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Fig. 1. Phonon density of states (PDOS) spectrum of ice ITh.
The four independent vibration bands from left to right are
translation band, libration band, bending band, and

stretching band.
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TR TS 2 MM 192, AMER b i, X RRAY 45
WAHRZ. — G0 ARSI RNZA S I
WA AL, PRI, 2 BE 7 UL £b 2 /N D U e 5
T (KSR R SRR FRATT AT AR FH AN 1) s
i VKRR 28548 J2 AR AR AR P2 A B 454, BN, 221k
TG vk VI AH B 254, KK R M 60 GPa
L FHE] 140 GPa, BURREFE A 10 GPa, SR EE
153 B S FNUKAH 254G BfE o3 i, vk VI AH
Bk VI AR 4 i, K, AR T2 #ssh
FNPASERTHIE ], B BUZESHITE 120 GPa
AR S RN Pn3m 19VK XA

2.2 ZEESH

TR SR T2 0 A3 B R AR, 1k
FAI SUEERL (GGA) T RYAS IR i RPBE!S?)
VE N4 Bz PRELSIERL. A T A8 0GB (XC)
bR, 4 2%k il RPBE, PBE, PW91, WC,

PBESOL #1145 tfk. LA 1.32 g/cm? 1)
UK XV R, MRS SRR, GGA F 1R RECT
SEROUAL Y %5 BE 4300 O 1.21, 1.40, 1.41, 1.55,
1.56 g/cm®. H1 T4 N S B 5 AR AL AR
ok, HIR A AU BE AR B Busk, R s AR Y
AR BRECH RPBE, S BRI MARAL T 2
YERL, if3 A5 7 AL WS T 218, TR AR X S
(937 bR % A, AT LAFE IR 3153 AR 52 56
A 8R40 LB — A PR B8R AP 15 2.

PP XA A BERAR w5, B et [ (A
FIAIAZEFTIERIRR, 28 1 x 107 eV/atom.
PR g Bt 5 e — P H e i 1 ) 7 R AR UL R 5
MR OV I 2 R RIEN AN 5w A S
TEZ 1 .

F 1 WAUCHRTHRE S B SRR | EERE
K U MRS B K AT

Table 1.  Calculation parameters of ice phases, including
calculation of pressure, cutoff energy, K-mesh or sepera-

tion.

Ice Environmental Energy K-mesh or
phase pressure/ GPa cutoff/eV seperation
Ih 0 830 3X2x2
Ic 0 1200 TxTx8
II 0.50 750 2x2x2
\% 1.00 750 2x2x1
VI 2.00 750 2x2x2
VII 2.40 830 3x 3 x2
VIII 2.40 1000 4x4x5
IX 0.30 750 2x2x2
X 120.00 830 0.07/A
XI 0 750 6 x6x3
XIIT 1.00 830 2x3x1
XIV 0.55 750 2x2x3
XV 0.90 750 4x4x4
XVI 0 750 1x1x1
XVII 0.40 830 1x1x1

SEEG b, — A VKR gE iR Sl A AR R A =
U, AE B RSRIE, AT LU E A E WK R, H
n, vk LAY SE6 28 i 45 58 A 0.2—0.5 GPa, 439l
B 0.2, 0.3, 0.4, 0.5 F1 1.0 GPa 43 k47, 52
I 75 P e 208 i 7 2 068 1) e SR D AE 3189 em . LA
HoRIEAE, 0.5 GPa N5 E e B2 5L (8. o
RPBE iZ pRBSSUIEAL T 2 BERE R, ILRS R — 4
B 5 AT DA BRI MR 25,
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FAB, PR Ry xof g 1 A AR /DN, i 2648 1k
AR, X K-point BIRAETT A A Gamma 52U
REARAERT. Fbanx vk X 33, T 4504
AN EE R EPIAKF, RATHAT T K A
FEFIARWTRENCE IR, P A RS R R 4
THIAS, EBGhRE RS K S R B AN K M
F. 1 2(a) BEBH K E0.07 At By EIBBENTT, BfE
HOMSL. E 2(b) Fias, K EBaER EAE 830 eV
B, EVRE IR TSR, i T AR TR ] FIORS BE L LA
A, A I A T I DA A R OR.
I, vK X BT RESR A 830 eV, K i lH] Fa ik &
b 0.07/A. SFIRALIG, PR TR A BB PE A

