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Aqueous solvation dynamics studied by photon echo spectroscopy
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Three-pulse photon echo peak shift measurements were employed to study aqueous solvation
dynamics. A new perspective of dielectric continuum theoty Song and D. Chandler, J. Chem.
Phys. 108 2594 (1998] aided in characterizing the system-bath interactions of eosin in water.
Application of this theory provides solvation energies, which were used within the spectral density
representatiorp(w), to calculate the experimental peak shift. Simulations with only solvation
contributions top(w), where a substantial amplitude of the solvation occurs withBO fs, are
remarkably consistent with our data. Furthermore, simulations using this theoretical solvation
spectral density and an experimentally determined intramolecular spectral density yield an excellent
total simulation of the peak shift data over the entire dynamic range. Our experimental results
substantiate predictions that interaction-induced polarizability effects, contributingvi8@ cm *

band in the spectral density, influence the initial dynamics.199 American Institute of Physics.
[S0021-960609)50312-1

I. INTRODUCTION ics being convoluted by the instrument response. Recently,
Huppert and co-worketsalso resolved a bimodal behavior,
Determination of the structural and dynamical propertiesin a study of rhodamine 800 in water, with an ultrafast com-
of liquid water is a major area of investigation both ponent of less than 100 fs.
experimentally™° and theoretically>~*° Experimentally, Theoretically, water solvation is predicted to be even
time-domain techniques such as fluorescence up-coffaster. Maroncelli and Flemintf,using molecular dynamics
version’ optical Kerr effect (OKE)®® and THz simulations, and later, Bader and Chantiepredicted an
spectroscop§;’ in addition to frequency-domain spec- even larger amplitude decay.70%—90%, with fastef25 fs)
troscopies such as Ranfatf and infrared(IR)**~*° have  gynamics. Song and Chandf€rusing the full range of dy-
been employed to gain a detailed understanding of the intefjamic dielectric continuum theory, reconstructed a theoreti-
molecular and intramolecular motions and dynamics of lig-cg| solvation time correlation functio(t), for direct com-
uid water. Theoretical studies of aqueous solvéfidrave parison with the fluorescence upconversion experiment of
included simulations ranging from predictions of the IR and jinenezet al2 The theoretically predicted dynamics is again
Raman spectr~*° to calculations of the solvation relax- mych faster than those observed in past experiments.
ation fH_“C“O”S(t)'17’19'23’2f‘a”d the third order rgspoq%%?7 The present study provides experimental confirmation of
In adqmon, normal-mode mvesfugatlonS ha\ée aided in undefyase theoretical predictions. The ultrafast dynamics of the
standing the short-time dynamics of wa%_%?’. aqueous system results from large amplitude, high-frequency
It has been previously shown experimentally that aquéjyiermolecular librational and vibrational motiohdiater

ous solvation dynamics contains much shorter time scaleg,inits motions ranging from sub-wavenumber to 3500
than other solvent systems. However, the ability to experi -1 (o ealed by the spectral density of Fig. 1. These mo-
mentally resolve the shortest solvation time scale has beetribns,correspond to time scales from picoseconds to a few
L . 1

limited by the. |r|1$tr:1m§nt response. BarbOm]Eaal. rgplo;ted femtoseconds. Because many of the characteristic intermo-
two e_xponent|a 320 Ya“°f1 components250 fs, and 1.2 ps, lecular frequencies of liquid water are well above room tem-
and Jimeneet al.” via a time dependent fluorescence Stokesperature energieksT =207 cni'%, the ongoing discussion of
Sh'ft measurement of C343 in Wat_er, showe_d th‘?‘t water SOI\7vhether a complete description of agueous dynamics re-
vation was even faster. The resulting solvation time correla-quires a quantum mechanical treatment per&its
tion function contained an initial decay of 55(#ith 50% of An extensive theoretical pursuit of the origin of the low-
the amplitud¢ which was attributed to librational solvent frequency(3—250 ey intermolecular components of hy-

. 2 . . -
motions< This 55 fs sc_)lvat!on component represents the fastdrogen bonded network of liquid water, has persisted for
est observable solvation time scale, as a result of the dyna

