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Isotope effects accompanying the order—disorder transition of ice XIV to ice Xll are studied using
calorimetry, X-ray diffraction, and dielectric spectroscopy. Particular emphasis is placed on the impact of
the cooling rate applied during high-pressure production and during ambient-pressure recooling on the
degree of hydrogen order in the low-temperature ice XIV phase. For specimens from D,O, ordering is
harder to achieve in the sense that despite smaller cooling rates, the degree of order is less than in
crystals produced from H,O. The degree of ordering can be quantified in terms of the Pauling entropy
using calorimetry and manifests itself in structural and dynamical features that were examined using
X-ray diffraction and dielectric spectroscopy, respectively. In hydrogen chloride doped samples,
H/D substitution was found to slow down the dipolar dynamics up to about 30-fold and shifts the
order—disorder transition by 4-6 K. By contrast to earlier assumptions it is possible to reach a high degree
of ordering also at ambient pressure, provided the cooling rate is small enough. That is, at ambient pressure,
orthorhombic stress slows down the dipolar reorientation near the ordering transition by a factor of
300-2000 for H,O and 30-100 for D,O samples. Furthermore, by long-term storage of our samples at
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77 K we have reached surprisingly large increases in degree of order. For the D,O samples we observed
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1. Introduction

Ice XII is a metastable hydrogen-disordered high-pressure
phase of ice. Ice XII was first prepared and characterized in
1998 by Lobban et al.' by slow crystallization from the liquid
phase at 260 K at a pressure of 0.55 GPa. In the same year Chou
et al. reported a new ‘“High-Pressure Phase of H,O Ice” in the
ice VI domain at 0.7-1.2 GPa and 276-299 K.” They speculated
on the relation of their new phase to ice XII but could not
confirm it or rule it out. Later on, Salzmann et al. showed that
the “Chou-phase” is indeed ice XII.> Subsequent to the forma-
tion of ice XII from the liquid phase, Koza et al. reported on
the formation of ice XII in a completely different region of the
water phase diagram, that is, as an unexpected product in the
preparation of high-density amorphous ice (HDA) at 77 K on
compression of ice Ih up to 1.8 GPa.*” Kohl et al. then showed
that along this route ice XII forms on compression of ice Ih
at 77 K only via HDA, and not directly from ice Ih, and
that the formation requires a sudden pronounced pressure
drop at pressures >1.1 GPa that causes shockwave heating.®
Loerting et al. mapped out the metastability domain of ice XII

“ Institute of Physical Chemistry, University of Innsbruck, A-6020 Innsbruck, Austria.
E-mail: thomas.loerting@uibk.ac.at
b Fakultiit Physik, Technische Universitét Dortmund, D-44221 Dortmund, Germany

This journal is © the Owner Societies 2018

an unprecedented high order, corresponding to more than 45% of the Pauling entropy.

at ~158-212 K by crystallizing HDA under controlled condi-
tions, without shockwaves.” Thus, the metastability region of
ice XII lies within the stability domain of ice V and ice VI
Salzmann et al. then demonstrated that the heating rate is the
decisive parameter governing whether metastable ice IV, meta-
stable ice XII, or a mixture of both crystallizes from HDA in the
stability field of ice VI.>® The structure of ice XII is described by
a tetragonal unit cell, with a space group of 742d, containing
12 water molecules with four O(1) and eight O(2) oxygen
atoms." The O(2) oxygen atoms are connected by asymmetric
H-bonds that form zigzag chains running along the a and b
axes. These chains are interconnected by O(1)-O(2) H-bonds."®
The unit cell symmetry requires ice XII to be fully disordered.
A fully disordered state of ice would be higher in configura-
tional entropy than a fully ordered state. According to Pauling
the corresponding entropy difference ASp of such two states
amounts to 3.4 ] K~! mol~*.'*!2

