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Ultrafast Raman-induced Kerr-effect of water: Single molecule versus
collective motions

Kathrin Winkler, Jorg Lindner, Helge Birsing, and Peter Vohringer®
Max-Planck-Institute for Biophysical Chemistry, Biomolecular and Chemical Dynamics Group, Am Fal3berg
11, D-37077 Gdingen, Germany

(Received 3 May 2000; accepted 19 June 2000

The ultrafast optical Kerr-response of water and heavy water has been measured at 1 bar in the
temperature range between 273 and 373 K. The nuclear Kerr response of the liquid exhibits a
pronounced double exponential decay on longer time scales after dephasing of impulsively
perturbed acoustic modes is completed. The time constantharacterizing the slowly decaying
exponential component of the Kerr-response function is in quantitative agreement with rotational
diffusion time constants of the water molecules obtained form nuclear magnetic resgNiRe
spin-lattice relaxation rates. A detailed comparison with THz time domain spectroscopy
demonstrates that the reorientational dynamics responsible for the long time tail of the Kerr response
are due to single molecule as opposed to collective effects. Furthermore, a good agreement between
the single molecule rotational diffusion and the Stokes—Einstein—Debye equation is found in the
temperature range of thermodynamic stability of the liquid. The time constamharacterizing the

fast exponential component of the Kerr-response of water is found to be in qualitative agreement
with central Lorentzian linewidths obtained from frequency-domain, depolarized Raman scattering
experiments. The temperature dependencs aoes not follow an Arrhenius-type behavior, which

was previously taken as evidence for thermally activated crossing of a librational barrier with
concomitant hydrogen-bond breakage. Instead, the temperature dependence of the fast relaxation
time constant can be represented adequately by the Speedy—Angell relation which has been shown
to accurately describe a number of transport parameters and thermodynamic properties of water.
© 2000 American Institute of Physids$0021-9606800)50635-7

I. INTRODUCTION ing temperature, implying that the liquid becomes mechani-

. cally unstable in the vicinity ofs.
The structure and the dynamics of water, the most abun- )éguite similarl anomaI)i/es gf dvnamic transport param-
dant liquid on earth, has attracted an overwhelming interest Y y port p

. ters of water h hear vi iy inver If diffu-
of researchers for several centurteEhe tetrahedral coordi- eters of water such as shear viscosifyinverse self diffu

. .. _1 . _ . .
nation of water molecules through hydrogen bonding to>'ON coefficient,D ", or spin-lattice relaxation rates,,

nearest neighbors results in an unusually open random nef@ve been observed through (t:aaf‘reful studies over a wide
work structure which forms the basis of all peculiarities of '@nge oOf pressure and temperatuferhese quantities offer
this extraordinary liquid. The probability of forming information about the nature and the time scales of molecular

hydrogen-bonds increases with decreasing temperatuf8otions in the liquid as they are described by time-
thereby leading to a decreasing packing efficiency and a dergorrelation functions of dynamic variables. These, in turn,
sity maximum which is located at a temperature just abovéan be computed at a microscopic level through classical
the melting temperature of ice. It was found that the densitynolecular-dynamics simulatioris®
of the (metastablesupercooled liquid smoothly continues to ~ Despite this tremendous amount of information com-
follow the behavior observed in the stable liquid region, thuspiled over many years of experimental and theoretical ef-
giving experimental access to a wider range of temperatureforts, the anomalous behavior and its connection to structural
in which to study the anomalies of water. ordering phenomena in the strongly hydrogen-bonded liquid
Besides the density, a number of other thermodynamic network is as yet not fully understood. Thus, a detailed
properties of water such as constant pressure heat capacignowledge of structural relaxations on the time sale of
C,., isothermal compressibilitys, or isobaric expansivity, hydrogen-bond motions is imperative in understanding the
@,, show analogous anomalies as they tend to diverge upofnomalous properties of this extraordinary liquid. Such
approach of a singular temperatufe;, located slightly be-  knowledge will furthermore significantly improve our under-
low the homogeneous nucleation temperatdrg, of the  standing of the role of this peculiar liquid in widespread
SUperCOOled ||qU|a Singularities of these thermOdynamiC areas of science ranging from C|imato|ogy and regu|atory
quantities suggest strongly increasing amplitudes of densitynechanisms of our global weather to microbiology and
enthalpy, and entropy fluctuations in the liquid with decreas;rycture-function relationships of proteins and nucleic acids.
Hence, experimental techniques are required which are
¥Electronic mail: pvoehri@gwdg.de sensitive to structural fluctuations directly on a time sale
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comparable to the lifetime of so-called intermittent V-type  800-nm