"ver a decad® 2" Madden and co-worke?s established
that the appearance of the hindered translational features
dDepartment of Molecular Biology and Princeton Materials Institute, Prin- (near 60 and 200 CﬁJr) observed in the IR and Raman spec-
,ceton University, Princeton, New Jersey 08544. tra of water are due to interaction-induced dipoles. This first
University of California and Berkeley National Laboratory. L . . . i’ .
“Department of Chemistry, lowa State University, Ames, IA 50011. report 'n'_t'ated theoretical 'nV_eSt'gat'_ S_ ) to determine
9Corresponding author; e-mail address: GRFleming@!Ibl.gov the role, if any, of the electronic polarizability on these low-
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the intramolecular modes of the chromophore. Hence, a
more complex strategy than we have previously &&éflis
essential in order to separate these two contributions. In ad-
dition, high time resolution is a clear necessity. We have
previously shown that photon echo peak shift spectroscopy

300

< 200 can resolve sub-pulse duration dynanﬁ%ﬂ)erefore, we em-
g ploy this technique to study the dynamics of aqueous solva-
: tion.
3 100 200
g
2 100 -
3 Il. PEAK SHIFT SPECTROSCOPY

The photon echo peak shift measurement is briefly de-
scribed in this section. A detailed description of this spec-

0 — T T T troscopy can be found in other studigs®® The peak shift
0 1000 2000 3000 measurement, obtained from the photon echo signal, is gen-
-1 erated by a three-pulse interaction with the chromophore.
o/2mc (cm ) The first pulsek,, creates a coherence between the ground

FIG. 1. The coupling strength weighted spectral dengitw)w? of the a”q excited State The second.pullsg,.ends the COherence

theoretical solvation contribution for watésolid line) constructed by the ~P€riod,7, and initiates a pOpU!at|0n perigdround or e_XC|ted

method of Ref. 19. The spectral density for acetonitrile is shown in the insestate T where spectral diffusion can occur. The third pulse,

gdashtedT“r?? a'Oft‘g _‘;V!}h the 'tOV‘I"Cfifeq;;g?y3;)eg;?” of tge V&'atertspe;tf?' ks, ends the population period and creates another coherence
ensity. e acetonitrile spectral dendl . SNOWS a band centered al . . . . _

~80 cni'® attributed to the librational motion that dominates polar solva- perIOd' The echo S|gnqks, IS (?O”e(_:ted In two symmetry

tion. related phase-matching directionsk,;—k,+k; and

—k,+k,+ks, which correspond to specific spatial locations

due to momentum conservation. The peak shift for a particu-
frequency motions of liquid water. Recently, a calculatedlar T is obtained by determining half the difference between
third order response function, including an interaction-the maximum of the peak positions obtained by scannming
induced tern?®2” concurred with experimental OKE data of A nonzero peak shift indicates rephasing ability, i.e., reten-
pure watef-> However, a solvation dynamics study has nottion of optical transition frequency information.
yet experimentally resolved the influence of this dipole-  Foraroom temperature liquid, in which there are no site
induced-dipole contribution in water. energy differences that persist for longer than the experimen-
A theoretical solvation spectral density of water is com-tal time window, the transition frequency of an individual
pared to acetonitrifé in the inset of Fig. 1. The acetonitrle Chromophoremwe(t), is defined as
speptral densiFy e>§hibits a broad band peaking-80 cm ! wieg(t):<weg>+ 6wieg(t) (1)
attributed to librational solvent motion. The peak aR.5 _
cm ™! correspondsat a 2 psdiffusive solvation component. It Where(weg) is the average transition frequency afidl, (t)
is commonly accepted that the librational contribution domi-is @ time dependent fluctuating term. The transition fre-
nates solvation in acetonitrile and other polar solveatg., duency correlation functioM(t) describes the average dy-
methanol.>*~3*The solvation contribution is easily extracted hamical fluctuating contribution to the echo signal and is
from experiments with adequate time resolution because ®iven by
acts on a different time scale than intramolecular contribu- (800 0) Swe(t))
tions to the optical response. By contrast, the solvation spec- M(t)= 502 ;
tral density of water reveals a much more complex picture. { w99>
The intermolecular components between 0 and 1000*¢m where<6w§g> is the mean square fluctuating amplitude or
the solvation spectral density have been assigned to diffusiveoupling strength. The fluctuation-dissipation theorem re-
motions (~2—10 cmY), a hindered translational region of lates Sweg(t) to the reorganization energy.
the hydrogen-bonded network-180 cm ), and a broad Calculating echo signals is commonly performed by ei-
hindered rotationallibrationa) band (~600 cm 1).2® The  ther modelingM(t) as a sum of Gaussian components, ex-
band observed at 60 crhin the Ramafi'® and OKE=  ponential decays, and damped cositfesy adopting the
spectra is assigned to the hydrogen bonding bend. HoweveBrownian oscillator model? This method is especially ap-
its appearance in the far IR is more controver$i@?’The  propriate at long times where the peak shift corresponds di-
experimental dafd'* used to calculate the spectral density rectly to M(t).“° In most solute-solvent systems, the clear
in this range resolves a broad and very weak shoulder on theeparation of time scales allows a direct correlation of time
200 cm ! band at 50 cm?, which presumably corresponds scales in the peak shift data to dynamical processes. The
to the shoulder at-40 cm ! in the spectral density of Fig. 1. calculations are further aided by simplification of the cumu-
High-frequency librational modes of liquid water differ- lant expansion equations using the high temperature ffnit.
entiate it from other polar solvents. The origin of these in-However, in this aqueous system, the overlapping time
termolecular motions of water has been studied extensivelyscales and the possible limitations of the classibah tem-
In aqueous solutions, solvation acts on a similar time scale tperaturé limit necessitate a more general approach to inter-

