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Abstract

The reorientational motion of the molecules in liquid water is investigated by measuring the anisotropy decay of the
O-H stretching mode of HDO dissolved in D,O using femtosecond mid-infrared pump-probe spectroscopy. We ob-
serve that the anisotropy shows a non-exponential decay with an initial fast component of which the amplitude in-
creases with increasing lengths of the O-H- - -O hydrogen bond. The experimental results can be accurately described
with a model in which the dependence of the reorientation rate on the hydrogen-bond length and the stochastic
modulation of this length are accounted for. It is found that the O-H group of a water molecule can only reorient after
the O-H- - -O hydrogen bond has sufficiently lengthened. As a result, the effective rate of reorientation of the molecules
in liquid water is determined by the rate at which the length of the hydrogen bonds is modulated. © 2000 Elsevier

Science B.V. All rights reserved.

PACS: 77.22.-d; 78.20.-e; 03.65.-w

1. Introduction

Liquid water plays an important role in many
chemical and biochemical processes, but little is
known about the microscopic mechanism by
which water affects these processes. Unfortunately,
infrared absorption and Raman spectroscopy give
little information on the microscopic dynamics
and interactions in liquid water because the ab-
sorption and Raman bands of the low-frequency
liquid modes [1-4] are strongly inhomogeneously
broadened due to the strong variation in hydro-
gen-bond interactions [5,06].
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In previous infrared absorption and Raman
studies on water, broad Gaussian-shaped reso-
nances near 50 cm~! (1.5 THz), 200 cm~' (6 THz)
and 650 cm™' (19.5 THz) [1-4] were observed that
were tentatively assigned to hydrogen-bond bend
vibration, hydrogen-bond stretch vibration and
librational motion, respectively [7,8]. These bands
do not form easily distinguishable spectral species
but are superimposed on a broad background that
is often described as a combination of several
Debye relaxational modes. The reported time
constants and strengths of these relaxational
modes show a large variation over the different
studies. In several studies, a relatively slow relax-
ational mode with a time constant of approxi-
mately 8 ps has been observed [2,9-13]. In addition
to this mode, one or two faster relaxational modes
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have been reported with time constants that vary
between a few hundred femtoseconds to a few
picoseconds [10-16]. The origin of the relaxational
modes has not been unambiguously identified, and
they have been assigned to the coupling between
the high-frequency librational mode and lower-
frequency modes [6], to the dephasing of the
stretch and bend modes of the hydrogen bonds [14]
and the rotational diffusion (reorientation) of the
dipolar water molecules [15,16].

Recently, it has become possible to investigate
the reorientational motion of liquid water in a
time-resolved manner with femtosecond mid-in-
frared saturation spectroscopy [17]. This technique
has two important advantages over conventional
techniques. First, this technique directly probes the
reorientation of individual molecules so that the
measured (relaxational) response can only be due
to the reorientation of the water molecules and
cannot result from other effects like the dephasing
of hydrogen-bond stretch and bend modes. Sec-
ond, this technique enables the study of the ori-
entational dynamics of selected subensembles of
the water molecules, whereas in the conventional
spectroscopic techniques, an average over the
whole inhomogeneous ensemble is measured al-
ways.

In a recent femtosecond mid-infrared experi-
ment, the reorientation of the individual O-H
groups of the water molecule was investigated [17].
Two distinct time scales for the reorientation of
the O-H groups were observed, depending on the
strength of the O—H- - -O hydrogen bond by which
the water molecule is bonded to another water
molecule. For O-H groups with a strong O-H- - -O
hydrogen bond, the reorientation is slow, while for
O-H groups with a weak O-H:--O hydrogen
bond, the reorientation is fast. These results sug-
gest that there exist different water molecules in the
liquid with different persistent strengths of the
O-H- - -O hydrogen bond [17]. However, in other
femtosecond mid-infrared pump-probe studies it
was observed that the hydrogen-bonded structures
cannot be persistent and that the O-H---O hy-
drogen bond is in fact subject to a rapid stochastic
modulation [18-20]. This stochastic modulation is
expected to have a strong effect on the reorienta-
tional dynamics because it induces an exchange

between strong and weak O-H---O hydrogen
bonds. In this paper, we report a femtosecond
mid-infrared study on the reorientational dynam-
ics of liquid water in which the coupling between
the hydrogen-bond stretching dynamics and the
reorientational motion is investigated in detail.

2. Experimental

We performed both one-color and two-color
pump-probe experiments on the O-H stretch
mode of a dilute solution of HDO dissolved in
D,O (0.4%). All experiments are performed at
room temperature. Mid-infrared pulses are gener-
ated via parametric generation and amplification
in BBO and KTP crystals. These non-linear fre-
quency conversion processes are pumped with the
pulses delivered by a Ti:sapphire regenerative
amplifier that have a central wavelength of 800
nm, an energy per pulse of 1 mJ and a pulse du-
ration of approximately 120 fs. The repetition rate
of the system is 1 kHz. The generated mid-infrared
pulses tunable between 2.7 and 3.3 pm have a
typical pulse energy of 20 pJ and a pulse duration
of approximately 200 fs.

