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ABSTRACT: It is difficult to theoretically study the vibrational spectrum of

hydrogen-disordered ice XII compared with its hydrogen-ordered counterpart, e 7{ ‘; R 1z <~@.. ¢
ice XIV. We constructed a 24-molecule supercell of ice XII to mimic its real " & \"1. . /E§“ N
structure. We focused on hydrogen bond (HB) vibrational modes in the Py | AN Y
translation band using first-principles density functional theory (DFT). Our 5 :“*{ x| el ) b
simulated results were in good agreement with inelastic neutron scattering 3 > o
experiments. We found that the optical vibrational modes of HBs are é w X"'mi'; Hamen
composed of three main components. These are cluster vibrations in the iy X < o
lowest-frequency region, four-bond HB vibrations in the highest-frequency \4& w \‘2{'»{
region, and two-bond modes in between. Although the experimentally % (/‘:\ A,!* >
recorded curve of ice XII is smooth in the translation region, our results T e e %} & s:: f’*, >ia
support the proposal that two types of intrinsic HB vibrational modes are Frequency (cm™") ] ) N
common in the ice family. e e

1. INTRODUCTION 2. RESULTS AND DISCUSSION

Water is a valuable natural resource and plays a significant role The calculated phonon density of states (PDOS) of ice XII and
in life. Experiments have confirmed that ice exists in more than ice XIV and the inelastic neutron scattering (INS) data of ice
20 solid phases and new conformations are constantly being XII in the translation band are shown in Figure 1.'*** The INS
discovered." These conformations differ in their crystal or spectrum of ice XII was obtained by Koza et al. using a neutron
amorphous structures.” '’ Most ice phases exist in pairs of spectrometer, the TOSCA-ISIS, at the Rutherford-Appleton
hydrogen-ordered or disordered arrangements, and each Laboratory." The best results were obtained below 1000 cm™
member of a pair can be converted to the other under specific due to a large Debye—Waller factor at the higher-energy
conditions. Ice XIV and ice XII is one such hydrogen-ordered/ transfer ranges of this instrument. Thus, we only plot the
disordered pair, having the same sublattice structure of molecular translation and libration bands in Figure 1. The
oxygen-g Ice XII was discovered in 1998 by Lobban et al. PDOS of ice XII is in good agreement with the INS spectrum.
Under conditions of 260 K and 0.55 GPa.'* In 2000, Koza et Ignoring the impact of scattering cross sections of different
al. found that when ice Ih was compressed to 77 K, it could be elements and multiphonon scattering, INS gathers all phonons
transformed into ice XII, although it was later confirmed to throughout the first Brillouin zone so that the INS signals are
pass Ic?fg)ugh 2 high-density amorphogs intermediate theoretically almost exactly proportional to the PDOS.
phase. ™" Kohl’s experiments showed that ice XII could be Therefore, we can directly compare the INS spectrum with

forlr7ned by subjecting ice Ih to a sudden pressure drop at 77 the PDOS curve. In the INS spectrum, there is an absorption
K."" In 2004, Andersson and co-authors reported an expanded band from 161.2 to 306.2 cm™" (i.e., from 20 to 38 meV). This
range of external conditions (temperature and pressure) under matches the band from 167 to 280 cm™" obtained in this study.
which this ice phase could exist."'* In 2006, Salzmann et al. The lower-frequency sharp peak within this band corresponds
successfully achieved the transformation of ice XII to ice XIV to acoustic branch phonons. In the INS spectrum, the libration

through hydrochloric acid catalysis, and later the trans- band starts at 59 meV (475.5 cm™) and corresponds to the
formation of ice XIV to XII under heated conditions was peak at 502.8 cm™! in the PDOS curve.'®

observed.”””’

Because ice XII is a hydrogen-disordered phase, it is difficult
to analyze its vibrational spectrum using the lattice dynamics
method. However, based on our previous study on its
hydrogen-ordered counterpart ice XIV,** herein, we compare
and discuss the vibrational modes of the HBs of ice XII and
attempt to explain the far-infrared vibrational curve, especially
with regards to the HBs.
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Figure 1. Comparison of the simulated spectra of ice XII and ice XIV. (1)
The top curve is the INS experimental spectrum of ice XII. The We obtain
middle curve in red is the PDOS of ice XII, while the bottom curve is
the PDOS of ice XIV. A 96-molecule supercell of ice XII and a 48- 1(8k
molecule supercell of ice XIV are inserted. 0 =W, =03 = ; ? 2)