—1849.0515

(a)
—1849.0520 |

—1849.0525

—1849.0530

Total energy/eV

—1849.0535

I-_\\-.
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—1849.0540
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—1846.5 | (b)
—1847.0 |
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8——g— o

—1849.5

500 600 700 800 900 1000
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K2 KRR St k. BRI 5 K i) bR Y 5%

R (a), S5EETRER R WA (b)Y

Fig. 2. Diagram of the K-point and energy cutoff conver-

gence tests. The total energy against k-point separation is

shown in (a) and the cutoff convergence is shown in (b)!I1.

HWRSEUE, JeriiiF8% 8 (PDOS) Dl
2r4h, Pk, H- 55 INS % IR F1 Raman
AL AR SCR B — BT T, i —
HFFE S — A FLUK X O A AT B PR sh i, X F—
AN NAKSF R, Fo62E SR s U8l
3N x 3 3. AUk, fMiERyJEHE, G XTI, VIII 45254,
A DA BT A iR A . xR, o AR

iz, MBI, PeBOET, Touk B
Br. FEMSSE IS R T T, Bt T — ik
e, T DR Sl v U 1 iR 37 kAT o)
2. G E SRR B O AN PRSI, —> i
THENDT, B, SIER R ZA 5 T ISR
LA . SERAR S 4T NI RN AE, BT
A AEBT AR S LA RS TR B, PR — AR 3l
RIEE, AT BRI, KRS B R R 0 AU
FRUE H-O—H M P &b & 5 T M V54
T AT 4328 AE LRI AT S5 T, Ik
SRR AR T, A AR A RS
I, DLRUJE T HOPREN 5 18] 5 1 S 2 e f /N THd 2
KT A5 NFRESA T35, A4y DL SCik [147).

3 WK RT IR AT

TERGTRIN A OALS , JEad THEAS 3) T vkAH )
fi] IE PR S AR 5% B (phonon density of
states, PDOS) 1. J6 7 B W S i 2 55 — A |
R G BT 75 715 5. B, AR T3 P A
Gamma s 1 IEHR SN AT LARIZLAMRSORIT S Hih
JCIEARXS IR, TR ] IR SO0 Il 1y e 6 4
Mgk . hEROCR &R 15210 PDOS i,
J B 114 2 25— A1 LU XA A R 3 A 4 B 7 40
A, AR P HUH (inelastic neutron scattering,
INS) By B rl LL5 BT A 5 1A g i s fie . Atk
INS 5 PDOS §i§ & M IE iy, L5045 2] i) INS
TERFIEIE T LR YR PDOS 151 hR . AR g4
ST PRSI, K PDOS 340 43 R U A Xk 2 4y
Br. TR B, FRATIE LI T vk AR 20 X
P B B R o0, 25 K i — A SR N 1 431
Bl N, 2 = AP SR IR, ety S AR
AXBBN 3N x 3 — 3. iR 2N Mk
SR, X LT X FR A 4 R E X R AR A8 PR 53 I
AR IR SR, B N RS e shik
A 3N, AERTH MR (rocking) | fH5%
PR3 (twisting) FHEHEAE (wagging). f)m, 7E°F
B e IR A 3N - 34 X EEH T
FIr A vKAH (7K X BRAE) (1) — MR

3.1 ik Ic AR P py M R AMEHREN

ARG VK B-F R BUMLIN R, Ak A9 A4
K3 F-HR s 5 DA Bl 4R 4 1 LA SV % 4 0o,
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SRR VKA R FREEAS ], (EE X Fh s i 7E T
A VKA Z H.