Ice XIV (space group P2,2,2,), the hydrogen-ordered pendant
of ice XII, was reported experimentally for the first time by
Salzmann et al.'® together with theoretical predictions of its
structure by Tribello et al.'* Key to prepare ice XIV is the use of
HCI as dopant.""® By virtue of suitable doping the Bernal-
Fowler ice rules'® are broken, and external point defects (ionic
and/or Bjerrum defects) are generated on the ice lattice. These
point defects may enhance dipolar dynamics, even though it is
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still unclear why some dopants do enhance the dynamics
whereas others do not."”'® Without dopant ice XII forms an
orientational glass upon cooling to T' < 100 K, i.e., a hydrogen-
disordered ice in which reorientational dynamics is frozen. The
orientational glass transition, i.e., the unfreezing of reorienta-
tional dynamics upon heating, is observed at 129 K using
calorimetric methods," compatible with the results from
dielectric spectroscopy.”® By introducing hydrogen chloride as
a dopant the dielectric dynamics is enhanced by almost five
orders of magnitude with respect to undoped ice XII,”° thereby
preventing the freezing of reorientational dynamics even at
T < 100 K. Thus, for suitably prepared HCIl-doped samples,
the thermodynamically favored ice XIV phase becomes kineti-
cally accessible at T < 100 K. By using slow high-pressure
cooling with rates gyp < 15 K min ™" it is possible to achieve a
transition from completely disordered ice XII to ice XIV showing
a high degree of hydrogen ordering.® Under these conditions up
to about 60 + 3% of the Pauling entropy was detected at the ice
XIV — ice XII transition. For crystals produced using larger high-
pressure cooling rates (gip = 30...70 K min ") only about 20% of
the Pauling entropy could be recovered.*® It is suggested in our
previous work?® that by cooling hydrogen disordered ice XII back
to T < 100 K, no more than 20% can be reached because
orthorhombic stress prevents a subset of H atoms from ordering
at ambient pressure. By increasing the pressure from 0.55 GPa
(at 260 K)" to 1.1 GPa (at 173 K)*' the lattice constant a shrinks by
about 2% from 8.30 to 8.14 A. This could be at the origin of the
more effective hydrogen ordering process at high pressures. In
other words, it was thought that slow high-pressure cooling is
essential to enhance the degree of hydrogen order in ice XIv.2°
By contrast, for other order-disorder pairs such as ice XIII/V,
a recooling of the disordered phase at ambient pressure can lead
back to the initial magnitude of hydrogen order.*

Since the ordering involves dynamics of the hydrogen
network in an essentially static oxygen network, the study of
isotope effects on the ordering transition is particularly rele-
vant. However, in the literature there is not much information
about isotope effects on order-disorder transitions in ice, and
so we will study them here. We distinguish thermodynamic and
kinetic isotope effects, where the former affect the equilibrium
transition temperature and the latter the dynamics of the
H/D-atoms. The kinetic isotope effect has been previously
studied in liquid water,?*** ice Ih,>*">” high-pressure crystalline
ice®*® and amorphous ice.’*°> Lately, an unusually large
kinetic isotope effect on the relaxation time was observed near
the calorimetric glass transition temperature T, ~ 136 K of low-
density amorphous ice (LDA).** Quantum effects were shown to
play an important role near T, in accelerating the H-dynamics
much more than the D-dynamics. The disordering transition in
H,O0 ice XIV takes place at ~102 K, i.e., even below LDA’s Tg.20
This suggests that quantum effects might play an important role
also in the ordering transition of ice XII. For ice VI an isotope
effect on the orientational glass-transition temperature of ~6 K
has been observed.** In doped samples, which allow for the
ordering of ice VI to produce ice XV, the degree of hydrogen
ordering was found to be slightly higher in H,O ice XV than in
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D,O ice XV.** The kinetic isotope effect on the ice V/XIII
transition was quantified in dielectric studies revealing that
dynamics in the D-network is typically a factor of 10 slower than
in the H-network.*® This is in qualitative agreement with a
calorimetric study by Salzmann et al.>

Even though six order-disorder pairs of ices are known, the
thermodynamic isotope effect has only been measured for the
ambient pressure pair ice Ih/ice XI, for which KOH serves as
the most effective dopant.®® In this case, the order/disorder
transition is observed at 72 K for H,O ice*® and 76 K for D,O
ice.>” A more recent study on the complex dielectric constant
confirmed this finding and showed that the ice Ih to ice XI
transition temperature is on average 4.5 K higher in D,O than in
H,0.*® Computationally, the difference in the equilibrium ordering
transition temperature between H,O and D,O ice XI was found to
be 6 K using the quasiharmonic approximation combined with
ab initio density functional theory calculations.>®

In this work, we examine how the dynamics of the hydrogen
ordering in ice XII is affected upon substituting deuterons for
hydrogens, i.e., by using D,O samples and DCI as dopant. This
is a particularly important question since the structural infor-
mation available for ice XIV is based on neutron data on doped
D,O samples,"® whereas the maximum known hydrogen order
of about 60% could only be achieved for doped H,O samples.>°
Also, we further study the hydrogen ordering transition as a
function of ambient pressure cooling rates on HCl and DCI
samples. We will demonstrate that far more than 20% of
hydrogen order can be recovered at ambient pressure by
applying very low cooling rates at ambient pressure, as well
as by exploiting aging effects for samples stored for several
years at 77 K. In order to tackle these questions we employ
differential scanning calorimetry (DSC) to assess the thermo-
dynamic isotope effect (degree of ordering and transition
temperatures) and dielectric relaxation spectroscopy to scrutinize
both the kinetic (dielectric relaxation times) and thermo-
dynamic isotope effects (transition temperatures). Powder X-ray
diffraction on samples of different degree of ordering is used to
investigate structural aspects related to the isotope effect. These
techniques have been employed earlier to investigate the H,O-
based ice XIV samples.*?® Specific questions in the focus of our
work are: (1) what is the maximum degree of ordering that can
be reached in D,O ice XIV samples? (2) for both isotopomers,
what is the difference in the degree of ordering for samples that
are cooled at high-pressure vs. ambient-pressure conditions?
(3) what is the isotope effect on the equilibrium ordering
temperature? (4) how large is the kinetic isotope effect, accessible
by dielectric dynamics?