In the one-color experiments, a small fraction of
the generated mid-infrared pulses is split off by a
beam sampler and sent into a variable delay. This
fraction serves as probe while the remaining part
of the pulse serves as pump. In the two-color ex-
periments, an independently tunable probe pulse is
generated using a second KTP crystal. The pump
and probe are focused to a common focus into the
sample using a CaF; lens. For each laser shot, the
input probe energy (/) is determined. The energy
of the transmitted probe light (/) is also measured
using a PbSe photoconductive cell. The pump
beam is chopped in order to compare the trans-
mission of the probe with (7 = I/I,r) and without
pump pulse (Tp = Io/I.r). The intensity of the
pump pulse is sufficient to excite a significant
fraction of the HDO molecules in focus to the first
excited state of the O-H stretch vibration
(vou = 1). If the probe frequency is resonant with
the voy = 0 — 1 transition, the excitation by the
pump will result in a bleaching effect for the probe
(In(T/Ty) > 1). If the probe is resonant with the
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vou = 1 — 2 transition, which is redshifted with
respect to the voy = 0 — 1 transition by approxi-
mately 270 cm™' [5], the excitation by the pump
will result in an induced absorption (In(7/7p)
<1).

In order to study the orientational relaxation of
the excited molecules, the polarization of the probe
is rotated 45° with respect to that of the pump
using a zero-order A/2 plate. The transmission
changes of the probe parallel to the pump In(7/
TO)H and perpendicular to the pump In(7/T;), are
measured as a function of the delay t with respect
to the pump. At each laser shot, the two polar-
ization components of the probe are simulta-
neously detected by splitting the transmitted probe
light into two parts and by detecting these parts
with separate polarizers and PbSe detectors.

The probability of an HDO molecule to be ex-
cited by the pump is proportional to cos? 0, with 0
being the angle between the pump polarization
and the molecular transition-dipole moment that is
directed along the O—H bond. The HDO molecules
are randomly oriented which results in a distribu-
tion of excited molecules that is given by f(0) =
(3/4m) cos? 0. 1t can easily be shown that for this
distribution, the transmission change for the probe
component parallel to the pump (In(7/Tp)) is
three times as large as the transmission change of
the probe perpendicular to the pump (In(7/7y), ).
Due to the orientational relaxation, the initial
angular distribution of the excited molecules
f(0) = (3/4m)cos’ 0 decays and eventually be-
comes isotropic. In this limit, the signals In(7'/Tp),
and In(7/T;), are equal. Unfortunately, these
signals are not only affected by the orientational
dynamics but also by the decay of the excitation.
The excited voy = 1 population will decay with a
typical time constant of approximately 750 fs [18].
In order to separate the orientational dynamics
from the population dynamics, the dynamics of
the so-called anisotropy parameter R(t) is mea-
sured. This parameter is defined as

In(7(c)/Ty), — In(T(7)/Tv),
In(7(x)/To), + 2In(T(2)/Ty),

R(t) = (2.1)

The vibrational relaxation affects the numerator
and the denominator of this expression in exactly

the same manner. As a result, R is not sensitive to
the vibrational relaxation and only reflects the
reorientational motion. However, in the case of
fast vibrational dynamics, both the numerator and
the denominator decay rapidly so that a very good
signal-to-noise ratio for In(7/7)), and In(7'/Ty), is
required to obtain a reliable value for R at large
delay values.

3. Experimental results

In Fig. 1, the transmission changes In(7/Tp),
and In(7/T), are presented as a function of delay
for a one-color pump-—probe experiment carried
out at room temperature with a central frequency
of 3500 cm~'. This frequency is at the blue side of
the absorption band of the O-H stretching mode
of HDO:D,O. It is seen that when pump and
probe overlap in time, the transmission of the
probe is bleached due to the excitation of a sig-
nificant part of the HDO molecules to vog = 1.
The initial ratio of In(7/7), and In(7/Tp), is ap-
proximately 3 as expected for a randomly oriented
system. For later times, both the transmission
changes In(7/T), and In(7'/Tp), decay as a result
of the vibrational relaxation.

In(T/T,)

-1 0 1 2 3 4 5 6
Delay (ps)

Fig. 1. Transmission changes In(7/7), and In(7/T;), as a
function of delay between pump and probe for a central fre-
-1

quency of pump and probe of 3500 cm™'.
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The resonance frequency of the O-H stretch
mode is strongly determined by the O-H---O hy-
drogen bond. Due to the variation in length and
strength of this bond, the absorption band of the
O-H stretch mode is strongly inhomogene-
ously broadened. With decreasing hydrogen-bond
lengths (and increasing hydrogen-bond strengths),
the absorption frequency of the O-H stretch vi-
bration decreases. In Fig. 2, the delay dependence
of the normalized anisotropy parameter R(t) is
presented for three one-color pump—probe exper-
iments with central frequencies of 3320, 3400 and
3500 cm™'. These frequencies correspond with the
red, central, and blue parts of the absorption band
of the O-H stretching mode of HDO:D,O. The
laser spectra and the absorption spectrum of the
O-H stretching mode of HDO:D,O are presented
in Fig. 3. In Fig. 4, the decay of the anisotropy is
presented for a two-color pump—probe experiment
in which the probe is resonant with the voyg =
1 — 2 transition.