HAENEAE T e A F 0Pk e & ERsh
B, VK Te A 2T AN IR 3h 0 52 96 3% 5 K 0 F S A
Th fRAHMEL, FEE LT AN PR IR 8 X AL A7 P A B 2
(RFIEIR Bl vKIGST 7 Te, HA5M 2 e & A
ToF . AR AU G 5 0 58 L2 Mg
ik, T B — MR KB, LA Y &R )
SICITEEH. XA, FIH CASTEP i8R}, BARIE
AN A — A R S5 R o, (ENES L %
Z A TCT BB I LI, SEBR B L. SR MK A
(I, BT 5 SR S S fal iE AR R T
(1), 23 K IR SR B2 A AR IR B I A —
FEMIRZNI. X4 FHR ARSI AR R TR
KA AL ARYE SR, Bk 2 IETCIT R Ie AHAT fig
F2 Bk A A S R R [ () P S5 R TR A A
B (O3], Sy TR B A, SRR,
i FE 42k R K 110 235 A8 1 Ay BRARURR IR R 400 PRk
BT — AN FE AU Te S50, R AL & w4
IKAF, XS VKA I (8 L 2548, oo
R RE WA 1) AH IR, PRI LA kit A R PR B
T 5 S 129080 far WG, AniEl 3 BR . SE
504 T O S P S B S A SR T 28

(2)
pacEe SR RESS BBRE =
3000
T
=
<
> 2000 F
Q
§ s s Bemren— S SEes s Sassmasl
o
[
=]
=
1000 - -v“*r“--..._ “ﬁw
P Tt gl pea st Fii
0 b esst T R |

X P N G

Phonon dispersion

137 meV &b, XFRTHEGE A 26 Fl 35 meV 4k
PRI /1

PDOS/meV
0 20 40 60 80 100 120 140
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Cal. Ic

Intensity/arb. units

0 200 400 600 800 1000 1200
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Bl 3 SR RIUK Ie ARG INS 3% H PDOS i, B il 847
K e H(JIEHD) F meV (T

Fig. 3. INS spectrum and PDOS spectrum of hydrogen
ordered Ice Ic, the units of horizontal axis are cm™ (bot-
tom axis) and MeV (top axis).

WK 4 iR, PDOS 15 H B8R — A BLIH X
) A B RE A A4 A, TS INS 52
BT AR . (HAU PR S1E S Gamma 519 TR
IER BRI A ——XJ i

APV Ie R IEA 6 R, LT
Bl 4(a) A 15 SOB2AA8 . AT 41U5E Gamma A5
FIITRAA 253 1 2 B, ZEAR T 500 cm ! (143 F[1]
PRI XA =AHIERS), A — 1 EEETE 321 cm
A WA IE R FERHTE 230 cm L. 7E PDOS 5% 152
B AR S TP R B A RRIE I, P LRI

(b)

— e
3000 |

2000 |

Frequency/cm~!

1000 F

0

0 0.001 0.002 0.003 0.004

Density of phonon states

B4 (a) A BRI AP s 7 OB (b) IH—A6 4 75 % B (PDOS). PDOS Z A AL TR 518 (a) H YN AL AR XS B
Fig. 4. (a) The Phonon dispersion curves; (b) the corresponding integrated PDOS spectrum.
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s} .
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22 TAAA i
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5 AT Lo AHEARARRE R gl XY = Fl (/] IE AR . B RO PSR 0, 8 7R B R i R S 00, (0 T 8 R ok v

PIRIR SN, GO KRR IR T7 17, KN E TR IE

Fig. 5. The three normal modes in the translational region of hydrogen ordered Ice Ic. The primitive cell contains two water mo-

lecules, and in order to show the vibration of the whole, the supercell is used to demonstrate two vibration modes. The green arrow

indicates the direction of the vibration, and the magnitude is proportional to the amplitude.
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Fig. 6. PDOS spectrum of hydrogen ordered Ice phases, ar-
ranged by pressure, from top to bottom are ice X, VIII,
XIII, XV, XIV, II, IX, Ic and XI. The yellow rectangle re-
gion corresponds to the positions of two characteristic peaks

of hydrogen bond.
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Table 2.  Length of H-bond, OH covalent bond and distance of adjacent O atoms (in A), H—O—H bond angle, wavenum-

ber range of four vibration regions of ice phases (in cm '), structure optimization density (in g/cm ?).