2. Experimental methods
Sample preparation at 0.81 GPa

In the present work, doped ice XII was produced by crystallizing
HDA. HDA itself is prepared according to the protocol by Mishima
et al.,* that is, by freezing an aqueous solution at ambient
pressure and then pressurizing the resulting hexagonal ice to
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1.6 GPa at 77 K. HDA was crystallized by decompression to
0.81 GPa and heating at >25 K min~" to 185 K. At such high
heating rates the competing crystallization channel to ice IV is
effectively suppressed and pure ice XII forms, at least for
undoped samples.'® Pure ice XII also forms under these con-
ditions for several doped H,O samples*® and, as we demon-
strate here, for DCl-doped D,O samples. The samples were
pressurized in a piston-cylinder apparatus with an 8 mm bore,
by using a computerized universal testing machine (Zwick,
model BZ100/TL3S). Indium containers were employed to avoid
unwanted pressure drops during compression. All doped ice
XIV/XII crystals were prepared from 600 pl of 0.01 M DCl in D,O
solution. HCl-doped samples included in the study of ambient
pressure cooling rates and its degree of ordering are prepared
in the manner shown in our previous work.>°

Characterization of quench-recovered samples at 1 bar

After quench-recovering the samples to 77 K and ambient
pressure, they were checked using X-ray diffraction. The
diffractograms were recorded at ambient pressure and ~ 80 K
using a Siemens D5000 diffractometer (Cu-K, ;, 4 = 1.5406 A) in
0-0 geometry. This setup provides high intensity, stability of
peak positions, and low background.

We use calorimetry to examine the degree of order achieved
in ice XIV. A differential scanning calorimeter (DSC8000 Perkin
Elmer) was used. Under liquid nitrogen the samples were trans-
ferred into an aluminum capsule with a lid and cold loaded into
the DSC instrument, following well established methods."**%*?
Ambient pressure heating scans were recorded at 50 K min™".
The mass of the sample was obtained via the melting endo-
therm of ice, by using a value of 6280 k] mol " ** for D,O ice Ih.

In the present work, three first-order phase transitions
associated with latent heat were recorded calorimetrically for
deuterated ice XIV samples. First, an endotherm at 7, ~ 108 K
indicating the deuteron order-disorder transition from ice XIV
to ice XII. Second, an exotherm at 7y & 158 K indicating the
polymorphic transition from ice XII to cubic ice. And third, an
endotherm at T,,, &~ 277 K which indicates the melting of D,O
hexagonal ice. From a single calorigram, the transition entropy
AS is extracted from the calorimetry scans in two independent
ways: the latent heat AH at the disordering temperature T,
corresponding to the product of AS and T, is calculated by
comparison with a reference peak: either the exotherm of
the ice XII to “cubic” ice (Ic)**™** transition or the endotherm
accompanying the melting of hexagonal ice. The ice XII — Ic
transition is known to be accompanied by a latent heat of
1270 + 50 J mol " (H,0)* and 1408 + 8 J mol " (D,0).*® The
latent heats AH obtained from the peak area ratios are then
divided by T. giving AS values typically agreeing within 2%.
Data points included on the figures of this work represent
the calculation via the ratio of the peak areas from the first
endotherm (XIV/XII transition) and the exotherm pertaining to
the XII to ice Ic transition. Uncertainties given in figures
include contributions from: reproducibility, baseline choice,
ambiguities in placing onset and/or endpoint, and differences
observed for the two methods of evaluation.
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The experimental procedures employed for the present
dielectric experiments are those outlined in detail in previous
articles.*>*’

