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Instantaneous normal mode analysis of orientational motions in liquid
water: Local structural effects

S. L. Chang® and Ten-Ming Wu®
Institute of Physics, National Chiao-Tung University, Hsin Chu 300, Taiwan

Chung-Yuan Mou
Department of Chemistry, National Taiwan University, Taipei 106, Taiwan

(Received 29 March 2004; accepted 20 May 2004

We have investigated the effects of local structures on the orientational motions in liquid water in
terms of the instantaneous normal ma@téM ) analysis. The local structures of a molecule in liquid
water are characterized by two different kinds of index: the asphericity parameter of its Voronoi
polyhedron and the numbers of the H bonds donated and accepted by the molecule. According to the
two kinds of index, the molecules in the simulated water are classified into subensembles, for which
the rotational contributions to the INM spectrum are calculated. Our results indicate that by
increasing the asphericity, the rotational contribution has a shift toward the high-frequency end in
the real spectrum and a decrease in the fraction of the imaginary modes. Furthermore, we find that
this shift essentially relies on the number of the donated H bonds of a molecule, but has almost
nothing to do with that of the accepted H bonds. The local structural effects resulting from the
geometry of water molecule are also discussed.2@4 American Institute of Physics.

[DOI: 10.1063/1.17727539

I. INTRODUCTION the HDO molecules selected by the pump pulse with fre-
guencies being in a small region in the absorption spectrum
Water plays an important role in life processes, industrialyf the OH stretch vibration. Due to the sensitivity of the OH
applications, and scientific researches, for its abundance arghetch vibration on the length of the H bond attaching to the
many unusual physical and chemical properties, which argy atom, it is generally believed that the HDO molecules
mainly dominated by its hydrogetH) bond'ng? The H  gelected by a low-frequency pulse tend to have the -G
bonds in water form a network, which is complicated in bOthhydrogen bonds in shorter length and those selected by a

static structure and dynamics. In the static structure of icehigh-frequency pulse tend to have the hydrogen bonds in

each molecule is ideally connected through H bonds witr]Onger lengthO11 The experimental results show that the ori-

four nearest neighbors to form a network of tetrahedronsgational relaxation of water molecules depends on the
however, in liquid water deviations from the ideal tetrahe-

. . . pump frequency: a single slow relaxation process was ob-
dron result from distortion due to thermal motions and con-

. : ; served for a low-frequency pulse and two relaxation pro-
nection with less than four n_elghbc?rﬁ'.he_global pattern of cesses, with a fast rate constant less than 1 ps, for a high-
the network has been described by various random.mc.)delﬁ'equency pulse. This gives an indication that at the short
from the two-state network modéifor the heterogeneity in

density to a svstem of H-bond percolatldr In dvnamics time scale the orientational motion of a molecule in liquid
y y . .p ; ) y ' water is sensitive to the H-bond connection of the molecule
due to thermal fluctuation and diffusion of molecules, each Hat the initial

bond in water may break and re-form; the breaking and re- On the other hand, via molecular dynamis4D) simu-

f(_)rm|_ngg processes _ generally follow a : nqnexpo_nentlallations, Yeh and Motf have studied the roles of local struc-
kinetics” The H-bonded pattern changes in time with the . . : : LT
tures in the relaxation of orientational dynamics in liquid

rearrangement of the H-bond connections. In general, water o ) .
g 9 water by classifying the simulated molecules into suben-

dynamics is influenced by the complex H-bonded network; bl f which the local struct h terized by th
especially, at the time scale studied by the ultrafast spectros?-em es orwhich the local structures are characterized by the

copy, the dynamics at a molecular level is dominated by th&SPNericity parameter of the Voronoi polyhediéP) con-
local geometry of the network. structed for the oxygen atom$For molecules with strongly

Recently, in terms of the pump-probe technigue in aaspherical VP, their local structures are basically tetrahedral,
’ nd their orientational motions, studied by the rotational au-

femtosecond experiment for HDO molecules dissolved irf lation f ; hibit on | | .
liquid D,0,° the orientational dynamics of molecules in lig- tocorrelation functions, exhibit only one slow relaxation rate.

