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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 J®. 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 honexponential 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.2@0 American Institute of Physics.
[S0021-960600)52019-4

I. INTRODUCTION component at the blue side shows that the orientational mo-
) o _ _ tion is strongly influenced by the hydrogen bond strength.
Water is undoubtedly a liquid that is very important to In this paper, we present a detailed study on the orienta-

(pio)chemi_stry. It exhibits remarkable properties due to thetjonal motion of HDO molecules in liquid #D. We describe
high density of hydrogen bonds. Although water has beefne experimental results with a model that includes the ef-
studied in great detail since a long time, the microscopiGects of spectral relaxation. By varying the temperature, we

dynamics, such as vibrational relaxation and the thermal moghtain information on the activation energy that limits the
tion of the molecules, could not be investigated experimen;ate of reorientation.

tally due to the strong inhomogeneity of water and the ul-

trafast time _scale on which these processes take p|aCﬁ: EXPERIMENT
Fortunately, it has recently become possible to study these

processes in detail thanks to the development of lasers thét Infrared generation

deliver intense femtosecond mid-infrared pulses. Figure 1 shows the pulse-generation setup. The infrared
Recently, in a study where 250 fs mid-infrared pulSeSiager puises used in our experiments were generated by a
were used, it was found that the orientational motion of HDOTi:sapphire regenerative amplifiRGA) system at 800 nm
molecules in QO at room temperature could bel describedsq|iowed by two optical parametric generation and amplifi-
with two distinct time constan'Fs of 7QO fs and 13'gswas  4tion stage§OPG/OPA. We used a commercial RGA that
found that the component with a t|me_ constant of 700_ fsgenerates 800 nm, 150 fs, 1 mJ pulses at a 1 kHz repetition
predomm_zintly absorbs at the high-frequency sideequency. In the first OPG/OPA stage, based ggizarium
(3500cm™) of the O-H stretch absorption band, and thaty,ate (BBO) crystal, the 800 nm pulses are partially con-
this component is completely absent at the low-frequencyereq to infrared pulses with typical central wavelengths of
side of the absorption band. In another recent study, it wagq 40 nm(signa) and 2650 nntidler). Due to absorption in
found that the reorientational time constant varied from 3ggn g larger idler wavelengths can be generated. How-
— 71 2 . Ll .
+1.5ps at 3500c to 13+5ps at 3330cm™” In this  gyer the 1090 nm wavelength, that is complementary to
study, however, 2 ps pulses were employed, which renderggng nm in the idler, is present within the bandwidth of the
the determination of short time constants more difficult. signal pulse. In the second stage, this broadband signal is
The frequency of the O-H stretch vibration is strongly ,geq as seed in an OPA process in a potassium titanyl phos-
determined by the length of the O~+D hydrogen bond  ypate(kTP) crystal that is pumped by the remaining 800 nm
between the hydrogen atom of the O—H group and the oXyfght This yields an idler at 3000 nm. The idler wavelength
gen atom of a neighboring water molecule; the shorter the.; e continuously tuned up to 3300 nm and typically has
distance, the lower the frequentyience, the observation of an energy of 2QuJ, a bandwidth of 80 nm and a full width at
a slow reorientational component at the red side and a fagfa;f maximum dtjration of 250 fs. This maximum wave-
length corresponds to a minimum frequency of 3000&m
dElectronic mail: h.nienhuys@amolf.nl which is suitable for exciting and probing the O—H stretch
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S— ) zssonm_ ooy 0 Rl - pump polarization. Due to this anisotropic population of ex-
ti b / f i i
o p— T cited molecules, the absorption changey for the case
3-pass KTP where the probe polarization is parallel to the pump polar-
BB H . . . .
© 0N EEMG&D ization will be larger than the absorption chane, for the

case where the probe polarization is perpendicular to the

FIG. 1. Generation of 3um pulses. Abbreviations: BBO: BBO crystal; . .
m P y pump polarization. From\«| and A« , we can calculate