structures. These structures are nuclear conformations in th | iy DO gt PC

liquid which are averaged over the periods of typical in- lL l ExtTrgl 1 Sgnin

tramolecular vibration$.Vibrational spectroscopies such as P ce

infrared absorption or Raman scattering fulfill such require- 7 R

ments because the periods of intramolecular mg#iés 100 P g i

fs) are short compared to the average time between diffu- K/p

sional jumps of molecule€l—10 p3. In addition, vibrational fpap Lt s L2 P2

modes and their corresponding spectra are local probes of th P w2 a| 4 1= 4

environment of the molecules. Lded PMT
Of particular interest is light scattering activity in the

A
so-called collision induced part of the Raman spectrum in the V*D
frequency range below 500 crh In this region, the under- FG. 1. Ontical h ved o Kerr-oft o Cricme £

H H b . 1. Optical heterodyne-detecte err-effect arrangement. P: prisms for
lying molecular degrees of freedom are believed to be dlcompensation of residual GVD. P1-P3: polarizers, CC: corner cube retrore-

: bt 7-23
rectly correlated with hydrogen-bond motiof. Two flector, L1, L2: achromatic lenses, S: sample cef®: half-wave retardation
broad bands centered around 180 and 60 ‘crriginate  plate,M4: quarter-wave retardation plate, VD: variable delay for time base

from restricted translations parallel and perpendicular tc@libration, DO: digital oscilloscope, PC: computer.

intermolecular hydrogen bonds. Therefore, these modes

closely effect stretching and bending motions of three

hydrogen-bonded water molecule$? and arise principally time exponential decaysor equivalently, central Raman
from collision-induced effects dominated by long-rangelorentzian componentsobserved in the ultrafast optical
dipole-induced-dipoléDID) interaction? Beyond 300 cm?®,  Kerr-effect of liquid water.

the Raman spectrum reveals the optic modes of the liquid,

i.e., the restricted rotational modésr librationg about the
three principal axes of inertia of the,8 molecules?! Fi-

na"y, one or more central Lorentzian Components are neces- QOHD-OKE measurements were carried out with a Ti:
sary to fully reproduce the low-frequency, depolarized Rasapphire laser/regenerative amplifier system capable of gen-
man spectrum. However, various reports on these centralrating 800 nm, 30 fs optical pulses with energies as high as
components have yielded conflicting results as to their spect ,,J and repetition rates of 250 kHz. A portid66%) of
tral distributions, their bandwidths and their phySicaI naturethese amp||f|ed pu|ses were used to feed a Co||inear|y
due to an intrinsic overwhelming Rayleigh stray light pumped, white-light seeded optical parametric amplifier op-
level 1772024 erating at a pump wavelength of 400 nm. Its output after

Nonresonant, Raman-induced optical Kerr-effect speccompensation for group velocity dispersi¢BVD) with a
troscopy(OKE) with heterodyne detectioOHD-OKE) has  pair of LAFN,g prisms consisted of a 250 kHz train of
been shown to be a full time-domain analogue of depolarizegransform-limited 30 fs pulses centered at 610 nm with en-
Raman scatterin. OHD-OKE has been applied before in ergies as high as 200 nJ. Approximately 40 nJ of these pulses
numerous studies of the dynamics of neat liquids as well aserved as pump pulses in the Kerr-effect experiment. Probe
binary mixtures’®~3* More interestingly, a few OHD-OKE pulses were derived with an uncoated fused silica substrate
studies have previously been published which focused on thigom the remaining 34% of the amplified 800 nm pulses.
nuclear dynamics in neat wat&ér.>> The intermolecular, re- These pulses were also sent through a dispersive delay line
stricted translational modes of the liquid gave rise to heavilyto pre-compensate for any negative group velocity dispersion
damped coherent oscillations at their appropriate frequenintroduced by the Kerr-effect setup.
cies. Due to an insufficient time resolution, restricted rota- The Kerr-effect pump—probe arrangement is shown
tional modes could be characterized only with very poor acschematically in Fig. 1. After traveling through the prism
curacy. Yet, with respect to long-time, exponential relaxationpair arrangement, the 800 nm probe pulses were sent onto a
dynamics, complementary to the central Lorentzian compoeomputer controlled delay linéMelles Griot, Nanomover
nents of the low-frequency Raman spectra, these OKE studFhe pulses were then directed through a combination of half-
ies have also given contradictory resufts®® wave plate, Glan-Taylor polarizefP1) and quarter-wave