uid water has been investigated through the subensemble bPWeVer, as the VP are more spherical, with their aspherici-

ties in the low-value end of the asphericity distribution of the

system, the local structures are highly deviated from the tet-

dpresent address: Department of Computer Science and Information E”‘%‘ahedral structures. and a fast orientational relaxation with
neering, National Peng-Hu Institute of Technology, Peng-Hu, Taiwan. . ’

YAuthor to whom correspondence should be addressed. Electronic mailime constant=1 ps was found. Therefore, the results of both

tmw@faculty.nctu.edu.tw experiment and simulation apparently indicate that the local
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structures have strong effects on the orientational motions isteps from an initial lattice configuration, we started to take
liquid water at a short time scale. data for 100 configurations at every 1000 steps.
On the theory side, the short-time dynamics of a liquid ~ We take the energetic definitionrfa H bond® That is,
can be exactly described by the instantaneous normal mode/o molecules are considered to connecttmat H bond as
(INM) approach, in which the potential energy surface isthe energy between them is less than a cuigfg, which is
harmonically approximatetf:'>The INMs of a configuration ~set to be—12 kJmol ! in this work. The lengthr of the H
are the eigenmodes of the corresponding Hessian matrix, tH®nd is measured as the distance between the H atom of a
second derivatives of the potential enetfjy’ and the INM  molecule and the oxygen of the other. With this H-bond defi-
density of state$DOS) is obtained by an ensemble averagenition, the H-bond lengths in our simulated water systems
of configurations. One advantage of the INM approach isare found to be within a range between 1.45 A and 3.0 A.
that the total DOS of the INMs can be separated intoFor the OH--O angle, the portion of the angle distribution is
branches characterized with different motions by the projecroughly 70% for the angles larger thaf.=155°, and
tion operators, which are determined by the eigenvectoreaches 80% a8, is released to 150°. Therefore, with this
components of the Hessian mattfkFor example, the total energetic definition, the geometry distributions of the H
INM DOS of a molecular liquid can be separated intobonds in our simulated system are not much different from
branches dominated by either the translational or the rotathose obtained with another definitiéh.
tional motions of molecules. So far, in terms of the INM In the following, based on the local structures, we
approach, there have been many reports on the dynamics pfesent two sets of molecular subensemble according)to
normal and supercooled liquid wat&r®® and other the geometry of the VP an@) the H-bond configuration of
H-bonded liquid$®~28 Among them, the formalism of pro- a molecule.
jection operator gives fruitful results; however, most studiesA Voronoi polyhedra analysis
focus on the contributions due to the translational motions or -
the vibrations between molecules. In this paper, we general- Through computer simulations, the VP analysis has been
ize the INM projection formalism in another direction for the widely used for liquid watet>*?33For a particle in a topo-
molecular subensembles of a liquid, in which the moleculedogically disordered structure, the geometry of the Voronoi
are characterized by their local structures. With the generalpolyhedron, which is a generalization of the Wigner-Seitz
ized projection operators, we investigate the effects of theinit cell in a crystal, characterizes the arrangement of the
local structures on the short-time orientational motions innearest neighbors of the particle. A dimensionless parameter
liquid water. to measure the geometry of a Voronoi polyhedron is the as-
In order to analyze the local structures of the H-bondedphericity parametel® which is defined as
pattern, we make two classifications for all molecules in lig-
uid water according t@a) the asphericity of the VP, an() A3
the H-bond configuration of a water molecule, which is de- = 3672’
fined as the numbers of the H bonds donated and accepted by
the mOIGC.UIeZ'g The paper is organized as follows: In Sec. Il, whereA andV are the total surface area and volume of the
the two different sets of molecular subensembles are SPeClsvhedron, respectively. By this definitiong=1 for a

fied with th9|r local structures and described by qther Char'sphere. Asy increases, the geometry of the polyhedron be-
acters; the interrelationship between the two sets is also pr

