RAPID COMMUNICATIONS

Reorientational and configurational fluctuations in water observed on molecular length scales

PHYSICAL REVIEW B 70, 180201R) (2004

J. J. Loparo, C. J. Fecko, J. D. Eaves, S. T. Roberts, and A. Tokmakoff
Department of Chemistry and George R. Harrison Spectroscopy Laboratory, Massachusetts Institute of Technology, Cambridge,
Massachusetts 02139, USA
(Received 24 September 2004; published 23 November)2004

Polarization-selective pump-probe and echo experiments on the OH vibration of HODQGOnwith
45-femtosecondfs) infrared pulses are analyzed self-consistently to reveal the time scales for vibrational
relaxation, dephasing, and molecular reorientation. Librational motion and hydrogen bond fluctuations on 50-
and 180-fs time scales precede picosecond collective reorganization.
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The unique physical and chemical properties of waterdependent shifts in the OH stretching frequeay(t). Tran-
originate from the hydrogen bond rearrangements that maksient infrared spectroscopy is capable of measuring these OH
transient intermolecular geometries appear, fluctuate, anfilequency shifts, or spectral diffusion. The characteristic time
disappear. Since the early 1970's, researchers have usedales and amplitudes of spectral diffusion can then be re-
molecular-dynamic§MD) simulations to explore the con- lated to hydrogen bond configurational changes and reorga-
nection between hydrogen bonding interactions and the bulkization of the hydrogen bonding network.
and transport properties of water. The work of Rahman and In most studies to date, spectrally narrow pulses have ex-
Stillinger explained much of the available experimental dataited a part of the OH absorption line shape of HOD isCD
for liquid water with classical mechanics on simple empiricaland the relaxation of this subensemble was probed as it
potentials: Inspired by these models, researchers have apeequilibrated-’ These transient hole burniigHB) experi-

plied them to elucidate the microscopic mechanisms of hyments have characterized subpicosecond time scales, but the
drogen bond breaking and forming. These studies have foung, oy spectral bandwidth required in these measurements

that intermolecular dynamics span time scales from roughly,,< |imited the time resolution to roughly 150 fs. This pre-

50 femtoseconds for motions on molecular length scales, Wented them from observing water’s fastest intermolecular

pico_seco_nds for cooperati\(e molecql_ar reorganization c_:f thﬂwotions. Vibrational echo experiments have accessed the
liquid. It is only recently, with the ability to generate optical ub- 100-fs time scales of spectral diffusion in water, al-

and infrared pulses that are faster than the intermolecul ough with varying results8-12 Our vibrational echo peak

motions of water, that femtosecond spectroscopies have beelr: . N
able to experimentally probe the dynamics of water mol-S1ift (PS measurement with 50-fs pulses, shown in Figy.1

ecules and hydrogen bonds. Here, we present a unified anal{}2S & rapid 60-fs decay and a V\Clazak beat peaking at 160-fs,
sis of infrared vibrational echo and polarization-selectiveP€fore dropping into a 1.2-ps decaye now report a series