R(T)/R(-o0)

0.5 1
Delay (ps)

1.5 2 2.5

Fig. 2. Normalized anisotropy parameter R as a function of
delay between pump and probe for three different central pump
and probe frequencies: 3320 cm™' (A), 3400 cm™' (M) and 3500
cm~! (@). The data at 3500 cm™' correspond to the delay scans
of Fig. 1. The solid lines represent the results of calculations
using the model described in Section 4.
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Fig. 3. Pulse spectra of the laser pulses used to obtain the data
shown in Fig. 2. Also shown is the absorption spectrum of the
O-H stretching mode of HDO dissolved in D,0O (0.4%).
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Fig. 4. Normalized anisotropy parameter R as a function of
delay between pump and probe for a pump frequency of 3400
cm~! and a probe frequency of 3100 cm™!. The probe pulse is
resonant with the voy = 1 — 2 transition. The solid lines rep-
resent the results of calculations using the model described in
Section 4.

4. Model

In the following, we present a model for liquid
water by which the observations of Section 3 can
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be explained. In this model, both the frequency
dependence of the reorientation and the stochastic
stretching dynamics of the O-H---O hydrogen
bond are accounted for.

4.1. Frequency-dependent reorientation

For an isolated molecule as light as HDO, the
classical angular frequency of the rotation is on the
order of 10 ps~! at room temperature. The much
slower observed decay of the anisotropy in Fig. 2
shows that in the liquid phase, the reorientation
must be strongly hindered. This is to be expected
since a water molecule has to break its hydrogen
bonds in order to change its orientation. Recent
measurements of the reorientation rate at different
temperatures showed that the reorientation rate
strongly increases with temperature. If the reori-
entation is described as an activated process the
following Arrhenius equation for the reorientation
time results:

1 :ie,Em@)/kBT 4.1)
Trot(V) 7o

with 7,,((v) being the reorientation time constant;
v, the O-H stretch frequency; 7y, a prefactor;
E,(v), the activation energy; kg, the Boltzmann’s
constant and 7, the temperature. The data pre-
sented in Fig. 2 show that the reorientation rate
strongly depends on the resonance frequency of
the O-H stretching mode. This can be expected
since a lower O-H stretch frequency implies a
stronger O-H---O hydrogen bond and thus a
slower reorientation. Hence, the activation energy
will depend on the hydrogen-bond strength and is
expected to decrease with increasing O—H stretch
frequencies.

4.2. Stochastic stretching dynamics of the hydrogen
bonds

In several studies, it has been found that the
effects of hydrogen bonding on the absorption
band of a high-frequency vibration can be well
described with an adiabatic model in which the
potential-energy function of the low-frequency

hydrogen-bond mode is determined by the quan-
tum state of a high-frequency mode (in this case,
the O-H stretching mode) [20-27]. In this de-
scription, the potential-energy function of the hy-
drogen-bond mode is often assumed to be a
harmonic potential that has exactly the same shape
for the ground and excited states of the high-fre-
quency O-H stretching mode [20-25]. These po-
tentials are displaced with respect to each other
which results (in the classical limit) in a Gaussian-
shaped absorption spectrum with a width that in-
creases with increasing displacements.

In the liquid phase, the hydrogen-bond mode
will strongly interact with other degrees of free-
dom. These interactions can be accounted for by
describing the hydrogen-bond coordinate as being
subject to a stochastic modulation process. This
stochastic process is often described as a Gauss—
Markov process [20,25,26,28]. The overall model
of displaced parabolic functions and Gauss—Mar-
kov stochastic modulation is often denoted as the
Brownian oscillator model [28]. In two recent ex-
perimental studies, it was found that the Brownian
oscillator model provides an accurate description
of both the linear absorption spectrum and the
spectral diffusion of the O-H stretch vibration of
HDO dissolved in D,0O [19,20].

In the present calculation, we will employ the
Brownian oscillator model to describe the ab-
sorption spectrum and the stochastic modulation
of the hydrogen-bond mode. In this respect, our
approach is exactly the same as has been used
before in the modeling of transient spectra of hy-
drogen-bonded O-H stretch vibrations. The main
extension is that we will also incorporate the de-
pendence of the reorientation rate on the hydro-
gen-bond length, in order to model the decay of
the anisotropy.