%omes more aspherical. For the ibg structure, in which
sented. In Sec. lll, the INM approach for water model Ofmost molecules are in the tetrahedral arrangemegist,equal

rigid molecules is briefly summarized. The generalized Proy, 2 o5

jection operators and the corresponding INM DOS for mo- We have performed the VP analysis for the oxygens in
leCl.JIar. subensembles are given. In Sec. IV, bas'ed on th(?ur simulated water, and the asphericity distribution of the
pr_OJectu_)n metho_d, th_e r_esu_lts of the INM analysis for theVP has a shape similar as the one of the TIP4P water model
orientational motions in liquid Water_are presented, and theclt the same temperatut&By dividing the whole distribution
effects of the Iogal structures are discussed. In Sec. V, Whto four adjacent sections, with their ranges given in Table I,
give our conclusions. we separated the molecules of a configuration into four
groups, indexed as Voronoi gro@@gG) | to IV with increas-
Il. SUBENSEMBLES OF LOCAL STRUCTURE ing asphericity. Most of the molecules are in VG Il and I!I,
and VG | and IV contain only few percentages. To examine
We have simulated 256 SPC/E water moleciflés a  the local structures of the molecules in each VG, we present
cubic box with periodic boundary conditions at densityin Fig. 1(a) the oxygen-oxygen radial distribution functions,
p=1.0 gcm® and temperatureT=300K. The Lennard- g,.(r), of the four VGs. The isosbestic points of the four
Jones potential between two oxygens was truncated at hatfistributions are similar to those obtained from other water
the box length and shifted upward to make the potential andhodels[TIP4P and SPGRef. 32]. We also calculated the
its first derivative continuous at the cutoff. The Coulomblength distributions of the H bonds attaching to the mol-
interactions were treated by the Ewald summation. In ouecules in each VG, and the results, shown in Fif),1
simulations, the leap-frog algorithm was used with a timeclearly indicate that the distribution shifts toward shorter
step of 1 fs, and the SHAKE algorithm was also employed tdength as the asphericity increases. Similar to the TIP4P
ensure the rigidity of the moleculé5.After 300000 time model, the strong first peak in thg,,(r) distribution func-

@
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TABLE |. Averaged number fractiony =(N.}/N and imaginary-mode  bors than molecules in the other three VG groups. Thus,
frac“‘i”gfv °f7\3/°r°g$i géglépéve? Lt rEL:L r']'rr'_”;tarr‘dn'w irf‘ "quri‘deatef from the VP analysis, a structural description for the two-
?st‘t)he évgr;;nedar?umber of n&o?écszule(as?r?el(;:]%l}\ll iz tgz ?otZ?(r:]umg:Bof St?‘te mlxtgrg model of “qUId water has pee,n propd§dd.
moIecuIes}V(v=x,y,z) is the imaginary-mode fraction of the normalized this description, the local structures of liquid water are de-
rotational INM spectrum of molecular axis. scribed as a mixture of randomly structured patchés I)

and highly ordered region®/G V) immersing in a large
pool of water molecules whose asphericites are intermediate
between the two regions.

\oronoi \oronoi \oronoi \oronoi
group | group Il group Il group IV

7 Below—1.46 1.46-1.72 1.72-1.98 1.98—above

XL 0.015 0.6527 0.3168 0.0155

= B. H-bond configurations

f, 0.223 0.101 0.049 0.032 g

1, 0.113 0.067 0.044 0.031 Though the VP analysis is a powerful tool for analyzing
f, 0.101 0.043 0.022 0.012 the local structures of liquid water, it will be helpful for

understanding the dynamics of the H-bonded network if
more information about the local connections of H bonds can
) . be obtained. Here, we do another classification for molecules
tion of VG 1V, and almost four nearest neighbors of eachip |iquid water by the H-bond configuration of a molecule.
molecule, obtained by integrating,,(r) up to the first mini-  \ye employ, for example, the notation D2A1 to denote the
mum, suggest that in the first shell of the molecules in VG IV_pond configuration of a molecule donating two H bonds
the tetrahedral arrangement is the most possible local strugy,q accepting one. In our simulated systems, we found ten
fcure. For VG I, the plateau region within the first minimum possible H-bond configurations whose averaged number
in goo(r) and the longer H-bond length indicate that thefractions are listed in Table II. Both fractions of molecule
molecules in VG | have more random local structures anq argith four H bonds and with three H bonds are roughly equal
more weakly connected through H-bonds with their neighyg 4006; our data are somewhat different from those given in
Ref. 34 due to the difference in the definitiohaH bond.