@



5886 J. Chem. Phys., Vol. 110, No. 12, 22 March 1999 Lang et al.

pret the data. Therefore, the spectral dengity) is directly ~ where the lower integration limit, O, is defined as the zero—
used to calculate the response, without assuming a model faero energy or the intersection @f ando; . A derivation of

M (t). The spectral density characterizes the range and did€=q. (6), the normalized difference of the first moment be-
tribution of time scalegor frequenciesof solute-solvent in-  tween the absorption and fluorescence spectra, is presented
teractions which couple to the peak shift observafig,g). elsewheré? This procedure explicitly relates the imaginary
The relative weight of the spectral density for a given com-part of the line broadening function, i.e., the spectral diffu-
ponent,p;(w), is adjusted by scaling the reorganization en-sion, to the reorganization energy of the experimental ab-
ergy, \;, and coupling strengtk(,Af) according to sorption and fluorescence spectra.

A= dewwpi(w) 3 Ill. EXPERIMENT
0

The peak shift and transient grating measurements were
and performed at 3.8 kHz using a regeneratively amplified Ti-
I :sapphire lasér to pump an optical pararggetric amplifier
a_ [~ 2 hpwl (OPA) arranged in a double pass configuratioifhe regen-
(an= fo dow cotl-( 2 )p'(w)' @ erative amplifier produces 800 nm, 50 fs, 29, Gaussian
pulses used to pump the OPA optimized at 520(nerar the
where 8=1/kgT andi represents an arbitrary component. absorption maximum of the chromopharén the amplifier,
Using this approach, a total spectral dengify(w) is deter- 1004 of the pump is focused an& 2 mmsapphire window
mined. In general, a variety of models can be applied tqg generate continuum. Infrared light, centered-a#80 nm,
regard the spectral density obtained from experiment, simuz combined collinearly with the pump and amplified para-
lation, or theory™ _ . ~ metrically in a 4 mmlong BBO crystal cut to 20°. After a
~ The dynamical behavior of the system is containedsecond pass, the amplified infrared and residual pump are
within the line broadening functiomy(t), which can be mixed to produce 520 nm via sum frequency generation in a

readily calculated according to 250 um BBO cut to 23°. This process is performed col-
Cint . linearly by focusing the beams with an off-axis parabolic
gi(t)= THJ' dwp;(w)sin( wt) mirror (f=3in.). The~15 nm bandwidth pulses were com-

0

pressed with a pair of F-2 prisms to a pulse duration as short
" hBw as 30 fs, measured in a 3@n BBO, Type I, corresponding
+f dwpi(w)cot?'<—)[1—cos(wt)]. (5  to atime bandwidth product of 0.54.
0 2 The 520 nm beam was split into three beakys k,, and
ks of equal intensity. Period was scanned from-150 fs to

The imaginary and real components describe spectral diffu:

sion and spectral broadening, respectively. Dynamical pro—150 fs for a fixed population perigtiranging from 0 to 100

cesses are combined to obtain a tagét), which is then ps. A 25 cm achromatic doublet was used to focus the beams

inserted into the response functioRs— Rg selected by the LO a spot S'ielg fwisot"f[rﬁ' The t?tal g ntehrgy f\f tz‘.a thtr.ee
echo experiment. The third order polarization is then calcukefrlps_i_r/as d —I? +I3 +ke sample. I? ec IO dlr;ec |torc115
lated by convolution of the response functions with the op-'1 "27"3 an 17Kz TKg WETE Simulaneously detecte

tical fields of the experimental pulse sequePt& A pulse with Si_ photodiodes, amplified ten times and sampled with
envelope of 25 fs, the transform limit obtained from the ex_gated integrators. A phase-locked chopper modulated beam

citation spectral bandwidth, was used in calculating the ech53’ at 1.9 kHz, and the integrated echo signals were detecied

signal. Finally, the peak shift is extracted from the calculatedNIth lock-in amplifiers.

