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The relaxation of O−H bending of water molecule H2 O in the liquid phase was studied with the molecular
dynamics simulation approach. Both rigid and flexible solvents were used to identify the different channels
for the vibrational energy relaxation. It was observed that the relaxation time for the O−H bend overtone
is 174 fs in the rigid solvent while it is 115 fs in the flexible solvent. The main pathway of the O−H bend
overtone is transition to the bend fundamental. The relaxation time of the O−H bend fundamental was
calculated as 204 fs which is comparable to the experimental value 170 fs.
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Because most chemical and biochemical reactions occur in aqueous solution, it is necessary to elucidate the
structural and dynamical properties of liquid water itself in order to fully understand the mechanism of those
reactions. In recent years the vibrational dynamics of
O−H/O−D stretching of HOD in diluted liquid D2 O or
H2 O have been extensively tested by using ultrafast experiments [2,23-27], and many useful results have been
obtained. Theoretically, Rey and Hynes (RH) [2,17] and
Lawrence and Skinner (LS) [18,19] have done a series
of studies to analyze the vibrational energy relaxation
mechanism of HOD in liquid D2 O. Very recently the author [28] has been able to explain the relaxation mechanism for O−D stretching of HOD in diluted H2 O. All
these theoretical or numerical investigations are based
on the Landau-Teller type theory. Since many experimental and theoretical efforts are performed on the
OH/OD stretching of HOD in D2 O or H2 O, an important question is how the dynamics of liquid water itself
behaves. Recently, experimental studies on the vibrational dynamics in pure liquid water have been performed by Dlott [29-31], Elessaer [32-34], Lindner [35],
and Wouterson [36]. But the microscopic mechanism is
still not fully understood and different relaxation mechanisms have been proposed. For example, Dlott concluded that at least one of the two pathways, O−H
stretch to bend overtone or O−H stretch to two bend
fundamentals, is probably in competition with the O−H
stretch to bend fundamental [29-31], while a transfer of
energy to the O−H bend fundamental is provided by
other groups [33-36]. Because the O−H bending vibrational mode is the intramolecular mode with the lowest
frequency, it represents a crucial gateway for dissipating
the intramolecular energy. It is thus important to elucidate the molecular mechanism of O−H bend relaxation
to understand the intra- and intermolecular vibrational

I. INTRODUCTION

In condensed phases a vibrational mode normally
interacts with many other modes. As this mode is
excited, it will dissipate its energy to the surrounding degrees of freedom. This process is called vibrational energy relaxation (VER), a fundamental process
in chemistry, physics and biology [1-3]. The study of
VER provides the details of the interactions between a
molecule and other involved molecules. Knowing the
interactions is crucial to understanding many important physical chemical properties, such as chemical reactivity and solvation dynamics as well as transport
features [4,5]. With recent advances in laser and time
resolved pump-probe technology, the ultrafast spectroscopic methods are powerful tools to probe both intramolecular vibrational energy redistribution and intermolecular vibrational energy relaxation on picoseconds or faster time scales in condensed phases [1-12].
However, experimental measurements give only the vibrational energy relaxation time; it is difficult to obtain
the molecular mechanism of VER directly [12]. Over
the last decades, a number of theoretical methods such
as Landau-Teller theory [8-11], the quantum path integral molecular dynamics method [12], mixed quantumclassical approaches [13], the instantaneous pair theory
[14], and centroid molecular dynamics [15] have been
proposed and successfully used to reveal the molecular mechanism of the VER for various systems such as
CH3 Cl in H2 O [16], HOD in D2 O [17-19], CN− in H2 O
[20], N3 − in H2 O [21], and neat methanol [22].
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relaxation of pure liquid water.
Recent femtosecond infrared pump-probe studies of a
H2 O:HOD:D2 O mixture gave an O−H bending lifetime
of 400 fs [36]. In contrast, a substantially longer lifetime
of 1.4 ps has been derived [31]. Most recently, Lindner
reported a lifetime of 260 fs for O−H bending in pure
liquid water [35] while a lifetime of 170 fs is provided
by Elsaesser [34]. However, the relaxation mechanism is
not clear and no theoretical investigation of the problem
has been reported. In this paper, Landau-Teller theory
and molecular dynamics simulations are employed to
reveal the molecular mechanism of O−H bending relaxation in pure water. The results offer an explanation for available experimental findings and make predictions for the experimental verifications.

