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I Introduction

Although water has been studied for a long time, the microscopic dynamics is still
little known for its complexity in hydrogen-bond network. In experiments, infrared and
Raman spectroscopy give little information because the corresponding line shapes of wa-
ter are strongly inhomogeneously broadened by the strong variation in hydrogen-bond
interactions, including hydrogen-bond bend and streth vibrations, and librational mo-
tion. Recently, in terms of the pump-probe technique of ultrafast spectroscopy, it is
possible to resolve the inhomogeneous absorption band of water [1]. In a femtosecond
mid-infrared experiment with such technique for HDO molecules dissolved in liquid D,O
[2, 3], the HDO molecules are selected by the pump frequency, within the absorption
band of the OH stretch vibration, and, then, the orientational motion of the selected
HDO molecules, which form a subensemble in liquid water, is probed with the measure-
ment of the anisotropy parameter as a function of the delay time between the pump and
the probe pulses. The experimental results show that the orientational relaxation of water
molecules depends on the pump frequency, with faster relaxation dacay for higher pump
frequency. It is generally believed that the OH stretch vibrational frequency is strongly
influenced by the length of the O-H...O hydrogen bond between the OH group and the

O atom of a neighboring D20 molecule, with a tendency that the shorter the length, the



lower the frequency [4]. Thus, this experiment indicates that the orientational motion
of a molecule in liquid water is determined by the strengths of the hydrogen bonds con-
nected to the molecule, and the the effective orientation rate in liquid water is governed
by the fraction of the water molecules for which orientation is not hindered by the O-H...O
hydrogen bond. .

Though the experiment is greatly successful, the study at molecular level of how the
orientational motions in liquid water are related to the network of the hydrogen bonds
is still in the infant stage. To understand the orientational dynamics of liquid water
is essentially important for realizing the physical and chemical processes that happen
in this liquid. Computer simulation is one of the powerful method to do this study.
In this project, in terms of molecular dynamics (MD) simulations, we have done the
instantaneous-normal-mode (INM) analysis for the orientational motions of subensemble
molecules in liquid water, which are classified according to the hydrogen bonds connected
to a molecule and the geometry around a molecule.

In a previous report, we have presented the INM analysis for the orientational motions
of the SPC/E model with rigid water molecule, classified into subensembles by the Voronoi
polyhedra analysis and the hydrogen-bond configurations. In this report, based on the
SPC/E model, we extend to a flexible model [13], in which anharmonic potential is used

for the OH bond in a molecule. The Voronoi polyhedra analysis is applied in the study



of the INM density of states (DOSs). The organization of this report is as following. In
section II, we describe the INM method on the flexible model and combine them with
the Voronoi polyhedra analysis as what we did in the previous report. Also, the velocity
autocorrelation functions of the hydrogen and oxygen and their fittings with the INM
method are discussed. In section III, we describe our MD simulations first. After that,
the results of the INM DOSs and velocity autocorrelation functions are presented. Finally,

our conclusions are given in section IV.

II The instantaneous normal mode analysis

Consider N water molecules in a cubic box with length L. The total Hamiltonian of

this system can be written as

1 :
H = Z imj,aria —+ ‘/, (1)

J

where r; , and m;, denote the position and mass of o/ atom of molecule 7, respectively.
V' is the interactions, which include the Coulomb and Lennard-Jones interactions, Vi

and V77, between two water molecules, respectively, and the intramolecular interactions

VI ntra-
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Let z;, = m;/,Tj and expand V up to the second order of displacements, the total

Hamiltonian can be approximated to be
1
H= Z 0+ Vo= F(20) - (Zi = Zo) + 5(Z— Z0) - D(Z0) - (e~ Zo).  (2)
Here,
Z = {21,1,,21,H, 21,05 - - - 1 ZN,H1, BN, Hy> ZN,0 } (3)

and the subscript ¢t and 0 of Z denote that Z is evaluted at time ¢ and 0, respectively. F

and D are the 9N-dimensional force vector and the 9N x 9N Hessian matrix, which are

defined as
ov
—— 4
.7, 7” azj,a,u ( )
A%
Dj’ail‘l'7ki/giu = (5)

where p and v denote z, y, or z.