In Fig 5, the harmonic potentials of the hy-
drogen-bond mode are presented that are used in
the calculation. The curvature of these potentials is
chosen such that for the resonance frequency of
the hydrogen-bond stretching mode a value of 200
cm~! results. This gives the following dependence
for the hydrogen-bond potential energy ¥; in cm™!
of the state voy =i on the hydrogen-bond coor-
dinate r in m: ¥; = (a/100kc)(r — r;)* with a =
10.68 kgs™2, h is the Planck’s constant, ¢, the
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Fig. 5. Potential-energy curves of the hydrogen-bond mode for
the vog = 0 and voy = 1 states. These curves are used in the
calculation of the stochastic modulation of the hydrogen-bond
length. The curvature of the potential energy curves is chosen
such that a resonance frequency for the hydrogen-bond
stretching mode of 200 cm™! results. The potential energy curve
of the voy = 1 state is displaced by —7.35 x 10-'> m with re-
spect to the voy = 0 potential. This leads to a full width at half

maximum of the linear absorption spectrum of 260 cm~! and a

dynamic Stokes shift of 60 cm™!.

velocity of light in vacuum and r;, the minimum of
the potential V;. For ry, we use a value of
280 x 10712 m [29]. The relative displacement
ro — 1 = 7.35 x 1072 m. This displacement leads
to an absorption spectrum with a full width at half
maximum (FWHM) of 260 cm™', in agreement
with the experimental spectrum shown in Fig. 3.

The interactions with the surrounding mole-
cules lead to rapid dynamics of the hydrogen bond
in the potential of voy = 0. These dynamics in turn
induce a rapid spectral diffusion of the O-H
stretching frequency of the dissolved HDO mole-
cules. Hence, the frequency of each O-H oscillator
is given by

o1 (f) = wo + 6(1)01(t) (42)

with g (¢) being the frequency of the voy =0 — 1
transition at time ¢, wy, the central frequency of
this transition and dwy (), the detuning at time .
Because the absorption spectrum of the O-H
stretching mode is nearly Gaussian, the motion of

the hydrogen bond can assumed to be overdamped
[28]. As a result, the spectral dynamics of the
Sy (¢) follows a Gauss—Markov random process,
with an autocorrelation function

(81 (1) 801 (0)) = A%e™/% (4.3)

with 7. being the autocorrelation time constant for
the detuning. Recently, values for 7. of 700 [19]
and 500 fs [20] have been reported. These values
are in quite good agreement with the time constant
of 500 fs for breaking the hydrogen bond that has
been inferred from depolarized Rayleigh scattering
experiments [15] and also agree quite well with the
results of recent molecular dynamics simulations
[30]. In modeling the data of Figs. 2 and 4, we will
use a value for 7. of 500 fs to characterize the
hydrogen-bond dynamics in both the voy = 0 state
and the voy = 1 state.

Due to the relative displacement of the poten-
tials, the excitation from the minimum of the
hydrogen-bond potential corresponding to the
vou = 0 state leads to a non-equilibrium hydrogen-
bond length in the hydrogen-bond potential cor-
responding to the voyg = | state. Equilibration in
the potential of the latter state results in contrac-
tion of the hydrogen bond and to a redshift in the
stimulated emission from voy = 1 to vog = 0. This
redshift (dynamic Stokes shift) has indeed been
observed and has a value of approximately 60
cm~' [20]. It should be noted that, in the case of
harmonic potentials, a direct relationship exists
between the Stokes shift S and the parameter A
that determines the width of the absorption line
shape e~"/24* [28]:

S = hA? [kgT (4.4)

with 7% being the Dirac’s constant (Planck’s con-
stant divided by 2n).

In Fig. 6, the calculated Gaussian spectral
shapes for the absorption vog =0 — 1 and the
stimulated emission voy =1 — 0 are presented.
The latter spectrum is redshifted by 60 cm™' with
respect to the first due to the Stokes shift. The
width and shape of the absorption spectrum cor-
respond quite well to the experimental spectrum,
as shown in Fig. 3.
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Fig. 6. Reorientation rate 1/tx as a function of the frequency of
the O-H stretching mode (—). The reorientation rate strongly
increases with frequency and increasing hydrogen-bond length.
Also shown are the calculated absorption band (voy =0 — 1)
and the stimulated emission band (voy = 1 — 0) of the O-H
stretching mode (- - -).

4.3. Method of calculation

The Brownian oscillator model can be used to
derive explicit analytic solutions for the isotropic
transient spectrum of the O-H stretching mode at
different delay times [24,28]. In order to calculate
the anisotropy decay, this model should be ex-
tended with an explicit description of the depen-
dence of the reorientation rate on the hydrogen-
bond length, as is presented in Section 4.1. This
combination of the Brownian oscillator model and
the dependence of the reorientation rate on the
hydrogen-bond length is too complicated for an
analytical evaluation so that a numerical approach
is required. In this numerical approach, the hy-
drogen-bond coordinate r of the vog = 0 and the
voug = 1 states is divided into bins that each cor-
respond to a particular length interval, namely
1 x 1072 m, of the hydrogen bond. These bins
exchange population to account for the stochastic
stretching dynamics of the hydrogen-bond length.
The exchange of population is calculated in the
following way: In each time step of the integration,
the bins exchange population with their next-
nearest neighbors with a time constant that is
given by

100he AV kT
I_é_{‘[},e B AV >0, (45)

Th, AV <0

with AV being the difference in potential energy in
cm~! at the central positions of the bins. Eventu-
ally, this population exchange process results in a
Boltzmann distribution for which the harmonic
potential ¥, corresponds to a Gaussian distribu-
tion in the position coordinate r around ry. The
time constant 1, is related to the autocorrelation
time constant 7. via 1, = 7.(1 —y) [31]. The pa-
rameter 7 depends on the width of the Gaussian
equilibrium distribution: y*> =1 —4/w?, with w
being the half width (in bins) at 1/e of the maxi-
mum of the equilibrium distribution. In our cal-
culation, w being was equal to 21 bins, and thus
7=0.9954 and t,=2.3 fs. This large value of y
implies that the stochastic modulation of the hy-
drogen-bond length is truly modeled as a Gaussian
process since the change in hydrogen-bond length
r resulting from a single modulation event is small
compared to the width of the Gaussian distribu-
tion in r [31].

