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Orientational relaxation of liquid water molecules as an activated process
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Femtosecond mid-infrared pump–probe spectroscopy is used to study the orientational relaxation of
HDO molecules dissolved in liquid D2O. In this technique, the excitation of the O–H stretch
vibration is used as a label in order to follow the orientational motion of the HDO molecules. The
decay of the anisotropy is nonexponential with a typical time scale of 1 ps and can be described with
a model in which the reorientation time depends on frequency and in which the previously observed
spectral diffusion is incorporated. From the frequency and temperature dependence of the anisotropy
decay, the activation energy for reorientation can be derived. This activation energy is found to
increase with increasing hydrogen bond strength. ©2000 American Institute of Physics.
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I. INTRODUCTION

Water is undoubtedly a liquid that is very important
~bio!chemistry. It exhibits remarkable properties due to
high density of hydrogen bonds. Although water has be
studied in great detail since a long time, the microsco
dynamics, such as vibrational relaxation and the thermal
tion of the molecules, could not be investigated experim
tally due to the strong inhomogeneity of water and the
trafast time scale on which these processes take pl
Fortunately, it has recently become possible to study th
processes in detail thanks to the development of lasers
deliver intense femtosecond mid-infrared pulses.

Recently, in a study where 250 fs mid-infrared puls
were used, it was found that the orientational motion of HD
molecules in D2O at room temperature could be describ
with two distinct time constants of 700 fs and 13 ps.1 It was
found that the component with a time constant of 700
predominantly absorbs at the high-frequency s
(3500 cm21) of the O–H stretch absorption band, and th
this component is completely absent at the low-freque
side of the absorption band. In another recent study, it
found that the reorientational time constant varied from
61.5 ps at 3500 cm21 to 1365 ps at 3330 cm21.2 In this
study, however, 2 ps pulses were employed, which rend
the determination of short time constants more difficult.

The frequency of the O–H stretch vibration is strong
determined by the length of the O–H̄O hydrogen bond
between the hydrogen atom of the O–H group and the o
gen atom of a neighboring water molecule; the shorter
distance, the lower the frequency.3 Hence, the observation o
a slow reorientational component at the red side and a

a!Electronic mail: h.nienhuys@amolf.nl
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component at the blue side shows that the orientational
tion is strongly influenced by the hydrogen bond strength

In this paper, we present a detailed study on the orien
tional motion of HDO molecules in liquid D2O. We describe
the experimental results with a model that includes the
fects of spectral relaxation. By varying the temperature,
obtain information on the activation energy that limits t
rate of reorientation.

II. EXPERIMENT

A. Infrared generation

Figure 1 shows the pulse-generation setup. The infra
laser pulses used in our experiments were generated
Ti:sapphire regenerative amplifier~RGA! system at 800 nm,
followed by two optical parametric generation and ampl
cation stages~OPG/OPA!. We used a commercial RGA tha
generates 800 nm, 150 fs, 1 mJ pulses at a 1 kHz repet
frequency. In the first OPG/OPA stage, based on ab-barium
borate~BBO! crystal, the 800 nm pulses are partially co
verted to infrared pulses with typical central wavelengths
1140 nm~signal! and 2650 nm~idler!. Due to absorption in
BBO, no larger idler wavelengths can be generated. Ho
ever, the 1090 nm wavelength, that is complementary
3000 nm in the idler, is present within the bandwidth of t
signal pulse. In the second stage, this broadband sign
used as seed in an OPA process in a potassium titanyl p
phate~KTP! crystal that is pumped by the remaining 800 n
light. This yields an idler at 3000 nm. The idler waveleng
can be continuously tuned up to 3300 nm and typically h
an energy of 20mJ, a bandwidth of 80 nm and a full width a
half maximum duration of 250 fs. This maximum wav
length corresponds to a minimum frequency of 3000 cm21,
which is suitable for exciting and probing the O–H stret
7 © 2000 American Institute of Physics
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vibration in water~see Fig. 2!. The remaining pump and
signal wavelength components are removed by means o
electric 800 and 1064 nm mirrors. Any remaining sh
wavelength components are filtered out by a silicon pl
positioned at the Brewster angle. The infrared pulse gen
tion is described in more detail elsewhere.4