In this paper, we focus primarily on the temperature deplate. Subsequently, the probe light was focused into the
pendence of these long-time exponential relaxation dynamicsample cell by an achromatic lefisl) with a focal length of
since neither time nor frequency resolved Raman spectO0 mm. The half-wave plate allows for a fine adjustment of
troscopies have so far been capable of providing a consistettte probe energy at the sample whereas the quarter-wave
and reliable picture for the corresponding underlying mo-plate allows for minimization of any residual static birefrin-
lecular motions in the liquid. In Sec. Il, a brief description of gence due to the lenses or the sample cell windows. Finally,
our laser system and the Kerr-effect setup is given followedhe probe pulses were collimated by a second achrdfmat
by a compilation of our experimental results in Sec. Ill. Sec-=100 nm) and directed through another Glan—Taylor polar-
tion IV presents a detailed comparison with other spectroizer onto a photomultiplie(Hamamatsu, 1P28The polar-
scopic probes of liquid dynamics in order to provide insightsizer, P2, is crossed with respect to P1 and provides an
into the microscopic mechanisms responsible for the longextinction ratio of at least 10.

Il. EXPERIMENT
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After GVD-(pre)compensation, the 610 nm pump pulses TrC
were sent into a rapid-scan delay line dithering sinusoidally 0
at a frequency of 10 Hz with a maximum peak-to-peak dis- 1.0 10
placement of 4 mm. The pump light then traveled through a 20
combination of half-wave plate and Glan—Taylor polarizer 29
(P3 before being spatially overlapped by L1 with the probe 5 40
pulses at the location of the sample. The polarization of the © gg
pump was set to 45 degrees with respect to the polarization % 05l 74
of the probe light. 5 92

The sample cell(Hellma, 160.001-OS, path length 1 (7 01 110
mm) was carefully positioned in the probe beam path to Delay / ps
minimize probe leakage through P2 due to static birefrin- g
gence. Optical heterodyning was accomplished by slightly g =
rotating P1, thereby providing an in-quadrature local oscilla- 0.0 g
tor field that is able to interfere with the signal field at the 0 1 7

detector. The signal of the photomultiplier was directed Delay / ps

through a fourth-order Butterworth filter vhita 3 dB-cutoff _ o

frequency of 50 kiz. The fier had suffcent steepness (1%, 2 TerPeratee Ceperdent SLELOKE bansens of i water The
ensure that the optical Kerr-response on a real time scale @fic delay scale.

1/10 s remained unperturbed. The output of the analog filter

was then sent to a 16-bit digital oscilloscopgektronix,

TDS 540 whose time base was triggered by an opticalPump stray light was substgr_nially. reduced in these_ experi-
switch attached to the rapid scan delay line. The Kerr-effecfnents by employing an additional interference filter in front
signal could then be monitored and optimized in real time aff the detector. The bandwidth of the spectral filter was
a refresh rate of 10 Hz. The whole sampling depth of thgmatched to the spectral width of the probe pulses. A full
oscilloscope was exploited, thus, giving 5000 A/D Conver_hete'rodyne—detected Kerr-response was cohstructgd from
sions(or equivalently, sampling points of the Kerr-transient two mdepepdent meas_urements_ with qual oscillator fields of
evenly distributed in a real time window of 20 ms. This time €qual amplitude but with opposite phases., =7/2). Each
window proved sufficient to capture a pump—probe time de_lndepen_d_ent measurement itself con5|ste_d of an average of
lay window of about 14 ps. 600 individual scans and, therefore, required about 1 min of

The real-time base of the oscilloscope was calibrated@t@ acquisition time. A dynamic range of the full OHD-
prior to the experiment by recording a homodyne Kerr-OKE transient, consisting of 5_000 sampling points in a cali-
response of a fused silica substrate with a thickness of 1 mnpratéd pump—probe delay window of 14 ps, of more than
The nanomover was stepped in increments of 20 fs and thi@ur decades was easily achieved by averaging for less than
peak position of such a signal was recorded while the rapid-10 min. The Igtter point clegrly demonstrates the major ad-
scan stage was continuously dithered. The effect of steppin§2ntage of this setup. As will be shown, a good signal-to-
the nanomover by an independently known displacemerﬁ'o'se ratl_o vgas crucial to the experiments reported in the
was to shift the signal along the real-time axis of the oscil-NeXt sectior?
loscope.