To account for the anisotropy decay of the
population in these bins, the frequency-dependent
reorientation rate is transformed to a reorientation
rate that depends on the hydrogen-bond length r.
This transformation can easily be performed since
for displaced harmonic potentials, the transition
frequency v is linearly related to r as

v = (2a/100hc)(r — ro)(ro — 71) + vo (4.6)

1 2

with v in cm™', r and ») in m, a = 10.68 kgs™~,
(ro —r1)=7.35x10""2 m and v,, the center fre-
quency of the absorption band, which is 3400
cm~'. The reorientation rate is discretized to define
a reorientation rate for each bin (length interval)
of the hydrogen bond in the voy = 0 and voy = 1
states.

The time dependence of the anisotropy is eval-
uated in the following way: The excitation by the
pump will result in a hole Any(r) in the population
distribution of voy = 0 and to an induced popu-
lation distribution An;(r) in voy = 1. The hydro-
gen-bond position, r, at which the hole in the
vou = 0 state and the population in the vog = 1
state are generated and is fully determined by the
central frequency and the spectral width of the
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pump pulse. The signals In(7'/Ty), and In(7/Ty) ,
as measured by the parallel and perpendicular
polarization components of the probe pulse, are

In(7/To) o /Ipmbe(r)(AnL” (r) = Angy(r))dr,
(4.7

In(T/Ty), x /Iprobe(r)(Anu — Ano,)dr (4.8)

with An;)(r) and An; , (r) being the change of the
population distribution of the state vog =i as ex-
perienced by the parallel and perpendicular po-
larization components of the probe, respectively,
and Ioobe(r), the normalized probe intensity as a
function of the hydrogen-bond coordinate r. The
latter function can be obtained from /,robe(v) using
Eq. (4.6).

1115 =2 x 108 (r — ry),
Eact(r) = {600 ( 0)

The evaluation of the anisotropy parameter can
be simplified by defining the so-called anisotropic
population distributions

Anani,i(”) = A”t,n (”) —An; | (1”), (4~9)

and isotropic population distributions

Aniso (1) = Any (r) + 2 An; 1 (7) (4.10)

with i denoting either the vog = 0 or the vog = 1
state. The isotropic population distributions
Anisoo(r) and Anig,;(r) are only affected by the
stochastic modulation of the hydrogen-bond
length, whereas the anisotropic distributions
Angnio(r) and An,yii(r) are affected by both the
stochastic stretching dynamics and the reorienta-
tion. At each time point, the isotropic and aniso-
tropic population distributions are evaluated using
a fourth-order Runge-Kutta scheme.

The anisotropy parameter R at a certain time is
given by

_ flprobe(r) (Anani,l(ra t) - Anani,O(r7 t)) dr
f[probe(r) (A”iso,l (I", t) - A”liso,O(r7 t)) di" .
(4.11)

R(1)

The time dependence of pump and probe is ac-
counted for by generating the initial Anis,o(7),
Angnio(r), Anio1(r), and Angi(r) with a time
profile that is given by the cross-correlation of
pump and probe.

5. Results and interpretation

The solid curves in Figs. 2 and 4 represent the
delay dependence of the anisotropy calculated
with the model presented in Section 4. The best fit
of the experimental results is obtained with the
following dependence of the activation energy
E.(v) in cm™! on the distance r in m:

(r—rp) <26 x 10712 m, (5.1)
(r—rp) =26 x 10712 m. '

This activation energy agrees quite well with the
energetic cost of hydrogen-bond breaking in water
for which a value of approximately 900 cm~! has
been inferred using Raman spectroscopy [32]. It
also agrees quite well with the value of approxi-
mately 650 cm™! for the activation energy of the
rotation diffusion of water that was inferred from
quasi-elastic incoherent neutron scattering [33].
The frequency dependence of the reorientation
rate 1/tx that results from Eq. (5.1) is shown in
Fig. 6. The rate is low at low frequencies, strongly
increases in a particular frequency regime and is at
a constant high value at high frequencies. From
Fig. 6, it can be seen that this frequency-indepen-
dent high value is reached at a frequency of 3650
cm~!. At this frequency, the reorientation is no
longer hindered by the O-H---O hydrogen bond.
The cut-off frequency of 3650 cm™! is indeed close
to the gas-phase value of the O-H stretch fre-
quency of the isolated HDO molecule. The resid-
ual activation energy of 600 cm™' results from
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steric hindering by surrounding D,O molecules
and other hydrogen bonds that negligibly affect the
O-H stretch frequency. The pre-exponential time
constant 7ty has a value of 20 fs which is on the
order of the rotation time of the free HDO mole-
cule. This value agrees quite well with the value of
48.5 fs for the pre-exponential time constant that
was inferred from quasi-elastic incoherent neutron
scattering [33].