pump-probePP) experiments that reveal the short-time mo- of polarizat_ion—dependent P_P experiment§ with even sh_orter
lecular reorientation and hydrogen bond dynamics in watePulSes, which show new signatures of librational motions
prior to collective reorganization. This provides experimentalPredicted by MD simulations and further support the obser-
data for comparison with predictions from molecular- vation of underdamped hydrogen bond motion. A self-
dynamics simulations based on empirical classical potential§&onsistent modeling of the PP and the PS data yields three
Infrared spectroscopy is an ideal technique to study hydynamlcal quantities that p_rowde a quantitative dgscrlptmn
drogen bonding liquids, because the frequency of the orpf spectral d|ﬁgS|on,_ vibrational population relaxation, and
stretch is sensitive to the hydrogen bonded environmengholecular reorientationC(7), T;, and p,(7). The OH fre-
Spectroscopists have commonly used an isotopically dilutélueéncy autocorrelation function &(7)=(dw(7) dw(0)), 1/T;
sample of HOD in DO as a model system because the OHis the rate for relaxation of the OH vibration, amg(7)
vibration is a localized probe, free of vibrational coupling =(P,(x(7)-x(0))) is the second Legendre polynomial of the
between neighboring OH oscillators that complicates theeorientational correlation function for the unit vector of the
spectroscopy of pure water. Recent molecular-dynamic®H transition dipole. Because the short temporal duration of
studies have shown that there is a fairly strong correlationhe excitation pulse provided enough frequency bandwidth to
between the OH frequency of HOD in,D and the span the fundamental and most of the anharmonically shifted
O—H---0 hydrogen bond lengtfr* However, the angular overtone of the OH stretch of HOD LD, these pulses aver-
variation of hydrogen bonds in the liquid reduces this corre-aged over all molecular environments. These measurements
lation. More generally, we have shown that the moleculamllow for direct comparison of the IR spectroscopy of
electric field at the proton in the direction of the OH bond HOD/D,O to models and simulations of vibrational dephas-
vector determines the frequeney* The configuration of the ing, lifetime, and reorientation based on correlation func-
hydrogen bond acceptor molecule with respect to the OHions.
bond determines the majority of the field strength. Structural Experiments used 45-fs pulses generated with a dual
evolution of the hydrogen bonding network changes the elecstage BBO/KNbQ optical parametric amplifier pumped by
tric field felt by the OH oscillator and results in time- a 30-fs Ti:sapphire amplifier. The pulses typically had a
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spectral bandwidth of 400 crh with flat spectral phase for more than 50 ps, which is consistent with heating and
(<0.2 rad variation when characterized by SHG-FROG. reequilibration of the sample via thermal diffusion.

The center frequency was set to 3300 ¢no span the entire The reorientational correlation function of the OH dipole
fundamental absorption line shape and much of the anhap(7) is obtained from the parallel and perpendicular PP mea-
monically shiftedv=1—2 transition. The sample was an surements through the anisotropyr)=(§-S,)/(§+2S,),
HOD in D,O water jet formed by a 5@m sapphire nozzle shown in Fig. 1c). The anisotropy has an initial value of
with a total peak optical density 6£0.4. We have found that 0.38, and decays biexponentially with 50-fs and 3-ps com-
experiments taken in sample cells show a strong nonresonap@nents. The 50-fs component has not been observed previ-
response from the cell window that masks the short-timedusly in IR measurements, but follows the time scale asso-
dynamics observed in the jet. The polarization of the beams§iated with molecular libration. The long-time component is
was controlled with wire-grid polarizers. Data was acquiredsimilar to experimental time scales observed by IR hole
by measuring the pump-induced transmission change on tHeurning and NMR!#-16

probe pulse, normalized to the transmission of a third refer- The influence of vibrational dephasing on the PP transient
ence pulse. To reduae=2 induced absorption signals in PP is apparent by subtracting the effects of reorientation and

experiments, the transmitted probe beam passed throughP@pulation relaxation, as shown in the inset of Figl)1This
50-cnT! bandpass filter centered at line cent8400 cm?) ~ short-time transient should follow the correlation function

before detection. for the systent/ and shows a rapid decay followed by a
Po'arization_se'ective PP measurements can be used wak recurrence at+180 fS. ThIS transient iS Similar to the
separate the dynamics of reorientation from dephasing anghort-time behavior of the PS measurement, and provides
lifetime relaxation. When combined with PS experimentsyfurther evidence for undel’damped modulation of the OH fre-