ICE H---O O—H O—H---O HOH Angle Translation Libration Bending  Stretching Density
Ice X 1.138 1.138 2.275 109.5 — — — — 3.3
Tce VIII 2.038 0.976 3.013 105.1 161-254 502-1032  1589-1742  3357-3480 1.42
Ice XIII  1.786-3.173  0.980-0.987 2.751-2.874  102.7-108.1 50-318 524-982  1629-1721 3198-3441 1.18
Ice XV 1.902-1.991 0.978-0.981 2.886-2.908 101.6-107.2 73-285 477-936  1609-1709  3278-3485 1.21
Ice XIV  1.986-1.838 0.978-0.984 2.793-2.951  102.8-105.3 104-292 502-933  1647-1735 3234-3478 1.15
Ice I 1.815-2.057 0.976-0.986 2.796-3.023  102.8/105.0 142-318 522-969  1659-1723 3193-3483 1.06
Tce IX  1.829-1.849 0.984/0.985 2.802-2.824 104.2/104.7 67-307 580-1003 1639-1716 3177-3391 1.01
Ice Ic 1.799 1.000 2.798 105.6 230/321 589-1053 1631-1708 3113-3334  0.89
Ice XI  1.813/1.814 0.987/0.988 2.799/2.802 105.7/106.0 47-310 586-1063 1634-1710 3110-3353  0.89
IceTh  1.788-1.866 0.986-0.989 2.784-2.843  104.7-106.2 33-327 579-1030 1651-1706 3110-3363  0.88

XVII  1.806-1.840 0.986-0.988 2.791-2.826  105.0-107.9 36-301 588-1037 1635-1709 3125-3369  0.81

XVI 1.797-1.845 0.984-0.990 2.768-2.830  105.1-106.3 53-315 594-1053 1649-1715 3117-3380  0.80
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Fig. 7. The normal modes of ice X, the vibration modes at
450, 998, 1260 and 1508 cm ! are triplically degenerate, and

the vibration modes at 2115 cm ! are doubly degenerate.
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Fig. 9. Statistical distribution of two-bond vibration (red),
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sertation shows the PDOS spectrum of Ice VIII and VII
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Fig. 10. The INS spectrum and PDOS spectrum of ice Ih,
the PDOS spectrum of hydrogen ordered ice XI and the
PDOS spectrum of ice Ic.
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Fig. 11. Statistical distribution of two-bond and four-bond
vibrational modes of (a) ice XI and (b) ice Ih. The illustra-
tion shows the PDOS spectrum of XI and Ih.
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Fig. 14. Three rotations of HyO: (a) Twisting around the z-axis; (b) wagging around the y-axis; (c) rocking around the z-axis.
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XVII and XVI. The blue and red dotted lines mark the pos-
itions of the two hydrogen bond vibration peaks (226 and
303 cm ') in ice Th.
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Fig. 16. Infrared absorption spectrum of water and ice Th.
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TP ARSI A HFE, SO TR 3 A
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th T K A B 0 RS BT DO A 80,
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AT B EAT AT T o B, T BRI FRELT S
RPN 75, A USRI, R vk 1L
H R WA K . A

TR AR LAl BR VK KRR IS ) AT K T MR P S B 2 B
j(ﬁﬁ‘?‘/é\?fﬁﬁiﬂ%fh I}EJ E‘J@ﬁﬁ Fig. Al. Two kinds of H-bond vibrational modes in ice Ic.
P (oA P

N WA WA o VI

IX (245 cm~1) 1T (206 cm~1) XIV (194 cm—1)

? / \ \ ‘*? >n

) A o4 AV — e L P,

il W L %
IX (307 cm™1) II (318 cm™1) XIV (292 cm™1)

Bl A2 SR T VKM IX, IDA XTIV hmg 2 SR sh =0, i 407 245, 206 A1 194 em ' Ab 9412 30 43 3154 VK IX, 11 A0 XTIV A X5 4R
SR WECEE 307, 318 A1 292 cm ! b4 B K IX, T1 I XTIV (4 PUAER shB s (vk XTIV FP R 3h A 0920 T 0 8 (dnic)

Fig. A2. Two kinds of H-bond vibrational modes in ice IX, II, and XIV. The two-bond vibrational modes of Ice IX, I and XIV at
245, 206 and 194 cm ™! are respectively; The four-bond vibrational modes of ice IX, I and XIV at 307, 318 and 292 cm ™!, respectively
(The yellow moleculars vibrate obviously in ice XIV).