It is clear from Figs. 2 and 4 that at least two
distinct reorientational time scales can be distin-
guished. In fact, on the basis of the model of
Section 4, even three different reorientational time
constants are expected. The first, fast time con-
stant is mainly observed at the blue side of the
absorption band in the first picosecond after ex-
citation and is associated with the immediate re-
orientation of excited molecules for which the
O-H- - -O hydrogen bond is long. These molecules
can directly change orientation with a time con-
stant that is equal to the high-frequency limit of the
reorientation rate shown in Fig. 6. After 1 ps, most
of these molecules have reoriented and the sto-
chastic stretching dynamics of the hydrogen-bond
length has led to an equilibration of the population
distributions Aniso 0, Ahtiso,1, Aanio, and Angpi;.

After equilibration, the isotropic populations
Anis,o and Ani,; have acquired a permanent
Gaussian shape centered at the minima of the
potentials of the vog =0 and vog =1 states. In
comparison with these isotropic distributions, the
equilibrated anisotropic distributions An,,o and
Angpiq will be shifted to smaller values of r because
the decay rate of the anisotropy increases with 7.
From Eq. (4.11), it is clear that these equilibrated
distributions result in an anisotropy parameter R
that is smaller at the blue side (large values of r)
than at the red side. However, the time dependence
of the R will be the same at all probe frequencies
after equilibration, because the shape of the pop-
ulation distributions no longer changes. Hence,
after 1 ps, the amplitude of R is much smaller at
the blue side than at the red side of the absorption
band, but the decay rate of R is the same at all
probe frequencies as is indeed observed in Fig. 2.

The second and third time constants of the re-
orientation are associated with the decay of the
equilibrated anisotropic population distributions

in the vog = 0 and voy = 1 states, respectively. In
both states, these distributions are concentrated at
values of r at which the reorientation rate by direct
breaking of the hydrogen bond is negligible.
Hence, the hydrogen-bond should first be elon-
gated before reorientation can occur. The resulting
reorientation will become faster with increasing
fractions of fast reorienting molecules and de-
creasing time constants for the reorientation and
the stochastic modulation of the hydrogen bond.

In the voy = 1 state, the minimum of the po-
tential energy curve and the maximum of the
equilibrated An,, () population distribution are
at a smaller value of r than in the vog = O state.
Since the direct reorientation rate is assumed to
depend only on the hydrogen-bond length, the
fraction of molecules for which the direct reori-
entation is fast will be smaller in the vog = 1 state
than in the vog = 0 state. This can clearly be seen
in Fig. 6: for the stimulated emission band
vou = 1 — 0, the overlap with the spectral region
in which the reorientation is fast is much smaller
than for the absorption band voy =0 — 1. As a
result, the effective reorientation time constant
after equilibration will be longer for the voy = 1
state than for the voy = 0 state. The decay ob-
served in Fig. 2 in the time interval between 1 and
2.5 ps results from both the decay of the equili-
brated population in the voy = 0 state and the
decay of the equilibrated population in the
vou = 1 state. In the experiment of Fig. 4,
the probe pulse is resonant with the voy =1 — 2
transition so that only the relatively long effective
reorientation time constant of the equilibrated
population voy = 1 state is observed. Indeed, in
Fig. 4, the decay rate of R is somewhat slower than
in Fig. 2.

From our results, it can be concluded that the
reorientational dynamics in liquid water are
strongly coupled to the rapid stochastic stretching
dynamics of the hydrogen bond. In our model, this
coupling is largely accounted for: the model ex-
plicitly describes the enabling (disabling) of reori-
entation due to the lengthening (shortening) of the
hydrogen bond. However, the coupling will in
principle also work in the other direction: reori-
entation by breaking a hydrogen bond will influ-
ence the length of the hydrogen bond. This effect
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will be small because the stochastic modulation of
the hydrogen-bond length is a much faster process
than the reorientation. Hence, the reorientation is
strongly affected by the fast stochastic modulation
of the hydrogen-bond length, whereas the modu-
lation of the hydrogen-bond length is hardly in-
fluenced by the slow reorientation.

6. Comparison with other studies

In previous Raman, dielectric relaxation and
far-infrared spectroscopic studies of water, a re-
laxational response was measured, which likely
results from the reorientation of the water mole-
cules. In these studies, the complex dielectric
function e(w) is measured at low frequencies.
Thereby, the decay of the first-order correlation
function Ci(¢) = (P(¢) - P(0)) is measured, with P
being the macroscopic polarization. Often, this
correlation function is assumed to be a sum of
exponentially decaying functions: (P(¢) - P(0)) =
>, exp(—t/t1;) with 7, ; being the relaxation time
constants, often denoted as the Debye relaxation
time constants.