We previously reported the vibrational spectrum of the ice
XII’s hydrogen-ordered counterpart, ice XIV.”* The simulated
PDOS curve is plotted in Figure 1 for comparison. It is obvious
that most of the peaks of the two spectra are homologous with
each other. Due to its hydrogen-ordered structure, the model
of ice XIV is a 12-molecule primitive cell, which has 12 X 3 X 3
-3 105 optical normal modes. Thus, the calculated
spectrum shows more pronounced peaks than that of ice XII
There are 24 molecules in the supercell of ice XII. The number
of calculated optical normal modes is 24 X 3 X 3 — 3 = 213
and all of the modes are nondegenerate. The overlapping of
the peaks gives rise to a smooth spectral curve.

In 1989, Li et al. found two characteristic vibrational peaks
in the molecular translation band of the INS spectrum of ice
Ih.** However, the origin of these two peaks is under
continuous debate.”* ™'

In our previous studies, we found
two kinds of intrinsic HB vibrational modes in hydrogen-
ordered ice Ic.*” Later, this phenomenon was also observed in
ices XIV, XVI, XVII, VII, VIII, XVI, VI, and others.”>**™*°
According to the Bernal—Fowler rules, each water molecule
forms an HB with four adjacent water molecules in all ice
phases, and this forms a local tetrahedral structure.*”*" We
used the ideal structure of hydrogen-ordered ice Ic as the basis
to analyze the lattice dynamics process.

If we regard the water molecule as a point mass and take the
oxygen atom as the center of mass, the unit cell is similar to
that of a diamond. A primitive cell contains only two atoms.
Under the harmonic approximation, the number of vibrational
normal modes of HBs would be 2 X 3 — 3 = 3. Thus, we
obtain three degenerate frequencies, which vibrate in three
orthogonal directions (see ref 30 for details). The force matrix
of lattice vibration is
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However, the existence of hydrogen atoms breaks the local
tetrahedral symmetry. Based on a first-principles simulation, we
obtain two vibrational frequencies, consisting of one strong
mode and two weak degenerate modes.>” That is, there are two
force constants.

Then, we have

I(SkSJ
o, = |—
m\ 3

I(Skw)
o, = |—|—
m\ 3 (3)

where @, is the strong vibrational frequency, while w,, is the
weak frequency. According to the simulation of the ideal model
of Ic, the wavenumbers of the two HB vibrations are o,
320.76 cm™ and @,, = 229.96 cm™.** Therefore, the ratio of
the two frequencies is

o _ 32076

= ~ 14~ 2
w, 22996 (4)
That is
ks
= =9
ky (s)

Thus, the force constant of the strong HB mode is twice that
of the weak mode. These two intrinsic HB modes in the
translation region correspond to the two peaks recorded in the
INS experiments. Our previous investigations on ideal ice Ic
have revealed that for the strong mode, each molecule vibrates
along the H—O—H angle bisector against four neighbors. The
four HBs involved vibrate together, and this is called the four-
bond mode. For the weak vibrations, each molecule vibrates
along two HBs, while the other two HBs remain static.
Therefore, the corresponding force constant is smaller and this
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Figure 2. Top three modes are typical HB vibrations of ice XIV in the translation zone, and the bottom three modes are the corresponding HB

vibrations of ice XIIL.
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Figure 3. Comparison between ice XIV and ice XII showing the distributions of partial vibrational modes. The green curve shows the cluster
vibrations, the red curve shows the two-bond vibrations, and the blue curve shows the four-bond vibrations.

is known as the two-bond mode. We have previously proven
that this rule applies to ice XIV. In this study, we focus on the
translation band to reveal the HB vibrations in ice XIIL.

Figure 2 shows three typical HB vibrational modes of ice XII
compared with three modes of ice XIV. In our previous work
on ice XIV, we identified a two-bond vibration and a four-bond
vibration at 193 and 292 cm™, respectively.”” The image of the
vibration at 292 cm™' shows some molecules stretching toward
the H—O—H angle bisector, while the vibration at 193 cm™!
shows some molecules rocking or wagging along the direction
of HBs. Although it is not clearly observable in the figure, we
found four-bond modes at 279 cm™' and two-bond modes at
197 cm™" in ice XII (please see the videos from the Supporting
file). However, from Figure 1, one can see two separate main
peaks in ice XIV (around 280 and 160 cm™"), while the curve
for ice XII in the 130—300 cm ™" range is smoother. Due to the
hydrogen-disordered structure of ice XII, the vibrational modes
are not clearly distinct and the boundary between them is
blurred. As there are 24 X 3 — 3 = 69 nondegenerate normal
modes in the translation band, many adjacent modes couple
together to show a smooth curve.

