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Evidence suggesting kinetic unfreezing of water
mobility in two distinct processes in pressure-
amorphized clathrate hydrates†

Ove Andersson, *a Paulo H. B. Brant Carvalho, b Ulrich Häussermann b and
Ying-Jui Hsu‡a

Type II clathrate hydrates (CHs) with tetrahydrofuran (THF), cyclobutanone (CB) or 1,3-dioxolane (DXL)

guest molecules collapse to an amorphous state near 1 GPa on pressurization below 140 K. On

subsequent heating in the 0.2–0.7 GPa range, thermal conductivity and heat capacity results of the

homogeneous amorphous solid show two glass transitions, first a thermally weak glass transition, GT1,

near 130 K; thereafter a thermally strong glass transition, GT2, which implies a transformation to an

ultraviscous liquid on heating. Here we compare the GTs of normal and deuterated samples and samples

with different guest molecules. The results show that GT1 and GT2 are unaffected by deuteration of the

THF guest and exchange of THF with CB or DXL, whereas the glass transition temperatures (Tgs) shift to

higher temperatures on deuteration of water; Tg of GT2 increases by 2.5 K. These results imply that both

GTs are associated with the water network. This is corroborated by the fact that GT2 is detected only in

the state which is the amorphized CH’s counterpart of expanded high density amorphous ice. The

results suggest a rare transition sequence of an orientational glass transition followed by a glass to liquid

transition, i.e., kinetic unfreezing of H2O reorientational and translational mobility in two distinct

processes.

1. Introduction

A glass transition (GT), i.e., a transformation from a liquid
phase to an amorphous solid on cooling, is an important
phenomenon in materials science and technology. In quite a
few liquids, with important exceptions such as water, it is
possible to study the change from a low-viscosity liquid to a
supercooled (metastable) high-viscosity liquid, and the ulti-
mate transformation into glass, an amorphous solid state,
which is characterized by a glass transition temperature Tg.1

In addition to the increase of viscosity on cooling, the transi-
tion entails a sigmoid-shaped decrease in heat capacity due to
kinetic freezing of structural fluctuations on the time scale of
an experiment. Normally both translational and reorientational
mobility are frozen (almost) concomitantly at GTs in low-
molecular-weight liquids, and the two processes cannot be

distinguished in macroscopic properties such as the heat
capacity. However, in this study we show evidence that water,
in a water-rich homogenous solution, is a rare example where
these processes are significantly shifted in temperature. The
amorphous solid state in which this is observed is formed by
pressure collapse of a crystal where moderately polar molecules
and water are perfectly homogeneously mixed.

Pressure-induced amorphization (PIA), i.e., the transforma-
tion of a crystalline material to an amorphous state by collapse
of the structure on pressurization, is a feature reported for quite
a few materials.2 The most well-known example is the collapse
of normal, hexagonal, water ice (ice Ih) on pressurization to
1–1.5 GPa below 140 K to high density amorphous ice (HDA).3

But also clathrate hydrates (CHs), which are ice-like inclusion
compounds containing guest molecules in polyhedral cages
formed by hydrogen-bonded water molecules,4,5 show PIA;
generally, PIA of CHs occurs at slightly higher pressure than
that of ice.6–8

CHs typically crystallize in one of three structures denoted: I,
II, and H, but PIA has only been reported for the cubic types I9

and II6,7,10–12 CHs. In these structures, the hydrogen-bonded
H2O network forms three types of cages: pentagonal dodecahe-
dron (D), tetrakaidecahedral (T), and hexakaidecahedral (H)
(inset of Fig. 1). The CHs investigated here, tetrahydrofuran
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(THF) CH, 1,3-dioxolane (DXL) CH and cyclobutanone (CB) CH
crystallize in the type II structure; THF CH is stable at pressures
up to about 0.3 GPa for temperatures below 255 K.13,14 Below
ca. 140 K, it remains metastable up to a pressure in the range
1–1.5 GPa where it undergoes PIA. The type II unit cell (Fd%3m),
with a lattice constant of 17 Å, consists of 136 water molecules
forming 16 D-cages with average radius 3.91 Å, and 8 H-cages of
radius 4.73 Å;5 guest molecules reside in the small D-cages,
large H-cages, or both types of cages dependent on their sizes.
THF, DXL and CB guests all reside in the large cages, which
yields an ideal water-rich molar composition of 1 : 17 (H2O).