In the femtosecond experiments presented here,
the second-order correlation function C,(¢) =
(Py(e(t) - €(0))) = e/, with Py(x) being the sec-
ond Legendre polynomial in x and e a unit vector
in the molecular frame. In our experiments, the
dynamics of the O-H stretch vibration of the
HDO molecule is probed so that this unit vector
points along the O-H bond. If the dynamics of this
unit vector is the same as that of the macroscopic
polarization and if there is no preferred rotation
axis or molecular orientation, i.c. when the reori-
entation is isotropic, it can easily be shown that the
time constants 7, and 1, relate as 1, = 31, [34]. It
should be noted that the reorientation time of the
O-H bond can be different from that of the dipole
of the HDO molecule and that the dynamics of an
individual dipole can differ from that of the mac-
roscopic polarization. In this latter macroscopic
response, local-field effects can play an important
role. These local-field effects tend to sharpen up
the dielectric response, thereby making the ratio of
71 and 7, larger than 3. However, in order to make
a comparison of our results with dielectric relax-

ation and far-infrared spectroscopic studies, we
will assume that the relaxation of (P(¢) - P(0)) is
three times as slow as the decay of the anisotropy
of the O-H stretching mode. Under this assump-
tion, the model described in Section 4 can be used
to calculate the time dependence of the correlation
function (P(¢)-P(0)) as would be measured in
dielectric relaxation and far-infrared spectroscopic
experiments. In this calculation of (P(¢) - P(0)), we
neglect the population of the voy = 1 state since in
these experiments, all molecules will be in the
ground state of the O-H stretching mode. In ad-
dition, there is no initial frequency dependence
induced by a pump pulse that is spectrally nar-
rower than the absorption line width. Hence, the
initial thermal population distributions Anjso(7)
and Angpio(r) will be Gaussian.

The calculated (P(¢) - P(0)) is presented in Fig.
7. After an initial fast decay, the relaxation be-
comes exponential with a time constant of 7.85 ps.
This exponential component forms the dominant
contribution to the relaxation function. This
purely exponential decay appears after a time of
approximately 1 ps, corresponding to the charac-
teristic time scale of the modulation of the hy-
drogen-bond length. The calculated decay of
(P(z) - P(0)) is in excellent agreement with the re-
laxational response that is observed in dielectric
relaxation [10] and far-infrared (THz) spectro-
scopic studies [2,9,11-13]. This good agreement
strongly supports an interpretation of the experi-
mentally observed relaxational response in terms
of the reorientation of the dipolar water molecules.
For the slow component, an experimental Debye
time constant of approximately 8 ps has been re-
ported, which compares well with the time con-
stant of 7.85 ps that follows from our calculation.

In Fig. 7b, the fast initial decay of (P(¢) - P(0))
is highlighted by taking the difference between
(P(¢) - P(0)) and an exponential decay with a time
constant of 7.85 ps. This fast initial decay results
from water molecules for which the O-H---O is
long at the moment the (static) electric field is
switched. After approximately 1 ps, these mole-
cules have reoriented, and the much slower decay
of the remaining molecules is observed. The
fast initial decay can be fitted to an exponential
function with a time constant of 600 fs. For this
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Fig. 7. Calculated (P(¢)-P(0)) as a function of time. This
calculation is performed using the model described in Section 4
and uses parameters that are derived from the femtosecond
mid-infrared experiments shown in Figs. 2 and 4. The calcu-
lated (P(¢) - P(0)) consists of a dominant exponential compo-
nent with a time constant of 7.85 ps, shown in (a), and a much
weaker non-exponential component, highlighted in (b) by
substracting Ae/7% P from (P(¢) - P(0)). The values of 4 and
B are 0.955 and 0.045, respectively.

contribution to the dielectric relaxation, different
Debye time constants ranging from less than 200 fs
up to a few picoseconds have been reported
[10-16], which agrees quite well with the calcu-
lated result. The fact that the different studies do
not agree on the precise value of the time constant
may very well result from the small amplitude and
non-exponential character of the fast component.

12
*  H,0 (Ref. 13)
107 « D,0 (Ref. 13)
gl — Model
s 6
4
2

0
290 300 310 320 330 340 350 360 370
Temperature (K)

Fig. 8. Time constant of the slow contribution to the dielectric
response of H,O and D,0 as a function of temperature, mea-
sured with far-infrared spectroscopy (reproduced with the
courtesy of the authors of Ref. [13]). Also shown is the tem-
perature dependence of the calculated (P(¢) - P(0)) of HDO in
D, 0, obtained using the model described in Section 4.

The reorientational motion of water molecules
has also been studied with NMR techniques. The
longitudinal relaxation time constant of the spin
polarization can be related to the second-order
correlation function Cy(¢) = (Py(e(z) - €(0))) =
e /2. In NMR studies, a value for 1, of 2.6 ps was
found [35], which corresponds to a value for 7; of
7.8 ps, in excellent agreement with the calculated
value for 7, of 7.85 ps.

In Fig. 8, the time constant of the exponential
decay to which the calculated (P(¢) - P(0)) con-
verges is plotted as a function of temperature and
compared with the results of recent accurate far-
infrared spectroscopic measurements of the slow
component of the dielectric relaxation of water
and deuterated water (reproduced with the cour-
tesy of the authors of Ref. [13]). It is seen that the
time constant of the dielectric relaxation decreases
from 9.5 ps at 290 K to 2.7 ps at 370 K. The cal-
culated result for HDO in D,O is somewhat in
between the measurements for H,O and D,O and
quite accurately follows the temperature depen-
dence of the experimental values.