B. Pump–probe setup

Figure 3 shows a schematic outline of the pump–pro
setup. Part of the pulse energy is split off by an uncoated
wedged CaF2 window, which yields a pump, a probe and
reference beam. The probe and pump pulses are focused
200 mm wide spot in the sample. Using PbSe photocond
tive cells, we measure the energy of the light pulses tra
mitted through the sample, and the energy of the pulse
the reference beam, in order to compensate for pulse-to-p
energy fluctuations. By using a chopper to block every ot
pump pulse, we obtain both the transmissionT in the pres-
ence of a pump pulse, and the reference transmissionT0.
Thus we can calculate the absorption changeDa5
2 ln(T/T 0) as a function of the delay between the pump a
probe pulses.

The pulse frequency is tuned within the absorption ba
of the O–H stretch vibration~see Fig. 2!. The pump pulse
excites part of the population of molecules to the excitedv
51 vibrational state. Since this excitation is a dipole tran
tion, the excitation preferentially takes place for molecu
that have their O–H bond parallel to the pump light pol
ization. Directly after excitation, the population of excite
molecules per unit of solid angle will be proportional
cos2 u, whereu is the angle between the O–H bond and t

FIG. 1. Generation of 3mm pulses. Abbreviations: BBO: BBO crysta
KTP: KTP crystal; R800: dielectric 800 nm mirror; R1064: dielectric 10
nm mirror; Si: silicon Brewster window; BD: beam dump.

FIG. 2. Absorption spectrum of a 0.4% HDO in D2O solution~solid line!,
with the pulse spectra~dashed lines!.
Author reprint: not for redistribution                                                           
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pump polarization. Due to this anisotropic population of e
cited molecules, the absorption changeDa i for the case
where the probe polarization is parallel to the pump pol
ization will be larger than the absorption changeDa' for the
case where the probe polarization is perpendicular to
pump polarization. FromDa i and Da' , we can calculate
the rotational anisotropy5

R5
Da i2Da'

Da i12Da'

. ~1!

The denominator here corresponds to the isotropic abs
tion change, that is not affected by reorientation. For
initial cos2 u distribution, it can be shown thatR52/5. As
this highly anisotropic distribution becomes more and m
isotropic as a result of reorientation of the individual HD
molecules, the value ofR decays to zero. By measuringR as
a function of the delay between pump and probe pulses,
obtain information on the orientational motion of the HD
molecules. It should be noted thatR is not affected by the
relaxation of excited molecules to the ground state, since
affects the numerator and the denominator in Eq.~1! in the
same way.

In order to measureDa i and Da' , the polarization of
the probe is rotated over 45° with respect to the pump
larization by using al/2 plate. The polarization componen
of the probe light that are parallel and perpendicular to
pump light are detected independently by means of a be
splitter and two polarizers behind the sample.

C. Data acquisition

The parametric generation and amplification process
we use to obtain infrared pulses, is inherently a source
noise in the signals being measured. Since the conver
process depends highly nonlinear on the energy of the pu
pulses, any fluctuations in the 800 nm pump energy show
as large variations in the energy of the infrared pulses a
mm. It is not uncommon to observe an individual pulse e
ergy that differs by 30% from the average pulse energy
addition, the power spectrum and the beam profile can v
slightly from pulse to pulse. Therefore, it is important
design the experiment such that an optimal signal to no
ratio is achieved.