3. Results and discussion
Degree of ordering from calorimetry

Application of different high-pressure cooling rates (gup) for
DCI in D,O doped samples changes the latent heat associated
with the ice XIV — XII disordering transition, see the heating
scans in Fig. 1(a). The latent heat associated with disordering
increases with decreasing rates, qup, applied during the prior
high-pressure cooling at 0.81 GPa (brown curves). Fig. 1(b)
shows how much entropy, AS, can be recovered for the different
Gup- For qup > 30 K min~" the ice cannot order, that is, only
disordered ice XII is obtained. This contrasts the behavior of
HCl-doped H,O samples, for which some hydrogen order was
detected even for our highest rates, ggzp &~ 100 K min ™' (see
blue dashed line in Fig. 1(b)). For gyp of 2-30 K min~*, only
~5-10% of the Pauling entropy is recovered in deuterated
samples. On the other hand, for gyp < 2 K min™" larger values
are obtained, reaching ~25-30% at gyp = 0.6 K min~'. Higher
production pressures of 1.2 and 1.5 GPa were examined to test
for the possibility of higher degrees of ordering (green and
orange symbols, respectively). However, at gyp = 0.5 K min™"
the degree of order matches the one obtained also at 0.81 GPa.
That is, increasing the pressure does not further increase the
order. Different from the hydrogenated samples, represented as
blue dashed line in Fig. 1(b), a plateau is not reached yet for the
lowest gup employed here. Thus, for D,O it remains unclear
what the maximum degree of ordering would be if rates
gur < 0.5 Kmin~" could be reached. To emphasize the results
for small cooling rates, Fig. 1(c) compares the transition entro-
pies AS that were obtained for the hydrogenated and deuterated
samples on a semi-logarithmic plot.

Ordering in deuterated ice XII is clearly slower and more
difficult to achieve than in hydrogenated ice XII. Furthermore,
the upturn in Fig. 1(b) for hydrogenated samples sets in at
grr < 30 K min?! already, i.e., at larger rates than for the
deuterated samples (at gp < 1 K min~"). The factor of about
30 between the two onset rates suggests that near the ordering
temperature at 0.81 GPa the dynamics of hydrogen atoms is
thirty times faster than that of the deuterons.

In addition to assessing cooling rate effects on the degree of
order reached in the low-temperature phase, DSC also allows
one to quantify the thermodynamic isotope effect on the
(dis)ordering temperature T.. Fig. 2 compares DSC scans for
samples with the highest degree of order that we have been able
to achieve. For the HCl-doped sample (~0.6 AS,, blue trace)
the onset of latent heat uptake differs clearly from that of the
DCl-doped sample (~0.3 AS,,, brown trace). For DCl-doped ice
XIV the endotherm has an onset temperature 7, = 108 £+ 2 K,
while for HCl-doped ice XIV the corresponding onset tempera-
ture is T, = 102 + 3 K, for equivalent experimental conditions.
In addition, the peak of the DSC trace is somewhat broader for
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Fig. 1 (a) Calorimetric heating scans (50 K min~) at ambient pressure for
DCl-doped D,O samples. Brown curves are from samples obtained at
0.81 GPa, green and orange at 1.2 GPa and 1.5 GPa, respectively. (b) Fraction
of the Pauling entropy recovered as a function of the high-pressure cooling
rate, gup. The blue dashed line indicates previous results for HCl-doped ice
XIV.2° (c) Same as Fig. 1(b) but in a semi-logarithmic representation. Each
individual point represents an average of two or three different measure-
ments. Error bars on the y-axis are smaller than the symbol size. The error
bars on the x-axis reflect the fluctuation of the cooling rate in the proximity
of and through the order—disorder transition at 0.81 GPa.

the deuterated sample. The difference between the two onset
temperatures represents an isotope effect of 6 + 2 K. The isotope
effect on the endpoint temperatures amounts to 7 + 2 K.
Ordering at ambient pressure

Let us now assess the degree of ordering that can be reached for
doped ice XII samples that are cooled at different ambient-pressure
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Fig. 2 Calorimetry scans for HCl (qup = 4.8 K min™Y) and DCl-doped
(gup = 0.6 K min™Y ice XIV samples measured at ambient pressure with
50 K min~*.

cooling rates (gap). The ice XII samples were obtained by
heating ice XIV, through the order-disorder transition to 133 K
for HCl-doped samples and 143 K for DCl-doped samples.
These temperatures were chosen to avoid conversion to ice Ic,
but to allow for full disordering, i.e., observation of the entire
endotherm (see Fig. 2). Fig. 3(a) shows the fraction of the
Pauling entropy (AS/ASp) obtained from DSC scans as a func-
tion of the previous cooling rate. It is evident that decreasing
qap increases the degree of ordering released at the ice
XIV — XII conversion. For larger g,p we obtain a constant
value as a plateau indicating that no ordering takes place at all.
In other words, the hydrogen or deuterium atoms do not order
at all for g,p > 20 K min~". Furthermore, for g,p < 1 K min™,
we clearly see a major increase of the degree of hydrogen order
for both isotopes.