For molecules with two H bonds, it is found that the D1A1
configuration has a much higher probability than the other
4 '| (a) ] two configurations, D2A0 and DOA2. Due to the distortion
A ] of the H-bonded network, molecules with five H bonds are
i found in a fraction about 4%, among which the probability
] for three accepted H bonds is larger than that for three do-
" nated H bonds.

i i Since the processes of breaking and making H bonds
t

i

X

e —

frequently occur in liquid water, each H-bond configuration
survives with a certain lifetime. For a H-bond configuration,
i U A denoted bys, its lifetime can be estimated through the cor-
relation functionC¢(t), which is defined as
D A R e )= MeOn:(0)
' (h3)
3 , . : . , wherehg(t) =1 if the molecule at time is in the configura-
3 tion sandhg(t) =0 otherwise. ThereforeC4(t) is the prob-
ability that the molecule is in the H-bond configuratisn
given that it was in the same configurationtatO. The cor-
relation functions of several H-bond configurations are
shown in Fig. 2. A general feature of these curves is that after
a fast transient decay, the curve ©f(t) has a bump occur-
ring roughly at 0.05 ps, and then follows by a slowly nonex-
ponential decay. The bump, with different amplitude for dif-
ferent H bond configuration, is similar as those observed at
the same time scale in the reactive flux correlation functions
in the study of H-bond kinetics in liquid watBr® and its
physical origin is attributed to the restoration of the H-bond
configuration, which changed during the past transient pe-
riod, to its initial one. The lifetimerg of the configuratiorsis
FIG_. 1. The oxygen-oxygen radial distributior_] functio(ta_z} and the distri-  estimated to be the time whe@,(t) reaches 0.5. Listed in
R;‘?g’r”ﬁqudtwa;}bg;i'f_gg;rgn fg’;?;fjg‘gg ‘ \T/E’eoggl'iirggf\g?sgytgn 4 Table Il are the lifetimes of the ten possible configurations.
dot-dash lines are for VG I, II, Ill, and IV, respectively. The unit of distance G€Nerally, the larger the average fraction of a H-bond con-
ris in A. Each distribution in(b) is normalized to unity. figutration found in the system at an instant, the longer the

~""'1HHT-E.'.'.".-.".'.-..-,"-'-H-|.| -
bl

, @

25

Probability distribution

05
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TABLE II. Averaged number fractiorys=(Ng)/N, lifetime 75, and imaginary-mode fractioNﬁX of H-bond
configurationsin liquid water with the cutoff energyf@ H bond at—12 kJ mol ™. (N,) is the averaged number
of molecules with the H-bond configuratigrin a system of totaN particles. The lifetimerg, in fs, is estimated

as described in the tex~tx is the imaginary-mode fraction of the normalized rotational INM spectrum of the
molecularx axis.

Config.(s) D3A2 D2A3 D2A2 D1A2 D2A1 DOA2 D1A1 D2A0 DI1A0 DOAl
Xs 0.006 0.031 0.396 0.169 0.233 0.016 0.12 0.01 0.006 0.013
Ts 5 10 166 13 20 7 11 6 5 8
fy 0.046 0.023 0.038 0.106 0.042 0.200 0.125 0.044 0.124 0.227

lifetime of the configuration. The D2A2 configuration, which For an instantaneous configurationMfigid water mol-
is the most stable H-bonded structure in liquid water, has thecules with each massg, the mass-weighted coordinates of
longest lifetime, which is estimated to be 150 fs and compamoleculej are defined ag;, = \/ﬁrj , for u=1, 2, 3, where
rable in order with that given in the other repdtt. rj is the center-of-mass position of molecyleand z;,

