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1. Introduction

Amorphous-like thermal conductivity and high
mechanical stability of cyclopentane
clathrate hydrate

*3 Md Saiduzzaman, (2@ Paulo H. B. Brant Carvalho (2 ° and

C

Ove Andersson,
Ulrich Haussermann

The thermal conductivity k of cyclopentane clathrate hydrate (CP CH) of type Il was measured at
temperatures down to 100 K and at pressures up to 1.3 GPa. The results show that CP CH displays
amorphous-like x characteristic of many crystalline clathrate hydrates, e.g., tetrahydrofuran (THF) CH.
The magnitude of k is 0.47 W m~t K! near the melting point of 280 K at atmospheric pressure, and
it is almost independent of pressure and temperature T: Ink = —0.621—40.1/T at atmospheric pressure
(in Sl-units). This is slightly less than k of type Il CHs of water-miscible solvents such as THF. Intriguingly,
unlike other water-rich type Il clathrate hydrates of water-miscible molecules M (M-17 H,O), CP CH
does not amorphize at pressures up to 1.3 GPa at 130 K and also remains stable up to 0.5 GPa at 240 K.
This shows that CP CH is mechanically more stable than the previously studied water-rich type Il CHs,
and suggests that repulsive forces between CP and the H,O cages increase the mechanical stability of
crystalline CP CH. Moreover, we show that x of an ice-CH mixture, which often arises for CHs that form
naturally, is described by the average of the parallel and series heat conduction models to within 5% for
ice contents up to 22 wt%. The findings provide a better understanding of the thermal and stability
properties of clathrate hydrates for their applications such as gas storage compounds.

importance. Despite their crystalline structure, they exhibit
amorphous, or glass-like, thermal conductivity, ie., a low

Clathrate hydrates (CHs) are inclusion compounds character-
ized by an ice structure (host) that forms polyhedral cages
capable of accommodating atoms and small molecules (guests)
with diameters of up to about 9 A" Numerous clathrate
hydrates have been discovered, including naturally occurring
ones, with notable attention given to CO, and CH, clathrates.
These clathrates have attracted significant interest due to their
potential involvement in mitigating (CO, CH) and accelerating
(CH, CH) global warming. CH, clathrates are found in sub-
stantial quantities within deep-sea sediment and permafrost,
which is gradually thawing and releasing CH,, which is a strong
greenhouse gas. However, clathrates can also securely store
substantial amounts of gases such as the greenhouse gas CO,
and the energy-carrier H,.>* The thermal transport properties
of clathrates are highly intriguing and may be of technological
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magnitude that shows only weak dependence on temperature,
density, and pressure.® This is a desirable property in thermo-
electric materials, but the exact cause of this unusual behavior
remains uncertain; it has been attributed to guest-host
interactions® as well as a feature of the large unit cell (Fig. 1).”

The clathrate formation and phase behavior of cyclopentane
(CP) clathrate hydrate have been studied both in mixtures and
pure state,>'® and its properties have been studied by
calorimetry,'® nuclear magnetic resonance,”* infrared,”*
Raman®® and dielectric spectroscopy.>® In this study, we have
measured the thermal conductivity of CP CH, which has not
been investigated before.””*® This compound is interesting
because of the unusual case of an essentially non-polar sizable
guest molecule enclosed in cages of water molecules despite
being immiscible in water. Previous studies of non-polar mole-
cules or atoms forming CHs have encompassed small mole-
cules such as methane, and the single atom noble gas Xe,
which both form type I CHs.”® In contrast, CP forms a water-
rich type II CH with ideal composition CP-17 H,O (Fig. 1)."
Consequently, the measurements make it possible to assess the
effect of weak guest-host hydrogen bonds, which arise between
weakly polar and water-miscible CH formers that also form
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Fig.1 Unit cell of type Il clathrate hydrate composed of 136 water
molecules that form 16 empty small cages (pentagonal dodecahedron)
and 8 large cages (hexakaidecahedral) with CP guests. This gives an ideal
composition of CP:H,0 of 1:(136/8), i.e., 1:17. The structure was gener-
ated with VESTA°