In order to correct for energy fluctuations, we use o
detector to measure the energies of the pulses in the re
ence beam. In the case of the laser shots where a pump p
is present, this yields reference energiesr i , where the sub-
script i 51,...,N indicates the individual pulses. Two othe
detectors acquire the energiespi ,i for the parallel andp',i for
the perpendicular components of the probe pulses after
sample. For the laser shots without a pump pulse, the e
gies arer i

0 , pi ,i
0 , andp',i

0 , as indicated by the zero supe
script. Then, the transmissions areT«,i5p«,i /r i and T «,i

0

5p«,i
0 /r i

0 , where« indicates the polarization.~Formally, this
is not correct if the detectors have different efficiencie
However, this does not affect the ratioT«,i /T «,i

0 .! Com-
monly, the absorption change is calculated asDa«

52 ln(^T«,i&/^T «,i
0 &) or Da«52 ln(^T«,i /T «,i

0 &). However, any
noise in the detector signals will affect the ratiop«,i /r i more
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FIG. 3. Pump–probe setup. See the text for exp
nation.
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strongly for pulses with a weaker energy. In the above eq
tions, all laser shots are assigned equal weights, wh
causes excessive noise inDa« due to pulses with low ener
gies. Therefore, we calculateDa«52 ln(T« /T «

0), whereT«

and T«
0 result from a linear least squares fit ofp«,i5T«r «,i

and p«,i
0 5T«

0r «,i
0 to the data, as is shown in Fig. 4, whic

leads to a strong reduction in the noise inDa« . The noise
can be reduced even more by observing that, for a sin
laser shot, the numerator in Eq.~1! can be written as

Da i ,i2Da',i52 lnS pi ,i

p',i
•

p',i
0

pi ,i
0 D , ~2!

which is now not influenced by any noise in the referen
signalsr i . Using similar arguments as forT« /T«

0 , we calcu-
late the quantitiesD andD0, that represent the ratios of th
signals measured by the parallel and perpendicular detec
by fitting the functionspi5Dp' and pi

05D0p'
0 . We can

now express the rotational anisotropy from Eq.~1! as

R5
2 ln~D/D0!

Da i12Da'

. ~3!

We found that the above techniques improved our signa
noise ratio by almost an order of magnitude, compared
mere averaging of the detector responses.

D. Sample

The sample consisted of a 500mm thick layer of HDO in
D2O. The HDO concentration is chosen in such a way t
the transmission at the center of the O–H absorption b
was in the range 2%–8%. Thereby a compromise w
achieved between detector signal to noise ratio and a m
mum induced absorption change. This corresponds to a t
cal HDO concentration of 1%. The use of this low conce
tration has two purposes: First, the large distance betw
HDO molecules reduces any direct~Förster! energy transfer
from one O–H group to another O–H group, which wou
lead to a rapid decay of the rotational anisotropy witho
actual orientational motion of the molecules.6 Second, the
low HDO concentration strongly reduces heating effects;
estimate the temperature increase per pulse to be less
0.2 K, assuming that 20mJ of energy are homogeneous
dissipated in the 20023500mm3 focus. To prevent accumu
Author reprint: not for redistribution                                                           
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lated local heating, we rotated the sample in order to ge
fresh sample for every pump pulse. The sample tempera
was stabilized within 1 K.

III. RESULTS

Figure 5 shows a typical measurement of the transm
sion changesT« /T«

0 andD/D0 in HDO:D2O as a function of
the delay between the pump and probe pulses. We repe
these measurements as a function of both the temperatur~in
the range 298–362 K! and the pulse frequency~3400 and
3500 cm21!. It can be calculated that this 20% relative tran
mission change corresponds to typically 3% of the O
bonds being excited, which allows us to neglect saturat
effects in the analysis in Sec. IV.

Due to scattered light from the pump pulses, the data
Fig. 5 have a significant background. As is clear from E
~3!, any tiny background contribution will have a large effe
on the value of the rotational anisotropyR. Since the bleach-
ing decays with an 850 fs time constant,7 the residual bleach-
ing at t55 ps is of the same magnitude as the error in
data points. In order to evaluate the background with
highest possible accuracy, we assumed an exponential d
of the rawT/T0 values in Fig. 5 in the range 1.5–5 ps, su
that we could use 10 data points instead of only one. T

FIG. 4. Typical detector responses for the component of the probe pola
tion that is parallel to the pump polarization. The lines are linear lea
squares fits to the data, with slopeT5( i pi ,i r i /( i r i

2 ~similar for T0!.
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assumption of exponential decay is justified, since the res
ing rotational anisotropyR in Fig. 6 decays exponentially fo
t.1.5 ps.