We have presented the results of two analyses for th@{\/ﬂgjx,\fygjy,\/ﬁgjz} for u=4, 5, 6, wherel, (v
local structures of liquid water with the same simulated con=x,y,z) is the moment of inertia along theprincipal axis
figurations. It is interesting to examine the interrelationshipof the molecule.{¢,,¢;,.&;,} are the angles of rotation
between the VP and the H-bond-configuration analysesaround the direction of the corresponding principal axis of
Shown in Fig. 3 is the normalized distribution of the H-bond the molecule, which are assumed to be fixed at that instant,
configuration for molecules in each VG. Several points arewith their time derivatives giving exactly the relationship
worth being noticed. First, for VG 1V, the distribution is al- between the three angular velocities along the axes and the
most concentrated in the D2A2 configuration, and the probtime rate of change of the three Euler angles of the molecular
ability to find molecules having H bonds less than three iframe obtained from reference transformatifn.
very small. On the other hand, the distribution of VG | be- In the mass-weighted coordinatgs,, the Hessian ma-
haves quite differently: more spread among different H-bondrix at a configuratiorR, is defined as
configurations, with D1A1 being the most probable one. Sec- 2V
ond, the probability of finding a D2A2 molecule is found to -
increase with the increase of (the data are almost 70% 02,02y,
molecules in VG 1V, but only about 7.5% in VG, IHowever,
the trend is reversed for the probability of finding a D1A1
molecule, with 32% molecules in VG |, and 3.5% in VG IV. . ) .
These results are consistent with the information obtaineéfalues of the Hessian matrix are given as

from theg,,(r) radial distribution function.
* W3(Ro)= 2 Uaju(RoDjui(ROVaiulRo): ()
oKy

Dj,u,kV(RO):

) . 3
Ro

If U(Rp) is the matrix that diagonalizes the Hessian matrix
D(Ry) through an orthogonal transformation, the eigen-

I1. INM FORMALISM FOR SUBENSEMBLES . .
Hence,w, is the frequency of the INMy, andU,, ;, is the

The INM formalism for liquid water of rigid molecules corresponding eigenvector component in the direction of the
has been given in some details in Ref. 19. Here, we first givenass-weighted coordinat,, .
a brief summary of the theory and the projection method, and
then make a generalization for subensembles of a system.
70%

I T T T T 60%
—— sD2A2|
—-—— s=D2Al
——=—- s=DI1A2

08

s=D1A1
s=D0A1
s=D0A2
s=D2A0
s=D1A0

0.6 4%

c

BN
075F Y

0.5

NN .
AL NN TS
BN RN 1Twa

)

0005 001 0015 002 0025

FIG. 2. The time correlation functio84(t) of H-bond configuratiors. The

t[ps]

inset shows the decay @4(t) in the short-time regime.

50%)

40%

30%)

20%)

DAl D2A0 DIAO _ DOAI
FIG. 3. Percentage distribution of molecules in each Voronoi grM®)

with respect to H-bond configurations. Each distribution is normalized to
unity and represented by bars of different symbol: empty for VG 1V, line for

VG lll, cross for VG I, and filled for VG 1.



J. Chem. Phys., Vol. 121, No. 8, 22 August 2004 Orientational motions in liquid water 3609

Since bothw, andU,,;, depend on configuratioRo, D! () is interpreted as the average contribution of a mol-
the total INM DOS is obtained through an ensemble averag@cyle in VG L to the rotational INM spectrunD ,(w).
over configurations, and is written as Therefore, we have a

6N
D(w) 1<2 3w w<R>)> (5) -
w)=—— —w, , ~
6N\ =4 ° D, (w)= EH% | xDj(w), (11)

where the angle brackets deonte the average. In principle,

D(w) includes the contributions from the translational andwhere y, is the average number fraction of ViGand their
rotational motions of all molecules. To separate out the twoyalues are given in Table .

contributions, the projection operators are defined as Similarly, for the subensemble of the H-bond configura-

N tion s, the normalized rotational INM spectrum is defined as
_ 2
Paﬂ_zl Uayi# ©) 1 6N
~Ss _ [ = _ s
with u=1, 2, 3 for the center-of-mass motions a4, 5, 6 Dﬂ(w) B < Nsazl 2 wa)P“M> ’ (12)

for the rotational motions. By virtue of the orthonormality of

the INM eigenvectors, we havg,P,,=1 andS3Y,P,,  where PS,=3L,U%,,0,(s) is the corresponding projec-

=N. Thus, the translational contribution to the total DOS istion operator, with the selection operati(s)=1 if mol-
given by eculej is in the configuratiors and zero otherwise, and; is
1 /6N 3 the number of molecules in the H-bond configurat®at
DT(w)=—< > D Sw—w,)P, > (7)  configurationR,.
6N a=1 u=1 #

and the contribution due to rotation around a molecular axis
is IV. RESULTS AND DISCUSSIONS