VII (178 cm—1) VII (255 cm—1) VIII (160 cm—1) VIIIT (237 cm—1)

Bl A3 bk VITAHAE 178 cm ! Ab i XU IR S AR 255 et A B9 DU AR 3R B35 X vk XVIAHFE 160 cm ! &b A4 SUEE 4R 345 X e
237 cm 1 A AY PO AR SR R (VK VIT AR 08 BH 5894 T 8 R

Fig. A3. Two-bond vibrational mode at 178 cm ! and four-bond vibrational mode at 255 cm™ in Ice VII phase; two-bond vibration

mode at 160 cm! and four bond vibration mode at 237 cm ! in ice VIII (The yellow moleculars vibrate obviously).
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W || 4

XI (220 cm™1) XI (310 cm™1) Th (244 cm—1) Ih (327 cm™1)

Bl A4 K XTHH 220 cm ! Ak B9 BUEEAR SR A0RN 310 et b B PO SR S5 205 UK Th AH 244 cm? Ab B BUER S 0 327 cm ! Ak
A 7O A A1 S 4 X
Fig. A4. Two-bond vibrational mode at 220 cm ! and four-bond vibrational mode at 310 cm ! in ice XI; two-bond vibrational mode

at 244 cm ! and four-bond vibrational mode at 327 cm! in ice Th.
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Fig. A5. Two-bond vibrational mode at 223/225 cm ! and four-bond vibrational mode at 318/312 cm ! in ice XIII/V; two-bond vi-
brational mode at 206/231 cm ! and four-bond vibrational mode at 285/328 cm ! of ice XV /VI (The yellow moleculars vibrate obvi-

ously).
e ¥ .
\ & Lo \"-\ B i ﬁ\ 0 5 Y T
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N B 2N WY IS
i O T A e
XVII (209 cm—1) XVII (301cm—1) XVT (220 cm~1) XVI (314 cm~1)

Pl A6 7K XVIIHH 209 cm ! AL i X5 4 3 4 2R 301 em * 4 # DU B2 41 3l #5257k XVIAH 220 cm Ak 9 S5 IR 3l B2 X0
314 cm AL A DU B IR SRR (4R R B 80 A4 D4R 2 T 8 (ARl )
Fig. A6. Two-bond mode at 209 cm! and four-bond mode at 301 ¢cm ™ in ice XVII; two-bond mode at 220 cm ! and four-bond mode
at 314 cm ! of ice XVI (The yellow moleculars vibrate obviously).
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Investigation of hydrogen bond vibrations of ice”
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Abstract

Despite its simple molecular structure, water is still a mystery to scientists. For the atomic and molecular
vibrational modes of ice, as is well known, there are two kinds of vibrations: intra-molecular O—H stretching
vibration and H—O-—H bending vibration within the molecules and three kinds of molecular spatial rotations.
However, thirty years ago, a high flux inelastic neutron scattering experiment showed that there are two
distinct characteristic peaks in the far-infrared molecular translational vibration region of many ice phases. The
origins of these peaks have not been determined till now. In this work, based on the CASTEP code, a first-
principles density functional theory plane wave programme, the vibrational spectra as well as the vibrational
normal modes of a series of ice phases are investigated. Two kinds of intrinsic hydrogen bond vibrational modes
are first found in hydrogen-ordered ice Ic. Then it is found to be a general rule among ice family. Based on the
ideal model, we prove that the two vibrational modes can be classified as four-bond vibration and two-bond
vibration. There are many coupling modes in-between due to tetrahedral structure deformation under high
pressure. Besides, there are also some optical vibrational modes with lower energy in the translational region,
such as cluster vibrations and inter-plane vibrations. In Ice VII/VIII and XV /VI, each of which consists of two
sublattices, there exist non-hydrogen bond vibrations. These molecular translational vibrations can explain all
the far-infrared vibrational spectrum of ice phase, which makes up the last piece of the jigsaw puzzle for the
molecular vibration theory of ice. The two vibrational modes do not exist in liquid water due to the collapse of
the rigid tetrahedral structure. Thus, a window remains for ice resonance absorption with minimum energy loss
in water. This theory is expected to be applicable to industrial deicing, food thawing, gas hydrate mining, and

biomolecule frozen molding, etc.
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