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Herein, via the first-principles density functional theory, CASTEP code, we investigated the 15 vibrational
normal modes of ferroelectric hydrogen-ordered phase of ice Ic. The physical mechanism of hydrogen
bond vibrations has been indicated by two type of peaks: the weak peak corresponds to two hydrogen
bonds participating in the basal plane and the strong peak is composed by four hydrogen bonding
vibrations for one molecule along the optic axis. The assignments of vibrational spectrum are individually

conducted via the analysis of normal modes. The agreements of experimental data with the computed
Received 18th April 2017 lts manifest that the hydrogen-disordered bulk | b d by domains of a ferroelectric-
Accepted 10th July 2017 results manifest that the hydrogen-disordered bulk Ic may be composed by domains of a ferroelectric
ordered phase. We also predicted that the ferroelectric phase of ice Ic should show a birefringent

DOI: 10.1039/c7ra04332e phenomenon along the optical axis provided that a single crystal of the ferroelectric phase of ice Ic
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Introduction

Water/ice covers 71% of the Earth's surface and is vital for all
known forms of life. It has more than 17 different crystal phase
and amorphous phase structures under certain pressure and
temperature.’™ In some crystalline ice structures, such as the
common ice phase, ice Ih, the oxygen atoms form a regular
lattice, whereas the hydrogen atoms are irregular; in other
phases, such as ice II, the hydrogen atoms are arranged in an
ordered way. In fact, many existent phases are paired, for
instance, ice Ih and its hydrogen-ordered counterpart ice XI,
which have identical oxygen sublattice but different hydrogen
order. To computationally study the vibration spectrum of the
ice phase, a hydrogen-ordered structure may greatly reduce the
workload due to its simple primitive cell and present the main
physical features." In this study, the lowest energy structure of
the ferroelectric-ordered phase of ice Ic was simulated, and two
hydrogen bonds were specifically investigated.

Konig was the first to identify and deduce the structure of ice
Ic.”” The oxygen atoms in ice Ic are arranged in a diamond
structure. It is very similar to ice Ih, with almost the same
density and lattice constants along the hexagonal puckered-
planes.” The ice Ic forms at temperatures between 130 and 220
K, and upon heating, it can remain stable up to 240 K."*** Then,
it transforms into ice Ih. Ice Ic can also be produced from
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amorphous ice™' as well as from ice II, ice III, and ice V under
high pressure."”” It can occasionally be found in the upper
atmosphere™ and is responsible for the observation of the
Scheiner's halo that occurs around 28 degrees from the Sun or
the Moon.” Many references, particularly those discussing
cirrus clouds, have mentioned ice Ic.'®**?* However, the bulk
ice Ic is hard to be experimentally synthesized.>* > At this stage,
to date, the stacking disordered ice with maximally 70% cubic
stacking has been prepared.*”

Lekner et al. calculated about 90 hydrogen configurations to
investigate the energetics of hydrogen arrangements in ice Ic
with a unit cell containing 8 water molecules.*®?* They indicated
that the totally ordered antiferroelectric hydrogen configuration
had the lowest electrostatic energy, whereas the ferroelectric
hydrogen configuration had the highest electrostatic energy.
However, the calculations were found to be different from those
reported by Geiger et al. via a combination of spectroscopic
experiments and first-principles simulations;**** this indicated
that the ferroelectrically ordered structure was the most stable
geometric structure (space group I4,md).** Although they could
not indicate the ferroelectric structure as a unique assignment,
it was meaningful to investigate this model to simulate the
vibration spectrum since it fitted the experimental spectra very
well. They concluded that the experimental spectra manifested
the partial hydrogen ordering structure in cubic ice, but no
unique assignment of hydrogen order was possible. We
considered this view and hypothesized that the bulk Ic was
mainly composed by domains of hydrogen ordering structures.
Interestingly, Del Ben et al. reported a model to explain the
disagreement between theory and experiment and suggested
that complete transformation to ferroelectric ice XV was
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disfavored under open-circuit conditions but might be favored
under closed-circuit conditions.*® Herein, we investigated the
ferroelectric structure to reveal the relationship between vibra-
tion modes and frequencies. The physical mechanism of split-
ting of two hydrogen bond peaks obtained via inelastic neutron
scattering (INS) has particularly been discussed in this study.