If D is diagonalized through an orthogonal transformation of U, the density of state



(DOS) and the projector Pg are defined as

D(w) = <9iN > - w3>> , (6)
Pi= >, U (7)

j=1..N,u=z,y,z

With Pg, where a can be H for hydrogen atom and o for the oxygen atom, the DOS can
be separated into two parts: one contributed from the oxygen atoms, the other from the

hydrogen atoms. Therefore, we have D(w) = 2Dy (w) + Do(w), where

Da(w) = <9iNZa(w —wﬁ)Pg>. (8)

In the previous chapter, water molecules are classified into different Voronoi groups
(VGs) according to their aspphericity 5, which is defined as n = A3/367V?2. Here, A and
V are the volume and total surface of the Voronoi unit cell, respectively. By the similar
way in the previous chapter, Voronoi unit cells are constructed by the oxygen atoms of the
water molecules. Each water molecule is classified into one of the four groups according

to its Voronoi asphericity. For different VGs, the corresponding projector and DOS can



be written as

PE'= Y 04()Uf ja )
j=l..N,u=z,y,z
1 9N o
Diy(w) = 9—NZPﬂ 5w —wg) ). (10)
p=1

Here, ©,(j) = 1 if molecule j is in the VG 1 and zero otherwise.

Usually, the velocity autocorrelation functions can be calculated by the DOS. Here, we
define the velocity autocorrelation functions of the oxygen and hydrogen atoms (VAFO
and VAFH), respectively, as

< vy(t) - v (t) >

Coalt) = 5 0) va(0) > (11)

As usual, the VAFO and VAFH can be fitted by the INM DOS with the following formula

Coa(t) = / " Do) cos(wt)du. (12)

Similar formula are also applied for the VAF of different VGs, with the DOS replaced by

the corresponding one.



IIT Results and discussions

III.1 The molecular dynamics simulation

Properties of liquid water have been widely studied through molecular dynamics
simulations[5][6]. At first, simplified models with rigid molecules are used. Based on these
rigid models, many intermolecular potentials and extensions have been proposed|7][8].
Many properties, both in structures and dynamics, calculated from these rigid models
agree well with experimental data. However, it is still an open question whether the rigid
models can stand for a real water system [9][10]. Further, some properties, intramolecular
vibrations for example, can not be examined with the rigid models.

Recently, to include the intramolecular vibrational motions[11], the intramolecular
potential in a Morse form has been used for extending the rigid model based on the SPC
model[7]. New properties, including the O-H bond distance, vibration spectra, and etc,
have been studied. In addition to the flexible model in Ref. [11], many different flexible
models have also been proposed. These models are based on the SPC/E model, by adding
the harmonic HOH bending and the anharmonic OH stretching potentials [12][13]. The
PJT2 model developed by Polyansky et al.[14] is one of the models. In the PJT2 model,
the energies of 3200 experimentally observed rotation-vibrartion levels are used for fitting

the parameters of the model and it is highly accurate in describing the intramolecular



vibrations of water molecules.

Through the spectroscopy studies [16] with the flexible models, the interactions be-
tween the vibrational and the rotational motions can be neglected [15]. The flexible SPC
model[17] in Ref. [16], which is modified from the model in Ref. [11], has produced better
agreements in the IR (infrared) spectra. These studies suggest a clearly separtion in time
scales between the correlation of the dipole moment due to rotational motions and the
vibrational motions.