KTP: KTP crystal; R800: dielectric 800 nm mirror; R1064: dielectric 1064

nm mirror; Si: silicon Brewster window; BD: beam dump. the rotational anisotropy
Aau - AaL (1)
vibration in water(see Fig. 2 The remaining pump and Aoy+2Ae,”

signal wavelength components are removed by means of dire genominator here corresponds to the isotropic absorp-
electric 800 and 1064 nm mirrors. Any remaining shortio, change, that is not affected by reorientation. For the
wavelength components are filtered out by a silicon plat§yiia| cod ¢ distribution, it can be shown tha&=2/5. As
positioned at the Brewster angle. The infrared pulse genergps highly anisotropic distribution becomes more and more
tion is described in more detail elsewhére. isotropic as a result of reorientation of the individual HDO
molecules, the value d® decays to zero. By measurifjas
B. Pump—probe setup a function of the delay between pump and probe pulses, we
Figure 3 ShOWS a Schematic Out”ne Of the pump_probé)btain information on the Orientational motion of the HDO
setup. Part of the pulse energy is split off by an uncoated anfolecules. It should be noted thRtis not affected by the
wedged CafFwindow, which yields a pump, a probe and a relaxation of excited molecules to the ground state, since this
reference beam. The probe and pump pulses are focused t@Hects the numerator and the denominator in @g.in the
200 um wide spot in the sample. Using PbSe photoconducSame way.
tive cells, we measure the energy of the light pulses trans- In order to measurd e andAa, , the polarization of
mitted through the sample, and the energy of the pulses ifhe probe is rotated over 45° with respect to the pump po-
the reference beam, in order to compensate for pulse-to-puld@rization by using a/2 plate. The polarization components
energy fluctuations. By using a chopper to block every othePf the probe light that are parallel and perpendicular to the
pump pulse, we obtain both the transmissioin the pres- PUmp light are detected independently by means of a beam-
ence of a pump pulse, and the reference transmisgfon SPlitter and two polarizers behind the sample.
Thus we can calculate the absorption chandex=
—In(T/TY as a function of the delay between the pump and i
probe pulses. C. Data acquisition
The pulse frequency is tuned within the absorption band  The parametric generation and amplification process that
of the O—H stretch vibratiorfsee Fig. 2 The pump pulse we use to obtain infrared pulses, is inherently a source of
excites part of the population of molecules to the excited noise in the signals being measured. Since the conversion
=1 vibrational state. Since this excitation is a dipole transi-process depends highly nonlinear on the energy of the pump
tion, the excitation preferentially takes place for moleculespulses, any fluctuations in the 800 nm pump energy show up
that have their O—H bond parallel to the pump light polar-as large variations in the energy of the infrared pulses at 3
ization. Directly after excitation, the population of excited um. It is not uncommon to observe an individual pulse en-
molecules per unit of solid angle will be proportional to ergy that differs by 30% from the average pulse energy. In
cog 6, where is the angle between the O—H bond and theaddition, the power spectrum and the beam profile can vary
slightly from pulse to pulse. Therefore, it is important to
design the experiment such that an optimal signal to noise

3.5 ' ' ' ' ' ratio is achieved.
3.0 In order to correct for energy fluctuations, we use one
detector to measure the energies of the pulses in the refer-
w25 ence beam. In the case of the laser shots where a pump pulse
E is present, this yields reference energies where the sub-
g 20 scripti=1,... N indicates the individual pulses. Two other
§ 15 detectors acquire the energigs for the parallel ang, ; for
5 the perpendicular components of the probe pulses after the
é’ 1.0 sample. For the laser shots without a pump pulse, the ener-
gies arer{, pf;, andp? ;, as indicated by the zero super-
0.5 script. Then, the transmissions afe ;=p, ;/r; and Tg,i
ol T =p?2,/r?, wheree indicates the polarizatioriFormally, this
3000 3200 3400 3600 3800 is not corregt if the detectors have dlfferer(l)t efficiencies.
" However, this does not affect the rati, ;/T . ;.) Com-
Frequency [cm™'] monly, the absorption change is calculated asy,
FIG. 2. Absorption spectrum of a 0.4% HDO in,® solution(solid ling), ~ — — In(<Te,i>/<TS,i>) or Aa,=—In((T,; /Tg,i»- However, any
with the pulse spectrédashed lines noise in the detector signals will affect the ragig; /r; more
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infrared laser pulses