three-pulse photon echo signal and compared with the ex- The_ chlromopho.re used. n _th|s system |s_eo‘s§1nAs.
periment. shown in Fig. 2, eosin, a derivative of fluorescein, contains a

The maximum of the fluorescence spectrum(w), is xanthene ring system with four bromine substituents.

red shifted with respect to the maximum of the absorptionSamples were prepared by dissolving edéin doubly dis-

spectrum,o,(), by 2\ or the Stokes shift® This widely tilled water to an optical density of0.7. For a 10Qum cell,

; ; N
used technique for determining the reorganization energy caWIS corresponds to a conceniration of x M and

- —1 -1 47 ;
provide an accurate value afwheno,(w) and o¢(w) are E(gtlazg?o_ 9rr71>i:%a(|)l4 '\l\//lleagmrer.ne:thse S;rgﬂzgjztr?;iﬁdtgn_
Gaussian, but is ambiguous for asymmetric or structure& ' Qu ' u w

spectra. Using this method, the observed Stokes shift bé)_erature.

tween the absorption and fluorescence spectra for eosin in

water is 720 cm'. However, the absorption spectrum of V. RESULTS

eosin in water is far from Gaussialfrig. 5 and half the Transient grating measurements, which provide popula-

Stokes shif(360 cm 1) underestimates the solvent reorgani-tion and solvation dynamics information, were also per-

zation energy. Therefore, we used a novel methed cal-  formed in this study. Figure 2 shows a transient grating mea-

culate the reorganization energy according to surement of eosin in water as a function of population

[Zoloy(w)—o(w)]do period. A typical three-pulse photon echo peak shift mea-

o= Ow a f , (6) surement of eosin in water is shown in Fig. 3. The integrated
Joloa(w)+o(w)]do echo signals are fit to Gaussians, and the peak shift is ex-
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solvation dynamics challenging. Instead of attempting to ex-
tract the time scales directly from the peak shift measure-
ment, our approach was to determine if the data were con-
sistent with theoretical predictions for agueous solvation.
Thus, we used a theoretical solvation spectral density, as
detailed below, in combination with intramolecular vibra-
tional contributions, as described in Sec. VI, to simulate the
data.
The theoretical solvation spectral density, shown in Fig.
1, was calculated using a new perspective of dynamical di-
0 500 1000 1500 2000 2500 electric continuum theory® To model aqueous solvation dy-
namics for eosin, an initial guess of the geometry of the
Population Period, T (fs) chromophor&® was optimized(using MOPAQ to obtain
FIG. 2. The transient grating signal of eosin in wagrcles with a linear ground and excited state charge Q|str|b.ut|ons§ a-nd a change in
prediction singular value decomposition f#olid line) to the data. The dipole moment of~8 Debye. Using this optimized geom-
structure of the eosin molecule is also shown. etry, a van der Waals surfade-400 A°) was adapted to
generate a molecular surface for ecSiThe frequency de-
pendent response of pure water is obtained from experimen-
tracted. The initial peak shift position is12 fs. The peak tal IR datall'?*5These ingredients were used to calculate
shift data exhibit a very fast, large amplitude decay to a peakhe total solvation energyE(w),*>%? of eosin in water. A
shift of ~3 fs where the rate of decay abruptly slows. Asrelationship between the solvation energy and the solvation
shown in the inset of Fig. 3, the peak shift data decay to zereorrelation function,S(t)% can be derivetf and expressed
by ~15 ps. Oscillations, resulting from the intramolecular py
vibrational modes of eosin, are also present in the signal.
Many measurements were performed in order to confirm re- h (=
producibility of the signal. Saturation effects were not ob- S(t)= Xfo do
served in the peak shift data. Data sets were shiftet fs)

in peak shift in order to compensate for a drift in the peakynereE"(w) is the imaginary portion of the total solvation

shift at !ong pqpulation times. The dgta'were also shifted irbnergy. By expressing(t) in terms of a solvation spectral
population period to overlap the oscillations. In some caseyensity via

the required shift in the population period was fs and

N
]