It has been known for a long time that several different
amorphous ice states can be formed via PIA, but the nanos-
tructures of these states are still discussed, and the possibility
that the states transform to liquids on heating is disputed.
Several descriptions of HDA’s nanostructure have been sug-
gested: micro/nano-crystalline15 or amorphous with nano-sized
crystalline remnants,16 non-homogeneous amorphous state,17

a ‘‘derailed’’ state along the ice I to ice IV pathway,18 or ‘‘an
intermediate state in the phase transition from the connected
H-bond water network in low pressure ices to the independent
and interpenetrating H-bond network of high-pressure ices’’,19

and fully amorphous and glass states. The last one is a special
case of amorphous states, which is normally obtained by cool-
ing or pressurizing a liquid into its ultraviscous state and
further through a glass transition into a solid amorphous state.
Originally, the PIA-process of ice was referred to as a pressure-
induced melting process, i.e., the produced state would be a
liquid or a glass dependent on its glass transition temperature.
However, it was later noticed that the amorphization pressure

well exceeded that of the (extrapolated) equilibrium melting
line and results of simulations suggested that the process was
instead due to (non-equilibrium) mechanical collapse;20 now
this seems generally accepted and explains subtle structural
differences between HDA states formed under different condi-
tions. Recent studies suggest that collapse of hexagonal ice by
PIA at low temperatures, e.g. at liquid nitrogen temperatures,
produces a heterogeneous state denoted unannealed HDA
(u-HDA).21 Heterogeneity is suggested by both neutron scatter-
ing results17 and, indirectly, by the subsequent transition
behavior,16 which indicates that crystalline nucleation sites
remain after the collapse and act as growth centers when the
state is heated at low pressures. On heating at high pressures
(or PIA at higher temperatures than 77 K) inhomogeneities
gradually diminish17 concurrently as the state densifies; the
ultimately densified state, which forms on heating to just below
the crystallization temperature at pressures above B0.8 GPa,21

is referred to as very HDA (VHDA).16 If, instead, HDA (u-HDA or
VHDA) is annealed at 130 K at pressures near 0.2 GPa it
expands to a state termed expanded HDA (e-HDA), as shown
in the temperature–pressure diagram (Fig. 1).21,22 Upon further
depressurization of e-HDA, it transforms abruptly to low den-
sity amorphous ice (LDA).23

Several studies of CHs have shown remarkable similarities
with the behavior of ice. PIA of type II CHs was suggested by
Handa et al.6 who detected volume changes reminiscent of that
for PIA of ice on isothermal pressurization at liquid nitrogen
temperature. However, the sample recrystallized on subsequent
pressure decrease so the state could not be recovered at
ambient pressure for structural analysis and verification of an
amorphous state. In a later study, Suzuki7 stabilized the high-
pressure state by temperature cycling to 150 K at 1.5 GPa,
before depressurization and recovery of the sample at ambient
pressure and liquid nitrogen temperature; the X-ray pattern of
the recovered state was amorphous-like. Recent, in situ, neutron
scattering investigations have verified PIA in several CHs and
also transition and structural similarities between amorphous
ices and the water network of pressure-amorphized CHs;8,24 in
particular, these studies suggest that the water structures of
THF CH amorphs bear great similarities to the structures of
HDA and VHDA ices.

In addition to the similarities between the PIA and densifi-
cation processes of CHs and ice, both VHDA and the corres-
ponding state of CH show one glass transition (GT1) at the
same conditions, e.g. 1 GPa and 140 K on a time scale of 1 s.
The heat capacity, thermal conductivity and dielectric charac-
teristics of the transition are virtually identical, and because of
its occurrence in both VHDA25 and amorphous CHs,11 the
transition must be associated with the water network and not
with the CH guest. This conclusion is also verified by a strong
increase of the dielectric permittivity at the transition,11,12

which cannot be caused by an increased mobility of the
relatively weakly polar guest.

A study of the transition behavior of stabilized amorphous
CHs at lower pressures has revealed a second glass transition at
pressure–temperature conditions slightly above the crystallization