The data in Fig. 6 display several facts. First, this dec
is faster in the experiments at 3500 cm21 than in the experi-

FIG. 5. Raw data ofTi /Ti
0 , T' /T'

0 , and D/D0. The frequency was
3400 cm21 and the temperature was 298 K. The different background le
are caused by scattered light from the pump pulses. The smooth increa
the signal aroundt50 ps is caused by the nonzero pulse duration.

FIG. 6. The decay of the rotational anisotropyR in HDO:D2O for a series of
temperatures, measured at excitation frequencies 3400 and 3500 cm21. The
data are normalized att50 ps. The lines represent our model calculatio
discussed in Sec. IV.
Author reprint: not for redistribution                                                           
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ments at 3400 cm21. Second, although the typical time sca
of the relaxation is on the order of 1 ps, the decays are
exponential, which is visible at delay times less than 1.5
Finally, the decay of the rotational anisotropy becomes fa
as the temperature increases.

IV. MODEL FOR ACTIVATED REORIENTATION
IN LIQUID WATER

A. Model

The frequency dependence of the anisotropy decay s
gests that the reorientation rate of an individual molec
depends on its resonance frequency. This can be expect
view of the relation between O–H stretch frequency and
drogen bond strength~see Sec. I!. A higher O–H vibration
frequency implies a weaker hydrogen bond, which proba
leads to a larger freedom for the O–H group to change
orientation. Since the decay of the anisotropy becomes fa
at higher temperatures, it is likely that this reorientation c
be described as an activated process. In order to change
entation, a molecule would need to overcome a poten
barrier, which becomes easier when more thermal energ
available. For comparison, for a molecule as light as
HDO molecule, the thermal energy available at 298 K wou
correspond to a classical angular frequency on the orde
10 ps21. The much lower observed reorientation rate in
cates that there is indeed a potential barrier present. Sin
is likely that, in order to change its orientation, a water m
ecule must stretch or break the hydrogen bond, this act
tion energyEact is expected to decrease with increasing O–
stretch frequencyn. The reorientation time should satisfy th
Arrhenius equation

1

t r~n!
5

1

t0
exp~2Eact~n!/kBT!. ~4!

Here,T is the temperature,kB is Boltzmann’s constant, and
the pre-exponential constantt0 is an indication for the reori-
entation time in absence of any activation energies.

The above frequency dependence of the reorienta
time t r cannot provide a complete description of the o
served reorientation in water, since it was previously fou
that the O–H stretch frequencies of individual HDO mo
ecules are rapidly varying within the O–H absorptio
band.8,9 This spectral diffusion results from the stochas
modulation of the hydrogen bond length. We have to inc
porate this spectral diffusion process into our model. W
assume that the absorption line shape is given by

exp~2~n2n0!2/2~Dn!2!, ~5!

wheren is thev50→1 transition frequency,Dn defines the
width of the absorption band, andn0 is the center of the
absorption band. Furthermore, we assume that we can
scribe the spectral diffusion as a Gauss–Markov rand
process,10 wheredn(t)5n(t)2n0 satisfies

^dn~ t !dn~0!&5~Dn!2e2t/ts. ~6!
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Here,ts is the autocorrelation time constant for the detunin
which is a measure for the rate of spectral relaxation. T
value ofts was found to be 500 fs in one study,8 and 700 fs
in another.9

The effective absorption of the probe pulse is influenc
by both the stimulated emission from the excitedv51 state,
and the absorption by thev50 ground state. The spectrum
for stimulated emission is shifted to a lower frequency~cor-
responding to shorter hydrogen bonds!, compared to the ab
sorption spectrum. This shift, approximately 60 cm21,8 can
be predicted from the linewidth of the O–H stretch abso
tion band, and is commonly referred to as the dynam
Stokes frequency shift.