Intenstiy (arb. units)

E(«) cog wt), (7

(O]

compensates for a small chirp in the 30-35 fs excitation b
pulse?® S(t=y JO dwwpeo w)CO wt) 8
V. SOLVATION and equating Eq(7) to Eq. (8), the useful relationship

As noted earlier, the overlapping time scales of solvatiorPso( @) =E”()/ »? is readily obtained. Recall, in the classi-

and vibrational motion make unambiguous extraction of theca@l limit, S(t) and M(t), Eq. (2), are equivalent. Corre-
spondingly, the solvation spectral density in Fig. 1 is calcu-

lated directly from the aqueous solvation energy.

12 ¢ The solvation spectral density is inserted into the line

10 1= : i o
1 % - T broadening function, Eq5), and a peak shift is calculated as

10 1 % [T outlined in Sec. II. The calculated peak shift arising from the
{0 8 5 ] 3 [ | solvation contribution alone is compared to the experimental
& 1 - L data in Fig. 4. This confirms that the fast and intermediate
£ 5 . - (50-500 fg time scales in the data can be reprodusekkly
(2] 4 L . . . .
~ 0 L} with the solvation spectral density. Interestingly, an abrupt
S 4 ' T ' y - change in the rate of decay of the experimental data at a peak
o 10 100 1000 10000 |

shift of ~3 fs is predicted by the theoretical solvation spec-
tral density. During the population period from 80 to 180 fs,
the system shows no evidence of dephasing, which will be
further addressed in Sec. VII. However, as shown in the inset
0 500 1000 1500 2000 of Fig. 4, the simulated peak shift decays to nearly zero by
~2 ps, whereas the experimental data exhibits a nonzero
peak shift until~15 ps. The calculated absorption spectrum
FIG. 3. Three-pulse photon echo peak shift data of eosin in Waireles (solid line) is compared with the experimental absorption
e o e I e e soae oy, Speclium(cirles in Fig. 5. Solvation alone capiures the
ne?lts,~400 fs (15%) and ~2.70 ps(lZ%).IC;\lote the abrupt change in t%e general shape of the eosm abS'OI’ptIOI’l spectrum, but Clearly
slope when the peak shift has decreasee-®fs. The inset, on a log scale d0€S not reproduce the vibrational shoulder on the high-
and without fit, shows that the peak shift decays to 0 fsTby15 ps. frequency side.

O e LA B

Population Period, T (fs)
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_ bined: one for water solvatiops,(w) and the second for the
8 intramolecular vibrations of eosip,,(w) into a total spec-
tral density ool @) = AsoPsol @) + ayippyin(@). Specific charac-
teristics in the peak shift data and absorption spectrum con-
4 strain the coefficients, thereby constraining the coupling
strength and reorganization enefggcording to Eq9.3) and
(4), respectively of both dynamical processes. More specifi-
cally, the amplitude of the oscillations in the peak shift con-
strain the coupling strength for impulsively excited vibra-
tions, and the fast components of the peak shift confine the
coupling of the solvation spectral density. The width of the
absorption spectrum is a further limitation on both processes
and is constrained by the total reorganization energy, deter-
mined using Eq(6), of 877 cm . We scaled the solvation
Population Period, T (fs) spectral densityg, (), by a total rms value of the coupling
FIG. 4. Comparison of the simulated peak skibiid ling using the th strength A ¢,=436cnY) and a total reorganization energy
reti(‘:al .soll\)/atg)cilss%egral ?j;\siltJyaaelonZe?o fhe (-:‘prtleri?ng?ta? Ctafeleg.o 0f X 50=360 cnt ™. When_a value above 5(_)0 crhis used f(_)r
Note the correspondence of the initial time scales. The delayed rate of decdysol» the peak of the simulated absorption spectrum is too
of the peak shift at-3 fs is predicted by theory and arises from the 180 wide.
cm’l'hindered translational bgnd of water. The tail eviqlent @n the peak shift The solvation spectral density was included from Fig. 1
data is not reproduced by this solvation spectral density alimse). . e . . .
with a modification to include the slow component evident in
the tail of the peak shift. Although the initial dynamics is
\ka OSCOELSVSAETS'ON AND INTRAMOLECULAR Gaussiart>%*2an exponential fit to the peak shift data was
performed to characterize this slow component. The fit in-
While solvation captures many of the general features otluded a~17 fs(73%) fast component and two slower com-
the data, it is clear that additional nuclear degrees of freedorponents~400 fs(15%) and~2.7 ps(12%). This simple fit,
contribute to the observed peak shift. Intramolecular vibraas shown in Fig. 3, provides time constants and amplitudes
tions of eosin, as evident from the oscillations in the peakor times larger than the bath correlation time and can be
shift data and from the shoulder in the absorption spectrunyelated to our solvation contribution. By comparing the ex-
contribute to the dynamics of the system. This shoulder isonential fit to the experimental peak shift data with a fit to
partly attributed to ring breathing modes of eosin centereqne simulated peak shift, calculated usipg(w), an addi-
around 1500 cm*® The data further exhibit a long decay tional 8 ps component is necessary to equate the two fits. The