Fig. 1 p, T-diagram for pressure amorphized type II clathrate hydrates
with tetrahydrofuran or cyclobutanone as guest molecules. GT1 and GT2
lines show glass transition lines for an experimental time scale of ca. 1 s
(dash-dot lines).22 The diagram also shows the LDA, HDA and VHDA
transition lines of the amorphous states formed after PIA of pure ice;21,23

the (e-)HDA to LDA and (e-)HDA to VHDA lines appear to set a limiting
pressure range for GT2 (observed only in the pressure range 0.2–0.7 GPa
with diminishing glass transition features above ca. 0.6 GPa). GT1 is
observed in both (e-)HDA/VHDA and collapsed CHs whereas GT2 occurs
above the crystallization temperature Tc of (e-)HDA/VHDA. The inset
shows the three types of cages in crystalline CHs; type II CH consists of
16 D-cages and 8 H-cages.
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line of HDA ice,12 as depicted in the temperature–pressure
diagram (Fig. 1).22 Both thermal conductivity and heat capacity
results show two glass transitions, GT1 and GT2, on heating in
the 0.2–0.7 GPa range. (GT1 is observed also outside this
pressure range.) As mentioned, the permittivity increase at
GT1 is large but it is thermally weak, with a heat capacity
increase of only (3.7 � 0.4) J (H2O-mol)�1 K�1 for amorphized
THF CH and (3.9 � 0.4) J (H2O-mol)�1 K�1 for amorphized 1,3-
dioxolane CH at 1 GPa.11 This is the same as at the GT (GT1) of
amorphized ice at 1 GPa; the heat capacity increase at Tg of
VHDA, which is partly obscured by crystallization, is estimated
to be (3.7 � 0.4) J mol�1 K�1.25

The second glass transition observed in amorphized CHs
(GT2), which occurs in a range slightly above the crystallization
boundary of pressure amorphized ice (HDA/VHDA), shows a heat
capacity increase of more than 5 times that of GT1 concurrently
as the permittivity appears unaffected.12 The origin of this glass
transition, unfreezing of guest or water mobility, or a combi-
nation, remains uncertain. Therefore, to investigate the origin
of GT2, we have studied the four combinations of normal (H)
and deuterated (D) samples of tetrahydrofuran clathrate
hydrate: THF CH, TDF CH, THF CD and TDF CD to determine
the deuterium-induced changes of GT2. Furthermore, we have
made a detailed comparison between the GT2s of pressure-
amorphized samples of THF CH, CB CH and DXL CH.

2. Experimental

Tetrahydrofuran THF (99.91% purity by gas chromatography
GC, 0.001% water by Karl Fisher), two different batches of
Tetrahydrofuran-d8 TDF (both with 99.6 atom% D by NMR,
100% purity by GC and, respectively, 98 ppm and 51 ppm water
by Karl Fisher) and D2O (99.90 atom% D by NMR) were
purchased from Sigma-Aldrich Chemicals. THF and TDF were
mixed with D2O and H2O, Milli-Qs Ultrapure Water Systems, by
weighting in THF/TDF concentrations of slightly more than the
ideal 1 : 17 molar concentration to avoid ice in the crystallized
samples. The exact concentrations, before loading in the sam-
ple cells, were: THF�16.5 H2O (THF CH); TDF�16.1 H2O (TDF
CH), and THF�16.5 D2O (THF CD), and TDF�16.1 D2O (TDF CD).
During loading of the samples, which takes less than 2 minutes
until the sample cell is sealed, evaporation of THF or TDF
decreases slightly their concentration. For example, based on
measured evaporation rates, the THF concentration of the THF
CH sample decreases to about THF�16.6 H2O. A cyclobutanone
(99%, Sigma-Aldrich Chemicals) water solution of initial com-
position CB�16.4 H2O was formed by mixing with pure water
(Milli-Q Ultrapure Water Systems), and a 1,3-dioxolane (99.99%
by GC, Sigma-Aldrich Chemicals) water solution of initial
composition DXL�16.4 H2O was formed by mixing with pure
water (Ultrapur water, Merck).

The thermal conductivity k and the heat capacity per unit
volume c were measured using the hot-wire method under high
pressure.26 The temperature was measured inside the sample
cell by a calibrated Chromel–Alumel thermocouple with an

estimated inaccuracy of �0.5 K. The cell was filled with one
of the solutions, sealed with a tightly fitting Teflon lid and
mounted into a piston cylinder of 45 mm internal diameter.
The whole pressure cylinder device was thereafter transferred
to a hydraulic press, which supplied the load, and placed inside
a vacuum chamber with a built-in closed helium cycle cryostat
equipped with heater.27 Pressure was determined from the
ratio of load to piston area, and it was corrected for friction.
This correction was determined on increasing pressure in a
separate, in situ, experiment using the pressure dependence of
the resistance of a manganin wire. The absolute uncertainty in
pressure is estimated as �0.05 GPa at 1 GPa. However, in these
studies, it is the imprecision in pressure which is important for
the evaluation of the data and it is significantly smaller than
the uncertainty; the pressure differs only when the friction
differs between the measurement setups. A study of the total
friction force by cycling an elastically changing solid
(DL-camphor) shows that it corresponds to about 0.04 GPa at
0.4 GPa, or a change in Tg of 1.3 K for GT2 (Fig. 1), and the
difference in friction between the runs is only a fraction of the
total friction.