detectors
wedged ;
reference bear%splitter polarizers
detector
FIG. 3. Pump—probe setup. See the text for expla-
45° rotation nation.
A/2 plate ‘i: pump beam
N probe beam
G sample
Q (HDO:D50)
delay stage

strongly for pulses with a weaker energy. In the above equdated local heating, we rotated the sample in order to get a
tions, all laser shots are assigned equal weights, whicfresh sample for every pump pulse. The sample temperature
causes excessive noiseAnr, due to pulses with low ener- was stabilized within 1 K.

gies. Therefore, we calculat®a,=—In(T,/TY), whereT,
and TS result from a linear least squares fit pf ;=T.r, ;

Il. RESULTS
and p?,=T%?, to the data, as is shown in Fig. 4, which
leads to a strong reduction in the noisefm, . The noise Figure 5 shows a typical measurement of the transmis-
can be reduced even more by observing that, for a singl§ion changed, /TJ andD/D° in HDO:D,0 as a function of
laser shot, the numerator in E@) can be written as the delay between the pump and probe pulses. We repeated
0 these measurements as a function of both the temper@iure
Aar—Aa. = —In Ppi PLi @) the range 298-362 Kand the pulse frequenc{d400 and
I L P P 3500 cniY). It can be calculated that this 20% relative trans-

mission change corresponds to typically 3% of the O—H
%onds being excited, which allows us to neglect saturation
effects in the analysis in Sec. IV.

Due to scattered light from the pump pulses, the data in
rI§'rg. 5 have a significant background. As is clear from Eg.
(3), any tiny background contribution will have a large effect
on the value of the rotational anisotropy Since the bleach-

—In(D/D?%) ing decays with an 850 fs time constdrhe residual bleach-
= M 3 ing att=>5 ps is of the same magnitude as the error in the
data points. In order to evaluate the background with the
We found that the above techniques improved our signal tighest possible accuracy, we assumed an exponential decay
noise ratio by almost an order of magnitude, compared t@f the rawT/T° values in Fig. 5 in the range 1.5-5 ps, such
mere averaging of the detector responses. that we could use 10 data points instead of only one. The

which is now not influenced by any noise in the referenc
signalsr; . Using similar arguments as far, /TS, we calcu-
late the quantitie® andD?, that represent the ratios of the
signals measured by the parallel and perpendicular detecto
by fitting the functionsp=Dp, and pj=D%? . We can
now express the rotational anisotropy from Et). as

D. Sample Withpump

. . : 22 Nopump - 5

The sample consisted of a 5@@n thick layer of HDO in
D,0. The HDO concentration is chosen in such a way that,
the transmission at the center of the O—H absorption bancg,
was in the range 2%-8%. Thereby a compromise wasg,
achieved between detector signal to noise ratio and a maxi%
mum induced absorption change. This corresponds to a typi 3
cal HDO concentration of 1%. The use of this low concen-g
tration has two purposes: First, the large distance betweef-
HDO molecules reduces any dird&torste) energy transfer
from one O—H group to another O—H group, which would
lead to a rapid decay of the rotational anisotropy without . . . . : .
actual orientational motion of the molecufeSecond, the 20 3 40 5 60 70 80 90
low HDO concentration strongly reduces heating effects; we Reference voltage [mV]

estimate the temperature increase per pulse to be less th%. 4. Typical detector responses for the component of the probe polariza-

0.2 K, assuming that 2@.J of energy are homogeneously tion that is parallel to the pump polarization. The lines are linear least-
dissipated in the 260 500..m? focus. To prevent accumu-  squares fits to the data, with slofie=3;p;;r; /=;r? (similar for T).
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125 | ' ' . T/Tolpqrallel —— | ments at 3400 ct. Second, although the typical time scale
T perpendlgljllgtg — of the relaxation is on the order of 1 ps, the decays are not

exponential, which is visible at delay times less than 1.5 ps.
Finally, the decay of the rotational anisotropy becomes faster
as the temperature increases.

