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The results of the recent infrared pumprobe experiment are analyzed, in which the time evolution of the
spectrum of the OH-stretching vibration excited by an ultrashort laser pulse in the dilute solution HIDO/D
was measured. To interpret the results of the experiment, a formalism developed earlier for a different
application, optical transitions of the chromophoric molecules in polar solvent, is used. A mechanism of the
IR shift dynamics in water is suggested, involvingrelaxation (structural relaxation), which may also be
related to the dielectric behavior of water. A suggestion is made for computer simulations as well as for an
experimental test of the proposed mechanism.

I. Introduction II. Theory

The ability of water to form a relatively stable tetrahedral /A theory which describes the transient spectral shift and other
structure in which each molecule couples to four nearest "onlinear spectroscopic phenomena was developed earlier in
neighbors by four hydrogen bonds is known to be at the origin applications to the optical transitions of the chromophoric

of many unusual thermal properties of water, such as high molecules in polar solvenig:.13This theory is analogous to the

melting and boiling temperatures, anomalous density, and heat"€0ry Of nonadiabatic transitiotfs”® of a system strongly
interacting with the environment, which was also used to

capacity dependence on temperature. While some hydrogen ) 16 18 o .
bonds are broken in liquid water, one can still talk about the descrlbe .electron-trg_nsfer reqctldﬁs. A S|m|I_ar formalism
extended hydrogen bond network whose rearrangement control or vibrational transitions, which also takes into account the

the dynamics of liquid wate¥® Breaking and making a hydrogen Inite poﬁ’g'g“"“ and orientation relaxation times, was developed
) oS . recently!®:20 For our purposes, however, it is sufficient to use
bond is at the heart of such kinetic properties of water as . g . -
. . } . - the earlier less sophisticated treatment, which takes into account
dielectric relaxatiofiand prototropic mobility.

) ) ) only the transition frequency fluctuations and neglects the
Recent advances in the development of infrared time-resolved yopylation and orientational relaxation. Originally the theory

spectroscopy made it possible to observe directly the dynamicsyyag developed under the assumption that the role of the
of the hydrogen bond in real time. In a pioneering femtosecond enyironment can be modeled by a collection of harmonic
pump-—probe infrared experiment Gale et’atudied the time  ogcillatord® (the so-called harmonic oscillator model and spin-
evolution of the spectrum of the OH-stretching vibration in the poson Hamiltonian). It was shown later that the results obtained
diluted solution HDO/RO. An ultrashort pump pulse (150 fs)  ysing this model are valid under rather general condittéris.

with the frequency in either the blue or the red wing inside the  The key quantity which enters into the theory is the
OH-stretching band was used to excite the OH vibration to its correlation functionC,(t)

first excited state. An independently tunable probe pulse of the
same duration was used to obtain the differential absorption C,(t) = [bu(t) 6v(0) Q)
spectrum between 2700 and 3800 ¢rat a fixed pump-probe

delay time. A time evolution of the spectral shift, which is where in the present caseis the instantaneous frequency of
characterized by the first moment) of the spectrum, was the main transition of the ©H stretch. In particular, the
observed by varying the delay time. The OH vibration frequency normalized evolution of the spectral shift can be approximately
shift relative to the frequency of the nonbonded OH group is expressed &$ 27

directly related to the ©H---O distance and has even served _ _

as a synonym for the hydrogen bond strerfgt®.Thus, on this o(t) — o) _ A(®) @)
basis, measuring the time development of the OH frequency 2(0) — (o)

allows one to monitor the dynamics of the hydrogen bond. Gale
at al® have found that the frequency shift relaxation shows an
exponential decay with a good accuracy and that the relaxation
time constant is 0.7 ps. A similar experiment has been performed
by Woutersen and Bakkét,who have used the Brownian
oscillator modéP to interpret their results. We consider a
theoretical model to interpret these results and the results for
related phenomena.

whereA(t) is C,(t) normalized to unity at its maximum:
A(t) = C,(/C,(0) 3)