The flexible model has been studied by the instantaneous-normal-mode (INM) method[18][19].
Also, the INM spectra and the spectra of the time correlation functions are compared.
Besides the purely classical mechanical model, a quantum mechanical path integral calcu-
lation is used in the INM analysis and is termed as QINM. However, the results from the
QINM method is worse than those from the INM in purely classical mechanical model.
This suggests that purely classical mechanical models can be superior to mixing classical

and quantum treatments. This is also suggested by Bader and Berne[20].

In our simulations, we consider a system of 256 water molecules in a cubic box with
box length L and the periodic boundary conditions. The flexible water model in Ref.[13],
based on the SPC/E model, is used and the Ewald sum rule is also applied. In our flexible

SPC/E model, the Lennard-Jones part for the oxygen-oxygen interaction is truncated at



L/2 and the potential is shifted upward such that it is continuous at the truncated point.
The leap-frog algorithm is used for integrating the equations of motion with time step
equal to 0.2 fs.

Before simulations, the molecules in the initial states form a fcc lattice structure and
have randomly distributed velocities, which are satisfied with the Maxwell-Boltzmann
distribution. We discarded the first 300,000 time steps to make sure that the equilib-
rium state is reached, and then started to take data. The thermodynamic state in our

simulations here is at density p = 1.0 g/cm? and temperature 7' = 300 K.

I11.2 Structures

In Fig. 1, the oxygen-oxygen, oxygen-hydrogen, and hydrogen-hydrogen radial dis-
tribution functions, which are denoted as goo(r), gor(r), and gy u(r), respectively, are
shown. Our MD results have been carefully compared with the corresponding pair dis-
tribution functions in Ref. [13] to make sure the correctness of our MD simulation. For
the flexible SPC/E model, the first maxima the goo(r), gou(r), and ggg(r) are all found
to be a little higher and the first-shell widths to be a little narrower than those of the
rigid SPC/E model. This suggests that in the flexible SPC/E model the extra vibrational

degrees of freedom, which allow the deformation of each molecule, make the liquid a little



more compact in structure; however, the difference is not much.

In Fig. 2, gbo(r), 954 (r), and g7, (r) of different VGs are shown. From these pair
distribution functions, similar results occurring in the rigid model, including the more
random structure in VG I, the highly ordered structure in VG IV, more broken HBs in
VG 1, isosbestic points which suggest the mixutre of two-state local structures in liquid
water, are also found in the flexible SPC/E model. In general, there are little differences in
strucutre between the rigid and flexible SPC/E models. Therefore, the general conclusions
we gave in the previous report about the structures of liquid water are still available for

the flexible SPC/E model.

I11.3 The instantaneous normal modes

The INM DOS of the flexible SPC/E model is shown in Fig. 3. A distinct difference
between the DOSs of the flexible SPC/E model and that of the rigid model is the high-
frequency modes due to the intramolecular potential. For the flexible model, two high-

1 are found. These

frequency regions, with their mean frequencies at 1660 and 3480 cm™
two spectra are associated with the bending (1660 ¢m™!) and stretching (3480 c¢cm ™)

intramolecular motions of liquid water [18]. These are consistent with the experimental

bending (1670 em™') and stretching (3557 em™!) frequencies[12]. In the meanwhile, the

10



mean frequency of the rotational DOS of the flexible model is a little higher than that
of the rigid model in both the real and the imaginary lobes, while the translational
DOSs are almost the same for both models. In terms of the projector P, the DOS
can be separated into Dg(w) and Dg(w). Not surprising, Dp(w) is dominated at the
low-frequency region, while Dy (w) contributes at the high-frequency region. This is
consistent with the interpretation for the translational DOS, which is partly due to the
0O-0-0 bending motions[21][22].