It turned out that the heterodyne signal of the fused silicd!l- RESULTS
substrate is an excellent measure of the actual instrument Representative, heterodyne-detected Kerr responses of
response function, provided the sample cell windows argvater taken at different temperatures and at 1 atm are shown
mimicked by an additional substrate of equal thickness anéh Fig. 2. Around a pump—probe time delay of O ps, the
material(Hellma, OS directly behind L1. For 1 mm of fused signals are dominated by a strong spike which essentially
silica, the group delay difference between 800 and 610 nm ifollows the instrument response function. As described pre-
34 fs. Furthermore, the group velocity dispersion in fusedviously by McMorrow and Lotshaw, this instantaneous fea-
silica is such that a 610 nm light pulse after traveling throughture corresponds to the contribution of the electronic hyper-
1 mm of fused silica is broadened te95 fs whereas a 800 polarizability of the mediuni® Although already present on
nm input pulse is lengthened to about 65 fs. The responsthe trailing edge of the zero-delay spike, nuclear contribu-
function obtained in this manner had a full width at half tions to the Kerr-response of water become more pronounced
maximum of 72 fs and agreed with the electrottigperpo-  for significantly positive pump—probe time delays.

larizability) contribution of independently measured Kerr- The most prominent nuclear contributions on short time
responses of numerous liquids that were measured in thiscales are strongly damped coherent oscillations. As de-
setup. scribed extensively in Ref. 28, such oscillations arise from

Obviously, the major disadvantage of such a two-colorcoherent superposition states of inter- and intramolecular
Kerr-effect arrangement is a considerable loss of time resanodes of the liquid which are prepared through nonresonant
lution. However, pump and probe pulses are now spectralljRaman-transitions within the broad bandwidth of the pump-—
separated which proved instrumental for liquids with verypulse. Since our emphasis is on the long time response of
low Raman cross sections such as water. In fact, residualater, a detailed account on the temperature dependence of
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FIG. 3. Representative Kerr-effect transient at 347 K emphasizing the 1000K/T

double exponential decay for longer delays. The upper panel displays the

weighted residuals resulting from a bi-exponential fit to the data with timeg|g 4. Temperature dependence of the time constants characterizing the
constantsy,=0.365 ps and-,=0.85 ps. fast (r;) and slow ¢,) exponential components to the nuclear Kerr re-
sponse of water.

these features will be given elsewhere. Briefly, a detailed
spectral analysis demonstrates that these oscillations essen- _ . . o
tially involve two broad Fourier components oscillating rank collective orientational correlation timie.In general,
around 60 cm® and around 180 cit. As already men- removing this component leaves an additional exponential
tioned, these are precisely the hindered translational modékcay which has been termed the “intermediate response”
of liquid water which have been characterized in detailVh0se origin is highly debated. According to an appealing
through low-frequency Raman scattering by Walrafen andntérpretation given by Loughnaret al. these intermediate
co-workers?! It turns out that the bandwidth of the high- exponentials arise from structural relaxation dynamics in the
frequency mode involving H-bond stretching increases withmotional narrowed regim&. As shown in the previous sec-
increasing temperature. Concurrently the same mode shifféon, the Kerr response of water does indeed show a double
to lower frequencies and gradually merges with the restricte§*Ponential decay on longer time scales and resembles very
translational mode at lower frequencies. As a result, the agnuch the Kerr-response of nonassociating liquids. Therefore,
parent damping of the oscillations in the time-domain Kerr-On€ might be tempted to assign the slow time constgnto
respnse increases with increasing temperature. This behavithe collective orientational correlation time and the fast time
can clearly be seen in the inset of Fig. 1 where the same daf@nstant,7;, to the intermediate structural response as sug-
are plotted on a logarithmic time delay scale. gested in Ref. 31. However, it is highly instructive to com-
The same inset also emphasizes the long-time behavidta® our results with previous OKE studies and with other
of the data. It is evident that a slowly decaying nonoscilla-SP€ctroscopic techniques which are also sensitive to reorien-
tory background contributes to the data which becomedational dynamics in liquids.
faster as the temperature of the sample is raised. A semiloga. comparison with previous OHD-OKE data

rithmic representation of the data taken at 347 K is shown in
Fig. 3 which demonstrates that on longer time scales, the 1€ heterodyne-detected, nuclear Kerr-response of water

