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Considering different O-O-O bending constants, we yielded two frequencies based on the ideal
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1. INTRODUCTION

As we deplete the readily accessible reserves, we will have to obtain natural gas from severe and
remote conditions.! Despite the vast reserves of gas hydrates were found in the permafrost and
deep oceans, the commercial exploitation is not yet realized so far concerning the economy and

safety.?

In physics, the dissociation of gas hydrates is the process of inside hydrogen bonds (H-bonds)
breaking. To supply energy to H-bonds of ice without absorption of surrounding water would be
an efficient way. Interestingly, a window remains for ice in the far-infrared (IR) region. Fig.1
illustrates the absorption spectra of ice and liquid water recorded by inelastic neutron scattering
(INS) experiments.®” An energy gap from 200 to 300 cm! is obvious for liquid water while there
are two pronounced triangle peaks for ice Ih in this region. To clarify the difference, we should

find out the origin of these two peaks.

For ice Ih, it is widely accepted that the peak seen at approximately 230 cm! by IR absorption®
and Raman scattering’ is due to the molecular translational vibrations. In 1989, a high-resolution
INS experiment first recognized two distinct peaks at 28.2 meV and 37.7 meV (i.e. 227 cm! and
304 cm! wavenumber) in the translational band.!? This led to the question of where the strong
peak comes from. Marchi et al. calculated the longitudinal optic—transverse optic mode splitting,
which only yielded a gap of 10 cm™!.!112 Renker suggested two force constants along the optic axis
and basal plane of ice Ih,'* but this notion contradicted to the later report of polarized spectra of
ice single crystals.!® Li et al. further proposed a two-H-bond-strength model based on the
electrostatic interactions of different hydrogen spatial configurations of adjacent molecules.'*!

However, this model has not been widely accepted because of its large force constant ratio, which
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has left a question unsolved until now.!'%22 Based on new clues from the study of ice Ic, we found
that the phonons in the translational band of ice are mainly composed of two kinds of vibrational

modes by computational simulations and analytic theory hereinafter.

2. COMPUTATIONAL SETTINGS

The first-principles density functional theory (DFT) calculations were conducted using the
CASTEP? program. The GGA functional was used in our simulations considering the noticeable
spatial variability of the electron density. We chose the RPBE?* exchange-correlation (XC)
potential according to our test, which has acceptable accuracy for the intramolecular interaction.
To support the linear response method to calculate the phonon density of states (PDOS), we used
norm-conserving pseudopotentials. The self-consistent field tolerance (SCF) was set as 1 X

10 19¢eV . atom ! for all ices.

The calculation of the 64-molecule ice Th supercell was performed to mimic the hydrogen-
disordered structure. The energy cutoff for electronics states was set as 830.0 eV. The k-points
grid was 3 X 2 X 2. The primitive cell of ice XI contains four molecules was calculated. The
energy cutoff was set as 750 eV. The k-points grid was 6 X 6 X 3. The primitive cell of hydrogen-
ordered Ic contains two molecules was calculated. The energy cutoff was 1200 eV and the k-points

gridis 7 X 7 X 8.

3. RESULTS AND DISCUSSION

3.1. Simulation strategy

Fig. 2 presents the Ih spectrum compared with three simulated ice phases. Two peaks are distinctly

seen in the experimental spectrum at 226 and 303 cm'. We have investigated the hydrogen-ordered
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model of ice Ic and found that there are only two kinds of molecular translational modes to
constitute the two peaks.?> The molecular configurations of any ice phase are subject to Bernal—
Fowler ice rules.?® Water molecules are oriented such that one molecule links four neighbors by
H-bonds to form a tetrahedral geometry. We inserted a tetrahedron diagram in Fig. 2. Regarding
the translational motion of a molecule, we regarded the oxygen as approximately the mass center.
Considering the central molecule, there is a vibrational mode stretching along the HOH bisector
(red line). To maintain a static mass center of a primitive cell, four neighbors vibrate in opposite
direction. In other words, for one molecule, the four linked H-bonds oscillate simultaneously to
yield a strong vibration; this is called the four-bond mode. Meanwhile, two vibrating directions
exist perpendicular to the four-bond mode. This kind of vibration involves only two H-bonds,
whereas the other two remain unchanged; this is called the two-bond mode and possesses a weaker
frequency. The strengths ratio is A2 according to simple harmonic oscillator model. For the
dynamic processes, please see the supporting information (SI-1). Later, we also found this
phenomenon in ice XIV, XVI, XVII, VIII, VII, II, and XV .27-32 Herein, we explained the two peaks

of the most common phase, ice Th, by comparative analysis with ice XI.