T/T° D/D°

IV. MODEL FOR ACTIVATED REORIENTATION
IN LIQUID WATER

P A. Model

. s s s s The frequency dependence of the anisotropy decay sug-
-1 0 1 2 3 4 5 gests that the reorientation rate of an individual molecule
delay [ps] depends on its resonance frequency. This can be expected in
view of the relation between O—H stretch frequency and hy-
FIG. 5. Raw data ofT|/T}, T, /T?, and D/D°. The frequency was

3400 cm'! and the temperature was 298 K. The different background level drogen bond strengthsee Sec.)l A hlgher O-H vibration

are caused by scattered light from the pump pulses. The smooth increasesglequency implies a weaker hydrogen bond, which prObaply
the signal around=0 ps is caused by the nonzero pulse duration. leads to a larger freedom for the O—H group to change its

orientation. Since the decay of the anisotropy becomes faster

at higher temperatures, it is likely that this reorientation can

assumption of exponential decay is justified, since the resulige gescribed as an activated process. In order to change ori-
ing rotational anisotropiR in Fig. 6 decays exponentially for entation, a molecule would need to overcome a potential

t>1.5ps. o ) ) ) barrier, which becomes easier when more thermal energy is
The data in Fig. 6 display several facts. First, this decay,sjjahle. For comparison, for a molecule as light as the

is faster in the experiments at 3500 chthan in the experi-  ipo molecule, the thermal energy available at 298 K would
correspond to a classical angular frequency on the order of
T T T T T 10 ps!. The much lower observed reorientation rate indi-

10 E v=3500 cm” ] cates that there is indeed a potential barrier present. Since it

8:? i is likely that, in order to change its orientation, a water mol-

0.6 4 ecule must stretch or break the hydrogen bond, this activa-

r 05} tion energyE .. is expected to decrease with increasing O—H
® o4l stretch frequency. The reorientation time should satisfy the
N Arrhenius equation

g o3}

k) 1 1 .

02 | Tr( V) - o eXF( Eact( V)/ BT) (4)
Here, T is the temperaturesg is Boltzmann’s constant, and
the pre-exponential constany§ is an indication for the reori-

0.1 entation time in absence of any activation energies.

10 8 The above frequency dependence of the reorientation

0.8 time 7, cannot provide a complete description of the ob-

8:; served reorientation in water, since it was previously found

0.5 that the O—H stretch frequencies of individual HDO mol-

o ecules are rapidly varying within the O-H absorption
E 04 band®® This spectral diffusion results from the stochastic
E 0.3 modulation of the hydrogen bond length. We have to incor-
5 porate this spectral diffusion process into our model. We
< 02 assume that the absorption line shape is given by
oK e expl — (v=10)212(Av)?), ®)
341 K —v—
o1 362K F—o— , , wherev is thev =0—1 transition frequencyAv defines the
o 0.5 1 15 2 o5 width of the absorption band, ane is the center of the

Delay [ps] absorption band. Furthermore, we assume that we can de-
scribe the spectral diffusion as a Gauss—Markov random

FIG. 6. The decay of the rotational anisotrdRyn HDO:D,O for a series of proces§,° where u(t) = (t) — v, satisfies

temperatures, measured at excitation frequencies 3400 and 3560 Ehe
data are normalized at=0 ps. The lines represent our model calculations, ” v
discussed in Sec. IV. (Sv(t)6v(0))=(Av)%e s, (6)
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Here, 74 is the autocorrelation time constant for the detuning, 2500 ' ' ' — 5
which is a measure for the rate of spectral relaxation. The
value of 7, was found to be 500 fs in one stuflyand 700 fs 2000 f., 4 =~
in another® 8
The effective absorption of the probe pulse is influenced.— 1590 | 13 &
by both the stimulated emission from the excited 1 state,  § c
and the absorption by the=0 ground state. The spectrum @ B
) .0 . uf 1000 r 12 2
for stimulated emission is shifted to a lower frequericyr- &
responding to shorter hydrogen bohdsompared to the ab- 1 3
sorption spectrum. This shift, approximately 60¢ni can 500 T 1" F
be predicted from the linewidth of the O—H stretch absorp-
tion band, and is commonly referred to as the dynamic 0 0

