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ABSTRACT: It is difficult to investigate the hydrogen-bonding dynamics of
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hydrogen-disordered ice VI. Here, we present a comparative method based A ~_  INSVI [Tiaples
on our previous study of its counterpart hydrogen-ordered phase, ice XV. } W ‘3*-:'4 :\:
The primitive cell of ice XV is a 10 molecule unit, and the vibrational normal Bachm el
modes were analyzed individually. We constructed an 80 molecule supercell et kate

A A ice VI
of ice VI to mimic the periodic unit and performed first-principles density ’
functional theory calculations. As the two vibrational spectra show almost
identical features, we compared the molecular translation vibrations. Inspired fom b
by the phonon analysis of ice XV, we found that the vibrational modes in the ice XV o

translation band of ice VI are classifiable into three groups. The lowest- : WL
strength vibration modes represent vibrations between two sublattices that . : : : : : : : :
lack hydrogen bonding. The highest-strength vibration modes represent the 0 40 800 120?:re1632n02°(?m_1§400 2600 3200 3809
vibration of four hydrogen bonds of one molecule. The middle-strength aneney

vibration modes mainly represent the molecular vibrations of only two hydrogen bonds. Although there are many overlapping
stronger and middle modes, there are only two main peaks in the inelastic neutron scattering (INS) spectra. This work explains the
origin of the two main peaks in the far-infrared region of ice VI and illustrates how to analyze a hydrogen-disordered ice structure.

Intensity (a.u.)

1. INTRODUCTION

Following the discovery of ice II and ice III by Tammann," the
phase diagram was extended by Bridgman,”~" who discovered
ices IV, V, VI, and VIL. Since then, further 20 crystalline phases
of ice have been found to exist under different temperatures
and pressures,sf17 with ice XIX being the latest.'” Interest-
ingly, most of these phases exist in pairs, such as ice VI and ice
XV, which have the same oxygen sublattice structure but differ
in terms of hydrogen order or disorder. Thus, ice VI is the
hydrogen-disordered counterpart of ice XV. Recently, Gasser
et al. found that below 103 K, there is a thermodynamically
more stable structure ice S-XV than ice XV,'® which was
recently named ice XIX.'” McFarlan reported that ice VI is
indefinitely stable at 118 K at ordinary pressure.'”*’ Bertie et
al. were the first to prepare ice VI in a laboratory, which they
achieved using a high-pressure apparatus.”' Block developed a
method for studying single crystals of ice VI by X-ray
diffraction under high pressure.””> Kamb determined the
structure of ice VI, revealing that it was composed of two
interpenetrating but non-interconnecting frameworks, such
that the complete structure can be considered a “self-
clathrate”.”® This work was performed via neutron powder
diffraction.”* In addition to these X-ray and neutron powder
diffraction experiments, INS spectra analyses have been
conducted.”® In addition, Fan et al. have performed
calculations to develop a comprehensive understanding of
the structure of ice VI.*°
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Hydrogen-ordered ice XV was discovered by Salzmann et al.
in 2009, and it is thought to be thermodynamically stable at
less than —130 K and at 0.8—1.5 GPa."” More recently, Whale
et al. reported new types of vibrational normal modes for ice
XV, namely, an O—H “isolated” stretching mode and “rigid
network” molecular translational vibrations.”” We have
reviewed the vibrational normal modes of ice XV and clarified
the physical aspects of its exotic vibrational modes.”® The
distributions of vibrational modes in ice XV are similar to those
we have determined in our previous series of studies, such as
ice VII and VIII, and the hydrogen-bonding modes in the
translational band also obey the theory of two types of
hydrogen bonds.””~** Based on a successful investigation of ice
XV, in this study, we constructed an ice VI supercell, explored
its atomic and molecular vibrational modes, and compared
these modes with those of ice XV. A comparative analysis was
also reported in the meaning of an experimental method. Such
as Abe et al. confirmed the existence of LO—TO splitting in ice
for the first time by comparing the Raman spectra of ice XI and
Th,*' and Gasser et al. discovered a new stable phase ice f-XV
through the comparative experiments between ice XV and
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VL'® We focused on the hydrogen-bonding vibrations in the
translation band and endeavored to determine the origin of the
vibrational peaks in the far-infrared region.

2. RESULTS AND DISCUSSION

Figure 1 shows a comparison of the calculated phonon density
of states (PDOS) of ice VI and ice XV, together with the INS
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Figure 1. Comparison of simulated spectra of ice VI and ice XV. The
four separate vibrational bands are (from left to right) the translation
band, the libration band, the bending band, and the stretching band.
The inset illustrates the good agreement between the INS data** and
the calculated data for ice VI.

