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Quantum nonadiabatic molecular dynamics simulations are used to explore the molecular details
surrounding photoexcitation of solvated electrons in deuterated water. The results are compared to
previous studies in normal watfB. J. Schwartz and P. J. Rossky, J. Chem. Ph@4, 6902, 6917

(1994 ] to elucidate the nature of the isotope effect on both the solvation and nonadiabatic relaxation
dynamics. The solvent spectral density couples differently to the individual energy levels than to the
quantum energy gap, indicating the importance of the symmetry of both the ground and excited
states in determining the resulting solvent response. The solvation dynamics are characterized by a
Gaussian plus biexponential decay. Deuteration has little effect on the Gaussian component or long
time exponential decay of the solvent response function, bu2@% isotope effect is observed on

the faster exponential decay. The solvent response following nonadiabatic relaxation is found to be
much more rapid than that following photoexcitation, reflecting the importance of short range
mechanical forces and molecular shape in solvation dynamics. Simulated spectral dynamics of the
individual ground state bleach, excited state absorption, and stimulated emission components in
deuterated water are presented and the results compared to those in normal water. The spectral
isotope dependence results principally from the difference in calculated nonadiabatic relaxation
rates, which are a factor of2 slower in DO than HO. Using the fact that a separate analysis of

the quantum decoherence times for the electron suggests that the nonadiabatic transition rates in the
two solvents should be identical, calculated spectral transients are corrected for the case of identical
nonadiabatic lifetimes and show essentially identical behavior in light and heavy water, in
agreement with current experimental results. The small isotope effect on the solvation response
should be observable with higher time resolution. 1896 American Institute of Physics.
[S0021-960626)51339-5

I. INTRODUCTION tion of the new adiabatic energy levels and the extent to
which they are coupled nonadiabatically. In this paper, we
The dynamics of a chemical reaction in solution arewill utilize the isotope effect to explore the connections be-
critically affected by solvent molecules whose motions arenween solvation dynamics and nonadiabatic relaxation for a
coupled to the reactant energy levels. This solute—solverfodel condensed phase quantum system, the hydrated elec-
coupling can alter chemistry in two principle ways. The firstirgn.
way is through solvation dynamics, the response of the sol-  The hydrated electron serves as an excellent paradigm

vent to changes in the electronic charge distribution of thgy, the study of aqueous solvent effects on chemical
reacting specie¥:® Since all chemical reactions involve the reactivity>° Because the excess electron resides in a

rearrangement of electrons, the time scale over which thg, ghiy spherical solvent cavity, its eigenstates are similar to
solvent acts to stabilize new charge distributions can detety, (<o of a particle in a spherical b&%. The coupling be-

mine whether or nofor how rapidly a particular reaction  yeen the solvent and the solute for this system is manifest in

can cross _|ts trans_mon statg._The second_ way IS throggl&]ree ways. First, solvent molecular motions distort the size
nonadiabatic coupling, the mixing of the adiabatic potentlaland shape of the cavity, directly modulating the electronic

z?;Liczzl\%:fl‘eBreZﬁg\r/‘v?nsp]%(;lterz:;zc:gsrigt(\j/vz:ﬁleirarr?tatrl:%Snergy levels. Second, upon promotion to the first excited
-bYy g d state, solvent motions act to accommodate the pelike

energy levels, nor_lad|abat|c co_uplmg provides a reacting .SYSc_harge distribution, dynamically decreasing the quantum en-
tem access to entirely new regions of phase space, permitti

the creation of new products or altered reaction rates Thegeqrgy gap. Finally, as solvation brings the ground and excited
P ' setates closer together in energy, nonadiabatic coupling due to

two types of solvent effects on chemical reactivity are not” . . . .
entirely independent: as the charge distribution changes dufarid solvent motions causes a radiationless transition back
to the ground state. These three aspects of the extremely

ing a reaction, solvation dynamics will determine the evolu- o )
strong solute—solvent coupling in this system are reflected