Values for k and c were obtained simultaneously from results of
the Ni-wire temperature rise during a 1.4 s heat pulse of about
constant power, which raised the temperature of the Ni-wire by
about 3.5 K. During the pulse, its resistance was measured versus
time, which enabled the temperature rise of the wire to be
determined from the known (calibrated) relation between its
resistance and temperature. (Because of the low thermal diffusivity
of CHs, the heat wave reflected against the Teflon cell wall does not
affect the temperature rise of the wire within the short measure-
ment time of 1.4 s.) The analytical solution for the temperature rise
was fitted to the data points, thereby yielding k and c with
estimated uncertainties of �2% and �5%, respectively.

At low temperatures and in the glass transition range, heating
and cooling rates were typically 0.3 K min�1, and the samples were
pressurized and depressurized at rates in the 0.15–0.2 GPa h�1

range. Typically, a single heating run to study the glass transition
of one sample requires more than 4 days of preparation due to the
slow rates and the need to stabilize the amorphized states.

The hot-wire method is a well-established method to study
glass transitions. The quantity c(T) shows the typical sigmoid-
shaped increase of the specific heat capacity and k(T) often
shows a change (decrease) in the slope (dk/dT) at Tg on heating.
Moreover, due to the transient nature of the method, both k
and c show method-specific features at a thermally pronounced
glass transition. These features are known to be consequences
of time-dependence in the heat capacity.28,29 It causes a peak in
k and dip in c because k and c are treated as adjustable time-
independent parameters in the fitting of the analytical solution
for the temperature rise of the hot-wire (see ESI†).

3. Results

The CHs were formed by freezing the solutions in Teflon
sample cells kept at 0.1 MPa, and temperature cycling the
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samples for more than 3 h at temperatures slightly below the
freezing point of 270.5 K for DXL CH,30 273.2 K for CB CH,31

277.4 K for THF CH,32 and the corresponding, slightly higher,
freezing temperatures for the deuterated samples.33 The sam-
ples were thereafter cooled at a rate of less than 0.6 K min�1

down to 100 K. All samples were fully amorphized by pressur-
ization to a pressure in the range 1–1.3 GPa at a temperature
near 130 K and subsequent treatment by heating to 170 K at a
pressure near 1 GPa. The latter treatment is required to
stabilize the amorphous CH and avoid recrystallization on
depressurization. The amorphized CHs were cooled from about
170 K to near 130 K and depressurized from 1 GPa to 0.1 GPa at
a temperature in the 129–134 K range. In the 0.1–0.2 GPa range,
which here is the conditions of the most significant volume
relaxation, samples were kept at (131 � 1) K and thereafter
isothermally repressurized to 0.4 GPa to ensure identical ther-
mal histories of the amorphized states. (In a comparative study
between CB and THF CHs samples were relaxed at 145 K and
0.07 GPa.)

Fig. 2 shows results for k on depressurization and repressur-
ization of amorphized CHs. Generally, k of solid amorphous
(and crystalline) states decreases weakly and reversibly on
depressurization and increases weakly and reversibly on pres-
surization following the changes in sample density as the
sample elastically expands and contracts. On depressurization,
the results show an accelerated decrease of k in the 0.1 to
0.4 GPa. (For one of the samples, THF CH the depressurization
was temporarily halted and the sample was temperature cycled
overnight, 132–100–132 K at 0.3 GPa, before continued depres-
surization.) On repressurization to 0.4 GPa, k values of all
samples deviate significantly from the results measured on

pressure decrease. This shows that the samples expand partly
non-elastically during depressurization from 1 GPa.34

Fig. 3 shows the results for k measured on heating at
0.3 K min�1 rate at 0.40 GPa after the samples had first been
cooled to 100 K. All CHs show weakly positive, or ‘‘glass-like’’,
temperature dependence of k from 100 K to about 155 K. This is
the normal behavior of k of amorphous solids. However, on
further heating, k of all samples shows a pronounced (artificial)
peak (see ESI† and ref. 29). As discussed in detail previously,
this is due to a thermally strong glass transition, i.e., it is
associated with a large, time-dependent, increase in the heat
capacity.12 Moreover, at a temperature above the peak, k of all
samples changes abruptly and discontinuously simultaneously
as an abrupt change in sample temperature, which shows that
the samples crystallized exothermically; THF CH crystallized at
166.0 K, TDF CH at 165.4 K, THF CD at 167.7 K, and TDF CD at
167.4 K.