data of the translation band.** Recently, Rosu-Finsen et al.
studied the deep-glassy ice VI, and the INS data of ice VI is the
same as the data in the illustration.*’ It can be seen that there
is good agreement between the calculated spectrum and the
INS data in this region. The INS data was from TOSCA
instrument in ISIS, Rutherford Appleton laboratory. The best
resolution is below 200 meV, especially for the translation
band. Since we focus on hydrogen bonding in this work, we
can compare the INS directly with PDOS. According to our
previous comparative investigation on ices VII and VIIL,* the
calculated spectrum of ice VI is smoother than that of ice XV.
This is due to the primitive cell of ice XV containing only 10
molecules. Hence, in ice XV, there are 87 (10 X 3 X 3 — 3)
optical branches of dispersion curves, while ice VI contains 717
(80 x 3 X 3 — 3) optical branches within an 80 molecule
supercell. Due to its H-disordered structure, all of the phonon
states of ice VI are nondegenerate, meaning that many states
overlap, and thus ice VI has a smoother dispersion curve than
ice XV. In addition, the translation band of ice VI is blue-
shifted while the stretching band is red-shifted compared to
those of ice XV.

As the INS experiment collected the phonon signals
throughout the entire first Brillouin zone, the INS spectrum
is proportional to the calculated PDOS spectrum. Thus, we
were able to directly compare the PDOS curve with the INS
curve. Li et al. have reported the INS spectrum of ice VI.*
There are several notable peaks in this spectrum at 21.4, 23.8,
28.6, and 37.3 meV (172.3, 191.6, 230.2, and 300.2 cm™),
which correspond to 179.5, 193.2, 236.6, and 294.6 cm™ in
the translation region in this work. The experimental peak is at

(c) four-bond vibration

(d) isolated stretching

Figure 2. Examples of vibrational normal modes of ice VI in the translation band at (a) cluster vibration at 46 cm™", (b) two-bond vibration at 231

ecm™, (c) four-bond vibration at 328 cm™

, and (d) isolated stretching of one normal vibrational mode at 3378 cm™ in the stretching band, which

represents an isolated vibration. The arrows indicate the vibrational direction of the atoms, while gold arrows present typical molecular vibrations.
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Figure 3. Comparison of fitted partial PDOS curves of (a) ice XV and (b) ice VL. Green represents non-H-bond modes, red represents two H-bond

modes, and blue represents four H-bond modes.

185 cm™" in the IR spectrum,** with a shoulder extending to
295 cm™. In the stretching band, the simulated peak at 423.13
meV (3405.82 cm™') corresponds to the 424 meV (3412.82
cm™) peak in the INS spectrum.**® As the revised Perdew—
Burke—Ernzerhof (RPBE) functional underestimates intermo-
lecular interactions, calculations from a setup at higher
pressure show better agreement with the experimental data.

Subject to Bernal—Fowler rules,"” every water molecule in
an ice phase forms a hydrogen bond (H bond) with each of its
four neighbors, thus forming a tetrahedral structure. In 1996,
Li collected the INS spectra of several ice phases and identified
two characteristic H-bonding peaks in the molecular trans-
lation band.*® The typical two triangular peaks of ice Th
(ordinary ice) were present at 28 and 37.5 meV. Under high
pressure, the local tetrahedral structure of ice VI is deformed,
resulting in the two main peaks shown in Figure 1. In 2012, we
introduced the first density functional theory (DFT)
calculations for ice Ih.*’ Notably, based on the harmonic
approximation, DFT calculations of the vibrational spectrum of
ice Th were in good agreement with experimental data. We also
performed a series of computational investigations on the
vibrational spectra of ice phases to determine the origin of the
two H-bond peaks in the translation band. We have recently
proposed that these two peaks represent two main groups of
intrinsic molecular translational vibrations,” which have a
strength ratio of approximately \/ 2 in ideal hydrogen-ordered
ice Ic.>* In the strong mode, a molecule vibrates along the H—
O—H angle bisector against its four H-bonded neighbors,
which is denoted as four-bond mode vibration. In the weak
mode, a molecule vibrates in a direction perpendicular to the
four-bond mode; this involves only the stretching of two H
bonds, and is denoted as two-bond mode vibration. Herein, we
focus on the H-bond vibrations of ice VL

It is difficult to distinguish the atomic and molecular
vibrations in an 80 molecule supercell from those of a
simulated normal mode. In our previous work on ice XV, we
found that there are three types of molecular translation
vibrating modes. The lowest-energy vibrations represent
relative movement between two sublattices. These two
sublattices are interpenetrated but are not interconnected by

H bonds; thus, these non-H-bonding vibrations are of much
lower strength. The two kinds of stronger H-bonding
vibrational normal modes can be clearly seen in ice XV. We
found that the molecular translation movement in ice VI
approximately corresponds to the previously mentioned cluster
(non-H-bond), two-bond, and four-bond vibrations. Figure 2a
depicts a non-H-bond vibration in which the two sublattices
exhibit motion in opposite directions. For the dynamic process,
please see the video in the Supporting Information (SI). Figure
2b depicts a two-bond vibration mode in which many
molecules vibrate with two H-bonded neighbors. Figure 2¢
depicts a four-bond vibration mode, in which it can be seen
that with the left bottom molecule vibrates along its H-O—H
angle bisector, as shown by the gold arrows. The four H bonds
connected with neighbors vibrate together. In this case, the
four-bond vibrational mode is stronger than the two-bond
vibrational mode (see the dynamic processes of the above
three vibrational modes in the Supporting Information, Figure
2). In addition, there is an “isolated stretching mode,” during
which only one O—H vibrates in the stretching band of ice XV;
this was first proposed to be a new mode by Whale et al.”” We
also observed this phenomenon in many kinds of ice phases
and attributed it to pressure and a hydrogen-disordered lattice
causing tetrahedral deformation.”® Figure 2d depicts such a
special stretching mode at 3378 cm™ in ice VI (also see the
Supporting Information, Figure 2). We regard this as an
asymmetric stretching mode.