1/ Q In this section, we present the INM spectrum of liquid

Du(@)= 6N < Z’l olw= Cu")P‘”‘> ' ® water and the various cgntributions from mpolecules in d?ffer-
. . . . . ent subensembles, with our focus on the rotational contribu-
with '“:.4’ 5, 6 corresponding to theaxis,y axis, andz axis, tion. We also compare the rotational contributions of the
respectively. . L INM spectrum with the three Gaussian components in the
By summing over all molecules, the projection Operatory ational region of the recently reported Raman spectrum

Pau defined in EQ(l) is for all spec@gs of the system. In-the of liquid water atT=295K and high pressufé.The body
preceding section, we have classified the molecules in thﬁ*ame of a water molecule is shown in the inset of Fig. 4, in

simulated configurations into subgroups according to eithe\g\lhiCh thex, y, andz axis have the,, B, andB, symmetry

the asphericities of their VP or their H-bond configurations.Of aC,, molecule, respective? With the assigned molecu-
By summing the molecules in each characterized subgrourfar franv1e and the,SPC/E model, the moments of inertial of a

t_he projection pperat(_)r for each subens_emble may be OI(?/\'/ater molecule along each of the three principal axes are
fined. In formalism, this can be done by introducing the seq _ 5 516 | —0.984. and .= 3.20x 10 “Ogcn?
.216,1,=0.984, =3. :

lection operators for each subensemble. For example, the s€-
lection operato©;(L) for moleculej in the subensemble of

VG L, whereL can be I, II, lll, and 1V, is given as
. o o L - 1 ' T - 1 1
1 if the asphericity of moleculg is v
0.(L)= within the region of VG L Bt I Y Y £ W HP Tansiaions DOS i
J( - o ~— ==+ Rotational DOS along x axis
0 otherwise. [ N x-axis « =+ = Rotational DOS along y axis
----- Rotational DOS along z axis
In terms of the selection operators, the subensemble projec *®°[ o ) 1

tion operator of VGL is expressed as

D(w)

0.001

N
PL,=> UZ,,0L). )
O

aju

_pl 1l 1l 0.0005 |-
Of course, we have the sum rul,,=P,,+P,,+P,,

+PD’M. Also, at the configuratiofRy, the number of mol- e ‘,,\\.i«""‘ 3
ecules in VGL is given byN ==%",P. . To avoid the . e | T T e
difference in the average number of molecules in each sub- R A
ensemble, we define the normalized rotational INM DOS for
the subensemble of VG as FIG. 4. The total INM DOS of liquid water and its translational and rota-
tional contributions. The rotational contribution is further divided into com-
_ 6N ponents around each of the three inertial principal axes shown in the inset in
DL(w) =( — z Sw—w,) PI& . (10 which the center of mass is located at the origin, the oxygen is ox alxés,
" N &=1 " and the line joining the two hydrogens is parallel to thaxis.
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The total INM DOS of liquid water and the translational 0.003
and rotational contributions are presented in Fig. 4. Com- - (A)xaxis 0
pared with the results given in Ref. 19 in which the TIPS2  ¢.002
model was calculated, the total INM DOS calculated with 2
the SPC/E model is similar in the spectrum shape, except for™ 0.001
a larger fraction in the imaginary branchbout 12%. The
projection method clearly shows that the low-frequency parts R o
(roughly less than 300 cit in the real branch and 200 ¢rh -600  -300 0 300 600 900 1200
in the imaginary branghare dominated by the translational 0.003
motions. The physical origin of the strong peak near 70tm
in the real-frequency spectrum is attributed to the oxygen-
oxygen-oxygen bending motions; more details are given ing
Ref. 28. =]

The rotational contribution has been divided into com-
ponents around each of the three inertial principal axes of a ‘ m raps M,
water molecule. For the real-frequency branch, the spectrum 300 0 300 600 900 1200
shape of they axis is highly asymmetric and has a peak
position near 830 cimt; the peak position is the largest one
among the three components sinigeis the smallest one
among the three moments of inertia. For #hendz axis, the . 9002~
real-frequency spectra can be fit by a Gaussian functiong

L (B)yaxis

002 -

a
0.001

0.003

. (C)zaxis 5’\"1.‘,:‘_

Diit(@) =Aexp{—(w—wp)%20®} with the mean frequency 0.001 -

wox=500cm ! and wy,=530cm! and the width oy - .