Computational methodology

Using the CASTEP code,* a first-principles density functional
theory (DFT) method, we calculated the ferroelectric hydrogen-
ordered phase of ice Ic. The normal modes at the Brillouin zone
(BZ) center as well as the phonon density of states (PDOS) of ice
Ic are specially designated. The PDOS are integrated by
dispersion curves, which provide the phonons of lattice vibra-
tions in the whole BZ and can be compared with the INS spec-
trum. Additionally, the peaks of photon scattering are close to
the frequencies of normal modes near the BZ center. Due to
different interaction mechanisms, there are discrepancies
between neutron scattering and photon scattering. In this
study, the experimental data of neutron scattering and photon
scattering have been discussed with computed outcomes, which
shed light on the physical insights for the vibrational spectra
assignments of ice Ic.

The XC function of GGA RPBE* is chosen for this study
based on our previous experience. The energy and SCF tolerance
should take the maximum values for geometry optimization.
The energy cut-off is set at 1200 eV, and the K-point mesh is 7 x
7 x 8 in the reduced BZ. The norm-conserving pseudopotentials
are used to calculate the PDOS and polarizability.

Results and discussion

The PDOS of the ferroelectric structure ice Ic based on
harmonic approximations is shown in Fig. 1 with four separated
vibration regions, and the correlated data are listed in Table 1.

82
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Fig.1 The simulated vibrational spectrum of the ferroelectric-ordered
phase of ice Ic using the CASTEP code. The four main vibration regions
are labelled. Inset: the main peaks in the translation region.
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Table 1 Comparison of the calculated outcomes with the experi-
mental data. The column PDOS consists of characteristic vibrational
peaks (cm™) of the simulation spectrum, with the comparison of
inelastic neutron scattering peaks in the second column. The 15 optical
normal vibrational modes are in contrast with the peaks in photon
scattering data, in the third and the fourth columns

INS Normal Photon scattering
PDOS (ref. 44/45) modes (ref. 46/47/48)
82 57/—

107/—
157 153/—
209 225/— 230(2) 228/—/—
284 298/304 321

540/588 589(2) 570/520/—
612 629/— 613 690/—/—
668
751
863
956 930/927 923(2) 833/812/—
1020 —/1024 1053
1650 1612/— 1630 1604/1620/—
1687 1708
3142 3200/— 3113 3149/3170/3083
3217 3337/— 3220(2) 3217/3240/3215
3347 3334 3340/3380/3320

The simulation accomplished herein is an ordered hydrogen
configuration in a 6-atom primitive cell,>* which makes a great
reduction in the optical vibration modes. The results are quite
consistent with literature stating that the main features of the
spectrum are largely uniform. There is a slight red-shift in the
translation region, and a blue-shift for the intramolecular
vibration due to the XC function of RPBE slightly makes an
underestimation of the hydrogen bond (H-bond). Table 1 is
a comparison of four types of frequency peaks: PDOS, INS,
normal modes, and photon scattering data. Herein, the neutron
and photon scattering data are obtained from literature reports
on ice Ic. Comparisons could be made between the normal
modes at the gamma point and the photon scattering experi-
ments due to the reason that the interactions between electro-
magnetic waves and lattice waves were restricted near the BZ
center. However, it is difficult to point out one peak from the
PDOS to an accurate vibration mode since the peaks are
generated by integrating the phonon signals throughout the BZ.
Theoretically, the PDOS could be verified by the INS since the
experimental data indicated all the signals in the BZ. Fig. 2
presents the dispersion curves of the vibration modes on the left
and the integrated PDOS curve on the right. From the disper-
sion curves, it can be observed that there are 3 x 6 — 3 = 15
optical branches for a 6-atom primitive cell, and these 15
normal modes at the gamma point have been discussed
hereinafter.