In this Gauss–Markov-type spectral diffusion, we c
describe the response by assuming that the hydrogen bo
a Brownian oscillator. For this oscillator, it is possible
derive analytical expressions for the signals in pump–pr
experiments.11 However, the combination of spectral diffu
sion and a frequency-dependent reorientation rate is
complicated for an analytical treatment. Therefore, we u
numerical methods to evaluate the reorientational dynam

The absorption changes in Eq.~1! depend on the differ-
ence in population of the vibrational ground and excited s
before and after the pump pulse. If the effective populat
change in statev contributing to absorption of probe light a
frequencyn and polarization« is given byDn«,v , then

Da«52rs~Dn«,0~n!2Dn«,1~n!!. ~7!

Here,r is the density of HDO molecules ands is the cross
section for the radiativev50→1 transition. Due to the
Stokes shift, the spectral relaxation of then0 population dif-
fers from that of then1 population. Therefore, we need t
consider these contributions separately. The measured
tional anisotropy is given by

R~ t !5
* I probe~n,t !* @Da i~n,t !2Da'~n,t !# dn

* I probe~n,t !* @Da i~n,t !12Da'~n,t !# dn
, ~8!

whereI probe(n,t) is the power spectrum of the probe puls
at time t, the * operator indicates time convolution, and th
instantaneous absorption changesDa i ,' can be written as

Da i~n,t !2Da'~n,t !5a2~n,t !1b2~n,t !, ~9a!

Da i~n,t !12Da'~n,t !5a1~n,t !1b1~n,t !. ~9b!

The quantitiesa6 andb6 correspond to the contributions o
the n0 and n1 populations, respectively@e.g., a25
2rs(Dn0,i2Dn0,')]. We will not consider vibrational re-
laxation, since this does not affect the value ofR. The exci-
tation by the pump pulse, spectral diffusion, and reorien
tion, affect a6 and b6 according to the partial differentia
equations

]a2

]t
5

2

5
I pump~n,t !1D0a22

a2

t r~n!
, ~10a!

]b2

]t
5

2

5
I pump~n,t !1D1b22

b2

t r~n!
, ~10b!

]a1

]t
5I pump~n,t !1D0a1 , ~10c!
Author reprint: not for redistribution                                                           
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]b1

]t
5I pump~n,t !1D1b1 . ~10d!

Here,I pump(n,t) is the normalized pump intensity~the abso-
lute magnitude is not relevant, since this does not affect
value ofR!. The operatorsD0 andD1 describe spectral dif-
fusion in thev50 andv51 states, respectively, and satis
Eq. ~6! ~see Appendix!. The coefficient 2/5 in Eqs.~10a!–
~10b! ensures that the initial anisotropy is 2/5 in absence
spectral diffusion and orientational relaxation. Equatio
~10! are integrated numerically, witha6(n,t)5b6(n,t)50
for t!0. Using the solutions of Eqs.~10!, we calculate the
decay of the measured anisotropyR in Eq. ~8!. We find that
the experimental data can be well described if the activa
energyEact depends on the frequency as

Eact~n!5H 60011.81~36752n! ~n<3675!

600 ~n>3675!
, ~11!

whereEact andn are expressed in cm21 units. The constant
of 600 cm21 corresponds to the activation energy caused
effects such as steric hindering and other hydrogen bo
that do not affect the O–H stretch frequency. The 3675 cm21

cut-off frequency is approximately equal to the gas-ph
frequency where noD–O–H̄ O hydrogen bond is presen
Furthermore, the pre-exponential time constantt0520 fs,
which is of the same order as the 100 fs gas-phase the
rotation time.

The resulting frequency and temperature dependenc
the reorientation rate is shown in Fig. 7. Clearly, this reo
entation rate increases rather steeply around 3590 cm21. It is
not possible to describe the experimental results with
smoother frequency dependence of the reorientation r
Further, we describe the spectral diffusion with a 60 cm21

Stokes redshift and a spectral relaxation timets5500 fs, in
agreement with earlier results.8 The resulting decays of the
anisotropy are shown in Fig. 6.

