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Figure1l (Color online) (a) XAS of water molecules at the condition
of gas state, surface of ice, liquid at 25°C (blue solid line) and 90°C
(red dashed line) and ice state from reference [11]; (b) Raman spectra
of water molecules at the condition of gas state, liquid at 25°C (blue
solid line) and 85°C (red dashed line) and ice state from reference
[17,22].
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Figure 2 (Color online) (a) IR absorption and Raman scattering
spectra of methanol in CCl, with the molar fraction of methanol 0.275
[23]; (b) the difference spectra of IR spectra of water at 30 and 92°C

[24] and the difference spectra of Raman spectra of water at 25 and
85°C [25].
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Tablel The decomposition and assignments of IR spectra of liquid water
R vem™  HE* | R v(em™) 2} R v (em™) 2} R v (em™) JE)S
3045 M=4 - - - - - -
3134 M=3 3150 Coll e_zctlve mode of _ _ _ _
icelattice
_ C o . regular 4and3
3246 M=3 3230  Theicelike species 3300 structure 3295 hydrogen bonds
[38] 3390  wm=2 | BU 3400 DDAwater | (O] 34es  Iregular (321 445, 2hydrogen
structure bonds
3535 M=1, 0 3530 DDA water - - - -
Water molecules Free OH or 1and0
3630 free OH 3640 with two 3603 weak hydrogen 3590
) hydrogen bonds
coordinates bonds
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Table2 The decomposition and assignments of Raman spectra of liquid water
XHER v (em™) U= JE* Sk v (em™) A8 ik vem™) &
3050 Overtone of the bending 3014 DAA _ _
mode
In-phase mode Symmetrical stretching of
3200 of DDAA 3226 DDAA 3241 H-bonded water molecules
Out-of-phase mode Asymmetrical stretching of
(2 3400 of DDAA (12, 13] 3432 DA [36] 3415 H-bonded water molecules
Molecule with Symmetrical stretching of
3500 broken H-bonds 3572 DDA 3530 non-H-bonded water molecules
3650 Free OH 3636 free OH 3617 Asymmetrical stretching of
non-H-bonded water molecules
XEk v(em™) JE)E] Hk v (em™)? XHk v (em™?
Molecules with strong or Overtone of More Hydrogen bonding or
3200 regular hydrogen bonds 3223 bending mode 3200 overtone of bending mode
. . L east-Associated Hydrogen
[17.25] 3420 d’}";éffe‘ﬂf ‘é"r';h e"fg’(‘m‘gs [35] 3430 grsg’tgme”;ﬁg’ ' | 13 3450 bonding or symmetric and
yarog 9 asymmetric stretching mode
Anti-symmetrical
3620 Free OH 3602 stretching mode - -

a) iz k2T 0.05GPa, 23°C fiiK;
b) ZH k2 F 0.4 GPa, 25°C [k
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A AW 2 e uE, SRS TN R A, AR I
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(140 JR3 355 4 A 32 B2 DY THI A 25 44

AP0 A7 vE 2 Maréchal 4R i, Al T8
F (R EAE 53 AT 4 7K () 204 638 43 i R W S BT 1 ol
WAy, 2 B VA B R 2 ICIR ZK A AU 52 BB 3 1)
K, IX AN B 46 % 2 2.8 keal/mol. Maréchal A A
TEK A E AR T A B rIK.
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A DO, Bl K & R ML k2 TEAL A K v i 1151,
TEIX LR 58 TAE A EA MR T, Bl Max 1

g5 B OR B IK A E K BB R 58 42—, XA
Nicodemus %5 A\ M3 & 45 5 AR —F. Nicodemus (1]
SER R RERK . HKL EEEE K ) U ) B AN — R,
X VA B M R S A T K B B RN L R A
Max [ B K B B OH FIB 45 1R 3 1% 1 5 1% AKX
e HLVAR KB B OH (h4a R 5h i i 58 4 — 3¢,
HBI 1% A — LR AR BIAR A () 1 e, IX MR A RIS
AR — 8, B THRLER /K B B OH [ 45
5 B (1) 1 0 o7 B LU AE A ALV 5 R AR, L o U
B LLAE A LI i e 58 B KR 2. BT p Ay
U %, RONTE 4K B B LB 25 HLIE
7H H B OH #iR sl g, Fr bl Max i\ aliK 4 56 42 %
HHEE OH™. #E—, Max b 7 HAME Z Y5 m
AN DA TS S MY NS P A PAR S e AR AN ]
X FRAF 45 R0 s 0 AR AR 4 1% 7, BT DA H K1) e 3k 2
K BA Co XK. (H2 fealr B TH 5 7R 7K 1) ey 3
GER B AR TERFRIELS. B Max 194 oA
ZAERTIMEZ AL, BT AAHERE X L 73 H 7 7.