For different VGs, their corresponding DOSs are shown in Fig. 4. For the imaginary
spectra of Dy (w), the decreasing in the fraction and the blue shift (to higher frequencies)
with the increasing in the asphericity of a VG are found. The blue shift can be understood
to be due to the difference in the strengeh of the hydrogen bonding. On the real-frequency
side, the translational and the bending spectra are found to be blue-shift with the increas-
ing in asphericity; however, the stretching spectrum to be red-shift. These are consistent
with the frequency shifts between the water monomer and liquid water. For Dg(w), not
only the decreasing in the fraction of the imaginary INMs is found, but also a bump at
about 300cm ! in the real-frequency lobe is shown.

With Do (w) and Dy (w), the oxygen and the hydrogen velocity autocorrelation func-
tions, Cyo(t) and Cyy(t), can be predicted by the INM approach. Since Dy(w) has a

significant contribution to both the bending and the stretching branches, there should
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be many high-frequency oscillations in C,g(t). On the other hand, Do(w) in the high-
frequency region is relatively small. This suggests that the high-frequency oscillations in
Cyo(t) are small in amplitude. In Fig. 5, we show the INM approximations of C,x(¢) and
Cyo(t). Clearly, high-frequency oscillations are observed in C,g(t), while the correspond-

ing oscillations are insignificant in Cyo(%).

II1.4 Rotational Dynamics

The rotational dynamics can be studied via the rotational autocorrelation function

which is defined as

Cy(t) =< Py(e(t) - e(0)) >, (13)

where e is the unit vector of certain molecular direction and Py(z) is the second-order
Legendre polynomial. For the unit vector along the dipole moment of a water molecule,
we present the comparison between the Cy(t) autocorrelation functions of the rigid and
the flexible models in Fig. 6, in which curves are averaged for all molecules, and in Fig.

7, in which curves are averaged for molecules in different Voronoi groups.
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IV Conclusion

Both MD simulations and the INM method have been used to investigate the differ-
ences in structures and dynamics between the flexible and the rigid SPC/E models. Most
conclusions in structures we got in the rigid model are also available in the flexible SPC/E
model, except that the structures in the structures in the flexible SPC/E model become
more ordered. However, in dynamics, the flexible SPC/E model provides the informations
about the bending and stretching motions in liquid water, which are missing in the rigid
SPC/E model.

For different VGs, features found in the rigid model, including the isobestic points in
pair distribution functions, the blue shift in the rotational spectra with the increasing of
asphericity, and etc, are also found in the flexible SPC/E model. For the flexible SPC/E
model, we also found a blue and a red shift in the bending and the stretching spectra

with the increasing of asphericity, respectively.
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Figure 1: The oxygen-oxygen (a), oxygen-hydrogen (b), and hydrogen-hydrogen (c) raidal
distribution functions at density p = 1g/cm?® and temperature T = 300K. The solid
and dot lines are for the pair distribution functions of the flexible and rigid models,
respectively.
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Figure 2: goo(r), gou(r), and ggg(r) of different VGs. The VG I, II, III, IV are repre-
sented by the solid, dot, dash, and dot-dash lines, respectively.
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Figure 3: The INM DOS for the flexible (solid line) and the rigid (dot line) models. The
DOS projected on the hydrogen and oxygen atoms are denoted by the dash and dot-dash
lines, respectively. In the inset, The contribution from the intermolecular interactions in
the DOS of the flexible model (solid line) is compared with the DOS of the rigid model
(dot line), with both being normalized to unity.
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Figure 4: Dy(w) (a) and Do(w) (b) for different VGs. The corresponding DOS of VG I,
I1, ITI, and IV are represented by the solid, dot, dash, and dot-dash lines, respectively.
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Figure 5: The hydrogen and oxygen velocity autocorrelation functions. The solid and the
dot lines are the simulation results and the INM calculations, respectively.
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C2 for the unit vector along dipole direction
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Figure 6: The autocorrelation function of Cy(t) for unit vector along the dipole moment
direction. The solid and the dot lines are for the rigid and the flexible models, respectively.
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Figure 7: The autocorrelation functions similar in Fig. 6 but for water molecules in
different Voronoi groups.
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