30,31

water-rich type II CHs. The thermal conductivity of the
water-rich (M-17 H,0) type II CHs formed by water-miscible
guest molecules M, e.g., tetrahydrofuran, cyclobutanone and
1,3-dioxolane, has been studied in detail;**** it decreases by a
few percent with increasing size of the guest, increases by 15%
on proton-ordering and by 5% on deuteration of the ice host,
but in all cases the glass-like behavior remains unchanged.
Another interesting issue is the influence of CP on the stability
of the type II CH. Upon compression at temperatures below
140 K, water-rich type II clathrates of water-miscible molecules
typically collapse mechanically to a dense amorphous state
near 1 GPa with almost no dependence on deuteration and
guest size.>**> Moreover, the collapsed state shows very similar
transition properties to those of collapsed pure ice, high-
density amorphous ice (HDA), which transforms further to, at
least, two other amorphous states: very high-density (VHDA)
and low-density amorphous ice.>***” Here we present thermal
conductivity results that show that CP CH displays the same
amorphous-like thermal conductivity as type II CHs of water-
miscible molecules, but no indication of mechanical collapse.

2. Experimental

Ultrapur water (Merck) was mixed with CP (Sigma-Aldrich,
analytical standard, 99.5% by gas chromatography or reagent
grade, 98.5%) 1:1 by volume using a homogenizer (IKA T18,
Ultra Turrax™).?* The mixture was kept in a plastic tube sealed
with parafilm, and the tube was immersed in ethanol which
had been cooled to ca. —5 °C. The temperature of the water-CP
mixture was monitored with a thermocouple inserted in the
mixture during homogenization, and it was kept at about 4 °C.
The rotational speed of the homogenizer was kept at 8000 rpm
until partly freezing. The sample was thereafter quickly trans-
ferred to a well-sealed container and kept near 0 °C for 24 h.
The excess liquid CP was removed and the sample was stored
during 1-2 weeks at 2-6 °C.
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The thermal conductivity of two different samples (labeled
as #1 and #2) were studied; in sample #2, Ultrapur water was
mixed with 1 wt% of tetrahydrofuran (THF, Sigma-Aldrich,
>99.9%), which is a water-miscible clathrate former, to
improve the growth of the clathrate. However, based on the
thermal conductivity results, the ice-content in sample #2 was
only slightly less than in sample #1. It remains uncertain
whether this is due to the small amount of THF or simply
because of slight differences in the production procedure. The
production procedure was repeated several times, with minor
changes in temperature, rotational speed and storage time.
This process continued until a sample with low ice content was
successfully produced.

Initial evaluation of the samples was made by recording the
(natural) heating of ca. 0.5 g of sample in a well thermally
isolated plastic test tube with a thermocouple immersed in the
sample. The results showed that the best samples melted at
(280.2 £+ 0.7) K with a small indication of ice in the samples.
Moreover, we studied one sample produced by the same
procedure as sample #1 by X-Ray powder diffraction (XRD),
PANalytical X-ray diffractometer (X’'Pert3 Powder), using CuKa
radiation with a wavelength (1) of 1.5418 A. Before the study,
the sample was subjected to slight cryogrinding at liquid
nitrogen temperature. Subsequently, it was placed on a glass
substrate that was mounted on an aluminium plate cooled by
dry ice, which kept the sample temperature at (—5 =+ 3) °C. The
XRD scan utilized a step size of 0.013° and a scan speed of
0.11° s~ " over a range of 8° < 20 < 50°. Each step was measured
for an equivalent duration of 29 s. (A slower scan speed of
0.03° s' gave significant amount of hexagonal ice due to
freezing of water vapour.) For comparison, samples of THF
CH, 1,3-dioxolane (DXL) CH and hexagonal ice were studied.
The CHs were produced by mixing Ultrapur water and THF or
DXL (Sigma-Aldrich, 99.8%, ~75 ppm butylated hydroxyto-
luene as an inhibitor to avoid peroxide formation) in molar
concentrations of THF-16.0 H,O and DXL-16.5 H,O, and there-
after freezing the solution. (A THF/DXL:H,O molar concen-
tration of slightly higher than the ideal 1:17 concentration
prevents ice in the crystallized sample.) Subsequently, the CHs
and hexagonal ice were subjected to identical cryogrinding and
XRD analysis as CP CH; the XRD results for CP CH are shown in
Fig. 2.