heterodyne-detected Kerr-response does not decay in @S been measuregspszeyiogsly by Castner and co-wdfkers
simple single exponential fashion. Instead, it was found thagtnd by Paleset al: Slmlla_r to the da_\ta presented here,
two exponential components are necessary to fully describg@stneret al. also report a bi-exponential decay on longer
the long-time decay after dephasing of the impulsivelyt'me scales which is characterized by time constants of 0.4
driven acoustic modes is complete. The high quality of a fig"d 1.16 ps at room temperature. Based on a quantitative
according to a double exponential decay of the Kerr effecfdreement with neutron scattering experiments, they attrib-
transient is demonstrated by the weighted residuals as showfied Poth components to rotational diffusion of the water

in the upper panel of Fig. 3. The entire temperature deperf®lecules. ,
dence of the two time constants, andr,, characterizing the In contrast, temperature dependent OKE studies reported

slow and the fast exponential component is summarized iy Paleseetal. revealed only a single exponential decay
Fig. 4. with a time constant of 600 fs at 298 K. Using amplified

laser pulses and an in-phase local oscillator, however, the
same authors were able to detect an additional exponential
component with a time constant of 1.7 ps at room tempera-
Multiexponential tails in OKE measurements have beerture. It was argued that the slower component originates
observed before in a number of chemically distinct nonhyfrom diffusive translational and rotational motions over
drogen bonded molecular liquidslt is commonly believed larger length scales corresponding to dynamics of larger ag-
that exponential decays at the longest delays arise exclgregates within the hydrogen-bonded liquid network struc-
sively from collective reorientation quantified by the second-ture. The faster component, on the other hand, was attributed

IV. DISCUSSION
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RN
o

to orientational motion of small-size clusters or even indi-
vidual molecules whose dynamics should be faster due to
their smaller moment of inertia as compared to larger aggre-
gates.

From our OHD-OKE data at room temperature, time
constants of 0.9 and 2.5 ps can be extracted, clearly in con-
trast with these previous OKE studies. However, our slow
time constant seems, at least qualitatively, similar to the slow

fef

Relaxation Time / ps

time constant reported by Palese. On the other hand, our fast o o @ NMR
time constant seems to agree with the slow time constant o "3, THz-TDS
reported by Castneet al. Indeed, after subtracting the ¢ 1?,SED
double exponential fit with time constants, and 7,, from f zg’ g’HEI)DROKE

the raw data, an artificial third exponential may be fitted to
the tail of the residual, heavily damped acoustic modes 0.1

whose time constant is found in the sub-500 fs region. 2.5 3.0 35 4.0
1000 K/ T

B. Comparison with NMR FIG. 5. Comparison of the time constams, characterizing the slow expo-
nential component to the nuclear Kerr response of w@aiid circles with

According to a semiclassical description 1 nuclear  time constants obtained from other spectroscopic techniques. Open circles:
magnetic resonance and under the assumption that protéﬁmgle-molecule reorientational correlation time&), calculated from ex-

. - . . . erimental'H and 'O spin lattice relaxation rategrom Refs. 4, 37—-39
tranSIathnal_ and rotatlopal motions are.dlffus'lve proces,segquares: Debye relaxation times divided by three obtained in THz time
the longitudinal, or equivalently the spin-lattice relaxation gomain spectroscopgfrom Refs. 45 and 46 Diamonds: predictions of the
rate,R,, is proportional to the spectral densif(0), atzero Stokes—Einstein—Debye expressifq. (4)] using experimentally deter-

frequency of the orientational correlation functigh3® mined viscosities from Ref. 40. Triangles: dielectric relaxation times divided
' by three(Ref. 51).
G'P=(P,[ui(0)u;(1)]). (D)

Hereu;(t) is a unit vector in the moleculeand timet. The  motion perpendicular to intermolecular hydrogen bonds.
angular brackets denote canonical averages nds the  Thjs result was interpreted with fluctuations in the H-bond
Legendre polynomial of the order two. In order for E&) t0  pending vibrations being the driving force of the anomalous
be valid, the observablR, has to be corrected for intermo- gensity fluctuations upon approach of the mechanical stabil-
lecular dipolar interactions caused by rotational motion ofity |imit of the liquid nearTg.*3°

neighboring molecule¥. Such corrected proton spin-lattice By comparing proton, deuteron, and 17-oxygen longitu-
relaxation rates are, therefore, a direct measure of the singlginal relaxation times, Lang and Hamann could further-
molecule orientational correlation time(? more demonstrate the isotropic nature of the single-molecule

o orientational correlation tim&3/=3°

T(Z)ZI G?(t)dt=J(0). 2 The temperature dependencert? according to Eq(3)