polarization-dependent PP experiments can isolate each cofitency during dephasing. . .
tribution. Figure 1b) shows PP measurements for parafigl The PP and PS data can be described self-consistently
perpendicularS,, and magic angl&,, polarization geom- with a third-order nonlinear response functi®®® that is
etries. The polarization measurements differ in both the proexpressed in terms of frequency correlation functions for the
file of the sub-500-fs transients and the time scales of theisplitting between vibrational levels, the vibrational lifetime
long-time decaysSy, is free of reorientational effects and for v=1, and orientational correlation functions for the OH
shows an asymptotic single exponential decay due to the OMector. The formalism is similar to methods we have de-
lifetime with T;=700 fs. This value can be compared with scribed previously® and draws on the multilevel nonlinear
values of 650(Ref. 6), 740 (Ref. 13, and 1000 fgRef. 7  response function described by Sung and Sil8eyull de-
from THB. On time scales long comparedTig PP measure- tails of the analysis will be provided in a later publication.
ments reveal a 3% percent off§aiset, Fig. 1b)]. This off-  We account for vibrational relaxation phenomenologically by
set is similar to long-time signals observed in IR THB andadding vibrational lifetimes for the different levels, while
narrow-band PS experiments, which are ascribed toeorientation is expressed in termsmf7) and p,(7). Cor-
vibrational-relaxation-induced changes in the excitation ofrelation functions for the energy gaps, the transition mo-
intermolecular motions leading to a “hot-ground-state” dif- ments, and the vibrational lifetime involving the=2 state
ferential absorption signdi*® This offset remains constant are related to expressions involvimg 1 through harmonic
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kinetics of collective configurational changes in the hydro-
gen bond network.

At short times the dynamics are dominated by two fast
time scales: the 50-fs decay component of the reorientational
correlation function and the underdamped oscillation with
the 180-fs time period in the frequency correlation function.
Both time scales are due to fast intermolecular motions that
occur over molecular length scales. These reflect hindered
rotations and translations, intermolecular fluctuations that,
b according to MD simulations, lead to hydrogen bond
breaking?® The oscillatory behavior if€(7) largely reflects
the intermolecular motion between the HOD and the hydro-
gen bonding partner for the proton. While the OH frequency
shift reflects the electric field of all fb molecules acting on
. oo the OH coordinate, the displacement and angular changes

e ——— between the two molecules results in the dominant fluctua-
. —_——— ‘ tions of the molecular electric field projected onto the OH
0 500 1000 1500 coordinatée® The oscillation shows that the hydrogen bond is
T (fs) not overdamped as previous IR THB studies had
concluded® The fast decay irp,(7) is consistent with the

FIG. 2. (a) Plots of the normalize@(r) (dasheg| p,(7) (solid), librational motion of water. Unlike Raman measurements
and OH vibrational lifetime decafexp(—7/T,); dotted. The zero-  that probe the many-body polarizability, the infrared mea-
time amplitude of the correlation function was found to ®r)  syrement presented here is an observation of the hindered
=5.7x 10 72 (b) C(7) andpy() derived from MD simulation of  otational motion of individual OH dipoles. The cosine trans-
HOD in D;0 using the SPC/E model for water Ref. 4. The long- {51y of the frequency correlation functignot shown has a
time decays ofC(7) andp,(7) are 0.6 and 2.6 ps, respectively. oy small contribution at 400 ¢y, suggesting that libra-

] ) ) tions do not contribute significantly to the rapid decay of the
scaling relationships to reduce the number of free parame( ),

eters. For the orientational correlation function we assume At times longer thanr, the frequency correlation func-