TABLE I Intramolecular potential for flexible solvent H2 O
D0 /(mdyn/Å)
β/(Å−1 )
kα (mdyn/Å)
krα /(mdyn/Å)
krr0 /(mdyn/Å)
r1e /Å
r2e /Å
αe

0.640
2.567
0.7610
0.2280
−0.1010
1.0
1.0
109.47

the point charges on site i and j. The L-J parameters
and point charges are taken from the original SPC/E
model [38].

II. SYSTEMS AND METHODS
B. Methodology

The system considered in present work is a single,
tagged H2 O in a bath of 499 solvent H2 O molecules.
Both rigid and flexible solvents are considered to clarify
the different channels for the vibrational energy relaxation. The potential energy functions and the methodology applied are as follows.

The Landau-Teller theory, which has been widely and
successfully applied to study the VER in condensed
phases [2,9-11,17-19], is used to reveal the VER of the
O−H bending for the H2 O molecule in liquid water.
The theory is based on the perturbation treatment. For
a condensed-phase system the Hamiltonian consists of
three parts, that is,

A. Potential energy surface

To facilitate the simulation speed, the potential energy surface proposed by Sceats and Rice [37] was used
to describe the vibrational modes of the tagged H2 O
molecule whereas the SPC/E model [38] was used to
define the intermolecular potential of the rigid solvent
H2 O molecules. For flexible solvent H2 O molecules, by
contrast, the intramolecular potential is given by [39-41]
2

2

V = D0 {[1 − exp(−β∆r1 )] + [1 − exp(−β∆r2 )] }
kα 2
+
re ∆α2 + krα re ∆α (∆r1 + ∆r2 )
2
+ krr0 (∆r1 ∆r2 )
(1)
where ∆r1 and ∆r2 denote the displacements of the
two O−H bond lengths from the equilibrium value re ,
and ∆α is the change of the H−O−H angle. Parameters used in Eq.(1) are listed in Table I. The solventsolvent as well as solute-solvent intermolecular interactions are simply a pairwise sum of Lennard-Jones (L-J)
and Coulomb terms, namely,
(
"µ
¶12 µ
¶6 #
X
σij
σij
inter
−
V
=
4εij
rij
rij
i<j
)
1 qi qj
+
(2)
4πε0 rij
where ε and σ are the L-J parameters and rij denotes
the distance between the L-J sites i and j, qi and qj are
DOI:10.1088/1674-0068/20/05/541-546

H = Hs + Hb + V

(3)

where Hs is the system Hamiltonian describing the
quantum mechanical vibration of the tagged water
molecule; Hb represents the bath Hamiltonian which
includes all of degrees of freedom of solvent molecules
and the transitional, rotational degrees of freedom of
the tagged water molecule; and V is the interaction between the system and the bath.
The rate constant kif of the energy transfer between
the vibrational states i and f can be obtained from
Fermi’s golden rule,
kif =

1
~2

Z

+∞

−∞

dt exp(iωif t) hVif (t) Vf i (0)ib

(4)

where ωif = (Ei − Ef )/~ is the transition frequency,
Vif (t) = eiHb t/~ hi|V |f ie−iHb t/~ is the coupling between
the system and the bath in the interaction representation with respect to the bath, and hVif (t)Vf i (0)ib =
Trb [e−Hb /kT Vif (t)Vf i ]/Trb (e−Hb /kT ) is nothing but
the quantum mechanical interaction time correlation
function (TCF).
To calculate the vibrational energy transfer rate constant via Eq.(4), the interaction Hamiltonian V is usually expanded in the Taylor series with respect to the
normal mode coordinate of the solute, namely,
V =

X
α

F1α (t)qα +

1 X α,β
F2 (t)qα qβ + ...
2

(5)

α,β
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where F1α (t)=−∂V /∂qα and F2α,β (t)=−∂ 2 V /∂qα ∂qβ
are the forces on the normal mode and the Hessian matrices respectively. If the terms with orders higher than
the first are neglected, one obtains [9,11]
kif

1 X
2
= 2
hi| qα |f i
~ α
Z ∞
·
dteiωif t hF1α (t) F1α (0)ib

(6)

where hi| qα |f i is the transition matrix element.
It is obvious that the key quantity needed to calculate in Eq.(6) is the force-force TCF hF1α (t) F1α (0)ib .
But this quantity is difficult to determine from a direct
quantum mechanical calculation for many-body systems, because the computational effort increases exponentially with the number of degrees of freedom. Therefore, one has to apply some approximations [2,9,42,43]
for real systems. The common approach is to treat the
bath classically and finally multiply a quantum correction factor (QCF) Q(ω) to the rate constants [2,9,11,1719], namely,
Q(ωif ) X
2
hi| qα |f i
~2
α
Z ∞
cl
·
dteiωif t hF1α (t) F1α (0)ib