Ice XI, the hydrogen-ordered counterpart of Ih, has four molecules in one primitive cell and
therefore yield nine vibrational modes in the translational band.?* The modes at 47, 52, and 168
cm! are the relative slip of neighboring layers along the y-, x-, and z-axes. As shown in Fig. 3, the
modes at 310 and 308 cm! are strong vibrations similar to the mode at 321 cm ! of Ic. The other
four modes at 210, 220, 225, and 229 cm! are non-degenerate two-bond modes similar to the mode
at 230 cm! of Ic. The average ratio of these two categories is also 1.4. Considering the distribution
of these six modes, we fitted the spectrum curve, as shown in Fig. 4(a). The two main peaks of ice

XI in Fig. 2 are obviously contributed by these two kinds of vibrational modes. Due to the
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consistency between XI and Ih, we reasonably regarded the two peaks of Ih as above two

translational modes.

The calculation for ice Ih was performed with a 64-molecule supercell to mimic the hydrogen-
disordered structure. The number of normal modes in the translation region is 64 x 3 —3 = 189.
We compiled a customized program to distinguish the mode type (please see the source code for
details from the supporting information SI-2). Fig. 4(b) shows that the integrated distributions of
the four-bond modes and two-bond modes can be clearly classified into two main peaks. Some
values overlap because oxygen is assumed the molecular center of mass. The geometry of ice Th
is hexagonal (P6s;/mmc), that of ice XI is orthorhombic (Cmc2;), and ice Ic has a cubic crystal
structure (Fd3m). Because they all present two characteristic peaks, we deduced that the space
group and hydrogen-ordered or disordered status have little influence on the molecule vibrational
modes. The origin is from the local tetrahedral structure with 4-degree rotation—inversion

symmetry.

3.2. Analytic theory
Take the hydrogen-ordered Ic as the ideal model. The primitive cell contains two molecules. Treat

molecules as mass points O, thus the degree of freedom in one cell is 6. The lattice vectors are a;

= d 3 3,( f, 3,( d(f,\/g, —%), where d is the O-O bond length at

equilibrium. The position vectors of two molecules are respectively at

x(7)= 0+u(7)

o(7)=dlo. ) +u(7) v

where u(;) is the small displacement from equilibrium. The position of molecules in a
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complete lattice can be taken as
lik _ - + 23 lj . 2
MNk)=X k =1 k@)y (2)
where k is the base index which differs molecules in a cell, [, is the cell index. We only

consider the forces between the adjacent four molecules, so we define [, as lyp = (0,0,0), L9 =

(1,0,0), l0=1(1,0,1), I30=(1,1,1); lp1 = (0,0,0), 111 = (—1,0,0), I3 =(—-1,0,—1), I3; =
(—1,—1,—1).

3.2.1. H-bond stretching energy

Each O-O bond-stretching energy (H-bond) is exactly equal in our approximation. The four bonds

connected to molecule x( 0 ) can be taken as vectors
_(la —
do=x("1)—x( 7 ) (3)
and the four bonds connected to molecule x( I ) 1S

di = x(lg)) — x( I ) 4)

The O-O bond-stretching energy

1 o1 3
=X, _ X _ (dul —d)?, (5)
where the factor 1/4 is to subtract the double-counted potential energy. We use index o =1,2,-++,6

for the generalized coordinates. Expand & as far as a function of quadratic terms of molecule

displacements u( Il(),

2 =0+350,_ ugl ofualiusli) +- ©)

the coefficient
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@ ( l l’) R\ 0 0 3K 0 0 —3K
=1",Fv /~ = 4 4 .
9 Bl k 6ua(;l()0uﬁ(]l(l) . —3k 0 0 3K 0 0

16 (7)

3.2.2. 0-0-0 bond-bending energy

21 At the equilibrium, the O-O-O bond angles are all equal to 6 = arccos ( — %) With displacements,

24 the four O-O-O bond angles of the k" molecule as the vertex are
26 dicdjp .
27 6,ij = arccos m,l *]J. (8)
29 The O-O-0O bond-bending energy
o2 o3
32 Y= _ OZFH 1[Go,ij(90,ij —0)* + G1,5(01— 0)7], )
we assume the O-O-O bond-bending energies G are different, set O---H— O — H---:O bond-
37 bending force constant as G,, that O — H---:O---H — O as Gj, and that O — H--:O — H---0 as G..