The thermal conductivity was measured under pressure
using the transient hot-wire method with an inaccuracy of
+2% and an imprecision of 0.2%.*® By applying high-
pressure,* it is possible to determine the thermal conductivity
of powder samples. The hot-wire probe was a Ni-wire, 0.1 mm
in diameter and ca. 40 mm long, which was inserted in a
Teflon® sample cell. Temperature was measured by a cali-
brated Chromel versus Alumel thermocouple which was posi-
tioned close to the hot-wire. The cell was mounted on a bottom
piston and inserted in a pressure cylinder of 1.3 GPa capacity.
Before filling the cell, the pressure cylinder was cooled to ca.
—10 °C by liquid nitrogen (#1) or dry ice (#2) while kept in a
glove bag that had been purged several times with dry nitrogen
gas. The cell was filled with the sample and sealed with a
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Fig. 2 XRD data recorded at 268 K for CP CH (1 = 1.5418 A). Le Bail

refinement shows that the CH is of type Il with a = 17.388(5) A. Peaks
pertaining to hexagonal ice, ice Ih, could not be detected.

Teflon® lid; a steel seal with indium coating and a hardened
steel top piston were inserted in the cylinder. (After the space
near the wire probe had been filled with sample, glass micro-
spheres of 0.2 mm in diameter were used to fill the remaining
free space in the cell to reduce the amount of CP CH. Con-
sidering the thermal diffusivity of the sample, the wire must be
surrounded by about 5 mm of sample to avoid errors due to a
limited sample size.) The whole assembly was transferred to a
vacuum chamber and clamped to the cold head of a closed He-
cycle cryostat. The load was supplied by a fully automated
hydraulic press; the pressure inside the cell was determined
by measuring the signal from an oil pressure gauge, previously
calibrated to an accuracy of 0.05 GPa (at 1 GPa) in a separate
experiment. This calibration was achieved by utilizing the
pressure-dependent resistance of a manganin wire.

The values for thermal conductivity were obtained from the
results of the wire temperature rise during a 1.4 s pulse of about
constant power. Throughout the pulse, the resistance of the Ni-
wire was measured over time, allowing for determination of the
temperature increase. The equation for the temperature rise
was fitted to the experimental data points, thereby yielding the
thermal conductivity.*®3° At low pressures, the thermal contact
between the hotwire probe and the solid sample may become
insufficient, potentially affecting the accuracy of the data.

3. Results and discussion

3.1 Sample characterization

To verify that the production of type II CP CH was successful,
the XRD diffraction pattern was recorded at (268 + 3) K both
with slow and fast scan speed. Since the sample was open to
humid air during preparation and measurements (see Experi-
mental section), condensation during the slow scan speed
caused the formation of significant amount of hexagonal ice
in addition to any hexagonal ice already present in the sample.
However, with the fast scan speed, no ice peaks could be
resolved (Fig. 2). Full profile refinements*® were performed in
GSAS-II*' with reliability factors R, = 6.47%, y*> = 1.84.
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Background was subtracted in the figure for clarity. The CP
CH was fitted with the type II CH structure with a = 17.388(5) A,
which is in good agreement with that of other type II CHs.? For
example, it is only slightly larger than an estimate for THF CH
at 273 K, a = 17.326 A, obtained by extrapolation of data
measured below 260 K.**

The full width half maximum (FWHM) of XRD peaks is
occasionally used to calculate crystal sizes via the Scherrer
equation.*® Although small crystal sizes have never been sug-
gested as a reason for the amorphous-like thermal conductivity
of CHs, we compared the FWHM of the main XRD peak of CP
CH with that of THF CH, DXL CH (see Experimental section)
and hexagonal ice (XRD results not shown here) to exclude the
possibility that CP CH is an exception. The calculated crystal
sizes based on the FWHMSs are 31 nm, 39 nm, 79 nm, 52 nm, for
CP CH, THF CH, DXL CH and hexagonal ice, respectively. If one
assumes that any contributions to peak broadening in addition
to crystal size and instrumental parameters affect all samples
equally, then the result implies that the microstructure of CP
CH does not differ significantly from that of the other CHs.
However, we note that the estimated crystal size for ice is
unrealistically small, which raises questions about the applic-
ability of the Scherrer equation for calculating the crystal size of
the CH in our study.