Another important quantity which characterizes the contribu-
tion of the fluctuations from different spectral regions is the
solvent spectral density(w), which is related toC,(t) by a
Fourier transforn®®
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To relate the spectral dynamics to the statistical and dynamicalnegative dispersion of the sound velocity. The results of all these
properties of the solvent, one has to approximate the relationshipstudies give a relaxation time, = 0.7—0.8 ps at room
between the OH-stretching frequency shift and the deviation temperature, which is in the good agreement with the result of

of the O-H---O hydrogen bond from its most probable
configuration. A crucial configurational factor appears to be the
bond lengtH,”~1% as noted earlier. Since we are interested in a
relatively small deviation of the OH frequency from its most

the transient infrared spectroscopy measurement.

It is worth noting so that structural relaxation in water, which
is extremely fast, is not well understood. In particular, there is
evidence, which is based on the apparent hysteresis in refractive

probable value, this relationship can be approximated as a linearindex of water as a function of temperatdfethat there are

one
o 00l (5)

As a result, the time evolution of the OH frequency reflects the

hydrogen bond dynamics expressed in terms of the correlation

function

C(t) =Bl sl0)0  At)=C()/C0)  (6)

different structural relaxation time scales in water depending
on the length scale involved.

In principle, one way of testing our assumption that the
o-relaxation and IR-relaxation are of similar origin, would be

to compare the temperature dependence ofithelaxation time

and the frequency relaxation time over a broad range of
temperatures. At temperatures below °GQ, however, the
o-relaxation time becomes larger than the population relaxation
time®3> of the OH vibration and, therefore, the frequency

Using eq 6, one could use the molecular dynamics simulations relaxation would become increasingly difficult to observe,

to estimate the time evolution of the spectral sHift.

because of sensitivity. As an alternative at those low temper-

The statistical theory of nonlinear processes allows one to atures, molecular dynamic simulations could be used to calculate

relate to the observed spectral dynamics the statistical andthe dynamic structure factd?,* extract theo-relaxation time
dynamical properties of the solvent, expressed in terms of the from it, and compare it with the numerical result for the

appropriate equilibrium time-correlation function, the bond
length autocorrelation functio@i(t), eq 6 in our case. However,
it does not provide the correlation functi@i(t) and so does
not in itself state the physical mechanism of the observed

relaxation. We discuss the physics behind the hydrogen bond

frequency relaxation time, using egs 2, 3, and 6. Accurate ab
initio force field calculations with very large basis sets will
probably be required for such simulations to reproduce quan-
titatively the cooperative phenomenon discussed here.

dynamics in the context of other physical processes and !ll- Discussion

measurements.

It is interesting to compare the infrared frequency shift

Different physical processes and, therefore, different physical gynamics to the frequency shift dynamics for the electronic
mechanisms may be related to the hydrogen bond dynamicstransition in the optical region. The physical mechanism of the

observed with ultrafast vibrational spectroscopy. The water
molecule reorientation occurs on &2 ps time scale at room

solvatochromic shift dynamics of an optically excited solute
whose dipole moment changes considerably after the excitation

temperature as deduced from the results of the experiments ons well understood®#2 It can be viewed as a result of the

the Raman-induced Kerr effe®t,Rayleigh light scattering!
and quasi-elastic and inelastic neutron scattefnghe OH

dielectric response of the solvent to a sudden change of the
solute charge distribution. The solvent spectral denty),

frequency relaxation does not require, however, the rupture of gq 4, and the normalized spectrum shift, eq 2, are expressed in
its hydrogen bond, in contrast to the water molecule reorienta- terms of the frequency dependent dielectric permittivity)

tion. This physical difference may account for the factor of about of the solvent. A particular expression, which contains also the
2 difference in the corresponding time scales, the time scale of excluded volume effe@43depends on a specific model of the

the former being, as already noted, about 0.7 ps.