Fig. 3 presents the intermolecular translational vibrations.
The crystal axis C is parallel to the coordinate axis Z, which is
perpendicular to the XY plane. The green arrows represent the
vibration direction, with the sizes proportional to the ampli-
tude. We used I and II to label two molecules in one Ic primitive
cell. The right molecule is the same as IT in the neighboring cell.

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 The curve of PDOS on the right is an accumulation of the
dispersion curve on the left. The vertical coordinate of the PDOS curve
corresponds to the horizontal coordinate in Fig. 1.

230(a) X( 1 -11) 3212(1-10)

230(b) Y( 1 -11)

Fig. 3 The normal modes in the translational region. The number
shows the vibration frequency (cm™3). The side view is in the XY plane
for mode 230(a) and 230(b), and it is in the XZ plane for mode 321. The
normal mode 230 cm™? are vibrating along X and Y axis respectively.
The normal mode 321 cm™t is vibrating along Z axis. + and - indicate
whether the simultaneous vibrational of molecule Il is in the same
direction as I.

The side view is in the XY plane for the mode at 230(a) and
230(b) cm™*, and it is in the XZ plane for the mode at 321 cm ™.
The two degenerate modes at 230 cm™ ' vibrate along the X and
Y axes, and the normal mode at 321 cm™ " vibrates along the Z
axis. We used + and - to indicate whether the vibration direction
of the molecule II is the same as that of the molecule I. The ESI
video T1t illustrates the vibration process of 230(a). While
molecule I is stretching towards the negative direction of the X
axis, molecule II is vibrating towards the opposite direction.
Therefore, this vibration mode is named as X(I-II). In this
region, there are three peaks at 57, 105, and 153 cm ™! obtained
via the INS experiments, but they are absent in the normal
modes and IR spectrum. They are obviously signals that belong
to an acoustic branch. The illustrated three normal modes in
the translational region are H-bond vibrations.

However, the role of H-bonding in this region is still
unclear.**** Since the discovery of two H-bond peaks from the
INS spectra of ice Ih, XI, and Ic, explanations on this issue led to
considerable debates. Li and Ross proposed two H-bond
strengths in their lattice dynamic simulation that appeared to
have good agreement with the measured neutron scattering
results. However, their proposition has not been widely accepted
due to large ratios of two proposed force constants. Klotz et al.
regarded the split as an incomplete description of the phonon

This journal is © The Royal Society of Chemistry 2017
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dispersion.*® Our previous studies have discarded this model
and found evidence of LO-TO splitting in the phase of ice
XL In the case of ice Ic, via observing the ESI Video T1-T3,}
the difference between the modes of 230 and 321 can be
distinguished. There are four H-bonds around one molecule.
Taking the H-bond as a simple model of intermolecular con-
necting spring, the elastic resorting force is k for one H-bond. It
can be seen that there are two spring stretchings for mode 230(a)
along the X-axis as well as two spring stretchings for mode 230(b)
along the Y-axis. However, the four springs are simultaneously
stretching for mode 321. Then, based on the formula of a simple

harmonic vibration: w = +/k/m, we obtained the ratio of
frequency between 321 and 230 cm™ " as follows:

CL)]_ 4k_
Jz_\/zk“@

the ratio of two frequencies w4/w, is 321/230 = 1.4. The results
confirm this model. That is, the two H-bond peaks in the
ordered ferroelectric ice Ic originated from the participating
numbers of H-bonds. Since the experimental data is in accor-
dance with this model, we proposed that there are mainly
ferroelectric structure domains in ice Ic. On carefully observing
the experimental data, we have found that the two peaks of Ic
are at 225 and 298 cm ' in the INS experiment. Herein, we
should point out that the INS reflects the whole signals around
the BZ, such that the accumulated peaks may not represent the
true vibration frequencies. Thus, analysis of a special peak from
the INS experimental data may lead to the wrong conclusion.
In the intermolecular librational band, there are 6 normal
modes corresponding to 4 frequencies due to 4 degenerate
states, as shown in Fig. 4. In this region, all the molecular
vibration modes could be classified into three types: rocking,
twisting, and wagging, labeled as R, T, and W, respectively. For
instance, in the mode of 589(a) R; + Wy; (ESI Video L17), I is
rocking and II is wagging simultaneously. Li et al. have pointed
out that the spectra of ice Ic and Ih are fundamentally the same,
having almost the same optical peaks and the same bandwidth
in the librational band. Moreover, Carr et al. conducted
a detailed analysis of the spectra of the stacking disordered ice
and observed that the difference in the spectra of ice Ih and Ic
was very small.** We have listed the peaks of ice Ih in Table 1
based on Li's works.*»** A simple two molecule primitive cell
just contributes 15 normal modes. Therefore, the figure of the
PDOS shows distinct sharp peaks. Compared with those in the
INS spectrum, the simulated librational band presents the same
tendency curves. The vibration mode at 1053 cm™ " is only ob-
tained in the INS experiment. Hardin et al. have reported three
peaks at 833, 690, and 570 cm ™" (IR),* corresponding to our
result (923, 613, and 589 cm ™' (normal mode), respectively).
Ockman assigned two peaks at 520 and 812 cm ™" to different
rotational vibrations, in agreement with our result (589 and 923
em~ ! (normal modes), respectively).”” However, we disagree the
point reported by him the 520 cm™" peak is a double frequency
peak of a certain rotational vibration. Although some modes
have the same expression, their specific dynamic processes are
different. For example, the vibrational frequencies at 613 and

RSC Adlv., 2017, 7, 36801-36806 | 36803
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613 Tin

2|

1053 Tin

Fig. 4 The normal modes in the librational region. T, W, and R refer to wagging, rocking, and twisting, respectively. Note that the vibration
frequencies 589 and 923 cm™! have the same symbol; 613 and 1053 cm™ are common as well.

1053 cm™! are named as the same Ty, which indicates the

twisting together of the two molecules. As illustrated in the ESI
Video L37 for the 613 mode, the hydrogen atoms of I and II
dynamically keep a distance. For the 1053 mode, the hydrogen
atoms become alternatively close to neighbors (ESI Video L67).

As for the intramolecular bending region, there are only two
normal modes, as shown in Fig. 5. The symbols + and - repre-
sent whether the molecule II is in-phase or out-of-phase with I,
respectively. It can be seen that the in-phase bending has lower
energy. In the mode 1708 (I-II), I is opening, whereas II is
closing (ESI Video B2%). The infrared spectrum obtained by
Hardin et al*® indicated a bending vibrational peak at 1604
cm ', consistent with our result (1630 cm ™' (normal modes)).
The weak peak at 2235 cm ™" (IR) and the shoulder at 1570 cm ™"
(IR) are combinations, which are absent in our simulations.
Ockman assigned a peak at 1620 cm ' (IR) to a bending

3113 SS( 1 +11)

3334 SS(I-11)

1630 (1 +1I)

vibration corresponding to 1630 cm ™" (normal modes) as well.

In the INS spectrum,” we can find a peak at 1612 cm ™" that is
consistent with 1650 cm ™' (PDOS). Studies have only reported
one mode in the bending vibration. However, the computing
analysis presents two different modes.