Consequently, the XRD results show that the sample is a
type II CH with an ice content below the detection limit of XRD,
which is corroborated by the results for the (natural) heating
curve (see inset in Fig. 3). A minimal ice impurity (less than
1 wt%) is in good agreement with the in situ estimates of the ice
contents in the samples used for the thermal conductivity
measurements, which are described in Section 3.3.

KW m™" K
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100 150 200 250
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Fig. 3 Thermal conductivity of CP CH measured as a function of tem-
perature at 0.1 GPa. Results on heating (red) and cooling (blue) for: ()
sample #1 and (O) sample #2. As indicated by the spline curve between
measurement points, the results of sample #2 show a small peak at 123 K
on heating, which is due to a transition in (excess) CP. The solid line in the
inset shows the (natural) heating curve of ~0.5 g of sample #1, which was
measured using a thermocouple immersed in the sample, before loading
in the sample cell. The weak deviation from the red dashed line, which
represents a fit of Newton's law of heating between 260 K and 270 K,
indicates that a minute amount of ice is present in the sample; the plateau
at (280.2 £+ 0.7) K shows that a major part of the sample is CP CH.
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3.2 Isobaric thermal conductivity

After the sample had been cold loaded, the pressure was
gradually increased with intermediate temperature cycles in
the 100-255 K range while the thermal conductivity x was
measured. Pressure is applied to ensure a nonporous sample
and good thermal contact between the wire probe and sample.
This is normally achieved at pressures in the 0.05-0.1 GPa
range; insufficient thermal contact is indicated by a significant
deviation between the experimental data for the temperature
rise of the wire probe and those obtained from the analytical
solution in the fitting routine (see Experimental section). In the
case of CP CH, 0.07 GPa was sufficient for good thermal
contact, and the isobaric results for x were measured on
temperature cycling at 0.1 GPa.

Fig. 3 shows the results on temperature cycling. It shows the
characteristic behavior of CHs of weakly decreasing x on cool-
ing. The results for the two samples (see Experimental section)
differ about 4%, which is more than the inaccuracy of the
method. The difference is confidently attributed to different ice
contents in the samples. Because of the immiscibility of CP in
water, it is difficult to avoid ice and excess CP in the
samples.'®'” However, the effect of excess CP on «x can be
estimated from its known phase transitions that occur on
cooling, and the ice content and its effect can be estimated
from the change in x caused by the pressure collapse of
hexagonal ice, ice Th. Sample #2 showed indeed signs of excess
CP as indicated by a small peak in x at 123 K measured on
heating (Fig. 3). (The peak arises because of the heat of
transformation, which reduces the temperature rise of the
probe - see Experimental section.) This feature agrees well with
the phase III to II transition in CP.** Phase III has about 1.6
times higher x than phase II and crystal-like temperature
dependence (x oc T '), whereas xk of the plastic crystalline
phase II is almost temperature independent.*” Thus, the
unchanged magnitude and temperature dependence in x below
and above the peak, which is caused by the heat of transforma-
tion, shows that the effect of excess CP on « is negligible. The
thermal conductivity of sample #1, as indicated in Fig. 3,
suggests no excess of CP. However, the higher values of k imply
the presence of ice, which has a higher x than CHs.