Fig. 4 shows the corresponding changes in c on heating at
0.4 GPa. These results for the excess heat capacity per unit
volume Dc were calculated from the measured value for c by
subtracting a linear function fitted to c in the temperature
range up to 130 K. The results reveal a weak change in dc/dT
due to a glass transition, GT1, at temperatures slightly above
130 K.12 THF CH has previously been studied by dielectric
spectroscopy and the results show that the weak change in c is
associated with a large increase in the dielectric constant; the
high temperature state has a relative static permittivity of about
100 at 1 GPa.12 Thus GT1 is thermally weak but the concurrent
increase in dielectric permittivity is large. The latter shows that
GT1 is associated with the water network and not the relatively
weakly polar guest THF (or TDF). On further heating, c shows a
large and abrupt increase due to GT2; the increase is shifted to
slightly higher temperatures for the D2O samples. The dip in c
prior to the increase is artificial and occurs due to the time-
dependence in c in the glass transition range, which also causes
the artificial peak in k. Apparently, the previously established

Fig. 2 Thermal conductivity of amorphized CHs measured on depressur-
ization and subsequent repressurization at ca. 130 K, as indicated by the
arrows: THF CH (red open circles) (temperature cycled at 0.3 GPa, see
text), TDF CH (black open squares), THF CD (green filled circles) and TDF
CD (blue filled squares). The dashed line shows previously unpublished
results for k of VHDA (formed by PIA of pure ice) during depressurization at
130 K; the values for k are scaled by a factor of 0.8. VHDA and u-HDA are
known to transform gradually into expanded HDA on heating at low
pressure, e.g. by heating u-HDA to 125 K in the 0.1–0.2 GPa range;21 here
the gradual transformation occurs on isothermal depressurization at 130 K.

Fig. 3 Thermal conductivity of amorphized CHs measured on heating at
0.40 GPa: THF CH (red open circles), TDF CH (black open squares), THF
CD (green filled circles) and TDF CD (blue filled squares).
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glass transition in THF CH, GT1 and GT2, occur in all samples,
but the glass transition temperatures are slightly different for
the different samples. The heat capacity increase at GT2, based
on the two H2O-samples, is (20.9 � 1.0) J (H2O-mol)�1 K�1, i.e.,
about 5.5 times larger than that for GT1 at 1 GPa; c of the
kinetically unfrozen state at GT2 is B1.7 times that of its glassy
state.35 As discussed below, this transition shows all the typical
characteristics of a glass-liquid transition and we will argue
that it is associated with the water network.

To investigate if GT2 is affected by the type of guest
molecule, we make a detailed comparison of the results for
three cases with different guest molecules: THF, CB, and DXL.
All show GT2, and those of pressure-amorphized CB and THF
CHs are compared in Fig. 5. The temperatures of the peak
maxima k differ only about 0.5 K. The corresponding results for
THF and DXL CHs are shown in Fig. 6. Again the glass
transition features of GT2 show excellent agreement between
the two amorphs; the peak temperature in k is the same to
within 0.2 K.

4. Discussion

An important purpose of this study was to determine the origin
of GT2. As shown in Fig. 5 and 6, GT2 is essentially unaffected
by change of guest molecule from THF to CB or DXL. The glass
transition temperature of substances typically scales with the
melting temperature Tm; empirically it has been found to occur
at about 2/3 of Tm. The melting temperatures of THF (165 K),
CB (222 K) and DXL (178 K) differ up to 60 K. Moreover, the van
der Waals radius of THF is 2.95 Å, whereas that of DXL is about
2.8 Å, which is at the bottom end of the size range for type II
CH-formers; the radius of CB, 3.25 Å, is near the top end of
those that fit into the H-cage size (4.73 Å at 1 atm). These
significant differences suggest that a glass transition, asso-
ciated with kinetic unfreezing of translational and/or reorienta-
tional motions of the guest molecules, should occur at different

temperatures. Moreover, the data indicate that the heat capa-
city rise at Tg is about the same, which again seems unlikely if
Tg is due to kinetic unfreezing of guest motions. Consequently,
our results suggest that GT2 is unrelated with the guest
molecule and, thus, mainly related to the water network. Still,
the presence of the guest may modify the GT properties. In
order to study this in more detail, we focus on the changes in
GT2 of THF CH samples caused by deuteration. We start by
discussing the state of the samples in which GT2 occurs.