It COITCSpOl’ldS to Ga = GO,OZ = 61‘13, Gb = G0'13 = Gl,OZ =, Gc = G0’01 = 60'03 = GO,lZ = Go,zg =

42 G101 = G103 = G112 = G123. Expand W, the coefficients of expansion are as follows

44 o
45 W= ( i ) =0, (10)
au“(k) 0

49 p (l lr):(azlp) _
i af k k 0ua(ll()3up(llé) 0
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32Gc 326G,

{ 3d? 0 0 T 3d? 0 \
32Gc 326,
0 3d? , 0 ) 0 T 3d? (O )
16(Gy+ G 16(Gy + G
0 3d? : 0 0 T 3a :
326, 326, . (11)
T 3a? 0 3d? 0 0
326, 326e
" 3d2 0 0 3d? 0
16(Gq + Gp) 16(Go + Gp)
\ 0 0 T 32 0 0 3d? }
3.2.3. Dynamic matrix
The Lagrangian of each cell is
= omy’ i 12
L= m), _u, +®+¥, (12)
the dynamic matrix is
kaﬁ = (Daﬁ + lpaﬁ_ (13)

Thus, we get three eigenvalues and the two weak ones among them are degenerate. The vibrational

frequencies are proportional to the square roots of the eigenvalues of kqp

1(32(G,+Gp) 8k

or= o+ F) (14)
1(64G. 8k

wr=ws= [n(5m+3) (1)

The H-bond force constant k can be derived from the equation 3.16 in ref. 33

K

K=15 (16)

Using the O-O distance d = 2.798 A, and the bulk modulus K = 8.82882 GPa according to the

simulation of Ic, this equation gives the force constant k = 1.068 eV - A ~2. This model gives two
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eigenvalues of translational frequencies According to the simulated values, w; = 320.76 cm ~1,

Wy = w3 =229.96 cm ! in Ic, we get

Gy+ Gp=2912¢eV-rad 2 e
G.=0240eV-rad % - (17

Assuming one identical O-O-O bending energy, we can only get one eigenvalue from formula
(13). That is why the modeling by Bertie,** and Faure® et al. could not get the splitting frequencies
above 28 meV. Herein, we proved that there are two frequencies in the ideal model by mechanical

analysis.

4. CONCLUSIONS

We proved that the origin of two distinct peaks seen in many ices in the far-infrared region is from
two kinds of intrinsic translational modes. However, these two peaks may not that apparent in
high-pressure phases as shown from INS.'> Our simulations show that the two intrinsic
translational modes is a general rule among ice family. Under high pressure, the distributions of
two kinds of modes may overlap due to structure deformations of the local tetrahedral geometry.
The only exception is ice X which no H-bonds exist in this structure under extreme pressure. Our

investigations show that two peaks may exist in clathrate ice, such as ice XVI and XVII.

The H-bonded structure of liquid water is a long-debating issue too. Whatever homogeneous36-37
view or heterogeneous?®3° view on liquid water structure, no long-range ice structures exist.
Therefore, no above two modes too. Although the molecular rotation band presents a great redshift
compared with Th, a narrow gap at around 30 meV is left. We have reported the similar two peak
positions of ice XVI and XVII,?%2° the S-II and S-I types of gas hydrates respectively. Provided

two THz radiation energy (at ~6.8 and 9.1 THz) supplying to gas hydrates, the resonance
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absorptions may decompose the ice clathrate to release the guest molecules with minimum energy
loss. Besides, antifreeze is used in the gas-pipeline flow assurance in the oil and gas industry.*
When frozen contaminants on the aircraft, it interferes with the aerodynamic properties. 4! Since
the THz laser could bypass certain obstacles, this technique is also useful for flow assurance in the
gas pipeline, aircraft deicer and so on. Difference-frequency generation (DFG) and THz-QCL are
candidate THz sources.*? Hu and co-workers have reported the THz laser that can be tuned up to
7 THz at present.*3 With the rapid development of THz laser, a novel technique for energy recovery

from gas hydrates is expected.
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Figure 1. The absorption band of ice and liquid water in the far-IR region. Compared with the gap of liquid
water at around 30 meV (from 200 to 310 cm-1), a window remains for energy absorption of ice.
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Figure 2. The vibrational spectra of ice Ih, XI, and Ic. The top curve is INS experimental data, and the
others are calculated spectra. The two distinct H-bond peaks are almost identical. Insertion: diagram of the
37 local tetrahedral structure.
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220 210

Figure 3. Six hydrogen-bond vibrational modes in ice XI. The number below each mode shows its frequency
(cm-1). Modes of 310 and 308 are typical four-bond vibrations, and the others are two-bond vibrations.
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21 Figure 4. Distribution diagrams of four-bond modes (blue) and two-bond modes (red) of ice XI (a) and Ih
22 (b). The classification standard of a stretch mode is judged by the vibrational direction of the molecule with
23 the greatest amplitude in unit cell.

60 ACS Paragon Plus Environment