0 is compared in Fig. 5 to the temperature dependence of the
Spin-lattice relaxation rates of the nuclei D all®, on the  slow exponential time constant,, of our OHD-OKE tran-
other hand, do not require any corrections for intermoleculasients. Due to the limited delay window of 14 ps, the scatter
dipolar interaction as they are entirely due to intramoleculaiof our data is rather large. Yet, within our error, the agree-
quadrupolar interactio?f*° Here, the inverse rate is directly ment between these two different experimental techniques is
linked to G® and 7? as written in Eqs(1) and (2). Lang  quite surprising and strongly suggests that the slow exponen-
and Lidemann have reported detailed data for the pressurial time constant observed here is identical to the single-
and temperature dependencer® of water and heavy wa- molecule rather than the collective reorientational correlation
ter using proton, deuteron, and 17-oxygen longitudinal relaxtime as previously suggested. In fact, a lack of convergence
ation rateg:3'-3° between NMR and previous OHD-OKE studies has led to

At pressures below 150 MPa, they found that the temthe development of theoretical models which explains the
perature dependence strictly obeyed the following equationtong time exponential tail through nonlinear coupling of
ToTd s nuclear coordinates to the bulk liquid polarizability sensed

) ©) by all time and frequency domain Raman spectroscopies.

Ts Assuming for a moment that our slow exponential is
which was originally proposed by Speedy and Angell. Equaindeed due to diffusive single-molecule reorientation, it is
tion (3) has also been shown before to describe a number dpteresting to comparer, with the classical Stokes—
static thermodynamic properties of liquid water extremelyEinstein—DebydSED) expression:
well.2 For light water, the singular temperatufigy, at which 47 pa’
the rotational correlation time apparently diverges was found 72 = T
to be 223 K at 1 atm with a corresponding critical exponent, B
vs, of 1.89. The frequency derived from the time constantfrom standard hydrodynamic theory which works rather well
(rs=342 fs at 1 atmcorresponds to restricted translational for molecular, nonassociating liquids. Here, the rotatin®H

A2 = Tg)(

4
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molecule is assumed to have a spherical shape with a hydro- 10
dynamic radiusa=1.44 A (see Ref. 2andkg is Boltzman’s o < OHD-OKE
constant. Rotational correlation times calculated according to O Mazzacurat et. al.

----- Mizoguchi et. al.
—— Conde, Teixeira fe)

L
&

Eq. (4) are also included in Fig. 5. Surprisingly, we note that
the SED predictions are quite accurate. Diffusive orienta-
tional motion of individual water molecules at 1 atm can
apparently be described very well using a model that mimics
the hydrogen-bonded liquid network by a viscous and struc-
tureless continuum. Since rotation of a water molecule in-
volves the breakage and formation of hydrogen bonds to
nearest neighbors, the success of the SED equation is indeed
most surprising. Nevertheless, this agreement was already
pointed out many years ago by Sposito.

Relaxation Time / ps

0.1 ) .
2.5 3.0 3.5 4.0
C. Comparison with THz-TDS 1000K/T

Terahertz-time domain Spectrosccﬁ'y-lz_TDS) has re- FIG. 6. Comparison of the time constanmt, characterizing the fast expo-
cently become a powerful tool for exploring dynamics in nential component to the nuclear Kerr response of w@aiid circles with

y, 147 P ; p g ay ) time constants obtained from depolarized Raman scattering. Open circles:
neat liquids: In such experiments, the observable is thetime constants from Mazzacurat al. (Ref. 19. Dashed curve: stepwise
complex dielectric constang w), and therefore the index of power-law dependence reported by Mizoguehial. Solid line: Arrhenius
refraction,n(w), and the power absorption coefficientfw), temperature dependence according to Conde and TeiseieaRefs. 17 and
. L 8).
in the frequency range between 0.1 and 2 THz. Keiding and )
co-workers have demonstrated that a double-Debye model is
required to fully reproduce the line shape «tfv) over the  extracted from THz-TDS data quantify the very same single
entire frequency |réterva| accessible with the bandwidth ofmolecule dynamics and not collective structural relaxations
their THz pulse$>*°A double Debye model is equivalent to as previously suggested in Ref. 45. The same argument also

a bi-exponential decay of the time correlation function holds for microwave data on the dielectric relaxati@R)
time published many years ago by Masetral. (see Figs. 5
G<1>=< P, ui(o)E () > (5 and Ref. 51
]

where y;(t) is the dipole moment of the moleculat timet ~ D. Comparison with Raman scattering

andP, denotes the first-order Legendre polynomial. Accord- g f4r, this discussion has focused only on the time con-
ing to Eq.(5) and similar to an OHD-OKE experiment, THz- giant characterizing the slow exponential due to single-
TDS is sensitive to collective dynamics. Neglecting the cros$gjecule reorientation. As of today, neither time nor
terms in Eq.(5) is equivalent to vanishing contributions from frequency-resolved Raman techniques have been able to
collective motions and the correlation function simplifies t0 (ocord the fullT-dependence of these dynamt&s We be-