— =1 — =1 H ! : ' 2
=193cm - ando,=164 cm -, respectively. Though, and %50 300 o 00 %00 500 T200

|, are different, the almost equivalence in the rotational spec-
trum for the two axes is explained by the compensation in
the intermolecular interactiotS As compared with the three FIG. 5. The normalized rotational INM spectra of the moleculaiis (a),
Gaussian components in Raman specirum of liuid watef SIS, 97241 st lorere o), P o bl e
with maxima at 430, 630, and 795 ¢ which are inter-  .ng the dot-dash lines for VG IV.

preted as the librations in the liquid phase corresponding to

the rotations with the\,, B,, andB; symmetry of a water

molecule in the gas phase, respectively, one can naturally . ) .
find the correspondence between the INM rotational compofotation. Thatis, rotating a molecule alone by 180° about this
nent of they axis and the component with maximum at 795 @Xis produces the same configuration, so that the potential
cm ! in the Raman spectrum: however, there is no cleafNergy associated with the single-molecule rotations around

correspondence between the two spectra for the other twi§liS axis is double degenerated. Therefdteis expected to
components. be larger tharf, andf,. However, the symmetry of the axis
By further subdividing the rotational component of eachcan be destroyed by the local structure of a molecule, espe-
molecular axis into the contributions from the four suben-Cially by the H-bond configuration, which is discussed in the
sembles of VG, the normalized rotational INM spectrum offollowing paragraph. _ _
each subensemble is presented in Fig. 5, from which some More interesting information can be obtained from the
general features related to the local structures are clearly eviiormalized rotational INM spectra for the subensembles of
denced. For each molecular axis, as the asphericity of th@ifferent H-bond configurations. The results for the molecu-
Voronoi polyhedron increases, the mean frequency of thdar x axis, which is along the direction of dipole moment, are

real-frequency spectrum shifts toward the high—frequencyfhretster?tedt'nt,':'g'IGI'NTMhe |mp?rtant mforrpaltllor;fromglg. 6;2
end, and the imaginary-mode fractiéon(»=x,y,z), which at ne rotationa spectrum essentially depends on the
. . : . number of the donated H bonds of a molecule, but has al-
is the area under the normalized rotational INM spectrum in . . L
. . . . . most nothing to do with that of the accepted H bonds; similar
the imaginary branch, decreases. With the data given in Table .
Lfor T of the four VG sub bl find that th | results are also observed in the spectra of the other two mo-
for_t, of the four VG subensembles, we find that the rela-jg ., 13- axes. This can be realized as that by exerting rela-
tionf,>f,>1, s valid for all of the VG subensembles, with tjyely smaller torques due to the closeness in position be-
fy being much closer t, for VG lll and IV buttof, for VG tween the center of mass and the oxygen of a water
l. The differences among,, f,, andf, indicate that the molecule, the accepted H bonds of a molecule play only a
rotational motions of molecules in liquid water are aniso-minor role in governing the instantaneous rotations of the
tropic in the short-time scale, as other analysis has pointetholecule and, therefore, give no apparent effects on the ro-
out®® The order of the three quantities is generally detertational INM spectrum. On the other hand, the variation of
mined by two factors: the symmetry of the molecular axisthe rotational INM spectrum with increasing the number of
and the local structures of a water molecule. For a singléhe donated H bonds behaves similarly as the change of the
molecule, thex axis is a twofold axis of symmetry under spectrum with the increase in the asphericity of Voronoi
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0003 ——T——T T T 71— I — with larger amplitudes or even a rotational diffusion, so that
(A) Two donor H-bonds ; the corresponding profiles are shallower wells or energy bar-
0.002 |- 4 riers for some degrees of freedom, which cause a smaller
§x | i mean value of the contributed rotational spectrum and a
A 0.001 _ larger fraction of the imaginary modes.
I - - 1 V. CONCLUSION