To estimate the ice content, we use results for THF CH
mixed with ice. Three THF CH samples with known ice content:
2.6 wt% (THF-17.55 H,0),"® 13 wt% (THF-20.1 H,0) and 22 wt%
ice (THF-23.0 H,0),"” have been studied before. The results are
compiled in Fig. 4 together with results for (ice-free) THF CH,
and hexagonal ice.*® Based on these data, we can investigate
the possibility to use existing models of two component mix-
tures to predict the effect of ice on x. We have evaluated several
common models: Maxwell (MA),*® Effective Medium Approxi-
mation (EMA), parallel and series conduction (PC and SC),*
the average of parallel and series conduction (ave PC SC), and
Lewis-Nielsen (LN) model.>® The equations for these models for
x of mixtures are:

2i5 + k1 — 2¢ (k2 — K1)

= 1
RS P + ¢(r2 — 1) @
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Fig. 4 Thermal conductivity plotted against temperature at 0.05 GPa:
(®) hexagonal ice,®® (O) THF CH, (O) THF CH with 22 wt% ice, (A) THF CH
with 13 wt% ice;*” (\7) THF CH with 2.6 wt% ice.*® (In the latter case, we
have used the difference from the data for ice-free THF CH measured at
0.1 GPa in the same study, and added this to the data for ice-free THF CH
at 0.05 GPa.) The red dashed lines show the average between parallel and
series conduction and blue short-dashed lines show the LN-model for all
three mixtures. The other tested models with poor agreement are shown
only for the case of THF CH with 13 wt% ice: (dash-dotted line) EMA, (solid
line) ME, (dotted line) parallel conduction, (short-dotted line) series
conduction.

K1 — KEMA K2 — KEMA
STl Gkt ek B
kpc = ¢x1 + (1 — @)z 3)
. : (@)
sC=—T—F7
IR )
K1 K2
K ! or + (1 — P)ra + ! (5)
avePCSC = = 1 -2 +——F—
2 ¢ (1-9)
K1 K2
KLN = K2 [%} (6)
LA
K
B= K_f i (6b)
K2
¢:1+{1;‘fm}¢ (6¢)

where ¢ is the volume fraction of the component with thermal
conductivity k; (ice), and k, is the thermal conductivity of the
other component (clathrate); A and ¢,, are two parameters in
the LN-model which depend on the shape and orientation of
the dispersed ice phase (particles). Here we used the values for
randomly oriented rods with aspect ratio 15 and uniaxial
random packing (4 = 8.38 and ¢, = 0.82),°° which provide a
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good description. Clathrate and ice densities of 1.00 g cm™>
and 0.92 g cm ", respectively, were used to calculate the volume
fractions.

Fig. 4 shows the results of the model calculations. The average
between parallel and series conduction k. pc sc (eqn (5)) and the
LN-model (eqn (6)) provide relatively good descriptions of « for the
three mixtures. The LN-model provides a slightly better descrip-
tion, but it requires the unknown values for A and ¢,,, which here
were chosen to get the best agreement. The difference between r,ye
pc sc and the measured data is about 5% or less. Near the melting
point of the CHs, the e pc sc model shows slightly too low values
3-5% (5% for THF CH with 22 wt% ice), and it describes the
temperature dependence with only a slight deviation. It describes
the data for the CH with low ice content better than the LN-model.
The other four models (eqn (1)-(4)) show poor agreement both
regarding the magnitude of x and its temperature dependence.
The effect of a small amount of ice on x is much larger than
predicted by the MA and EMA models. The MA-model is derived
for the case of dilute spherical inclusions (ice) in a matrix (CH),"®
which indicates that the ice inclusions deviate significantly from
spherical shape. Another indication of this is the parameter values
in the empirical LN-model. The values which provide the best
model function are attributed to a case with inclusions of ran-
domly oriented rod-like grains with aspect ratio 15.°° Conse-
quently, the model calculations suggest that the ice exists in the
form rod-like inclusions in the CH, with good thermal contact
between the ice and the CH.