Figure 3 presents the partial PDOS of the non-H-bond, two-
bond, and four-bond vibrational normal modes of ice XV and
ice VI, respectively. We use a self-compiled program (see the
SI file of ref 40) to categorize the two kinds of H-bond modes
and obtain fitting images together with cluster modes, as
shown in Figure 3. In this simulation, the average H-bond
length of ice XV is 1.939 A and that of ice VI is 1.870 A. The
shorter the H-bond length, the greater the H-bond strength,
and thus the translation band of ice VI is blue-shifted than that
of ice XV. It is difficult to clarify the vibrational modes of ice VI
as so many molecules vibrate within one supercell. Considering
that the mass center of a supercell remains static in an optical
vibrational mode, all of the molecular vibrations in a supercell
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should be coupled. Thus, we selected the molecule that had
the largest amplitude vibration to represent the mode type.
Based on the vibrating direction of oxygen in this molecule, a
self-compiled program was used to classify mode type
automatically, as we have recently reported.*

Figure 3 presents a comparison between ice XV and ice VI,
demonstrating that the three H-bond modes of ice XV are
substantially separated, whereas the two kinds of H-bond
modes of VI are overlapped. This latter result is due to local
deformation of the tetrahedral H-bonding lattice originated
from hydrogen disorder, which causes the boundary between
two-bond modes and four-bond modes to be unclear.
Correspondingly, there is a larger red shift in the stretching
band of ice VI than in that of ice XV. We found that the most
prominent Raman peak was at 3209 cm™, which corresponds
to the peak at 3214 cm ™ calculated by Thoeny et al.*” and that
at 3204 cm ™! calculated by Marckmann et al.**

3. CONCLUSIONS

We used first-principles DFT to simulate the vibrational
spectrum of ice VI and compared this with that of its
hydrogen-ordered counterpart, ice XV. We found similarities
between these spectra, especially in the translation band.
Inspired by the hydrogen-ordered structure of ice XV, we
analyzed the normal modes of ice VI and found that it also
obeys the two H-bond theory.

Due to the hydrogen-disordered structure of ice VI, the
boundary between the two kinds of H-bond phonons in ice VI
is not as clear as that in ice XV. Thus, two main H-bond peaks
can be seen in this region in the INS spectrum. There are also
many non-H-bond vibrations visible in the translational band
at much lower energy, which represent vibrations between two
sublattices. In the stretching band, we also found an “isolated
stretching” mode, which was previously proposed by Whale et
al. We regard this as a special asymmetric mode created by
pressure and the hydrogen-disordered local structure.

We compared a small primitive cell and a large supercell to
determine the differences in the vibrational spectra between ice
XV and VI. This revealed that two H-bond vibration modes are
applicable in ice VL

4. COMPUTATIONAL METHODS

As ice VI is hydrogen-disordered, it does not have a periodic
repeating unit. Thus, to mimic its structure, we constructed a 2
X 2 X 2 ice XV supercell containing 80 molecules. We used a
self-compiled program to generate hydrogens automatically. As
the number of possible permutations of hydrogens is very
large, we reduced this number by restricting the search to those
permutations that had a uniformly distributed dipole moment.
The permutation having the minimum polarizability was
selected as the ice VI model (see the Supporting Information,
Figure 1). The geometrical optimization and phonon
calculations were conducted using the Cambridge Serial
Total Energy Package (CASTEP),* a first-principles density
functional theory (DFT) method. For the exchange—
correlation (XC) functional, the generalized gradient approx-
imation (GGA) RPBE*° was selected for this work, based on
ice XV calculations.”® The energy and self-consistent field
tolerances were set as 1 X 107 eV/atom for geometrical
optimization with norm-conserving pseudopotentials. The
energy cutoff was set at 750 eV and the y-point for ice VI
was used for k-point sampling. The original density of the

model was 1.40 g/cm’, and after we tested the hydrostatic
pressure for geometrical optimization at 0, 0.9, and 2 GPa, the
optimized densities were 1.10, 1.21, and 1.30 g/cm?,
respectively. As the experimental density of ice VI is 1.33 g/
cm®, we chose the 2 GPa density (1.30 g/cm’) for the
subsequent phonon calculations.

To determine the number of different H-bond vibrational
modes, we compiled a customized program to distinguish the
mode types.*’ As reported in our previous studies, the program
classifies the main vibrational vector of oxygen as either a two-
bond mode or a four-bond mode vibrational vector.
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