3000 3200 3400 3600 3800

Stokes frequency shift. Frequency [cm ™)

In this Gauss—Markov-type spectral diffusion, we can
describe the response by assuming that the hydrogen bondFgs. 7. Reorientation ratedefined as 1) at 300 and 360 Ksolid lines,
a Brownian oscillator. For this oscillator, it is possible to égg;ﬁ;“ﬁ’::'a?g"t’ﬁé"’c;‘Hezgg%¥p?t‘izr?g:zg‘c')‘t)tgﬁi;g‘? OH stretch frequency
derive analytical expressions for the signals in pump—prob
experiments? However, the combination of spectral diffu-
sion and a frequency-dependent reorientation rate is too
complicated for an analytical treatment. Therefore, we used Jb.
numerical methods to evaluate the reorientational dynamics. 9t

The absorption changes in Ed) depend on the differ-  Here,| . (1,t) is the normalized pump intensityhe abso-
ence in population of the vibrational ground and excited stat@,te magnitude is not relevant, since this does not affect the
before and after the pump pulse. If the effective population,ajye ofR). The operator, and D, describe spectral dif-
change in state contributing to absorption of probe light at fysjon in they =0 andv =1 states, respectively, and satisfy
frequencyv and polarizatiore is given byAn, ,, then Eq. (6) (see Appendix The coefficient 2/5 in Eqs(10a—

Aa,=—pa(An, o(¥)—An, 1(v)). (7) (10b ensures t_hat the initi_al ani_sotropy is 2/5 in absenc_e of

' ' spectral diffusion and orientational relaxation. Equations
Here, p is the density of HDO molecules andlis the cross  (10) are integrated numerically, with. (v,t)=b. (»,t)=0
section for the radiativey=0—1 transition. Due to the fgor t<0. Using the solutions of Eq$10), we calculate the
Stokes shift, the spectral relaxation of thgpopulation dif- decay of the measured anisotroRyin Eq. (8). We find that

fers from that of then; population. Therefore, we need to the experimental data can be well described if the activation
consider these contributions separately. The measured rotanergyE, ., depends on the frequency as

tional anisotropy is given by

600+ 1.813675-v) (v<3675H
Npond v.U*[Aay(v.H) ~Aa, (vD]dv o Eacl V)= 600 (v=3679 ’
Soropd v, O*[Aay(v,t) +2Aa (v,1) ] dv’ ) )

} whereE, and v are expressed in cm units. The constant
wherel ,opd v,t) is the power spectrum of the probe pulsesof 600 cm * corresponds to the activation energy caused by
at timet, thex operator indicates time convolution, and the effects such as steric hindering and other hydrogen bonds
instantaneous absorption chandes) , can be written as  that do not affect the O—H stretch frequency. The 3675cm

=l pumd 1) + Db, | (10d)

(11)

R(t)=

Aay(v,t)—Aa, (vt)=a_(n,t)+b_(vt) (93 cut-off frequency is approximately equal to the gas-phase
frequency where n®—-0O—-H --O hydrogen bond is present.
Aaj(v,t)+2Aa, (v,t)=a,(v,t)+b (v,1). (9b) Furthermore, the pre-exponential time constapt 20 fs,

The quantitiesa.. andb.. correspond to the contributions of ;’Q;::):}Sti?;éhe same order as the 100 fs gas-phase thermal

the ng and n opulations, respectivelyle.g., a_= "

—pa(Zn —Anl )F; pWe will not ccf)nsider i//[ibrgtional re- The resulting frequency and temperature dependence of
o 0.L/% the reorientation rate is shown in Fig. 7. Clearly, this reori-

laxation, since this does not affect the valueRofThe exci- entation rate increases rather steenlv around 3598 cltis
tation by the pump pulse, spectral diffusion, and reorienta- Py :

tion, affecta. andb. according to the partial differential not possible to describe the experimental r?S““S. with a
smoother frequency dependence of the reorientation rate.