A — P75 2 R FH iz 2 6 0 R 1 e 41 45
Walrafent* il £ 7 HDO 7E 5 /K f # /K (iR 2
ik, FEUE TN N e b R 2R, IR R g bl
26 B B Al B /ME . Walrafen $EAE AR & iAb
i 5 /N 5 0l VA o A AR R A e, AR 5 28 i A
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Figure 3 (Color online) (8) The distribution of the frequency of the water molecules (HDO/D,0) with and without hydrogen bonds [43]; (b) the
distribution of the frequency of the water molecules (HDO/D,0) with the classification of the form “n,” (see ref. [44]); (c) the distribution of the
frequency of the water molecules (HDO/D,0) with the classification of the parameter M (see ref. [46]).
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Figure 4 (Color online) The distribution of various local water
molecules structure at different temperatures, data from ref. [47].
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Figure5 (Color online) (a) The relative difference Raman spectra of liquid water under temperatures of 25, 45, 65 and 85°C; (b) dispersion of the
depolarization ratio of water at 25°C; (c) the decomposed experimental Raman spectra of free —OH in liquid water (red solid line) and the theoretical
frequency distribution of free —OH in dilute HDO/D,0O [43]; (d) the temperature dependent population of free OH in liquid water. The curves were

reproduced from these refs. [25,43].
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Figure 6 (Color online) The schematic illustration of the local
structure of liquid water, and its change upon heating.
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Figure 7 (Color online) The comparison between Raman spectra of
light water at 5°C (shadow contour, top axis) and those of heavy water
at 5°C (black), 35°C (red), 65°C (green) and 85°C (blue).

6 HiLSRE

B AR A A B H A T AT UK R
AR, JCHGE X SR TR & A i S RO
BRI 2 AN, ZEANIR O 1 R S UM D6 AR TH Bl
ZHT oK RIS, EXRERT, BATRS
HBELEL T X S A S 1 MR 30 1 AE SR K S5 4
IR . R IR B ' 1 6T 7K AR FIOUL 435 4) BE o A0k
AT LI T 2L AR 1 K ik 2 S D' 1 A A A
AR OGE Sz SR8 O6 1 R s 2L A1 AT BLE PR 8
KR SR A A, T 8 6 1 RT BLSE B R K A JR) 3
ZhRE . K% DO AT A (R S S R 7K 1 241
e R B AR, T =2 S AT ) 2 A AR

HRAR O R B AEK ) OH R 3l s 2 B AL, 4iik
(4% 3h Ot W AN B T T VF 40 23 A K i JR SR 45
HDO/D,O " m Itk i¥] OH 4iRahHT LA ISR 787K 1 =)
AR, il R 2 BROE S T A HDO/D,O 7»
BrK B R B At #3825 R sk b o 32 3
JRISREAE KR AR AR T DU U S 4. AR RO 1, 2
06 e A B S SR R A S KL AN i Al
fi 2ol el A TR, WS eilE R B
EEZ IS, X FRE A0 & 45 R H s e ) s
WAL O 7RIS, IR T HA T ok
KeBRIR BN, (E AR A BT 2 SR I A M 4T

BRGS0, (B B0 O U N S EG O 1
WoR H 1 OH 1 U8 R S8 6 4 S ERFAE, 7T LA
T RAL K B RSk 4l # . ol A X 4 2 22 % 0 O vk
R 7K AR B B OH W ELEIEYE, %J741E