component, which was not captured by the theoretical 5°|Vas'pectral density for this component, Fig(bf was con-

tion spectral density. This diffusive tail is treated as an addiycted by assuming the functional form of an overdamped

t!onal solvation component, i.e., an intermolecular contribu-g,onian oscillator with an amplitude;= 130 cm * and an
tion. _ _ inverse correlation time ofA;) ~'=8 ps>® This additional

In order to completely describe the dynar_mcs of thecontribution was added to the original solvation spectral den-
chromophore-solvent system, two spectral densities are corrgity to form a new total solvation spectral density.

The vibrational spectral densipy,,(w) was constructed
by combining information present in the oscillations of the
peak shift as well as frequencies obtained from the transient
grating and Raman measurements of eosin. Determining the
vibrational contribution to the spectral density is complicated
by the fact that the laser pulg€ig. 5 impulsively excites
only a portion of the total vibrational spectrum. The total
vibrational contribution was separated into two parts. Impul-
sively excited vibrations, those which have a period of oscil-
lation longer than the pulse duration, are ultimately deter-
mined from a direct fit of damped cosine functions to the
peak shift. The non-impulsively excited intramolecular vi-
brations, however, are obtained from the Raman spectrum.

To determine the impulsively excited vibratiorife-

Frequency (cm'1) quencies,_ amplitudes, phase; and damping Dimbe tran-
sient grating respons@ig. 2 is analyzed using linear pre-

FIG. 5. A comparison of the experimentaircles to the calculatedlines) diction singular value decomposition. The identified
absorption spectra. The calculated spectra are from solvation &ofid  frequencies and amplitudes are compared with the vibra-
line) and a simulation including solvation and intramolecular vibrations |. . .
(dashed lingusing parameters of Fig(lf). The laser excitation spectrum is tional modes of the Raman and infrared spectra of eosin.
also shown(solid circles. These modes and damping times are then used as initial pa-

0 L) T T L)
500 1000 1500

Peak Shift (fs)

00
oo
4 Q’OOOOOOOOOOOO

0 T I T I T I T I T
0 100 200 300 400 500

1.0

0.5
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12 TABLE I. Input parameters used to create the impulsively excited contribu-
k (a) tion to the vibrational spectral densipy,;,(w) for three-pulse photon echo
. 10 o simulations. Frequendyv), rms coupling strengtt), phasg®) and damp-
» 1 ing times(I") were obtained from a fit of damped cosine functions to the
- 84 peak shift. The values in this table were inserted into the equation in Ref. 57
"_é R to generate the spectral density by a procedure outlined in the text.
n
< » (cm™) A (cm™ ® (radians T (fs)
o
o 46 114 —-0.69 221
80 78 -0.80 279
S 109 49 -0.30 730
L 210 70 —-0.29 469
0 500 1000 1500 2000 283 61 0.223 404
) ) 342 40 0.035 498
Population Period, T (fs) 474 7 0.51 442
500 20
1)
< 400
g J
— 300 to the amplitude of the ultrafast component in the data. The
=) ] large coupling strength for this range is essential in order to
& 200 7 h f a vibrational should he high
& 1N h capture the appearance of a vibrational shoulder on the high-
38 100 4 . :\ : frequency side of the absorption spectrum and slightly im-
- . »‘N\ }J\1 proves our ability to simulate the initial peak shift data. Since
0 —Frrr—r ,\4, RN L our pulse spectrum does not span the entire absorption spec-
1 10 100 1000 trum, these vibrations are only partially excited by the opti-
; cal field of our experimental pulses.
o/2nc (cm’) Simulations were performed to determine the coupling