In previous far-infrared (THz) spectroscopic
experiments, it was found that the temperature
dependence of the dielectric relaxation cannot be
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modeled as an activated process [12]. At first sight,
this may seem surprising since, according to Eq.
(4.4), the reorientation rate is described as an ac-
tivated process with an activation enthalpy that
depends on the hydrogen-bond length. However,
the overall dielectric relaxation time constant is
not only determined by the relaxation rate at a
particular hydrogen-bond length but also by the
time constant of the stochastic modulation of the
hydrogen-bond length and the fraction of mole-
cules for which the reorientation is fast. This leads
to a more complex temperature dependence for the
overall dielectric relaxation rate. Fitting the ob-
served temperature dependence of the dielectric
relaxation as an activated process results in an
activation enthalpy that decreases with tempera-
ture [12]. This can be understood as follows: At
low temperatures, the fraction of molecules that
show fast reorientation is very small but increases
strongly with temperature. As a result, the ob-
served overall reorientation rate increases rapidly
with temperature, thereby suggesting a large acti-
vation enthalpy for the overall rate. However, at
higher temperatures, the fraction of molecules
showing fast reorientation is already substantial
and increases negligibly upon further increasing
the temperature. As a result, the overall reorien-
tation rate increases much more slowly with tem-
perature, which suggests a small activation
enthalpy. Clearly, the definition of an activation
enthalpy for the observed relaxation time is not
very meaningful since such a definition neglects the
strong dependence of the reorientation rate on the
hydrogen-bond length and the stochastic modu-
lation of this length. Only by including these ef-
fects, as is done in the model of Section 4, the
observed complicated temperature dependence can
be accounted for.

It was also found that the temperature depen-
dence of the dielectric relaxation scales well with
the viscosity of liquid water following the Debye—
Stokes—Einstein equation [12]. This strongly sug-
gests that the viscosity of liquid water is inversely
related to the fraction of molecules for which the
hydrogen-bond interaction is weak and for which
the reorientation is fast. Finally, it was found that
the temperature dependence of the dielectric re-
laxation constant suggests a critical temperature

[36]. The temperature dependence of many prop-
erties of liquid water, including the dielectric
relaxation, show a temperature dependence
following |T — T.|”" (Speedy-Angel plot) with a
critical temperature 7, of 228 K. The model of
Section 4 does not contain a critical temperature.
On the other hand, it is quite likely that at tem-
peratures near 230 K, the fraction of molecules for
which the reorientation can be fast becomes neg-
ligible, not only because the temperature-depen-
dent reorientation rate decreases but also because
there will be a narrowing of the distribution of
hydrogen-bond lengths. As a result, the effective
reorientation time constant can indeed become
infinitely large.

7. Conclusions

We studied the orientational dynamics of liquid
water using femtosecond mid-infrared saturation
spectroscopy on the O-H stretching mode of HDO
dissolved in D,O. The advantage of this technique
over conventional techniques (dielectric relax-
ation, stimulated Raman) is that the orientational
dynamics of different subensembles of the HDO
molecules can be selectively investigated by tuning
the frequency of the excitation pulses through the
inhomogeneously broadened absorption band of
the O-H stretch vibration. It is observed that the
dynamics of the reorientation consists of a weak
initial fast component followed by a much
stronger slow component.

We found that the observed orientational dy-
namics can be well described with a model in
which the reorientation rate depends on the length
of the O-H- - -O hydrogen bond and in which the
stochastic modulation of the length of this bond is
accounted for. This stochastic modulation has a
characteristic time scale of 500 fs and is described
with a model in which the O-H---O hydrogen
bond is described as an overdamped Brownian
oscillator.

The model also provides a quantitative de-
scription of the dielectric response of liquid water,
as is observed in dielectric relaxation and far-
infrared spectroscopic studies. It also explains why
the temperature dependence of the dielectric re-
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sponse cannot be described as a simple activated
process. The good agreement between the model
and the experimental observations enables a mi-
croscopic interpretation of the fast and the slow
component that are observed in all orientational
and dielectric relaxation studies on liquid water.
After anisotropic excitation with an ultrashort la-
ser pulse or after switching the static electric field
in a dielectric relaxation experiment, the water
molecules for which the O-H- - -O hydrogen bond
is long (weak) will show a direct, rapid reorienta-
tion. After approximately 1 ps, the rapid stochastic
modulation of the length of the O-H---O hydro-
gen-bond has led to an equilibration of the an-
isotropic distribution that is concentrated at short
O-H---O hydrogen-bond lengths for which the
reorientation is slow. For these water molecules,
the hydrogen-bond should first be lengthened
(weakened) before reorientation can occur. This
mechanism of reorientation has an associated ef-
fective reorientation time scale that decreases with
increasing fractions of fast reorienting molecules
and decreasing time constants for the reorientation
and the stochastic modulation of the hydrogen-
bond length.
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