The influence of pressure on the ice XIV-XII transition was
previously pointed out from Raman work by Salzmann et al.*®
who stated that “hydrogen ordering seems to be much more
difficult at ambient pressure than at high pressure and a less
ordered ice XIV is obtained”. That seems to be reasonable for
their cooling rate gap = 0.5 K min~*, where also from the pre-
sent DSC work only less than 10% of the Pauling entropy can be
recovered. However, by lowering g,p by almost two orders of
magnitude, we observe more than 40% of the Pauling entropy
for HCl, and about 28% for DCI, see Fig. 3(b) and (c). The
highest values are obtained for the slowest cooling rate available
in our DSC instrument. Although for the deuterated samples we
cannot reach the plateau seen in Fig. 1(b), we conjecture that
this would be the case for sufficiently slow ambient-pressure
cooling rates. For ice XII we are not aware of previous reports
demonstrating that degrees of order can be reached at ambient
pressure which are similar to the ones reached at 0.81 GPa
previously. It appears, though, that g,p needs to be much
smaller than gyp to reach similar degrees of ordering. Specifically,
for hydrogenated samples gap has to be smaller than ggp by a

This journal is © the Owner Societies 2018
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Fig. 3 (a) Fraction of the Pauling entropy recovered at the ice XIV-XIl

transition as a function of the ambient pressure cooling rate gap (logarithmic
representation). The data were obtained from DSC heating scans recorded
at 50 K min~™. (b and c) Data representing a comparison from the recovered
fraction of the Pauling entropy at the ice XIV-XII transition as a function of
the cooling rate q, where (b) represents HCl- (blue) and (c) DCl-doped ice
(brown). Filled symbols correspond to high-pressure cooling rates (gup) and
empty symbols to ambient-pressure cooling rates (gap), respectively. Dotted
lines are guides to the eye.

factor of 300-2000 to reach similar fractions of Pauling entropy.
For deuterated samples the corresponding factor is only
30-100, i.e., the influence of pressure and orthorhombic stress
on the ordering dynamics is larger for hydrogenated than for
deuterated samples (compare Fig. 3(b) and (c) for the same
fraction of Pauling entropies).
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Ordering at 77 K upon storage in liquid nitrogen

The data in Fig. 3 suggest that for DCl-doped D,O samples the
plateau has not yet been reached for cooling rates as low as
0.02 K min~". This suggests that long-term annealing below the
ordering temperature might increase the degree of ordering
further. Thus, we have stored some ice XIV samples, both D,O
and H,O, for about 40 months in liquid nitrogen, providing
time for each sample to approach thermodynamic equilibrium.
For ice XIV we regard thermodynamic equilibrium to involve
the maximally ordered ice XIV state, which we had determined
to be about 60% for H,O samples.>’ Fig. 4 shows two DSC scans
that were recorded right after preparation (dashed lines) and two
that were acquired after 40 months of storage in liquid nitrogen
(full lines). Clearly, the endotherms of the aged samples have
increased significantly: After 40 months of storage at 77 K the
degree of order has increased from initially about 20% to more
than 50% for a sample prepared at gp = 65 K min~* from H,0
(see Fig. 4(a)). Similarly, it has increased from initially less than
10% to more than 35% for a sample prepared at gyp = 25 K min™"
from D,O (Fig. 4(b)). Table 1 summarizes the Pauling entropy
fractions achieved before and after long-term storage in liquid
nitrogen for the data shown in Fig. 4 and for additional samples.
By contrast to the situation seen in Fig. 4 the degree of order
does not change much for samples that were initially already
well ordered since they were prepared through slow high-
pressure cooling. Fig. 8(a), below, shows the dielectric relaxation
times from ref. 20 for HCl-doped ice XIV and additional data

@)

— — HCl after preparation
—— HCl after 40 months storage at 77 K

G = 65K min™

I 5] K'mol’

©)
= — DCl after preparation
[—— DCl after 40 months storage at 77 K

110 120 130
temperature T/ K

Fig. 4 The effect of long-term storage at 77 K on (a) HCl- (blue) and
(b) DCl-doped (brown) ice XIV samples. DSC scans were recorded at ambient
pressure with 50 K min~*. Dotted lines were recorded immediately after
sample preparation and full lines represent remeasurements of the same
samples after 40 months storage at 77 K.
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Table 1 Summary of the recovered fractions of the Pauling entropy for
samples measured immediately after preparation and measured after
40 months stored in liquid nitrogen at 77 K. The comparison clearly reveals
the impact of different high-pressure cooling rates employed on the pre-
paration for ice XIV HCl and DCl-doped samples. Error bars from HCl-doped
samples are from ref. 20 and error bars from DCl-doped samples include all
contributions mentioned in the experimental section

1 1

HCI gup = 65 Kmin™~ gyp =14 K min~
After sample preparation 21 + 3% 58 + 4%
After 40 months storage at 77 K 54 + 4% 58 + 4%

