron (D, 12 pentagonal faces - 5'*) with a cage radius of ~3.9
A, tetrakaidecahedral (T, 5'%6%) with a cage radius of ~4.3 A, and hexakaidecahedral (H, 5'26%) with a cage
radius of ~4.7 A.

Fig. 13 (a) Molar heat capacities for tetrahydrofuran (THF) clathrate hydrates: pure and KOH doped THF-16.64
H,O [110] and THF-16.65 H,O (calculated from data for pc, at 0.05 GPa [97] and density [111, 112] at 1 atm).
(b) Thermal conductivity for: DO-16.46-H,O (DO = 1,3-dioxolane), CB-16.50 H,O [95] (CB = cyclobutanone),
THF-16.59 H,O [94], THF-16.9 H,O [115],THF-16.9 D,O [115] at 0.1 GPa; and THF-16.9 H,O [116], THF-16
H,0 [117], and THF-17 H,O [118] at 1 atm.

Fig. 14. (a) Heat capacity per unit volume and (b) thermal conductivity plotted as a function of pressure at 130 K
for: 1,3 dioxolane (DO) and tetrahydrofuran (THF) type II clathrate hydrates. The abrupt changes near 1 GPa are

due to collapse of the crystalline structure.

Fig. 15. Heat capacity per unit volume of collapsed states at 1 GPa, and as-made THF CH at 0.05 GPa.
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