equations Further, we describe the spectral diffusion with a 60¢ém
da_ 2 a_ Stokes redshift and a spectral relaxation time 500 fs, in
T glpump( v,)+Doa- — m(v)’ (103 agreement with earlier resuftsThe resulting decays of the
anisotropy are shown in Fig. 6.
7b- 2I dv,t)+ Db b- (10b
o T & lpump Vs 10— 75
a5 {v) B. Discussion of the model
Ja, For very small delayst 0.2 ps), the anisotropy decays
at = lpumd ¥, + Dod. (109 more slowly than at larger delays, both in the calculations
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TABLE |. Reorientation times after equilibration of the transient spectrumyeak hydrogen bond are able to change orientation. This

for thev =0 andv =1 vibrational states, calculated from the model. implies that a molecule with a low O—H frequency and a
T (K) Tr.edv=0) (p9 Tredv=1) (p9 strong hydroggn bond can only change or_|entat|on if the hy-

drogen bond is temporarily stretched, which corresponds to

;23 i'gz ‘3"32 spectral diffusion to higher frequencies. In other words, only
341 159 236 spectral diffusion enables these low-frequency molecules to
351 1.45 2.12 change their orientation.

361 1.32 1.90 In our model, we have used the 500 fs time constant for

spectral relaxation from Ref. 8. However, it is possible to
describe our data with the 700 fs time constant measured by

and the experiment. This is simply due to the fact that 1EorGaIe et al” In that case, we find a sligthly different activa-

these small delays, the creation of “new anisotropy” by thetion energy, resulting in a reorienta}tion rate curve in Fig. 7
pump pulse compensates the decay of anisotropy due to r -?‘ is shifted to the lower frgquenmes by less than_ 10tm
orientation. In addition, it can be expected that during the his tsh|0WT tha:F th?. model 'St nc:t extremely sensitive to the
temporal overlap between pump and probe pulses amundSpeert?] re "’r‘lxa lon lrgel constant. t well for both the f
=0 ps, coherent coupling effects cause an additional contri- ough our model can account well for bo e fre-

bution to the anisotropy signal. Although there appears to pauency and the temperaiure dependence of the anisotropy

no coherent peak in the anisotropy, no definite conclusionge_cay’ some refinements of the model are still possible. First,

about the reorientation should be drawn from the data aroungi IS known that the O-H strgtch abso_rpt|on line shape
zero delay. changes with temperatuté.in principle, this could be ac-

At delays <1.5ps, the anisotropy decay strongly de- counted for by modifying the spectral diffusion operators in

pends on frequency. At 3500 crh) most excited molecules qus (EO)' St.ecct).nd, we assutme _that toher: Its "’; iw}:gle, well-
will initially be in the fast-reorienting part of the spectrum ehined, activation energy at a given L—H stretch frequency.

and thus cause a relatively high anisotropy decay rate. At owe}:{ver, ttl*?ls fatlﬁtlva;]on ﬁngrgy metl)y v;ryt wetIL depep c:]bo n
3400 cm}, the initial decay rate is only slightly faster than . € strength of the other hydrogen bonds 1o other neighbor-
the average decay rate that is effective at larger deliays ing water molecules. Therefore, it would be more correct to

t>1.5p3. At these larger delays, the absolute value of thedSsume a distribution of activation energiesd a resulting

anisotropy will be systematically lower at the high- distribution of reorientation ratg¢sit each frequency. Finally,

frequency, fast-reorienting part of the spectrum, but the anl_n.outr ?.]Odelf \t,\rl1e exptllcnly ?ccolunt_ for thgl fictt) trlﬁt the r?— |
isotropy decay rate will be identical throughout the spectrum.o.rlen ation ot the water molecules 1S enabled by € Spectra
In other words, the spectrum afa+2A, in the denomi- diffusion. However, we do not take into account that in turn

nator of Eq.(8) does not change, and in the numerator, thethe spectral diffusion may be affected by the reorientation.