FIG. 6. (8 C , f the simulated peak séold line) to th strength{ A?) and reorganization energy of each contribution

. 6. (a9 Comparison 0 € Simulatea peak si 1d line) to the ex- f . _

perimental datgcircles. (b) The coupling strength weighted spectral den- that beét reproduces .the peak shift data a”?' absorpnop Spec

sity p(w)w? includes a theoretical solvation contribution with trum. Figure 6b) provides the spectral density contributions

=360cm " (dark solid ling, an 8 ps diffusive intermolecular component used to simulate the peak shift data. The calculated and ex-

with A=130 cm* (dashed ling the impulsively excited vibrations with perimental peak shift data for eosin in water are shown in

=58 cm ! (dashed-dotted ling and high-frequency intramolecular vibra- . . o .

tions with A =300 cn? (light solid line). Fig. 6(;1). The S|mulateql peak shift includes the theoretlcgl
solvation spectral density, the 8 ps component, and the in-
tramolecular vibrations. As Fig.(8 shows, the abrupt de-

. , . . crease in the rate of decay betwden40—80fs, or at a peak

rameters for a direct fit of damped cosine functions to the

peak shift data. A vibrational spectral density was Con_shlft of ~3 fs, is captured by the simulated peak shift, giving

structed from 0 to 500 it with these parametefd.very confidence that the dynamical origin of this feature is well

low amplitude intermediate mod€800—800 cm?) were re- determined. The minor deficiency in the amplitude of the

solved in the analysis of the transient grating data, but no?_scnlatlon:s of the peak shift simulation originates in the con-

resolved in the peak shift measurements. When these modgébu“on of the intramolecular modes of eosin which have

were artificially included with small coupling strength, struc- not been entirely characterized. The large dynamical range of

ture not visible in the peak shift data arose. Since this echi!® Simulation, verified by the excellent fit up to 10 (ot
measurement did not impulsively excite frequencies abov&nOWn. allows an accurate description of the diffusive tail.
500 cm'L, this range was excluded in this spectral density.’"e reo[gl]amzatlon energy used in the simulation,
The coupling strength and phases of the impulsively excited™ 848 ¢m *, produces areliable description of the absorption
vibrations were adjusted to overlap the oscillations in theSPectrum, as shown in Fig. 5, and is within the upper limit
data. The parameters used in constructing this vibrationdfrovided by the total reorganization energy of 877 ¢nThe
spectral density,,(w) are provided in Table I. The photon Calculated absorption spectrum reproduces the width of the
echo experiment inherently contains phase information, bupeak and a portion of the shoulder. Models that reconstruct
p(w) should not carry any phase informatighAs a result, the entire absorption spectrum, i.e., simulate the entire shoul-
the phases in Table | were set to zero before transforming th@er, do not reproduce the peak shift data. This implies that
oscillations to a spectral density. The spectral density for th&@ot all the high-frequency vibrations on the blue edge of the
intramolecular vibrations is shown in Fig(i$. spectrum were excited. Therefore, they are not evident in the

The spectral density of non-impulsively excited vibra- peak shift data, and a value smaller than the total reorgani-
tions is taken directly from the Raman spectrum of eosirzation energy was used. Finally, the same line broadening
[Fig. 6(b)]. High-frequency intramolecular vibratioif800—  function simulates the experimental fluorescence spectrum,
2000 cmY), including ring-breathing modes, destructively which, for the eosin-water system, is merely the mirror im-
interfere within the first tens of femtoseconds and contributeage of the absorption spectrum.
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periment averages out this band in the simulated peak shift.
— S However, this peak is resolved in a simulated peak shift
when a nearly impulsive limi{~10 fs pulse durationis
— — Peak Shift applied. This recurrence, observed only in the simulation,
occurs at-40 fs and resembles a similar feature, alse-40

fs, in the pump—probe data of the hydrated electfoftt
This implies that the hydrated electron and a polar solute
have a similar ultrafast aqueous solvation response as previ-
ously suggestetf-

S(t); Peak Shift (norm.)