In the lower-frequency region of the translation band of ice
XV, Whale et al. found peaks corresponding to “rigid network
modes”.** In ice XV, these modes are non-HB vibrations that
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consist of relative vibrations between two sublattices. There are
no such modes in ice XII as all of the molecules are connected
via HBs. However, one can see that some clusters vibrate in the
lower-frequency frequency band of ice XII. This involves many
molecules bound together that vibrate collectively. The modes
at 62 cm™" of ice XIV and at 67 cm™" of ice XII are presented
in Figure 2 (please see the dynamic process from the
Supporting file). The number of participating HBs in the
cluster vibrational mode is less, while the mass of the cluster is
greater, resulting in lower vibrational energy.

We classified the PDOS in the translation band into three
categories corresponding to the three modes using a self-
compiled program, as shown in Figure 3.*’ It can be seen that
the three modes of ice XIV are separated clearly. The region of
the four-bond mode (in blue) is from 180 to 300 cm™" and the
two-bond mode (in red) is from 90 to 180 cm™'. The green
curve, which has the lowest frequency, shows the cluster
vibrational modes. However, the boundaries between the
mode types in ice XII are not as clear. Some of the four-bond
modes and two-bond modes overlap. We attribute this
phenomenon to three causes: (1) the deformation of the
tetrahedral structure caused by disordered hydrogen; (2) the
center of mass being positioned at oxygen; and (3) limited
accuracy of the self-compiled program. Regardless of these

https://doi.org/10.1021/acsomega.1c06000
ACS Omega 2022, 7, 2970-2974


https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c06000/suppl_file/ao1c06000_si_002.mp4
https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c06000/suppl_file/ao1c06000_si_002.mp4
https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c06000/suppl_file/ao1c06000_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c06000?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c06000?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c06000?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c06000?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c06000?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c06000?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c06000?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c06000?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c06000?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

factors, the trends of ice XIV and XII are consistent. When all
of the modes overlap, the two types of HB vibrational peaks
merge into a smooth curve, as shown in the INS results in
Figure 1. However, from our results, we can conclude that the
HB vibrations of ice XIV and XII in this region are composed
of distinct four-bond modes, two-bond modes, and cluster
modes.

3. CONCLUSIONS

To study the vibrational spectrum of hydrogen-disordered ice
XII, we constructed a 24-molecule supercell, calculated its
PDOS curve, and analyzed its vibrational normal modes. As
the calculated curve was consistent with the INS spectrum, we
focused on comparing the translation band with that of its
hydrogen-ordered counterpart, ice XIV. Theoretically, we
deduced that the energy ratio of the strong and weak intrinsic
HB vibrations is \/ 2, which has been proposed as a general
rule among the ice family.

Due to the hydrogen-disordered structure, all of the normal
modes in a supercell are nondegenerate. Thus, there are many
coupled vibrational modes in between the cluster, two-bond,
and four-bond modes. Based on a simple algorithm, we found
that the boundary between two-bond and four-bond modes is
blurry. However, the trend is consistent with ice XIV. Although
the INS spectrum presented an almost completely smooth
curve in the region of the translation band, we can conclude
that the optical modes are composed of three distinct
components. These are the cluster vibrations in the lowest-
frequency region, the four-bond HB vibrations in the highest-
frequency region, and the two-bond modes in between.

4. COMPUTATIONAL METHOD

Due to the hydrogen-disordered structure of ice XII, there is
no periodically repeating unit. To mimic a real structure, we
employed the program Genlce to create a supercell containing
24 molecules, and the hydrogens were randomly added
according to the Bernal—Fowler rules.*”** Based on the first-
principles DFT, we used the CASTEP software module for
geometric optimization and phonon calculations.”> Based on
our previous experience, the generalized gradient approxima-
tion (GGA) exchange—correlation functional RPBE was used,
as the electron density has a large gradient change.”** The
convergence tolerance value of energy and the self-consistent
field was set to 1 X 107 eV/atom. The energy cutoff was 830
eV and the k-point mesh was 2 X 2 X 2 under 0.55 GPa of
pressure. We used a self-compiled program to classify the
molecular vibrational modes to facilitate the HB analysis
(please see the source code from the Supporting file).*
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