4.1 State of the amorphized clathrate hydrates showing glass
transformations; an expanded HDA type of state

In a previous study of THF CH and CB CH, we have established
that GT2 could only be detected in the 0.2–0.7 GPa range,12,22

whereas GT1 can be observed also outside this pressure range.
On heating below 0.2 GPa, GT2 was not observed; instead the
sample crystallized at temperatures near the expected Tg2.
Moreover, on isothermal depressurization to near atmospheric
pressure at 130 K, k shows glimpses of an HDA to low density
amorphous (LDA) type of transition in THF CH.36 This finding
may be due to water enriched sample domains, i.e., domains
with a higher water content than the nominal one of the type II
CH (THF�17 H2O), caused by sluggish phase separation on
heating to above 170 K at high pressure. Here we have therefore

Fig. 4 Excess heat capacity per unit volume Dc as a function of tempera-
ture on heating at 0.40 GPa: THF CH (solid red line), TDF CH (dash-dot
black line), THF CD (short-dashed green line) and TDF CD (dashed blue
line).

Fig. 5 (A) Excess heat capacity per unit volume and (B) thermal conduc-
tivity as a function of temperature on heating at 0.40 GPa: THF CH (blue
circles) and CB CH (dark yellow triangles). Both pressure amorphized
samples had been relaxed at about 145 K and 0.07 GPa prior to cooling
and reheating at 0.4 GPa. (The THF CH sample was heated only to 159 K.)
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avoided heating the samples above 170 K at 1 GPa and also kept
the pressure well above the transformation to an LDA type of
state at 130 K.

Fig. 2 shows that k of the amorphized CHs decreases
significantly in the 0.1–0.4 GPa range on depressurization.
The decrease in k indicates a substantial decrease of density.
Moreover, the difference in k on decrease of pressure and
subsequent increase of pressure suggests that the sample
expands partly non-elastically on depressurization. One of the
samples, THF CH, was temperature cycled overnight between
132 K and 100 K at 0.3 GPa, before continuing the depressur-
ization. Due to the large thermal mass of the vessel, which
entails slow initial cooling rate, and the need for stabilization of
the temperature on reheating, the sample was kept in the 132–
130 K range for 1.3 h at 0.3 GPa. The difference in k between
before and after temperature cycling therefore implies a slow
expansion of the sample with time. These characteristics
resemble the behavior of amorphous ice produced under
similar conditions and thereafter pressure cycled at 130 K, as
shown in Fig. 2. The tendency to expand at low pressures seems
even more pronounced in the amorphized CHs. Considering
the previous results for amorphous ices, the behavior is similar
as that at the transformation from VHDA to expanded HDA

(e-HDA), which is likely a time- and temperature-dependent
process.21 To ensure that the states of the samples were iden-
tical upon subsequent heating at 0.4 GPa, we have therefore
followed the same pressure–temperature paths for all samples
and obtained, as it seems, an e-HDA type of state in the
amorphized CHs.

The e-HDA state of ice transforms distinctly to LDA on
isothermal depressurization and gradually to VHDA on pres-
surization, which provides an explanation for the unusual
feature of GT2 being observable only in the 0.2–0.7 GPa range.
Nelmes et al. provided a tentative p–T stability diagram (Fig. 1
in ref. 21), which suggests the transformation of e-HDA to LDA
and VHDA on isobaric heating would occur below ca. 0.1 GPa
and above ca. 0.7 GPa, respectively (Fig. 1). Since the amor-
phized CHs remain stable to slightly higher temperatures than
(pure) e-HDA, we deduce that the lower limit of detecting GT2
(B0.2 GPa) coincides well with a stability limit for the e-HDA
type of state towards an LDA type of state below the crystal-
lization pressure–temperature line. That is, on isobaric heating
of the amorphized CHs below 0.2 GPa, it would transform to an
LDA type before crystallization on further heating. Although the
data for k did not show features of such transition, it provides
an explanation for the abrupt vanishing of GT2 below 0.2 GPa.
Moreover, the gradual vanishing of GT2 above ca. 0.6 GPa
agrees well with a transformation to a VHDA type of state prior
to crystallization. Thus, the pressure range of GT2 (0.2–0.7 GPa)
is given a natural explanation by the transition behavior of
amorphous ices and, in particular, the stability range of e-HDA.
This behavior indicates that GT2 is associated with the water
network.