B. Discussion of the model

For very small delays (t,0.2 ps), the anisotropy decay
more slowly than at larger delays, both in the calculatio

FIG. 7. Reorientation rate~defined as 1/t r! at 300 and 360 K~solid lines!,
the rotational activation energy as a function of the OH stretch freque
~dashed line!, and the OH absorption band~dotted line!.
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and the experiment. This is simply due to the fact that
these small delays, the creation of ‘‘new anisotropy’’ by t
pump pulse compensates the decay of anisotropy due t
orientation. In addition, it can be expected that during
temporal overlap between pump and probe pulses arout
50 ps, coherent coupling effects cause an additional con
bution to the anisotropy signal. Although there appears to
no coherent peak in the anisotropy, no definite conclusi
about the reorientation should be drawn from the data aro
zero delay.

At delays ,1.5 ps, the anisotropy decay strongly d
pends on frequency. At 3500 cm21, most excited molecules
will initially be in the fast-reorienting part of the spectru
and thus cause a relatively high anisotropy decay rate
3400 cm21, the initial decay rate is only slightly faster tha
the average decay rate that is effective at larger delays~i.e.,
t.1.5 ps!. At these larger delays, the absolute value of
anisotropy will be systematically lower at the hig
frequency, fast-reorienting part of the spectrum, but the
isotropy decay rate will be identical throughout the spectru
In other words, the spectrum ofDa i12Da' in the denomi-
nator of Eq.~8! does not change, and in the numerator,
spectrum ofDa i2Da' only changes in amplitude. This fi
nal decay rate depends on the spectral relaxation cons
the fraction of molecules with a large reorientation rate, a
the maximum value of the reorientation rate at the hig
frequency side of the spectrum~which increases with tem
perature!. This final decay of the anisotropy is determined
both the anisotropy decay of thev50 state and that of the
v51 state. The fraction of fast-reorienting molecules in t
v51 state@the b6 components in Eqs.~9!# is smaller than
the fraction of fast-reorienting molecules in thev50 state
~the a6 components!, due to the Stokes red-shift in thev
51 spectrum. This results in slightly different anisotro
decay rates for these two contributions to the anisotropy
nal.

To summarize, there are three time constants that c
tribute to the anisotropy decay at a given frequency and t
perature. The first time constant is the inverse of the reor
tation rate at the excitation frequency and mainly affects
decay at smaller delays. The value for this time constant
be read from Fig. 7. The second and the third time const
t r,eq(v50) and t r,eq(v51), that determine the decay a
larger delays, are the reorientation time constants for thv
50 andv51 states, respectively, after equilibration of t
shape of the transient spectrum. By calculating thea andb
contributions in Eq.~9! separately, we found the time con
stants for these slow processes as shown in Table I.

From Fig. 7, it is clear that only O–H groups with

TABLE I. Reorientation times after equilibration of the transient spectr
for the v50 andv51 vibrational states, calculated from the model.

T ~K! t r ,eq(v50) ~ps! t r ,eq(v51) ~ps!

298 2.59 4.16
320 1.98 3.04
341 1.59 2.36
351 1.45 2.12
361 1.32 1.90
Author reprint: not for redistribution                                                           
r

re-
e

ri-
e
s
d

t

e

-
.

e

nt,
d
-

e

g-

n-
-

n-
e
n
ts

weak hydrogen bond are able to change orientation. T
implies that a molecule with a low O–H frequency and
strong hydrogen bond can only change orientation if the
drogen bond is temporarily stretched, which correspond
spectral diffusion to higher frequencies. In other words, o
spectral diffusion enables these low-frequency molecule
change their orientation.