DCl gup = 25 Kmin™' gyp = 0.6 K min "
After sample preparation 8+ 1% 27 £ 3%
After 40 months storage at 77 K 37 + 2% 47 £ 3%

measured in the present work (and discussed below). Consider-
able extrapolation of these data to 77 K (green dashed line in
Fig. 8(a)) results in dielectric relaxation times of the order of
several hours. That is, the increase in the endotherm seen in
Fig. 4(a) after 40 months is a consequence of annealing for a
large number of dielectric relaxation times. For the DCI doped
sample only about 20 dielectric relaxation times have passed
after 40 months at 77 K (compare red dashed line in Fig. 8(a)).
Still, an increase to a fraction of 47% of the Pauling entropy is
measured (see Table 1), which is clearly higher than anything
observed before in the literature (compare also Fig. 4(b)).
Possibly even higher fractions can be recovered after many years
of storage. However, for the DCl-doped samples it is currently
unclear whether 47% is the maximum that can be obtained or
whether even longer storage might increase the order to 60%,
too. In case of HCl-doped H,O samples the degree of order in a
sample initially prepared at ggp = 14 K min™" from H,O remains
unchanged near 60% after 40 months of storage, in spite of
having aged for about 30 dielectric relaxation times at liquid
nitrogen temperature (extrapolate blue line in Fig. 8(a)).
This suggests that 60% order is the maximum that can be
reached. This degree of order has not been reached after 40 months
in liquid nitrogen for samples initially prepared at large gup
(see Table 1).

X-ray diffraction

Ice XII and ice XIV can be distinguished not only by neutron
diffraction, but also by powder X-ray diffraction.">?° This is
because the oxygen network is affected by the order in the
hydrogen network, giving rise to an “orthorhombic splitting” of
the (310) and (301) Bragg peaks (indexed with respect to the
tetragonal high-temperature structure). In this work we pre-
pared samples displaying different degrees of order, allowing
us to study its effect on the splittings. Using Cu-K, ; radiation
these Bragg peaks appear at 20 = 34.1° and 39.6°, see the vertical
dashed lines in Fig. 5. Both splittings are well resolved for the
60% hydrogen-ordered sample, but absent for the 20% ordered
HCl-doped sample (bottom two traces in Fig. 5). Note that the
peak marked by the asterisk marks a contamination with ice Ih.
Its position is shifted compared to the expected location for the
splitting, but matches the position for ice Ih exactly. For the
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Fig. 5 Powder X-ray diffractograms obtained at 80 K using Cu-K,,; radiation
in -0 geometry for HCl- and DCl-doped ice XII/XIV samples. Tick marks at
the bottom represent the most important Bragg reflections for ice XIV and
ice XII. Hexagonal ice condensed on the sample surface during transfer to
the diffractometer is marked by an asterisk.

DCl-doped samples a clear splitting is not resolved. The top
four traces in Fig. 5 are for D-ordered ice XIV samples where the
order increases from around 3% to 24%. Between 3% and
13% there is a single peak both at 20 = 34.1° and 39.6°. These
peaks are seen to broaden and develop a wide-angle shoulder at
~24% ordering. However, a splitting as evident for the 60%
H-ordered sample cannot be reached. That is, qualitatively the
lower degree of ordering as assessed by calorimetry is reflected
by an absence of the two splittings in the diffractograms shown
in Fig. 5.

Dielectric relaxation spectroscopy

To study the impact of the isotope effects on the dipolar
dynamics of ice XII and ice XIV, we carried out dielectric
measurements. Dielectric data (a) for undoped H,O and (b) for
undoped D,0 ice XII are shown in Fig. 6(a) and (b), respectively.
In both crystals dielectric loss peaks are resolved near 140 K and
one recognizes that the dynamics in deuterated ice XII is about
1 decade slower than in hydrogenated ice XII. A clear isotope
effect is evident also for the hydrogen chloride doped samples:
The dynamics in ice XII/XIV-HCI, see Fig. 6(c), is also roughly
ten times faster than in ice XII/XIV-DCI, see Fig. 6(d). Overall,
hydrogen chloride doping leads to an enhancement of the dipolar
dynamics by about 10* with respect to the undoped samples.
Furthermore, acid doping generates electrical conductivity effects
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Fig. 6 Dielectric loss spectra of (a) undoped H,O ice Xll, (b) undoped D,O
ice XII, (c) hydrogenated ice XII/XIV-HCL, and (d) deuterated ice XII/XIV-DCl;
temperatures are given in Kelvin.

that become obvious from the upturn in ¢’(v) towards low
frequencies, see Fig. 6(c) and (d).