A scanning electron microscope (SEM) study of methane,
carbon dioxide and propane CHs,”" shows that the microstruc-
ture is highly dependent on the thermal history. Laboratory-
grown samples from rounded ice grains kept under methane
gas pressure, and heated to temperatures near or above the ice
melting point, ultimately formed relatively pore-free regions of
dense hydrate grains, with grain sizes typically several tens
of micrometers. However, from this study, it is not possible
to determine the shape of any remaining ice inclusions.
In another SEM study, a sample mixture of methane CH and
ice shows small pools of ice in the CH, but also rims of ice
inclusions (see Fig. S3 in ref. 52); the latter are consistent with
the effect of ice on x of CP and THF CHs.

Ice and CHs have a structural relationship, albeit non-
matching lattices, which can explain the relatively strong effect
on « of small ice contents. Simulation results indicate that the
growth of the clathrate starts on ice grains (heterogeneous
nucleation)®** but also that ice particles cannot nucleate
heterogeneously on CH grains.”>*® Moreover, the results sug-
gest that ice and CH are separated by an amorphous hydrate-
like solid* or an interfacial layer consisting of direct hydrogen
bonds between ice and CH regions with a common hexagonal
pattern, intermixed with disordered water due to the lattice
mismatch.”>>>® Although the details of the interface between ice
and CH are not established, these simulation results suggest
good thermal contact between CP CH and crystalline ice inclu-
sions in agreement with the experimental results for .

The average between the parallel and series conduction
model (eqn (5)) was applied to the isothermal data for x of
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Fig. 5 Thermal conductivity (fitted functions, see Table 1) plotted as a
function of temperature at atmospheric pressure for four clathrate
hydrates with: CB, THF, DXL, and CP guests. The inset shows the thermal
conductivity plotted as a function of guest diameter at 260 K and 100 K.
The dashed lines show the general trend for CHs of water-miscible
molecules at 100 K (blue) and 260 K (red).

the two CP CH samples (Section 3.3). The results suggest that
sample #1 contained ca. 1 wt% ice, which raises x by about 4%,
and that the amount of ice in sample #2 is below statistical
significance. Fig. 5 shows the data for CP CH, which have been
corrected for the ice content and transformed to atmospheric
pressure conditions using the weak pressure dependence of «.
For comparison, we have inserted corresponding results for
THF, DXL and cyclobutanone (CB) CHs. In these cases, we have
combined our previously measured results with data reported
by Ross and Andersson at 0.1 GPa*® and fitted functions of the
form: Inx = A — B/T (Table 1) after transformation to atmo-
spheric pressure conditions. The transformation causes a
decrease in x of only 1.5%.

As shown in the inset of Fig. 5, the results for x of THF, DXL
and CB CHs decrease roughly linearly with increasing size of
the guest molecule. The results for CP CH deviate from this
correlation, but only by ca. 5%. The behavior for «(7) of CP CH
(with small amount of ice) is the same as that of THF, DXL and
CB CHs. As mentioned, the intriguing amorphous-like « for all
CHs, and other inclusion compounds, is not yet fully under-
stood. Theoretical and experimental studies have ascribed it to
the large unit cell of CHs,” and resonance phonon scattering
due to rattling guests;® similar behavior of other clathrates has
been attributed to strong Umklapp scattering®” and flat disper-
sion relations (zero phonon velocity).®

Table 1 The function Ink = A—B/T (Sl-units) fitted to results for x of
clathrate hydrates at atmospheric pressure conditions. The functions
provide descriptions from 100 K up to the melting point of the clathrate
with an accuracy of about + 2%

Guest A B (K)
THF —0.567 35.5
DXL —0.564 33.1
CB —0.601 41.9
CP —0.621 40.1
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3.3 Isothermal thermal conductivity and mechanical stability
of the clathrate