(7)

Now one needs to compute the classical TCF of the
forces exerted on the solute normal mode of the tagged
water molecule. This quantity can be calculated from
the classical molecular dynamics simulation at each
time step with some mathematical manipulation [44].
A number of QCFs are suggested in Refs.[45-47], but
for a specific problem, there is not a general rule to
choose the QCF. In this work, The authors use the same
method as the previous work [28] in which we chose the
QCF based on the mechanism of the relaxation process (see Refs.[18,19,28,47] for the details). A transition between the two vibrational states of H2 O with or
without solvent vibrations can lead to two kinds of relaxation mechanism. For the transition without solvent
vibrations, only several quanta of bath translations and
rotations are excited or depleted, which is similar to
the case of multiphonon relaxation in solids. We use
the Harmonic/Schofield QCF that works well for multiphonon like process [18,47], namely,
µ
Q (ω) = e

β~ω
1 − e−β~ω

¶1/2
(8)

For the transition between two states with solvent
vibrations and ωif >0, which involves the excitation one
quantum solvent vibration at solvent frequency ωs (a
form of intermolecular vibration-vibration transfer) as
well as the creation or depletion of one or more quanta of
bath transitions and rotations to conserve energy when
DOI:10.1088/1674-0068/20/05/541-546

QV (ω) = QH (ωs ) QHS (ω − ωs )

(9)

QH (ω) =

β~ω
1 − exp (−β~ω)

(10)

The rate constant can be written as a sum of the classical rate constants of these two pathways with approR
V
priate QCF, namely, where kif
and kif
are the classical
rate without solvent vibration and vibration-vibration
transfer respectively. These quantities can be obtained
as follows. One performs a simulation with rigid solvent molecules and calculates the classical TCF and
R
its Fourier transform to get kif
. Another simulation
with flexible solvent molecules, which includes all mechanisms is performed to obtain the total classical rate
T
V
T
R
constant kif
. Then we can find kif
=kif
− kif
.
C. Computer simulation details

−∞

β~ω/4

the vibrational mode of solute is not exactly resonant
with the vibration of solvent molecule, the QCF QV (ω)
is [45]

where QH (ω) is Harmonic QCF given by [18,19,47]

−∞

kif =

543

Two separate simulations were performed with rigid
and flexible H2 O molecules in N V E (constant number of particles, volume and energy) ensemble by the
molecular dynamics simulation package DL-POLY 2.14
program [48]. Cubic periodic boundary conditions were
used, where the size of the simulation box was chosen
to yield an experimental density for H2 O at 300 K.
The electrostatic forces were treated using the Ewald
summation procedure and the internal geometry of
the tagged H2 O was kept via the SHAKE algorithm
[49]. The simulation trajectory was propagated by the
leapfrog algorithm with a time step of 0.5 fs. Each system was equilibrated at 300 K by periodically rescaling
the velocities of the molecules until the temperature was
kept within ±2 K for 80 ps without further adjustment,
after which a production run of 2 ns was performed to
calculate the quantities of interest.
III. RESULTS AND DISCUSSION

We analyze the molecular mechanisms for the O−H
bend overtone and O−H bend fundamental relaxation
in liquid water. The Fourier transform of the autocorrelation function of the force acting on the O−H bend
overtone in both rigid (Fig.1(a)) and flexible solvents
(Fig.1(b)), is shown in Fig.1. It is obtained by using
the Wiener-Khintchine theorem with a Hanning window [50]. For rigid solvent (Fig.1(a)), there is a broad
peak at the region less than 1000 cm−1 , which comes
from the low-frequency libration and rotations of all
molecules [41]. For the O−H bend overtone relaxation,
there are two possible pathways: one is transition to the
c
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FIG. 1 Fourier transforms of the force TCF of O−H bend
overtone of H2 O in both rigid (a) and flexible (b) H2 O. Arrows indicate the transition frequencies from the O−H bend
overtone to bend fundamental and to ground state of H2 O.