For a quantitative analysis of the dielectric loss spectra, peak
frequencies, vmax, Were read out from the plots. From spectra
devoid of a peak, vy, Was estimated by shifting the spectra
horizontally along the frequency axis until best overlap with a
suitably chosen reference spectrum was achieved. From the
required shift factors, relaxation frequencies can be inferred in
an extended temperature range. This procedure assumes that the
overall loss amplitude is temperature independent and works
best if the spectral shape is (almost) temperature invariant, Ze.,
if frequency-temperature equivalence is applicable. To check for
this feature, in Fig. 7 we demonstrate the result of the scaling
procedure just described by horizontally shifting the data pre-
sented in Fig. 6(d). As reference spectrum in Fig. 7 we included
data recorded at 105 K, a temperature at which a loss peak is still
observed. Fig. 7 shows that apart from some scatter appearing
at dielectric loss amplitudes about 2 decades below the peak
maximum, an almost perfect match of the curves is achieved.
For T > 105 K the application of this procedure is not necessary
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Fig. 7 Master plot of the dielectric loss spectra for D,O ice XII/XIV-DCl
that was generated on the basis of the data in Fig. 6(d) by shifts solely along
the frequency axis. From the shift factors required to achieve overlap with the
105 K reference spectrum, peak frequencies can be extrapolated. These
estimates rest on the validity of frequency-temperature equivalence, an
assumption which is confirmed here by the excellent overlap of the spectra.

for D,O ice XII/XIV-DCI because well-defined peaks are visible
directly in the raw spectra, see Fig. 6(d). Dielectric relaxation
times Trax = (2MVmay) * thus obtained from the dielectric spectra
via direct peak analysis (full symbols) and from the shift pro-
cedure (open symbols) are summarized in an Arrhenius plot,
Fig. 8(a).

For the doped crystals the phase transition temperatures are
evident from clear breaks in slope, i.e., from changes in the
effective energy barriers E. From these data we can infer transi-
tion temperatures 7. of 102 + 4 K and 106 + 4 K for hydro-
genated and deuterated doped ice XIV samples, respectively.
These temperatures, and thus the thermodynamic isotope effect
of 4 £ 2 K, compare favorably with the values deduced from the
calorigrams shown in Fig. 2.

The solid lines in Fig. 8(a) reflect thermally activated behav-
ior for the relaxation times

Tmax = To €Xp(E/RT) (1)

with 7, and E denoting pre-exponential factor and activation
energy, respectively. The energy barriers deduced from the data
in Fig. 8(a) are compiled in Table 2. Generally, the hydrogen
disordered phases produced from D,O samples display larger
energy barriers than those made from H,O. Furthermore, in the
doped samples, the energy barriers for T > T, are lower than
those in the corresponding undoped crystals. It is worthwhile
to point out that a clear break in slope is resolved only upon
first heating of the doped samples. In other words, a break
of slope is clearly observed for well-ordered ice XIV produced by
slow high-pressure cooling, but barely for ice XIV produced by
moderately slow ambient-pressure cooling.

Similar barriers are found in the hydrogenated and deuterated
ice XIV phases that were produced using high-pressure cooling
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Fig. 8 (a) Arrhenius plot of various doped/undoped and hydrogenated/
deuterated ices as indicated. For the doped ices the high-pressure cooling
rate qup is given in K min~%. The data for undoped hydrogenated ice Xl and
those for fast high-pressure-cooled ice XII/XIV-HCl are taken from ref. 20.
Results from the other samples are from the present work. Filled symbols
refer to relaxation times from loss peaks, open symbols from applying
frequency-temperature equivalence. Triangles pointing down or right
refer to measurements carried out upon cooling, those pointing up or
left refer to heating. All other measurements were performed also while
heating the samples. The solid lines reflect Arrhenius laws, egn (1), with the
parameters given in Table 2. (b) Time scale ratios tp/ty calculated for
various phases. For ice XII/XIV-HCl the data for the slowly high-pressure-
cooled sample was used.

Table 2 Energy barriers E corresponding to the lines in the Arrhenius plot
shown in Fig. 8(a), see also eqn (1). The asterisks mark results taken from
ref. 20. Storage time at 77 K (tsiore) @and high-pressure cooling rate, gup,
used for the production are given

qup/ Estore! E (ice XII)/ E (ice XIV)/
K min™" months kJ mol ! k] mol !
H,0 48 37 38 + 3*
D,O 50 30 45 + 3
H,0-HCl 1.5 1.1 21+ 2 38+ 3
H,0-HCl 68 6.8 21 £ 2% 36 £+ 3*
D,0-DCl 11 17 26 £ 2 34 +3

rates qgp > 10 K min~ ', ¢f. Table 2. This implies that for
these two samples the time scale ratio tp/ty which quantifies
the impact of the H/D isotope substitution on the dynamics
is roughly constant (of the order of 40 + 10, not shown).
However, the DCl-doped, deuterated ice XII phase displays
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an about 25% larger activation energy than its hydrogenated
counterpart.