After temperature cycling multiple times at low pressures to
determine the temperature behavior, the sample was stabilized
at 130 K to study the pressure dependence of x and the
mechanical stability of the clathrate (Fig. 6). At temperatures
below ca. 140 K, water-rich type II CHs undergo pressure
induced amorphization (PIA) near 1 GPa on isothermal
pressurization.*® This is illustrated by previously published
data for THF CH shown in Fig. 6a. These data show a weak
decrease of x near 0.9 GPa, which is likely due to an initial
distortion of the cages before collapse. Molecular dynamics
results suggest that the large, filled, cages start to distort first
followed by successive collapse of the small cages.’® On pres-
surization above 1.05 GPa, x of THF CH increases relatively
abruptly because of the densification by about 14% during the
collapse (Fig. 6a). This amorphization process occurs at a
pressure slightly above that for ice Th; THF CH mixed with ice
shows a significant decrease in x, which starts at about 0.8 GPa,
due to the onset of ice amorphization (Fig. 6a). On further
pressurization, also the clathrate amorphizes. The magnitude
of x for the ice-clathrate mixtures during pressurization up to
0.8 GPa and the subsequent two-step amorphization processes
is described well by the average of parallel and series conduc-
tion and the LN-model.

0.50 ——————

o

'S

&)
T

(W m™' K™

0.6 0.8 1.0 1.2
p (GPa)
Fig. 6 Thermal conductivity measured on isothermal pressurization at
130 K. (a) (solid line) hexagonal ice during amorphization to HDA, (O0) THF
CH with 22 wt% ice, (A) THF CH with 13 wt% ice,*” and (dash-dotted line)
THF CH, the dashed lines show the average of parallel and series con-
duction (red) and LN-model (blue); (b) ([]) experimental and (dashed lines)
model data for sample #1, (O) experimental and (solid line) model data for
sample #2. The models suggest ca. 1 wt% ice in sample #1 and significantly
less than 1% in sample #2.
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Surprisingly, the data for CP CH in Fig. 6b show no signs of
abrupt densification, which would lead to a significant increase
in k. Instead, x of sample #1 initially increases at a constant
weak rate on pressurization, followed by a weak decrease above
0.8 GPa. A decrease of x on pressurization is highly unusual.
However, this change coincides with the pressure at which ice
amorphizes, which shows that the sample contains ice. The
observed differences in the rate of change of x with pressure,
dr/dp, and the higher x values in sample #1 compared to
sample #2 indicate that sample #1 contained a larger quantity
of ice in comparison to sample #2. The ice content in the latter,
if any, must be small because of the positive dx/dp in the range
above 0.8 GPa.

It is reasonable to assume that the average of parallel and
series conduction (eqn (5)) and the LN-model can describe CP
CH-ice mixtures equally well as THF CH-ice mixtures. Conse-
quently, we can use the models to describe the change of x of
the sample during amorphization of ice. We do not have values
for ice-free CP CH, but it is here assumed to be close to that for
sample #2 (0.5% less - see red solid line in Fig. 6b). Since the
results for the two samples show only a very small change in the
slope of k(p), the ice content must be small; tests with the two
models indicate that the ice content of sample #1 is ca. 1 wt%.
With this amount, the model data can emulate the observed
change of slope in k(p). The continued decrease of x also in the
pressure range above that of the collapse for ice Ih suggests that
the collapsing ice distorts CP CH and that this distortion
increases on further pressurization. Still, this distortion does
not proceed to the extent that the sample amorphizes, which
would cause a significant density increase and a concurrent
increase of k. The very small change in x(p) of sample #2 shows
that it was ice-free or almost ice-free and that the ice affects x
less than about 1%. A larger effect would give a similar
response upon PIA as that observed for sample #1. In the case
of sample #2, the leveling off of x(p) on pressurization can be a
combined effect of PIA of small amount of ice and decreasing
compressibility. The latter explains the general behavior of a
weakly decreasing dx/dp for most solids and it can partly or
fully explain the results for sample #2.

To further explore the state of the sample after pressuriza-
tion up to 1.3 GPa, sample #2 was heated to 150 K at 1 GPa. This
procedure follows that used previously for THF, DXL and CB
CHs after PIA.*®> The heating procedure of an amorphized CH
homogenizes the sample and produces a densified amorphous
state — the CH’s counterpart to very high-density amorphous
ice - concurrently as the sample undergoes a glass transition
near 140 K.>>*° However, the results for CP CH in Fig. 7 show
no indication of irreversible densification on heating. Instead,
the values on cooling are slightly lower than on heating, which
indicates that the density decreases on heating. Moreover, there
is no sign of the feeble glass transition observed in amorphized
DXL and THF CHs. Therefore, these data corroborate that CP
CH does not undergo PIA up to 1.3 GPa.