0.000 -

L L L L I
600 -400 -200 O 200 400 600

L a
800 1000 1200

In this paper, we have investigated the effects of local

0.003 P L T structure on the contribution of rotational motions to the
(B) One donor H-bond .. .

] INM spectrum of liquid water. We characterize the local

_ 0002 - structures of liquid water by two different kinds of index: the

§:< - : asphericity parameter of Voronoi polyhedron constructed for

0.001 - the oxygen atoms, and the H bond configuration, which is

0.000

L
600 -400 -200 O

200 400 o

L
800 1000

1200

defined as the numbers of the H bonds donated and accepted
by a molecule. There is an interrelationship between these
two kinds of structural classifications for liquid water. The

0.003 " Mo door i T T T local structures with high asphericities are more tetrahedral-
- ¢ conorH-bon 1 like, and the corresponding molecules are, generally, con-
0002~ - nected by two donated and two accepted H bonds. On the
& 5 _ other hand, molecules with local structures of low aspherici-
S o001l i ties are diversified in the H-bond configuration, with the con-
| ) figuration of one donated and one accepted H bonds being
J L1 the most probable on@nly about 30%
0.000 Il L L ] L e . . A R R
600 -400 -200 0 200 400 600 800 1000 1200 According to the indices of local structures, we divide

the simulated water molecules into subensembles in two dif-

FIG. 6. The normalized rotational INM spectrum of the moleculaxis for ferent ways. In one way, by dividing the whole asphericity

each H-bond configuration. The three panels are classified for configuratiorfdiStribution of the system into four adjacent sections, the
with two (), one(b), and zerdc) donated H-bonds. In each panel, the solid, molecules are separated into four corresponding suben-

dot, and dash Ii_nes are for configurations with two, one, and zero accepted §embles; in the other way, the molecules of the same H-bond
bonds, respectively. configuration are grouped together. In terms of the projection
approach, we have separated the rotational contributions
around each of the three inertial principal axes into compo-
polyhedron mentioned above. Therefore, the results shown inents due to different subensembles. By examining the varia-
Fig. 6 reflect the structural analyses given in Sec. IlI: thetions of these rotational components with the asphericity and
larger the asphericity of the Voronoi polyhedron of a mol-with the H-bond configuration, we have shown that in liquid
ecule, the higher the probability for the molecule having twowater the local structures of the H-bonded network indeed
donated H bondgroughly 80% for VG 1V, 70% for VG Ill,  have strong effects on the rotational INM spectrum, which
50% for VG II, and 20% for VG ). In a recent study of HDO describes exactly the short-time rotational motions.
rotations in liquid HDO/BO solution, a coupling between For all of the three principal axes of water molecule, an
HDO rotations and the motions of the ©HD hydrogen increase of the asphericity results in an overall shift of the
bond, which is a donated one to HDO, has been indic&ted. rotational INM spectrum, indicated by an increase in the
Thus, the coupling between molecular rotations and the momean frequency of the real-frequency branch and a decrease
tions of the donated H bonds in liquid water is considered a# the fraction of the imaginary modes. Furthermore, we find
the root cause for the shift of the INM spectrum with the that it is the number of the donated H bonds of a molecule,
number of the donated H bonds. rather than that of the accepted H bonds, that is a crucial
For the results given above in regard to the rotationafactor to determine the amount of the shift. Thus, for a mol-
INM spectrum, we give an interpretation from the point of ecule in liquid water, within the lifetime of its H-bond con-
view of potential energy surfacé*'*?Generally speaking, figuration, which may be a few femtoseconds or more than a
the instantaneously rotational motions of the molecules witthundred, the H-bond configuration, determined by a few
strongly aspherical local structures are hindered by the Hhearest neighbors of the molecule, plays a dominant role in
bond connection with their neighbors, so that the profiles othe orientational motions of the molecule at a molecular
the potential energy surface along most of the rotational delevel, while the effects of other neighboring molecules are
grees of freedom of these molecules are considered to kexpected to come in beyond the lifetime.
deep wells with large and positive local curvatures, which  For the potential energy surface of liquid water, the pro-
cause a large mean value and a rareness in the imaginafiles along the rotational degrees of freedom of those mol-
modes in the contributed rotational INM spectrum. On theecules with highly aspherical local structures are extremely
other hand, for species whose local structures are morstable so that the associated orientational motions of these
spherical, the weak connection in H bonds with their neigh-molecules are much hindered and more like a librational one.
bors allows the molecules to make either hindered rotation®n the contrary, making an essential contribution to the

© [cm'l]
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