In Fig. 8(b) we summarize the time scale ratio tp/ty; involving
also other samples. One recognizes that depending on tempera-
ture and dopant the relaxation times 7, deviate from each
other by factors of about 10 to 30 when comparing the results
for the hydrogenated with those for the deuterated samples.
Similar tp/ty ratios (in the range of 10...20) can be inferred
from a comparison of the data for hydrogenated ice V-HCI and
deuterated ice V-DCL.** For undoped ice V larger tp/ty ratios
(reaching values of ~100 near 125 K) are found.*® From the
dielectric relaxation times of ice Th-H,O0-KOH*° and those from
1h-D,0-KOD* ratios increasing from =25 near 100 K to ~ 140
near 77 K can be determined.

4. Conclusions

In this work we have carefully studied both the kinetic and
thermodynamic isotope effects on the order-disorder transition of
ice XIV to ice XII using three different methods. A comparison of
HCI and DCI samples by X-ray diffraction reveals that deuterated
samples are much harder to order than hydrogenated ice XII.
The orthorhombic splittings seen for the maximally ordered
hydrogenated sample in X-ray diffractograms (Fig. 5) could not
be resolved for deuterated samples. A shoulder hinting at the
splitting appears only for deuterated samples produced using
very slow high-pressure cooling with rates of gyp ~ 0.5 Kmin™".
From the evaluation of calorimetry experiments we also see that
deuterated samples are more difficult to order than hydrogen-
ated samples under the same experimental conditions. The
highest degree of ordering obtained under pressure (and without
aging) for DCl-doped samples amounts to ~30% of the Pauling
entropy when using the slowest high-pressure cooling rate
(qup = 0.5-0.6 K min~') achieved here. For comparison, for
hydrogenated samples we were able to obtain ~60% of the Pauling
entropy using high-pressure cooling rates of gyp = 4 K min™"
(see ref. 20). The thermodynamic isotope effect on the transi-
tion temperature amounts to about 4-6 K as consistently seen
from the DSC and dielectric loss data.

The effect of pressure and long-term storage are evaluated
here from DSC and also dielectric experiments. It was thought
previously that use of pressure is essential for ordering ice XIV
because of the role played by orthorhombic stress.”® Here,
it is demonstrated that with sufficiently low ambient-pressure
cooling rates (gap < 0.5 K min "), degrees of ordering similar to
those obtained at high pressure can be reached. The maximum
degree of ordering is obtained with the slowest possible
ambient-pressure cooling rate that our DSC instrument can
achieve (gap = 0.01 K min™"). Thus, the effect of orthorhombic
stress is not to prevent the ordering transition at ambient
pressure, but rather to slow down the time scales required to achieve
order by approximately a factor of 300-2000 for H,O and 30-100 for
D,0 samples, as seen in Fig. 4. Furthermore, we have observed a very
interesting ‘“‘aging” effect on our samples when remeasured
after 40 months of storage at liquid nitrogen temperature.
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All samples which were initially much less than 60% ordered,
reach now higher degrees of ordering than those obtained right
after preparation. In fact, all of the HCl-doped samples are close
to the maximum degree of order of 60% after 40 months of
storage. For the DCl-doped D,0O samples storage for 40 months
has allowed us to reach 47% of the Pauling entropy — higher than
all fractions obtained from other protocols, including protocols
involving slow cooling at high-pressure. In previous work the
neutron structure of ice XIV was determined on a sample of ice
XII cooled at gyp = 0.8 K min~"."* According to Fig. 1(c), this
sample had a degree of order of around 20%, which becomes
evident as residual disorder on the D4, D5, D12 and D13 atom
positions in the unit cell.** We surmise that the residual disorder
on these atom positions is greatly reduced in the sample aged for
40 months in liquid nitrogen. This calls for a neutron study of
aged D,O-ice XIV samples. The large effect on the degree of
ordering is rationalized based on extrapolations of the dielectric
relaxation times measured for these samples (see Fig. 8(a)).
At 77 K the (considerably) extrapolated dielectric relaxation
times can be surprisingly short, so that a time scale of a couple
of months seems to be sufficient to achieve a saturated ordering
in ice XIV.

In general, deuteration slows the dielectric ambient-pressure
dynamics down by about a factor of 10...30. In the ordered ice
XIV-HCI phase it is found that the activation energy from
dielectric relaxation does not significantly depend on the degree
of ordering. Finally, for undoped ice XII the activation energy
does increase with deuteration, similar to previous findings for
undoped ice V.
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