TABLE II Transition rate constants from the O−H bend
overtone (020) to final state f in rigid H2 O
Final state f
Bend fundamental (010)
Ground state (000)

ωf /cm−1
1640
3280

kif /s−1
1.1492989×1013
5.9588865×107

O−H bend fundamental, the other is transition to the
ground state. The relaxation rate constants of these
two cases calculated from Eq.(7) as well as the transition frequencies of O−H bend overtone in rigid solvent are listed in Table II. The levels (ijk) are labeled
according to the standard ordering (O−H symmetric
stretch, bend, and O−H asymmetric stretch). It is seen
from Table II that the main relaxation pathway of O−H
bend overtone (020) is the transition to the bend fundamental (010), which agrees well with the mechanisms
proposed by Dlott [29] and Elsaesser [34]. The calculated total relaxation time T1 for O−H bend overtone
is 174 X
fs. The total relaxation time T1 is determined by
1/T =
kif .
i6=f

For the flexible solvent, with one exception, there is a
significant increase in the magnitude of the spectral density at the frequency 1730 cm−1 due to the bend band
of neat water, and at 3450 cm−1 due to the stretch
vibrational band of neat water. The exception is one
broad peak appearing below 1000 cm−1 which is the
same as that in the rigid solvent. This peak comes
from the low-frequency libration and rotations of all
molecules [41]. For the transition from O−H bend overtone (020) to the bend fundamental (010) at 1640 cm−1 ,
the flexible spectral density is greater than the rigid
one, which corresponds to the creation of one quantum
solvent bend (ωs =1730 cm−1 ) and depletion of several
quanta of translations and rotations. A significant increase in the spectral density with the flexible solvents
DOI:10.1088/1674-0068/20/05/541-546
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is observed for a transition to the ground state (000)
at 3280 cm−1 . There are two possible mechanisms for
this transition. One involves the creation of two quanta
of the solvent bend (ωs =1730 cm−1 ) and absorption of
several quanta of low-frequency translations and rotations (Case 1), and the other involves the creation of
one quantum of the solvent stretch (ωs =3450 cm−1 )
and the depletion of several quanta of low frequency
translations and rotations (Case 2).
Table III lists the rate constants of O−H bend
overtone relaxation in the flexible H2 O obtained from
Eq.(7).
For the transition to the ground state
(000) at 3280 cm−1 , the relaxation rate of Case 1
(3.923638×1010 ) is four times larger than the Case 2,
which is 9.715281×109 . Therefore, the mechanism for
this transition is the excitation of two quanta of solvent
bend, minus assorted translations and rotations. From
Table III, we find that the primary relaxation channel
of O−H bend overtone is dominated by the transition to
the O−H bend fundamental, which agrees well with the
mechanisms proposed by Dlott [29] and Elsaesser [34].
There is also a significant contribution from transition
to the ground state. The calculated total relaxation
time T1 for O−H bend overtone is 115 fs.
The relaxation rate constants of the O−H bend fundamental of H2 O in both rigid and flexible solvents are
listed in Table IV. The relaxation time T1 of O−H bend
fundamental in rigid solvents is 499 fs. The relaxation
is accelerated through the resonant energy transfer to
the solvent bend vibration when solvent vibrations are
included and calculated relaxation time is 204 fs, which
agrees well with the experimental results obtained by
Lindner [35] and Elsaesser [34].
In summary, the relaxation of the O−H bend overtone for water molecule in liquid water involves the following sequence of steps: A transition to O−H bend
fundamental with excitation of one quantum of solvent
bend, then the O−H bend fundamental relaxes to the
ground state. This result agrees well with the recent
experimental observation reported by Elsaesser [34].

IV. CONCLUSION

We have studied the vibrational energy relaxation of
the O−H bend overtone and O−H bend fundamental
in both rigid and flexible solvent H2 O at 300 K, using
Landau-Teller theory and molecular dynamics simulation. The calculated relaxation time for the O−H bend
overtone is 174 fs for the rigid solvent and it decreases
to 115 ps when solvent vibrations are included. The
main pathway of the O−H bend overtone relaxation
is a transition to the bend fundamental for both rigid
and flexible solvent, which agrees well with the proposed mechanisms by experimental groups. The main
pathway of O−H bend fundamental is transition to the
ground state through the resonant energy transfer to
the solvent bend vibration with a relaxation time of
c
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TABLE III Transition rate constants from the O−H bend overtone (020) to final state f in flexible H2 O
ωif /cm−1
1640

kif /s−1
1.7350173×1013

Ground state (000) (Case 1)

3280

3.9236380×1010

Ground state (000) (Case 2)

3280

9.7152812×109

Final state f
Bend fundamental (010)

Channel
Via one quantum solvent bend, minus
assorted translations and rotations
Via two quanta of solvent bend, minus
assorted translations and rotations
Via one quantum solvent stretch, minus
assorted translations and rotations

TABLE IV Transition rate constants from the O−H bend fundamental (010) to final state f in both rigid and flexible H2 O
Final state f
Ground state (rigid solvent)
Ground state (flexible solvent)

ωif /cm−1
1640
1640

kif /s−1
2.0042520×1012
4.9009201×1012

204 fs, which agrees well with the experiment results.
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