spectrum ofAaj—Ae, only changes in amplitude. This fi- When an O—H group changes its orientation, it is likely that

nal decay rate depends on the spectral relaxation constarlilf‘e length of its hydrogen bond will change simultaneously.

the fraction of molecules with a large reorientation rate, andd other words_, rgorientation by itself contrib_u tes to spectral
the maximum value of the reorientation rate at the high-fj'ffus'on' In principle, the model could be refined by assum-

frequency side of the spectrufwhich increases with tem- ing that the spectr_al c_jiffusion lime cor}stant_ has_a frequency-
perature. This final decay of the anisotropy is determined bydependence that is linked to the reorientation time constant,

both the anisotropy decay of the=0 state and that of the 3% Mfd”f(dv)f: 1 Tmi”+g/ T{( v)i_'wherermi?hgndAf_are o ?e i
v=1 state. The fraction of fast-reorienting molecules in the elermined Trom our daja. However, this refinement wi
v=1 state[the b. components in Eq9)] is smaller than have little effect, since the reorientation is very slow and
the fraction of fast-reorienting molecules in the=0 state ta.\kes. place on a much' slower tlme.scale than the spectral
(the a. components due to the Stokes red-shift in the diffusion, whereas at high frequencies, the hydrogen-bond
- length is large and any rotations will not strongly influence

=1 spectrum. This results in slightly different anisotropy N I
decay rates for these two contributions to the anisotropy sigt-he frequeqcy of an OH vibration. In ad_dmon, the spectral
nal. relaxation in water can be well described as a Gauss—

To summarize, there are three time constants that cor{\—/l"’“kgOV process, as was shqwn by qurseﬁvasd by.Ga.I_e
et al” This means that there is no evidence for a significant

tribute to the anisotropy decay at a given frequency and tem= e
perature. The first time constant is the inverse of the reorienf_requency dependence of spectral diffusion.
tation rate at the excitation frequency and mainly affects the
decay at smaller delays. The value for this time constant ca
be read from Fig. 7. The second and the third time constant
Tedv=0) and 7, {v=1), that determine the decay at In a previous publicatioh time constants-, of 0.7 and
larger delays, are the reorientation time constants forwthe 13 ps were obtained with the same method as presented here.
=0 andv =1 states, respectively, after equilibration of the The 0.7 ps time constant corresponds to a spectral average of
shape of the transient spectrum. By calculatingahendb  the initial fast process at the high-frequency side of the spec-
contributions in Eq(9) separately, we found the time con- trum (approximately 1 ps while the 13 ps time constant
stants for these slow processes as shown in Table I. corresponds to the slower time constantge{v=0)

From Fig. 7, it is clear that only O—H groups with a =2.6 ps andr, .{v=1)=4.2ps that result after equilibra-

. Comparison with other studies
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tion of the transient spectral line shapes. The time constantaite of this unhindered reorientation, and the rate at which
differ from the earlier results as a result of the improvedthe strength of the hydrogen bonds is stochastically modu-
signal to noise ratio. lated.

For comparison of reorientational time constants calcu-
lated or measured with other methods, it should be noted th
there is a difference between the first- and second-order rSZ' CONCLUSIONS
orientation timesr; and 7,. The time constant-; is the We have measured the orientational relaxation of HDO
decay time of the first-order correlation functidd,(t) molecules dissolved in liquid fO by creating an anisotropic
=(e(t)-e(0)), wheree denotes a unit vector in the molecu- population of excited O—H stretch vibrations with femtosec-
lar frame. The time constant, is the decay time of the ond mid-infrared pulses and by subsequently measuring the
second-order correlation functioB,(t) =(P,(e(t)-e(0))), decay of this anisotropy. The decay of the anisotropy is non-
where P,(x) is the second Legendre polynomial xn For  exponential and takes place on a typical time scale of 1 ps.
situations where the reorientation is isotropic, i.e., there is néd\t the blue side of the inhomogeneously broadened O—H
preferred rotation axis or molecular orientation, the time constretch vibration absorption band (3500¢h the aniso-
stants relate as;=37,. The reorientation timer, in this  tropy decays faster than at the center of the absorption band
study corresponds te, with e directed along the O—H bond. (3400cm’Y).