In our model, we have used the 500 fs time constant
spectral relaxation from Ref. 8. However, it is possible
describe our data with the 700 fs time constant measured
Gale et al.9 In that case, we find a sligthly different activa
tion energy, resulting in a reorientation rate curve in Fig
that is shifted to the lower frequencies by less than 10 cm21.
This shows that the model is not extremely sensitive to
spectral relaxation time constant.

Although our model can account well for both the fr
quency and the temperature dependence of the anisot
decay, some refinements of the model are still possible. F
it is known that the O–H stretch absorption line sha
changes with temperature.12 In principle, this could be ac-
counted for by modifying the spectral diffusion operators
Eqs. ~10!. Second, we assume that there is a single, w
defined, activation energy at a given O–H stretch frequen
However, this activation energy may very well depend
the strength of the other hydrogen bonds to other neighb
ing water molecules. Therefore, it would be more correct
assume a distribution of activation energies~and a resulting
distribution of reorientation rates! at each frequency. Finally
in our model we explicitly account for the fact that the r
orientation of the water molecules is enabled by the spec
diffusion. However, we do not take into account that in tu
the spectral diffusion may be affected by the reorientati
When an O–H group changes its orientation, it is likely th
the length of its hydrogen bond will change simultaneous
In other words, reorientation by itself contributes to spect
diffusion. In principle, the model could be refined by assu
ing that the spectral diffusion time constant has a frequen
dependence that is linked to the reorientation time const
e.g., 1/tdiff(n)51/tmin1A/tr(n), wheretmin andA are to be
determined from our data. However, this refinement w
have little effect, since the reorientation is very slow a
takes place on a much slower time scale than the spe
diffusion, whereas at high frequencies, the hydrogen-b
length is large and any rotations will not strongly influen
the frequency of an OH vibration. In addition, the spect
relaxation in water can be well described as a Gau
Markov process, as was shown by ourselves8 and by Gale
et al.9 This means that there is no evidence for a signific
frequency dependence of spectral diffusion.

C. Comparison with other studies

In a previous publication,1 time constantst r of 0.7 and
13 ps were obtained with the same method as presented
The 0.7 ps time constant corresponds to a spectral averag
the initial fast process at the high-frequency side of the sp
trum ~approximately 1 ps!, while the 13 ps time constan
corresponds to the slower time constantst r,eq(v50)
52.6 ps andt r,eq(v51)54.2 ps that result after equilibra
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tion of the transient spectral line shapes. The time const
differ from the earlier results as a result of the improv
signal to noise ratio.

For comparison of reorientational time constants cal
lated or measured with other methods, it should be noted
there is a difference between the first- and second-orde
orientation timest1 and t2 . The time constantt1 is the
decay time of the first-order correlation functionC1(t)
5^e(t)•e(0)&, wheree denotes a unit vector in the molecu
lar frame. The time constantt2 is the decay time of the
second-order correlation functionC2(t)5^P2(e(t)•e(0))&,
where P2(x) is the second Legendre polynomial inx. For
situations where the reorientation is isotropic, i.e., there is
preferred rotation axis or molecular orientation, the time c
stants relate ast153t2 . The reorientation timet r in this
study corresponds tot2 with e directed along the O–H bond

As a first comparison, we can examine the Deby
Stokes equationt254pa3h/kBT for a spherical particle,
wherea is the hydrodynamic radius of a water molecule a
h is the viscosity of water. Usingh58.931024 Pa s for H2O
~Ref. 13! and t25t r ,eq(v50)52.59 ps, we find thata
51.0 Å. This classically obtained result compares surp
ingly well to the estimatea51.9 Å that follows from the
bulk density of water.