057003-10



PRETSE, i ERLE WEAE ) RO

2016 4F %546 % EE 5

RETHHOHMERE., XNEESTER T KEE
s& DDAA Fil DDA JEisghty, TR ST, 35
DDAA Jjis 45 ¥4 2 545 i DDA Z5#4. /K] OH {4
PRENTL B 1 1 738 B 2 A B0 K 1 B RO, K
FIE T RN 23/ DDAA Rt s iy & &, fEWiiA
Y0 N TN AL

BT HAROGIE b, R SRXSIK R LA RI s 2
it HrEE R fE HDOID,O W 4. L ar il ufii FH AR &
Gri i e LA R AT IR B e, 7R R R ok

SR

PO B A3 7 90, oK R A8 ' B R S50 o 1% 1) i
R A S 56 i 1 v K A Ak B T oK o A B
WL, v 7 BN BN A SRR IR A i, 7 EA
[ VB S5 A R 7K 75~ OH A4 3R 50 (X £ R e 2 4
AN 2 IO AT . 0 R A 0 3 A 4R 20 516 3% 1) 7 Hr
A AT e fe HE XK R sk A # AR 55 AhaT DA
JE RR) AR, S 2K 2 850 ) 3% = 2 A D 9 oR M
73, W3, Bz, SRS I RO K R I F )

A

1

Head-Gordon T, Rick S W. Consequences of chain networks on thermodynamic, dielectric and structural properties for liquid water. Phys
Chem Chem Phys, 2007, 9: 83-91
Suzuki H, Matsuzaki Y, Muraoka A, et al. Raman spectroscopy of optically levitated supercooled water droplet. J Chem Phys, 2012, 136:

2
234508
3 Roentgen W K. Ueber die constitution des flussigen wassers. Annu Phys, 1892, 45: 91-97
4  Tokushima T, Harada Y, Takahashi O, et a. High resolution X-ray emission spectroscopy of liquid water: The observation of two
structural motifs. Chem Phys L ett, 2008, 460: 387—400
5 Huang C, Wikfeldt K T, Tokushima T, et a. The inhomogeneous structure of water at ambient conditions. Proc Natl Acad Sci USA, 2009,
106: 1521415218
6 Freda M, Piluso A, Santucci A, et al. Transmittance Fourier transform infrared spectra of liquid water in the whole mid-infrared region:
Temperature dependence and structural analysis. Appl Spectrosc, 2005, 59: 1155-1159
7 Berna J, Fowler R. A theory of water and ionic solution, with particular reference to hydrogen and hydroxyl ions. J Chem Phys, 1933, 1:
515-548
8 Smith J D, Cappa C D, Wilson K R, et al. Unified description of temperature-dependent hydrogen-bond rearrangements in liquid water.
Proc Natl Acad Sci USA, 2005, 102: 1417114174
9 GuoJH, LuoY, Augustsson A, et al. X-ray emission spectroscopy of hydrogen bonding and electronic structure of liquid water. Phys Rev
Lett, 2002, 89: 137402
10 Myneni S, Luo Y, Naslund L A, et al. Spectroscopic probing of local hydrogen-bonding structures in liquid water. J Phys Condens Matter,
2002, 14: L213-1L.219
11 Wernet P, Nordlund D, Bergmann U, et al. The structure of the first coordination shell in liquid water. Science, 2004, 304: 995-999
12 Sun Q. The Raman OH stretching bands of liquid water. Vib Spectrosc, 2009, 51: 213-217
13 Sun Q. The single donator-single acceptor hydrogen bonding structure in water probed by Raman spectroscopy. J Chem Phys, 2010, 132:
054507
14 Smith J D, Cappa C D, Wilson K R, et al. Energetics of hydrogen bond network rearrangements in liquid water. Science, 2004, 306:
851-853
15 Max JJ, Chapados C. Isotope effects in liquid water by infrared spectroscopy. V. No free OH groupsin liquid water. J Chem Phys, 2010,
133: 164509
16 Max JJ, Chapados C. Isotope effects in liquid water by infrared spectroscopy. V. A sea of OH,4 of C,, symmetry. J Chem Phys, 2011, 134:
164502
17 LinK, Zhou X G, Liu SL, et al. Quantum effects on global structure of liquid water. Chin J Chem Phys, 2013, 26: 127-132
18 Clark G N, CappaC D, Smith JD, et al. The structure of ambient water. Mol Phys, 2010, 108: 1415-1433
19 Skinner JL, Auer B M, LinY S. Vibrational line shapes, spectral diffusion, and hydrogen bonding in liquid water. Adv Chem Phys, 2009,
142: 59-104
20 Bakker H, Skinner J. Vibrational spectroscopy as a probe of structure and dynamics in liquid water. Chem Rev, 2010, 110: 1498-1517
21