that the OH transition moments far,, are parallel touz1,  tion and the anisotropy decay on 1.4- and 3-ps time scales,
and use the scaling factor for diffusive orientatipa(7)  regpectively. As shown previously by MD simulations, a va-
=p2(7/3). In order to account for the observed offset in the ety of relaxation mechanisms occur on the picosecond time
experimental data at times longer than the vibrational life-scale including the collective rearrangement of the hydrogen
time, we use a response function that accounts for spectrgsonding network, as well as density and polarization fluctua-
scopic changes on relaxing to a hot ground state. This aRfons on length scales greater than a molecular diameter.
proach is similar to schemes used to model previougontrary to the dynamics at early times that are well de-
experiment$:** Good fits to both the long-time PS and the scribed by the OH oscillator and its hydrogen bonding part-
offset observed in the PP required a 12-¢melaxation- ner, these processes involve the motions of many molecules
induced blueshift in the fundamental transition energy and @nd are therefore inherently collective. Molecular reorienta-
5% decrease in the tl’anSitiOI’l moment. ThIS iS Consistent Withon is a|so Co”ective’ occuring W|th the Structura' reorgani_
the spectral changes observed in Fourier transform infraregation of the hydrogen bonding network as a molecule must
(FTIR) spectra of HOD in RO when the temperature in- preak multiple hydrogen bonds to rotate. On a similar time
creases. The experiments are simulated by convollRidy scale of 700 fs, the combination of these intermolecular
with the electric field of the pulses, taking into account allforces act on the OH coordinate, leading to fast vibrational
possible time-ordered signal contributions into the wave+elaxation.
vector-matched direction. The solid lines plotted along with The frequency and reorientational correlation functions
the data in Fig. 1 are the best fits obtained with this formal-presented here demonstrate remarkable agreement with over
ism. The fit reproduces the short, intermediate, and long-tim&0 years of MD simulations. I€(7) we observe an oscilla-
features of the PS and PP data. tion corresponding to the intermolecular vibration in the oxy-
The underlying dynamics of vibrational dephasing, life- gen velocity autocorrelation function for wafett calculated
time, and reorientation, expressedG(s), T;, andp,(7), are by Rahman and Stillinger. Likewise, Stillinger’s calculation
shown in Fig. 2a). From these quantities one can construct aof p,(7) showed biexponential relaxation with comparable
picture of the underlying dynamics of water's hydrogentime scales to those measured by our experirhénly re-
bonding network. The correlation time for frequency fluctua-cently have MD simulations attempted to calculate the fre-
tions of 7c=340 fs, calculated by integratinf@®(7) and divid-  quency correlation function for the OH stret&t. Figure
ing by C(0), serves as a convenient way to divide the dy-2(b) shows simulation results faZ(7) and p,(7) of HOD in
namics. Times shorter tham: reflect the dynamics of D,O derived from the SPC/E model for water. Calculations
structural fluctuations within relatively fixed intermolecular like these, by Lawrence and Skinner, give similar results
configurations, whereas longer time scales characterize thregarding the fast and slow time scafe$he qualitative

amplitude (norm.)

amplitude (norm.)
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agreement between simulation and experiment indicates than, and does not properly treat systems where molecules
relatively simple fixed-point charge water potentials captureprepared on the red or blue side of the OH lineshape relax
the essential reorientational and dephasing dynamics megifferently. Nonetheless, our observation of a fast correlation
sured in_the present experim_ents. The fact that the experiime 7. and simple exponential relaxation on longer time
mental time scales are consistently longer than those ols.jes suggest a small degree of heterogeneity in reorienta-

tained from this model argue that more sophisticated modelﬁon and lifetime on picosecond time scales. This is consis-

for the intermolecular interactions in water could lead to bet—tent with the findina of two-dimensional infrared spectros-
ter quantitative agreement. For instance, including polariz- 9 P

able effects, where molecular charges respond dynamicallgPPy ©f vibrational dynamics in $0.1112 Our analysis

to the environment, show slower reorientational diffusionProvides an averaged description of hydrogen bonding dy-

and hydrogen bond breaking timé&s. namics within the traditional pictures of spectroscopy, and
The vibrational and orientational motions reported heregives a self-consistent description of the many time-

represent an average over all possible initial intermoleculadependent relaxation phenomena of HOD is0D

configurations, each of which may in fact experience differ- ) ] )
ent dynamical environments on subtly different time scales, 1his work was supported by Basic Energy Sciences of the

While there is evidence that subensemble dynamics are spet-S- Department of EnergiDE-FG02-99ER14983 the La-
trally heterogeneou¥;223we have made approximations in Ser Research Facility at MIINSF CHE-011137)) and the
our analysis that do not describe a heterogeneous systefdavid and Lucile Packard Foundation. J.J.L. thanks the
Specifically, our model assumes the fluctuations are Gaus&OD for financial support through an NDSEG grant.
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