GO =(P,[ m;(0) i (0)]). (6) lieve that this could be due to sensitivity issues. The slow
component has an amplitude which is almost two orders of
magnitude smaller than that of the fast exponential. The lat-

mG“) _ ter, in turn, has an al_)solute Raman cross section-af

Jo (Hdt=7"~mp, (7) 103 A®molecule which amounts to less than 2% of the

integrated intensity of the Brillouin doublet observed in
can be approximated by the well-known Debye relaxatiomigh-resolution depolarized light scatterittgTherefore, the
time, 75 . As discussed by Lynden-Bell and Steele, if collec-slow component is likely to be masked in frequency-resolved
tive contributions are negligible, the following relation spectra by leakage of the Brillouin peaks and spurious stray

Now, the infinite time integral

should hold?®~> light. Note, however, that the OHD-OKE transients are not
A affected by elastic scattering. The rapid scan technique en-
T(Z)IT =3 (8)  hances the sensitivity of an optical Kerr-effect setup signifi-

cantly (six decades of dynamic range, see FigaBd allows
Keiding and co-workers also presented a detailed study ahis slow exponential tail to be revealed directly in the time-
the temperature dependencergfof liquid water at ambient domain. Its extremely small intensity might also explain why
pressuré®*® Their data multiplied by a factor of 1/3 is in- such a narrow component has not been observed in
cluded in Fig. 5 which clearly demonstrates that indeed, Eqmolecular-dynamics  simulations of the Raman
(8) holds very well in the region of thermodynamic stability respons@&:”12-14:52

of the liquid. Again we note that the agreement between We now turn our attention to the fast exponential com-
THz-TDS, NMR, SED, and OHD-OKE can be taken as anponent of our OKE data. This “intermediate response” is
additional piece of evidence that the long time tail of ourobtained after subtracting the slow exponential discussed
Kerr-response is dictated by single-molecule diffusive reori-above from the raw Kerr-effect transients. The full tempera-
entation. We also point out that, apparently, the valuesfor ture dependence af; is reproduced in Fig. 6 together with
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1 temperature range of thermodynamic stability of liquid water
is very limited and proves insufficient for an accurate deter-
mination of the pre-factor through an extrapolation of the
time constant to /—0. In particular, a reliable isotope ef-
fect on this quantity is very difficult to obtain.
Mizoguchi et al,, on the other hand, observed a rather
0, = 2636 om” complicated temperature dependence c_)f the Iow-f_requency
E. = 3.6 kcal / mol Raman spectrum below 250 ¢ In particular, they inter-
25 30 35 40 00 05 1o i3 2 preted the central component with a Debye-type relaxation
1000K/ T N[ (T-Tg) / Te ] m_ode whose damplng constfa(m equivalently, inverse line
width) followed a Curie—Weiss’ la® Such a temperature
FIG. 7. Analysis of the temperature dependenceofOpen symbols: ex- dependence emerges from the Speedy—Angell rel&Bpby
perimental data. Left panel: Least-squares fit according to an Arrhenius 'a\@etting the critical exponent to unity. Below 298 K, a critical
. < ~ A , .
yieldsE,=3.6 kcalimol andso=2636 cm ™. Right panel: Least-squares fit e constant of 229 fs and a singular temperature of 225 K
according to the Speedy—Angell relation yields=146 fs andy,=1.64. . o .
The singular temperature was constrained {& 228 K (see Ref. R were found, in 'g(.)pd agreement Wm_228 K determined
from compressibility data. However, for temperatures above
303 K, a better fit was obtained witlig=251.5 K and

results from previous Raman scattering studies. Cleaflis =~ 7s=129 fs.

similar in magnitude to the time constants determined in the ~ The entireT-dependence as reported by Mizoguehal.

frequency domain. However, its detailed dependence on thié reproduced in Fig. 6 as the dashed curve. Again, it be-

temperature is markedly different. comes clear, that our OKE data deviate from these Raman

According to Conde and Teixeira, the temperature de¥esults especially near the melting point, where line width

pendence of this time constant is adequately represented iyeasurements become increasingly difficult. Near the boil-

an Arrhenius lad/'8 ing point, however, the central Lorentzian component be-
comes broader and, thus, its line width can be determined