Meng S, Greenlee L F, Shen Y R, et al. Basic science of water: Challenges and current status towards a molecular picture. Nano Res, 2015,
8: 3085-3110

057003-11



MRISE. RERY MEE J)0E ORI 20164F 46 HS5H

22

23

24

25

26
27

28

29

30

31

32

33

34

35

36
37

38

39

40

41

42
43

45

46

47
48

Sivakumar T, Schuh D, Sceats M G, et al. The 25004000 cm™ Raman and infrared spectra of low density amorphous solid water and of
polycrystallineice I. Chem Phys Lett, 1977, 48: 212-218

Gorbaty Y E, Bondarenko G. Comparison of the sensitivities of IR absorption and raman scattering spectra to hydrogen bonding in
methanol. Russ J Phys Chem B, 2012, 6: 873-877

Larouche P, Max J J, Chapados C. Isotope effects in liquid water by infrared spectroscopy. |1. Factor analysis of the temperature effect on
HO and DO. J Chem Phys, 2008, 129: 064503

Lin K, Zhou X G, Liu SL, et al. Identification of free OH and its implication on structural changes of liquid water. Chin J Chem Phys,
2013, 26: 121-126

Auer B, Skinner J. IR and Raman spectra of liquid water: Theory and interpretation. J Chem Phys, 2008, 128: 224511

Yang M, Skinner J. Signatures of coherent vibrational energy transfer in IR and Raman line shapes for liquid water. Phys Chem Chem Phys,
2010, 12: 982-991

Torii H. Time-domain calculations of the polarized Raman spectra, the transient infrared absorption anisotropy, and the extent of
delocalization of the OH stretching mode of liquid water. J Phys Chem A, 2006, 110: 9469-9477

Ljungberg M P, Lyubartsev A, Nilsson A, et a. Assessing the electric-field approximation to IR and Raman spectra of dilute HOD in DO. J
Chem Phys, 2009, 131: 034501

Torii H. Comparison of different potential models in the calculations of the infrared and polarized Raman spectra and the transient infrared
absorption anisotropy of the OH stretching mode of liquid water. JMol Lig, 2007, 136: 274-280

Raichlin Y, Millo A, Katzir A. Investigations of the structure of water using mid-IR fiberoptic evanescent wave spectroscopy. Phys Rev
Lett, 2004, 93: 185703

Brubach J B, Mermet A, Filabozzi A, et al. Signatures of the hydrogen bonding in the infrared bands of water. J Chem Phys, 2005, 122:
184509

Schmidt D A, Miki K. Structural correlations in liquid water: A new interpretation of IR spectroscopy. J Phys Chem A, 2007, 111:
10119-10122

Kawamoto T, Ochiai S, Kagi H. Changes in the structure of water deduced from the pressure dependence of the Raman OH frequency. J
Chem Phys, 2004, 120: 5867

Okada T, Komatsu K, Kawamoto T, et al. Pressure response of Raman spectra of water and its implication to the change in hydrogen bond
interaction. Spectrochim Acta Part A, 2005, 61: 2423-2427

Ponterio R, Pochylski M, AliottaF, et al. Raman scattering measurements on a floating water bridge. J Phys D, 2010, 43: 175405

Hare D, Sorensen C. Raman spectroscopic study of dilute HOD in liquid HO in the temperature range-31.5 to 160°C. J Chem Phys, 1990,
93: 6954-6961

Walrafen G. Effects of equilibrium H-bond distance and angle changes on Raman intensities from water. J Chem Phys, 2004, 120:
48684876

Paolantoni M, Lago N F, Alberti M, et al. Tetrahedral ordering in water: Raman profiles and their temperature dependence. J Phys Chem A,
2009, 113: 1510-15105