As a first comparison, we can examine the Debye—  We find that the frequency and temperature dependence
Stokes equationr,=4may/kgT for a spherical particle, of the anisotropy decay can be well described with a model
wherea is the hydrodynamic radius of a water molecule andin which the reorientation is an activated process. The acti-
7 is the viscosity of water. Using=8.9x 10 *Pas for HO  vation energy for reorientation decreases linearly with in-
(Ref. 13 and 7,=1, o{v=0)=2.59ps, we find thata  creasing hydrogen-bond length. This yields a reorientation
=1.0A. This classically obtained result compares surpristate as a function of frequency that increases steeply. By
ingly well to the estimatea=1.9A that follows from the varying the temperature, we find that the maximum reorien-
bulk density of water. tation rate at the high-frequency side of the absorption band

The reorientational dynamics of liquid water have alsoincreases from 2.8 p3$ at 298 K to 4.5 ps' at 360 K.
been investigated with molecular dynamics simulations. The model also includes the effects of spectral diffusion
These calculations yield time constants that depend strongljpat results from the stochastic modulation of the hydrogen-
on the simulation method. lab initio density functional bond length. It is found that the reorientation of strongly
theory calculations, values for, have been reported that hydrogen-bonded water molecules is enabled by the weaken-
range from 1.2 to 9 p¥ In classical molecular dynamics ing of the hydrogen bond.
studies, time constants between 0.7 and 1.7 ps were
found.ls'.wln one study, a biexponential decay@§(t) Was cKNOWLEDGMENTS
found with 1.0 and 13 ps time constanfs.

Our values forr, {v=0) compare very well to data The work described in this paper is part of a collabora-
from nuclear magnetic resonan@dMR) and dielectric re- tive research program of NIOKNetherlands Graduate
laxation measurements. In the NMR studies, the reorientaSchool of Catalysis Reseancland FOM (Foundation for
tion time 7, can be calculated from the relaxation tirttgpi- Fundamental Research on Majterhich is financially sup-
cally tens of secondsf the hydrogen nuclei spins in water. ported by NWO(Netherlands Organization for the Advance-
The reorientation times in 40 were estimated to be 2.6 and ment of ResearghWe thank Wim van der Zande and Marc
0.9 ps at 298 K and 350 K, respectivéfin dielectric mea-  Vrakking for their helpful comments.
surements, the alignment time of the dipole moment of water
molecules to a THz e_lectrlc flgld is measured. Both pOH APPENDIX: OPERATORS FOR SPECTRAL
and D,O, the Debye timer, varies from 8 ps at 300 K to 3 DIFFUSION
ps at 360 K92 which corresponds to 2.7 and 1.0 ps, re-
spectively, forr,. Hence, the time constants found in NMR  The operatof for spectral diffusion in Eqg10) should
and dielectric relaxation measurements are in excellerhave the property that the line shape of a population spec-
agreement with the value of o((v =0) that we observe after trum n(v) will relax to the line shape of the equilibrium
the transient spectrum has equilibrated. Thig{(v=0) rep- absorption spectruA(v). The local flux of populatiorp(v)
resents an effective reorientation time scale that forms affom a frequency directly below to a frequency directly
average oveall water molecules. An important advantage of abover satisfies
the femtosecond nonlinear spectroscopic method employed P (n(v))

in this work is that the reorientational dynamics of only a ¢(v)=—D
subensemblef the water molecules can be investigated. A(v)
This enables a determination of the mechanism behind thehereD is the diffusion constant. For a completely flat ab-
effective reorientation time of liquid water as observed insorption spectruniconstantd), this is equivalent to the stan-
NMR and dielectric relaxation experiments. This work dard diffusion equatio@n/Jt=D#?n/dv?. We assume that
shows that the effective reorientation rate in liquid water isfor the ground state operat@,, the equilibrium spectrum
governed by the fraction of water molecules for which reori-A(v) is the CW absorption spectrum, and for the excited
entation is not hindered by the O-—HD hydrogen bond, the state operatoD;, A(v) is redshifted by 60cmt, corre-

e (A1)
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