5= 146 fs
5= 164

In(z, / ps)
(sd /")y

dln 7 = E (9) with higher accuracy. It is here, where OKE and depolarized
d1T kg Raman data converge.
whereE, is the activation energy. A typical value f&r, of The accuracy of line width measurements increases with

2.6 kcal/mole with a corresponding pre-exponential factorenhanced frequency resolution. Using a single-mode Ar-ion-
wo, Of 689 cn L was foundt” '8 These results are reproduced laser and a monochromator operating at a high diffraction
in Fig. 6 by the solid line. The frequency deduced from theorder;} Mazzacuratiet al. were capable of detecting the cen-
pre-factor lies within the broad librational band centeredtral Raman component with a resolution of 0.046 ¢nias
around 500 criil. This result was interpreted with a ther- compared to 1.5 cit in Ref. 20 and 1.2 cm' in Ref. 18.
mally activated barrier crossing process whioecessarily ~ Their corresponding time constants are shown in Fig. 6 as
modulates the anisotropy of the polarizability. According toopen circles. In fact, an excellent agreement with our OHD-
the pre-factor, crossing of this barrier is facilitated by motionOKE data can be observed.

along a librationali.e., restricted rotationakcoordinatet’8 Following Mazzacuratiet al, this component is domi-
In addition, such an interpretation was consistent with a pronated by dipole—induced dipole interactidfign contrast to
nounced isotope effect on the pre-factor of rougfysimi-  the fact that the number of water molecules participating to

lar to the isotopic shift of the librational band. Finally, a the hydrogen bond network is strongly temperature depen-
remarkable agreement &, with the activation energy re- dent, they found that the absolute Raman cross section for
ported by Walraferd? for breaking and formation of hydro- this component does not vary significantly upon heating the
gen bonds between water molecules, was found. Therefore, liuid. Therefore, they concluded that this feature cannot be
was concluded that this time constant reflects a mean lifetimeelated to the lifetime of hydrogen bonds. This conclusion
of hydrogen bonds in liquid water. Breaking of an H-bond iswas further substantiated by molecular dynamics simulations
mediated by librational motion of the tetrahedrally coordi- of the low-frequency Raman spectriflt was further no-
nated water molecules with concurrent angular jumps of théiced that the allowed rotational contribution to the spectrum
proton across the tetrahedral angle once the O-cHbend-  (which includes the slow exponential decay of the OKE fata
ing angle exceeds a critical cut-off vallfe!® can only amount to about half the intensity of the central
From Fig. 6, it can be noticed that the fast exponential ofRaman component. By analyzing their line widths accord-
the OKE data displays a much stronger temperature depeimg to the Speedy—Angell relatiofB), Mazzacuratiet al.
dence as suggested by Ef) using an activation energy and suggested that the polarizability fluctuations responsible for
a pre-factor according to Ref. 18. Instead, applying arthe central component is related to the same degrees of free-
Arrhenius analysis to our data yields an activation energydom which determine the bulk thermodynamic and transport
E,, of 3.6 kcal/mole and a pre-facton,, of 2636 cm*as  properties of the liquid®
shown in the left panel of Fig. 7. Especially the latter value is ~ The Speedy—Angell relation with the singular tempera-
in stark contrast to the above mechanism of H-bond breakageire being fixed at 228 Ksee Ref. Bis applied to the OKE
and formation contributing to the intermediate exponentiatime constantsry, in the right panel of Fig. 7. Least-squares
relaxation dynamics. It should also be pointed out that thditting yields ys=1.65 andrg= 146 fs. We point out, how-
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ever, that the investigated temperature range is too limited t&peedy—Angell relation, which is known to describe a great

distinguish between a power law or Arrhenius law depennumber of static and dynamic properties of water very well,

dence. Yet, based on the arguments given above and consisliggests that the intermediate response is linked to over-

ering the fitting parameter obtained from E¢Q), an  damped restricted translational modes in the strongly hydro-

Arrhenius-type temperature dependencerpseems highly gen bonded liquid network.

unlikely. Isotope studies are currently underway in our laborato-
The frequency derived from the critical time constant ofries to further investigate the connection of these intermedi-

the Speedy—Angell fit is located in the region of the high-ate dynamics to the optic and acoustic degrees of freedom of

frequency restricted translational mode. According to Wal-the liquid.

rafen, the mechanical origin of the restricted translational

modes of the liquid can be traced back to solidlike localACKNOWLEDGMENTS
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