Maréchal Y. The molecular structure of liquid water delivered by absorption spectroscopy in the whole IR region completed with
thermodynamics data. J Mol Struct, 2011, 1004: 146155

Max J J, Chapados C. Isotope effectsin liquid water by infrared spectroscopy. J Chem Phys, 2002, 116: 4626-4642

Nicodemus R A, Tokmakoff A. Infrared spectroscopy of tritiated water. Chem Phys L ett, 2007, 449: 130-134

Corcelli S, Skinner J. Infrared and Raman line shapes of dilute HOD in liquid H,O and D,O from 10 to 90°C. J Phys Chem A, 2005, 109:
6154-6165

Auer B, Kumar R, Schmidt J, et al. Hydrogen bonding and Raman, IR, and 2D-IR spectroscopy of dilute HOD in liquid D,O. Proc Natl
Acad Sci USA, 2007, 104: 14215-14220

Auer B, Skinner J. Water: Hydrogen bonding and vibrational spectroscopy, in the bulk liquid and at the liquid/vapor interface. Chem Phys
Lett, 2009, 470: 13-20

Tainter C, Ni Y, Shi L, et al. Hydrogen bonding and OH-Stretch spectroscopy in water: Hexamer (cage), liquid surface, liquid, and ice. J
Phys Chem Lett, 2013, 4: 12-17

Paesani F. Temperature-dependent infrared spectroscopy of water from a First-Principles approach. J Phys Chem A, 2011, 115: 6861-6871
Kuhne T D, Khaliullin R Z. Electronic signature of the instantaneous asymmetry in the first coordination shell of liquid water. Nat
Commun, 2013, 4: 1450

057003-12



MRISE. RERY MEE J)0E ORI 20164F 46 HS5H

49

50
51

52
53

54

55

56

57
58

59

60

61

62

63

64

65
66

67

68
69

70

71

72

73

74

75

76

7
78

Walrafen G E. Dispersion of the Raman depolarization ratio of HDO in water and heavy water from 295 to 368 K, and from concentrated
NaClO4/D,0/H,0. J Chem Phys, 2005, 122: 174502

Walrafen G E. Contribution of the asymmetric stretch, vg, to the fundamental Raman spectrum of water. J Chem Phys, 2006, 124: 184505
Alphonse N K, Dillon S R, Dougherty R C, et al. Direct raman evidence for a weak continuous phase transition in liquid water. J Phys
Chem A, 2006, 110: 75777580

Pastorczak M, Kozanecki M, Ulanski J. Raman resonance effect in liquid water. J Phys Chem A, 2008, 112: 10705-10707

Efimov Y Y, Naberukhin Y |. Fluctuation theory of hydrogen bonding applied to vibration spectra of HOD molecules in liquid water. I.
Raman spectra. Mol Phys, 2003, 101: 459-468

Efimov Y Y, Naberukhin Y |. Fluctuation theory of hydrogen bonding applied to vibration spectra of HOD molecules in liquid water. I1.
Infrared spectra: Contour shape, integrated intensity, temperature dependence. Mol Phys, 2004, 102: 1407-1414

Praprotnik M, Janezic D, Mavri J. Temperature dependence of water vibrational spectrum: A molecular dynamics simulation study. J Phys
Chem A, 2004, 108: 1105611062

Praprotnik M, JaneZi¢ D. Molecular dynamics integration and molecular vibrational theory. Ill. The infrared spectrum of water. J Chem
Phys, 2005, 122: 174103

Chen W, Sharma M, Resta R, et al. Role of dipolar correlations in the infrared spectra of water and ice. Phys Rev B, 2008, 77: 245114

Liu J, Miller W H, Paesani F, et a. Quantum dynamical effects in liquid water: A semiclassical study on the diffusion and the infrared
absorption spectrum. J Chem Phys, 2009, 131: 164509

Hasegawa T, Tanimura Y. A polarizable water model for intramolecular and intermolecular vibrational spectroscopies. J Phys Chem B,
2011, 115: 5545-5553

Liu J, Miller W H, Fanourgakis G S, et a. Insights in quantum dynamical effects in the infrared spectroscopy of liquid water from a
semiclassical study with an ab initio-based flexible and polarizable force field. J Chem Phys, 2011, 135: 244503