Another way of interpreting the results of tkH frequency
relaxation is to view it as a result of a local structure
perturbatior?® Its mechanism can then be related to the
process, namely, the structural relaxation which is reflected in
the density-density correlation functioti

(r,t) = [p(r,t) p(0,00] ("

and its Fourier transform, the dynamic structure fa8ay,w)

S@w)=@0) T[T ded () (8)

The density fluctuations are differently influenced in the low
and high-frequency limits. At low frequencies, when, < 1,
wherert, is the a-relaxation time, thex-relaxation appears as
a standard viscosity. At high frequencies, when, > 1, the
liquid shows quasielastic, solidlike behavior. l.e., thisis
defined as kb,, wherew,, is the frequency where the transition
of the two behaviors occurs. While-relaxation may have
different meanings we mean the slowest relaxation for the
property and temperature of interest. Theelaxation has been
observed for water in X-ray measureméfand for glycerot-
water mixtures in ultrasonic experimenslt was invoked in
the Brillouin scattering studié% to interpret the observed

solute. In the simplest possible case of a spherically symmetric
solute with a point charge in its centd{w) is given by

J(w) O Im[e (w)] (11)
Then the normalized correlation functiakt) is given bye(w)
of the solvent:

o
sy

) coswt Im[e ()]

o
5y

where the frequency, corresponds to the transparency region
which separates the frequency region of the solvent nuclear
motion and the one of the solvent electronic response. A slightly
more complicated expression is given for the more realistic
model of a point dipole in a sphere.

The optical solvatochromic shift dynamics in water is
bimodal#® Initial fast nonexponential relaxation, which occurs
on a 56-100 fs time scale, is followed by a slower exponential
relaxation with a time constanmts = 880 fs. The results of the
calculation using the dielectric permittivity of water in a broad
frequency range reproduce the normalized solvatochromic shift
evolution well#* with no adjustable parameters.

A(t) =

(10)
Im[e”(w)]
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The results of the above consideration, which refers to an component of less than 100 fs, and a slow structural dielectric
electronically excited solute, cannot be directly applied to the polarization component of 880 f8.In the case of the IR shift,
infrared frequency shift dynamics, where the solute is excited again as noted above, there is little change of solute dipole and
vibrationally. First, the change of the dipole moment of the water so the primary effect experienced by the solute is the structural
molecule at the vibrational excitation is so small that it can be (o-relaxation) one, with an observed 700 fs relaxation time. This
disregarded in a good approximation. Second, the relaxationmechanism offers an interpretation of both why the fast
observed by Gale et.&ls described well by a single exponential component is missing in the IR shift experiment and why the
and seems to not contain the fast component which is very strongtime-scale of the slow component is approximately the same in

in the optical solvatochromic shift experiméhgca. 50%). both. Analysis of carefully selected correlations in a detailed
On the other hand, we note that the relaxation tifige= computer simulation on an accurately calculated potential energy
0.7 ps measured in the infrared experiment of Gale étisl surface can illuminate the mechanism, and in particular the

close to the slow relaxation timiBss = 880 fs of the solvato-  detatiled nature of the alpha-relaxation, further.

chromic shift in water of an optically excited dye molecule, =~ The temperature dependence of the solvatochromic shift

whose dipo|e moments are different in the ground and excited relaxation time in an infrared experiment Compared to the well-

electronic state® This observation suggests that the relaxation known temperature dependence of the Debye relaxation time

mechanism in both experiments may be related. would help to answer the question about the validity of the
To relate the OH frequency shift dynanfids the dielectric sugges?ed mechanism. It wpuld be i_nteres_ting to try _numerically

property of water we accept a common view of water as a to !dgntlfy .dlfferent_geomeFrllcql configurational species qnd_ the

mixture of geometrically different species which are limited to Shiftin their dynamical equilibrium caused by the OH excitation,

a small set and which are in the dynamical equilibrium with perhe_lps by calculating the appropnate_struct_ural time-correlation

each othef54 For the sake of argument we will assume that functions from molecular dynamics simulatioffs.

there are just two such species, which have a different average
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