The reorientational dynamics of liquid water have a
been investigated with molecular dynamics simulatio
These calculations yield time constants that depend stro
on the simulation method. Inab initio density functional
theory calculations, values fort2 have been reported tha
range from 1.2 to 9 ps.14 In classical molecular dynamic
studies, time constants between 0.7 and 1.7 ps w
found.15,16 In one study, a biexponential decay ofC2(t) was
found with 1.0 and 13 ps time constants.17

Our values fort r,eq(v50) compare very well to data
from nuclear magnetic resonance~NMR! and dielectric re-
laxation measurements. In the NMR studies, the reorie
tion timet2 can be calculated from the relaxation time~typi-
cally tens of seconds! of the hydrogen nuclei spins in wate
The reorientation times in H2O were estimated to be 2.6 an
0.9 ps at 298 K and 350 K, respectively.18 In dielectric mea-
surements, the alignment time of the dipole moment of wa
molecules to a THz electric field is measured. Both in H2O
and D2O, the Debye timet1 varies from 8 ps at 300 K to 3
ps at 360 K,19–21 which corresponds to 2.7 and 1.0 ps, r
spectively, fort2 . Hence, the time constants found in NM
and dielectric relaxation measurements are in excel
agreement with the value oft r,eq(v50) that we observe afte
the transient spectrum has equilibrated. Thist r,eq(v50) rep-
resents an effective reorientation time scale that forms
average overall water molecules. An important advantage
the femtosecond nonlinear spectroscopic method emplo
in this work is that the reorientational dynamics of only
subensembleof the water molecules can be investigate
This enables a determination of the mechanism behind
effective reorientation time of liquid water as observed
NMR and dielectric relaxation experiments. This wo
shows that the effective reorientation rate in liquid water
governed by the fraction of water molecules for which reo
entation is not hindered by the O–H̄O hydrogen bond, the
Author reprint: not for redistribution                                                           
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rate of this unhindered reorientation, and the rate at wh
the strength of the hydrogen bonds is stochastically mo
lated.

V. CONCLUSIONS

We have measured the orientational relaxation of HD
molecules dissolved in liquid D2O by creating an anisotropic
population of excited O–H stretch vibrations with femtose
ond mid-infrared pulses and by subsequently measuring
decay of this anisotropy. The decay of the anisotropy is n
exponential and takes place on a typical time scale of 1
At the blue side of the inhomogeneously broadened O
stretch vibration absorption band (3500 cm21), the aniso-
tropy decays faster than at the center of the absorption b
(3400 cm21).

We find that the frequency and temperature depende
of the anisotropy decay can be well described with a mo
in which the reorientation is an activated process. The a
vation energy for reorientation decreases linearly with
creasing hydrogen-bond length. This yields a reorientat
rate as a function of frequency that increases steeply.
varying the temperature, we find that the maximum reori
tation rate at the high-frequency side of the absorption b
increases from 2.8 ps21 at 298 K to 4.5 ps21 at 360 K.

The model also includes the effects of spectral diffus
that results from the stochastic modulation of the hydrog
bond length. It is found that the reorientation of strong
hydrogen-bonded water molecules is enabled by the wea
ing of the hydrogen bond.

ACKNOWLEDGMENTS

The work described in this paper is part of a collabo
tive research program of NIOK~Netherlands Graduate
School of Catalysis Research! and FOM ~Foundation for
Fundamental Research on Matter!, which is financially sup-
ported by NWO~Netherlands Organization for the Advanc
ment of Research!. We thank Wim van der Zande and Mar
Vrakking for their helpful comments.

APPENDIX: OPERATORS FOR SPECTRAL
DIFFUSION

The operatorD for spectral diffusion in Eqs.~10! should
have the property that the line shape of a population sp
trum n(n) will relax to the line shape of the equilibrium
absorption spectrumA(n). The local flux of populationw(n)
from a frequency directly belown to a frequency directly
aboven satisfies

w~n!52D
]

]n S n~n!

A~n! D , ~A1!

whereD is the diffusion constant. For a completely flat a
sorption spectrum~constantA!, this is equivalent to the stan
dard diffusion equation]n/]t5D]2n/]n2. We assume tha
for the ground state operatorD0 , the equilibrium spectrum
A(n) is the CW absorption spectrum, and for the excit
state operatorD1 , A(n) is redshifted by 60 cm21, corre-
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sponding to the Stokes shift. In the numerical computatio
n(n) was a discrete distribution to which the above equat
was applied directly.
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