Yang M, Skinner J. Time-averaging approximation in the interaction picture: Absorption line shapes for coupled chromophores with
application to liquid water. J Chem Phys, 2011, 135: 154114

Zhang C, Donadio D, Gygi F, et al. First principles simulations of the infrared spectrum of liquid water using Hybrid Density Functionals. J
Chem Theory Comput, 2011, 7: 1443-1449

Zhang C, Wu J, Galli G, et al. Structural and vibrational properties of liquid water from van der waals density functionals. J Chem Theory
Comput, 2011, 7: 3054-3061

Heyden M, Sun J, Forbert H, et a. Understanding the origins of dipolar couplings and correlated motion in the vibrational spectrum of
water. J Phys Chem Lett, 2012, 3: 2135-2140

Zhang C, Donadio D, Galli G. First-principle analysis of the IR stretching band of liquid water. J Phys Chem Lett, 2010, 1: 1398-1402
Geissler P L. Temperature dependence of inhomogeneous broadening: On the meaning of isosbestic points. J Am Chem Soc, 2005, 127:
1493014935

Riemenschneider J, Ludwig R. Comment on “Isotope effects in liquid water by infrared spectroscopy. IV. No free OH groups in liquid
water”. J Chem Phys, 2011, 135: 117101

Giguere P A, Pigeon-Gosselin M. The nature of the “free” OH groups in water. J Raman Spectrosc, 1986, 17: 341-344

Luck W A P, Borgholte H, Habermehl T. H-bonds in methanol-water mixtures: Indications of non-H-bonded OH in liquid water. J Mol
Struct, 1988, 177: 523-530

Riemenschneider J, Holzmann J, Ludwig R. Salt effects on the structure of water probed by attenuated total reflection infrared
spectroscopy and molecular dynamics simulations. Chem Phys Chem 2008, 9: 2731-2736

Wei Z F, Zhang Y H, Zhao L J, et a. Observation of the first hydration layer of isolated cations and anions through the FTIR-ATR
difference spectra. J Phys Chem A, 2005, 109: 1337-1342

Tian C, Byrnes S J, Han H L, et al. Surface propensities of atmospherically relevant ions in salt solutions revealed by phase-sensitive sum
frequency vibrational spectroscopy. J Phys Chem Lett, 2011, 2: 1946-1949

Perera P, Fega K, Lawrence C, et al. Observation of water dangling OH bonds around dissolved nonpolar groups. Proc Natl Acad Sci USA,
2009, 106: 12230-12234

Kuharski R A, Rossky P J. Quantum mechanical contributions to the structures of liquid water. Chem Phys Lett, 1984, 103: 357-362

Chen B, Ivanov |, Klein M L, et a. Hydrogen bonding in water. Phys Rev Lett, 2003, 91: 215503

Soper A, Benmore C. Quantum differences between heavy and light water. Phys Rev Lett, 2008, 101: 065502

Morrone JA, Car R. Nuclear quantum effects in water. Phys Rev Lett, 2008, 101: 017801

Hart R T, Benmore C J, Neuefeind J, et al. Temperature dependence of isotopic quantum effects in water. Phys Rev Lett, 2005, 94: 047801

057003-13



MRETSE, REREE MBS ) RO 20164 5 46% S

L ocal structure and spectra of liquid water
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We review the local structure of liquid water probed by the vibrational spectroscopy in recent ten years. We compare
systematically the sensitivity of IR absorption spectroscopy, Raman scattering spectroscopy and other spectroscopies.
It is found the Raman spectroscopy is most sensitive to the local structure of liquid water. The decomposition, the
assignments of these vibrational spectra, and the local structure from these spectra of water are reviewed in the view
point of experiment and theory. The decomposition and the assignment of IR and Raman spectra are very arbitrary,
hence some detailed structures based on these analysis are questionable. So far, the local structure is reached an
agreement, the asymmetrical four hydrogen bonding dominates the local structure of liquid water, and little free OH
and weak hydrogen bonding present in water. The quantum effect of hydrogen atom weaks the local structure of
liquid water, which can be observed directly by Raman spectroscopy. The most obvious feature is the spectra of free
OH.
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