P —

1 The striking agreement between the photon echo peak

—_— ]

LBRNLRLEN DU BLRLRLELE LN B B shift data and the dielectric continuum theory at early popu-
0o 100 200 300 400 500 lation times T=40-180fs), or at a peak shift value of3
Time (fs) fs, will now be discussed. Both theory and experiment show
a drastic change in the slope of the peak shift betwEen
FIG. 7. The comparison of the normalized simulated peak &fhafshed ling =40 and 80 fs. When the 180 ¢rhband of the aqueous
to the theoretically determined solvation re]axation fgncﬁ()t') (solid line) solvation spectral density is excluded from the simulation,
calculated according to Eq8). Note the difference in the decay rates at . .
short times and the recurrence-at0 fs in S(t) due to the librational band ~ the calculated peak shift becomes an evenly decaying func-
in water. tion and fails to capture the abrupt change in the rate of
decay at a peak shift of 3 fs. While a fit to damped cosines
for both the peak shift and the transient grating data required
a frequency of approximately 180 cih) the Raman and IR
The experimental peak shift measurement shows that thepectra of eosin validate trebsenceof a 180 cm* vibra-
majority of the agueous solvation response occurs on an utional mode arising from the probe molecule. Therefore, this
trafast time scale. The correspondence between the theoregrominent feature in both experimental data and theoretical
cal solvation spectral density, constructed from a formulatiorpredictions is not an intramolecular vibrational mode of the
of dielectric continuum theor}? and the data is remarkable. probe molecule. Instead, it corresponds to the low-frequency
Thesg expgrimentgl data, as will be Qiscussgd below, Conf.i”ﬂindered translational ban@~180 cmY) resulting from
our dielectric continuum results, which predict a very raplddipole-induced-dipole interactions in water. The signature of

g - 0
(within ~30 fs)_ decay contrlbutlng 10~60% Of_ the total the ~180 cm ! underdamped solvent mode was not resolved
solvent relaxation. The peak shift data also illustrate that

) o in the experiments of the hydrated electr§r*
agueous solvation dynamics is complete-b¥5 ps. Calculations of Raman intensit i larizabilit
It is important to re-emphasize that the initial time de- aiculations of kama ensity using a polarizability

; 20
pendence of the peak shift does not correspond to the solvg—xpans'grl‘ performeq by both l\_/lagldenal. and Mazzacu- )
tion times[as doS(t) or M(t)]:% When compared t&(t) in rati et al=~ each ascribe the majority of the amplitude of this
the classical limit, the three-pulse photon echo decay overindered translational band to dipole-induced-dipole effects.
estimates the amplitude and underestimates the time scale Mukamel extends this discussion by showing that anisotropic

the initial peak shift® Moreover, a third order experiment is polarizability provides a more accurate Raman amplitude of
rather insensitive to the detailed form of the time depenthis hindered translational peakOur experimental data cor-
dence, i.e., the echo measurements cannot differentiate raborate the studies of Bagchi and co-workér&, which
Gaussian from an exponential at short timie® Therefore, a  predicted that the interaction-induced polarizability effects in
quantitative interpretation of the ultrafast aqueous solvationater slow the initial decay of the dynamics in the same
component can only be obtained by a rigorous analysis of the-180 cm* region and play a significant role in determining
solvation relaxation function. The calculations used a theothe initial inertial aqueous response. Our data show similar
retical solvation spectral density to calculate a peak shiftsirycture to recent simulatioRwhich include the effects of
However, as illustrated in Eq8), this same solvation spec- parizability fluctuations on the nuclear Kerr response of
tral density can also be used to obt&ift). For the purpose qier and show short-time structure in the optical response.
of illustrating the difference betwees(t) and the peak shift, Moreover, peak shift measurements of water substantiate the

the long time portion of the peak shift was normalized tostrong influence of the dipole-induced-dipole contribution as
S(t) and is shown in Fig. 7. The theoretically determmedtheoretically predicted.

S(t) was fit to one Gaussian and two exponentials; the ul- A iously_di d th K shift d devi
trafast portion of this result—a 28 fs component with 58% of S previously discussed, the peak shift data deviate

the decay amplitude provides a more accurate quantitativé"ght'y from the theoretical prediction in the long time dy-
measure of the solvation when compared to the ultrafagt@mics. The 8 ps exponential component, added to simulate

component of the peak shift fit—a 17 &3%). the tail of the peak shift data, may arise from water tightly
Another interesting feature in Fig. 7 is the peak betweerpssociated with the eosin molecule. Eosin is both doubly
40 and 70 fs irS(t) that corresponds to the broad librational charged and quite polarizafiéHence, a strong interaction
band of water centered about 600 nThe mathematical with the hydrogen bonding solvent is almost inevitalét
convolution with the finite, 25 fs, pulse duration of the ex- has been suggested that the slow reorientation of eosin, com-

VIl. DISCUSSION AND CONCLUSIONS
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