Fig. 5 also shows four intramolecular vibration modes in the
O-H stretching band. There are two kinds of stretching modes
for one molecule: symmetric stretching and asymmetric
stretching. The symbol SS refers to symmetric stretching
vibration and AS refers to asymmetric stretching vibration. We
used the sign + and the sign - to indicate whether the vibrations
were in-phase or out-of-phase, respectively, for the SS type. As
for the two degenerate cases of AS at 3220 cm™ ', they are diffi-
cult to depict and the signs just distinguish the two different
vibrational modes. Taylor et al. detected three peaks in the
Raman spectrum of ice Ic, which were 3083, 3215, and 3320

3220(b) AS( I -11)

Y

L =

1708 (1 -11)

Fig. 5 The normal vibration modes of the intra-molecular O—H stretching and bending vibration. As for the first 4 modes, SS and AS represent
symmetric and asymmetric stretching respectively; and the sign + and the sign - indicate whether the vibrations are in phase for SS or along the
positive direction of some axis synchronously. The last two modes + and - are the symbol of in phase or out of phase with I.
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cm '.*® They seem consistent with our result of 3113, 3220, and
3334 cm™' peaks (normal mode). However, the simulations
show that the intensity of the 3334 cm ™' peak in the Raman
spectrum should be very small. Ockman assigned the peaks at
3240 cm ™' (IR) to AS and 3380 cm ™" (IR) to SS, in agreement
with our assignments of 3220 and 3334 cm ™ *, respectively.*” He
indicated that the peak at 3170 cm ™" (IR) was due to the double
frequency of 1620 cm™ " (IR), but we could not verify this since
we only presented the ground states. Hardin et al. have also
assigned the peaks at 3149 cm ™" (IR) to SS and 3217 cm ™" (IR) to
AS, which are consistent with the normal modes at 3113 and
3220 cm™’, respectively.*® They assigned the peak at 3340 cm™*
(IR) to a combination of 3149 cm ™" (SS) and 213 em ™, which is
different from that obtained herein. Li et al. have pointed out
that the INS spectra of ice Ic and Ih are fundamentally the same
and assigned the peaks at 3200 and 3337 cm ', which are
consistent with our results of 3142 and 3217 cm ™, respectively
(PDOS).** Whalley has indicated that there exists a TO-LO
splitting of O-H AS vibrations in the H-O stretching band of ice
Ic of up to 114 cm™'.* According to our results, the experi-
mentally obtained data at 3083(Raman)/3150(IR) cm ™' is in
correspondence to SS 3113 cm™ " in this study; 3209(Raman)/
3220(IR) cm ' are the two degenerate modes of AS 3220 cm™;
and 3323(Raman)/3380(IR) cm ™' is the SS mode at 3334 cm ™.
Thus, we disagree with Whalley's assignment in this region.
Herein, consistency between the IR spectra and simulated
normal modes can be observed. Since the INS spectrum re-
flected the whole signals around the BZ, we only verified the
validity by the PDOS and found it difficult to point the peak to
a special mode. Additionally, we present two degenerate modes
at 3220 cm ', which are not analyzed from the experimental
work. To understand the dynamic process, please find the
movies in the ESI (Video S1-S47).

Conclusions

The vibrational spectrum of the ferroelectric phase of ice Ic was
simulated using the first-principles DFT method. According to
the discussion of the 15 normal modes, the PDOS peaks in our
results are consistent with the INS data; this manifests the
accuracy of the simulation conducted in this study. The photon
scattering spectrum is close to the analysis of normal modes,
and the physical insights can be individually obtained. At last,
the assignments of the vibrational spectrum of crystalline
material could be illustrated according to the physical
mechanism.

The splitting of H-bonds observed via the INS experiment
could be explained as follows: there were two H-bonds partici-
pating in vibrations in the basal plane, whereas four H-bonds
stretched together along the C axis. Since there is an agree-
ment between the vibrational spectrum of disordered Ic and the
ferroelectric model, we proposed that the bulk Ic might be
composed by the domains of the ferroelectric-ordered phase. In
this case, we predicted that the ordered phase of ice Ic should
have a birefringent phenomenon along the C axis such that
a single crystal of the ferroelectric phase of ice Ic could be
obtained.

This journal is © The Royal Society of Chemistry 2017
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