4.2 Effect of deuteration on glass transition 2

In Fig. 3 and 4, it is obvious that Tg2 of the CD-samples is
shifted to higher temperatures. Because of the difference in
concentrations between the two CH (and the two CD) samples,
i.e., the THF : H2O molar ratio of 1 : 16.5 and the TDF : H2O
molar ratio of 1 : 16.1, we can exclude that the shift in Tg

between CH and CD samples is due to slightly different
compositions. To quantify the shift, we have superimposed
all k peaks on that for THF CH, by a shift in temperature and k.
The results are depicted in Fig. 7 and show that Tg2 is, within
the experimental inaccuracy, unaffected by deuteration of the
THF guest, whereas deuteration of H2O and a fully deuterated
sample show, respectively, 2.3 K and 2.7 K higher Tg2 than THF
CH. (The corresponding temperature shifts obtained by using
the temperature at 50% of the total heat capacity increase at Tg2

in Fig. 4 are 2.2 K and 2.6 K.) These results further support that
GT2 is associated mainly with the water network. Another
weaker indication of this is the difference in the shapes of
the k peaks. The shape of the artificial peak is determined by
the activation energy and the distribution of relaxation times;29

the latter is often described by a stretched exponential response
function: f(t) = exp[�(t/t)b], where t is the relaxation time and b
is a stretching parameter with a value in the 0–1 range. As
shown in Fig. 7, the shape of the peak changes mainly on
deuteration of water. It is also known that the peak maximum

Fig. 6 (A) Excess heat capacity per unit volume and (B) thermal con-
ductivity as a function of temperature on heating at 0.40 GPa: THF CH (red
circles) and DXL CH (magenta stars). Both pressure amorphized samples
had been relaxed at about 131 K and 0.1 GPa prior to cooling and reheating
at 0.4 GPa. (DXL CH crystallized at 162 K; data above the crystallization
temperature have been removed.)

Paper PCCP

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
Ju

ly
 2

02
2.

 D
ow

nl
oa

de
d 

on
 8

/1
6/

20
23

 2
:5

9:
30

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2cp01993k


20070 |  Phys. Chem. Chem. Phys., 2022, 24, 20064–20072 This journal is © the Owner Societies 2022

in k, which is slightly dependent on b, occurs near t = 0.3 s; this
provides a useful time-scale of the GT (ESI†).12,29 Furthermore,
the relaxation time near the low-temperature onset of the peak
is t = 102 s, i.e., t typically associated with the glass transition
temperature obtained in differential scanning calorimetry.12

Calculations show that the results in this narrow temperature
range can be described with an Arrhenius relaxation function:
t = A exp[Ea/(RT)], where A is a constant, Ea is the activation
energy and R is the gas constant (ESI†). The best description of
the data in the narrow temperature range 150–165 K was found
with Ea = (230 � 10) kJ mol�1 and (240 � 10) kJ mol�1 for
amorphous CH and CD samples, respectively, with b = 0.42 and
0.39. Based on the effect of deuteration of water, we associate
these values with kinetic unfreezing of mainly the water net-
work on heating.

We conclude that the artificial features in k and c, and the
large increase in c at GT2 are typical for glass to liquid transitions.
Although a special case of orientationally disordered glasses,
plastic crystal phases,37,38 e.g. cyclohexanol and cyclooctanol,39,40

show similar characteristics at their orientational glass transition,
it seems unlikely that kinetic unfreezing of only reorientational
motions of the guest molecules can provide such large increase in
c and occur at identical temperatures. In particular, if one con-
siders the low molar content of the guests and the difference in
van der Waals radius between guests (15%). In summary, our

results of deuterated samples and results after exchange of
guest molecules from THF to CB or DXL as well as the pressure
range of GT2 provide substantial evidence that GT2 is associated
with the water network, and due to a glass to liquid transition.
Although we have previously established that GT1’s properties:
Tg, Ea and the heat capacity rise are unaffected by the presence
of the guests,11 one cannot be certain that this is also the case
for GT2. However, because of the relatively weak hydrogen bond
between, e.g. THF and water in solutions,41 and the invariance
of the GT properties with exchange or deuteration of guests (CB,
THF and DXL), we argue that the guests mainly affect the
crystallization temperature by hampering growth of ice nuclei
due to their regular distribution in the water network.