When amorphous CHs are depressurized at temperatures
above ca. 120 K, these expand partly irreversibly and non-
elastically into an expanded amorphous state. The process is
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Fig. 7 Thermal conductivity measured on heating and subsequent cool-
ing at 1.0 GPa: (O) CP CH, (V) DXL CH (amorphous), and ([]) THF CH
(amorphous). The arrows indicate the changes in temperature and k. The
vertical arrow indicates the small feature associated with a glass transition
in amorphized CHs.

like that observed for VHDA and the final state is termed
expanded HDA. Due to the density decrease, this gradual
process is observed as an accelerated decrease in data for x
on depressurization (Fig. 8). However, the results for CP CH
display a distinctly different behavior; ¥ changes much less
with pressure and it shows a linear pressure dependence. The
results are typical for an elastically expanding crystal. Thus,
these data also corroborate that CP CH does not amorphize
within the pressure range of this study.

To explore the stability at higher temperatures, CP CH
(sample #2) was isothermally pressurized at 240 K. At
these temperatures, THF and CB CHs phase separate near
0.3 GPa,”>*® which is observed as an abrupt increase in x due
to the high « of ice (Fig. 9). The results for CP CH show only a
small feature near 0.32 GPa, whereas the phase separation into
an ice-CH mixture appears to start above 0.5 GPa. (The small

0.55 F
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040 1 1 1 1 1

0.6
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Fig. 8 Thermal conductivity measured on pressure decrease at 130 K:

(O) CP CH, ([)) THF CH (amorphous), and (dashed line) very high density
amorphous ice (VHDA, data scaled by a factor of 0.8).
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Fig. 9 Thermal conductivity measure as a function of pressure at 240 K:
(O) CP CH, ([]) THF CH,*® and (A) CB CH.*?

feature near 0.32 GPa might by an effect of the minute content
of THF CH, or possibly excess liquid CP transforming to phase
I; but the latter seems less likely because, according to the
phase diagram,**** the transition occurs at about 0.2 GPa at
240 K.) The gradual increase of x on pressurization above
0.5 GPa is likely due to an increasing content of pure ice,
i.e., the sample gradually phase separates more and more upon
pressurization. Because of the high x of pure ice, the values
increase with increasing content of ice V and, above 0.6 GPa, ice
VI. These data are consistent with a higher stability of CP CH
compared to CB and THF CHs.

4. Conclusions

The thermal conductivity of CP CH is amorphous-like with a
low magnitude which increases only weakly with temperature,
pressure and density. The temperature, pressure and density
behavior of x is the same as that for CHs of water-miscible THF,
DXL and CB, with only slightly lower magnitude of x. This
shows that the weak hydrogen bond between guest molecules
and host lattice of the latter does not strongly affect k; the
results indicate that the weak hydrogen guest-host bonds raise
K by 5%.

The results for the pressure dependence of x show no signs
of mechanical instability of the clathrate up to 1.3 GPa at 130 K.
This is distinctly different from the behavior of type II CH of
THF, DXL and CB, which form weak hydrogen bonds with the
ice cages. We surmise that the repulsive force between the H,O
host and the CP guest stabilizes the large cages of type II CHs
and obstructs cage distortion, which initializes amorphization
of type II CHs.” This raises the amorphization pressure to
above 1.3 GPa at 130 K. The results also show that the pressure
for phase separation of CP CH into an ice-CH mixture occurs at
significantly higher pressure than for the type II CHs of water-
miscible THF, DXL and CB.

We find that the average between series and parallel con-
duction provides a reliable model, accurate within 5%, for
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estimating k of ice-THF CH mixtures containing up to 22 wt%
ice. This model is applicable in the temperature range from
100 K up to the melting point. Considering the structural
similarity between CHs with different guest species, it is
plausible that this model can also describe x of other CH-ice
mixtures, and the often-occurring ice mixtures of naturally
occurring CHs.
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