4.3 Effect of deuteration on glass transition 1

We have used the increase in c to quantify the deuteration-
induced change in Tg1. In particular, we used linear fits in the
135–145 K range and calculated the temperature shifts of the
functions relative to the function for THF CH as: �0.6 K (at
140 K) for TDF CH, +1.3 K for TDF CD and +1.8 K for THF CD.
Assuming that the small changes on deuteration of the guest is
simply due to the scatter of the data, the results suggest a shift
of Tg1 of about 1.8 K upon deuteration of water. These results
corroborate the already compelling evidence from heat capacity
and dielectric results that GT1 is associated with the water
network.11 The lack of, or only subtle, artificial features in c and
k at GT1, is due to the weak and gradual change in c, as shown
quantitatively in the ESI.†

The glass transition properties of GT1 are reminiscent of
those for proton disordered crystalline ices such as ice Ih and
ice V; Tg of ice Ih is about 110 K at 1 atm for a time scale of
103 s42 and that of ice V is about 130 K for a heating rate of 30 K min�1

at 1 atm.43 At both these GTs, the heat capacity rise is weak,
e.g. 1.7 J mol�1 K�1 for ice V,43 and the activation energy is low,
22 kJ mol�1 for ice Ih42 and 35 kJ mol�1 for ice V;43 the values at
GT1 are up to a factor of two larger, but in comparison to typical
values at glass-liquid transitions, these are still relatively small
(Ea = 45 kJ mol�1 and the heat capacity rise is 3.7 J mol�1 K�1).11,44

Moreover, the amorphous versus crystalline structure causes a
significant change in the proton mobility due to the ice rules.45

These limit the mobility in crystalline ices, but the lack of long-
range order and presence of interstitial molecules in HDA and
VHDA46 appear to relax the effect of the rules and speed up the
proton mobility,44 which affects the glass transition properties.
Thus, the similar characteristics suggest that GT1 is the amor-
phous counterpart of the GTs in crystalline ices, which are
associated with kinetic unfreezing of reorientational motions of
H2O, or proton mobility.

5. Conclusions

The amorphous, water-rich, solid solutions studied here are
formed by pressure collapse of crystals and therefore states in
which moderately polar molecules and water are perfectly
homogeneously mixed. Despite this, all pressure-amorphized

Fig. 7 Superposition of the k peaks to determine the temperature shift of
GT2. The results have been shifted manually in T and k for best fit with the
results of THF CH (red circles and dashed lines). (A) TDF CH, (B) TDF CD,
and (C) THF CD.
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normal and deuterated type II THF CHs, CB CH and DXL CH
show two glass transitions on heating in the 0.2–0.7 GPa range.
The first, low-temperature, glass transition shows a weak and
gradual heat capacity increase and a glass transition tempera-
ture similar as that of high density amorphous ice. A concur-
rent strong increase of the permittivity shows that it is due to
the water network and not the THF/TDF, CB or DXL guest. The
second glass transition is associated with a large heat capacity
increase and it shifts B2.5 K to higher temperature upon
deuteration of water, whereas it remains unaffected on deutera-
tion of the THF guest and exchange of THF with CB or DXL.
This implies that both glass transitions are associated with
water; one possibility is an orientational or proton glass transi-
tion followed by a glass liquid transition of the water–THF
solution. The latter is detected only in the 0.2–0.7 GPa ran-
ge—the stability limit of expanded high density amorphous
ice—which corroborates association with water. Moreover,
structural studies have shown that the water network in
pressure-amorphized (water-rich) type II CHs bear close simila-
rities to those of the amorphous ices.8,24 It is therefore con-
ceivable that expanded high density amorphous ice undergoes
a glass to liquid transition at a temperature near that of glass
transition 2 of amorphized CHs, which occurs close to the
pressure–temperature crystallization line of expanded HDA.
Firm proof of the rare transition sequence, i.e., an orientational
glass transition followed by a glass to liquid transition on
heating of amorphous ice, may require methods for glass
transition detection that allows for rapid heating or, else,
methods that probe time-scales longer than ca. 103 s to cir-
cumvent crystallization at temperatures prior to detection of
the glass to liquid transition. It can also be rewarding to study
additional properties of collapsed clathrate hydrates such as
density and dynamics to further investigate the second glass
transition, which exhibits all typical thermal characteristics of a
glass–liquid transition. Confirmation of an orientational glass
transition followed by a glass-liquid transition can explain
divergent results reported for water’s (glass transition) proper-
ties. Although water vitrified by rapid cooling at atmospheric
pressure is structurally different from high density amorphous
ice, it may still show the same glass transition behavior, which
implies that low-temperature studies probe kinetic unfreezing
of reorientational motions whereas high temperature studies
observe liquid properties.
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