spectroscopically in the breadth of the equilibrium absorp-
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respectively’ 1 This spectroscopic accessibility and the lating the photoexcited solvated electron in(D Section IlI
theoretical simplicity of the hydrated electron have made itexplores in detail the nature of the solvent fluctuations
the first system where condensed phase nonadiabatic simulesupled to the hydrated electron. The solvent response for
tion and experiment have successfully converged. the solvated electron in deuterated water is examined and
Recent femtosecond laser experiments by Barbara ancbmpared to previous experimental, theoretical, and simula-
co-workers have measured the dynamical spectral changéisn studies of the isotope effect on solvation. The presence
following photoexcitation for the hydrated electron of only a small isotope effect on the inertial portion of the
systen?’~3%|n these three laser pulse experiments, hydrategolvent response indicates a large degree of translational
electrons are produced by an initial synthesis pulse througbharacter to the initial solvent molecular motions. In Sec. 1V,
multiphoton ionization of neat water or photodetachment ofwe examine the isotope effect on the nonadiabatic relaxation
a negative ion. After several nanoseconds delay to ensui®f the hydrated electron. In contrast to experiment, we find
equilibration in the ground state, the electrons are promotethternal conversion rates which are a factor-& slower in
to their first excited state with a second femtosecond lasdp,0O than in HO, a result which stems from incorrect choice
pulse. The spectral changes due to solvation and nonadi&f the quantum decoherence time in the nonadiabatic dynam-
batic relaxation following this photoexcitation are recordedics algorithm. We explore the molecular nature of the solvent
with a third ultrashort pulse at a variety of wavelengths. Be-dynamics following radiationless relaxation, and find a sig-
cause of the temporal width of the pulses and optical disperificant difference between the solvent responses following
sion in the sample, the time resolution of these experimentQhOtoeXCitaﬁon and nonadiabatic relaxation. This difference
is limited to ~300 fs. The experiments measured solvationis rationalized by considering the role of solvent mechanical
and nonadiabatic relaxation time scales<#00 fs and~1.1  forces(dispersion and Pauli repulsipin competition with
ps, and found no direct evidence for simple two-stéges-  the Coulomb forces responsible for dielectric solvation. Sec-
bestig kinetic behavior. In addition, when similar experi- tion V presents the calculated ultrafast spectroscopic tran-
ments were performed in deuterated water, no isotope effegients for the solvated electron in,D. The individual
was observed on any of the dynamics within the time resobleach, absorption, and stimulated emission spectral compo-
lution of the apparatu&?° nents are analyzed and compared to those investigated pre-
In previous work!~° we simulated the experiments of Viously in H,O. Using a simple model for the connection
Barbara and co-workers by treating the hydrated electron at laetween the nonadiabatic transition rate and the solvation
fully quantum mechanical level. Following photoexcitation, dynamics, we correct the calculated spectroscopy,@ fr
we found that the electron occupiepdike state with lobes the case where the nonadiabatic transition rates in the two
oriented along the long axis of the solvent cavity. The sol-Solvents are identical. In agreement with experiment, we
vent responds or-25 fs Gaussian aneé-250 fs exponential demonstrate that at 300 fs time resolution, there would be no
time scales to create a more peanut-shaped Cy|indrica||measurab|e Spectroscopic differences between the ultrafast
symmetric cavity. The electron grows by a factor o2  transients in light and heavy water for comparable transition
along the cavity long axis, and solvent molecules are broughtates. Finally, Sec. VI summarizes all of these results, and
into the nodal region near the electron center of mass. Theg¥ints out directions for future experiments with improved
solvent motions leave the energy of the occupied excitedime resolution.
state roughly unchanged, but increase the energies of the
ground state gnd the higher Iylng. excited states. By analyzl-l_ METHODS
ing the transient spectroscopy in terms of ground state
bleach, excited state absorption, and stimulated emission The nonadiabatic simulation procedures we employ are
components, we were able to assign the observed spectiidentical to those used in our previous studies of photoexci-
dynamics in terms of specific solvent motions inducingtation of the solvated electron in,®,"*3and have also been
changes in the frequencies and oscillator strengths of thdescribed in detail in the literatufé-3 Briefly, the model
underlying quantum transitioffisThe lack of observed isos- system consists of one quantum mechanical electron and 200
bestic behavior results from solvation-induced changes in thelassical deuterated water molecules in a cubic cell with
absorption and bleach spectral components during the courséandard periodic boundary conditions at room temperature.
of the radiationless relaxatichin addition, we found a The electron—BO interactions were described with a
roughly inverse-linear dependence of the nonadiabatic trarpseudopotential! which contains terms accounting for the
sition rate on the magnitude of the evolving quantum energyCoulomb interaction between the solvated electron and the
gap’ Based on these results, we assigned the 300 fs and 1phrtial charges on the D and O atoms of the solvent mol-
ps spectroscopic time scales to excited state solvation dyecules, the polarization interaction between the solvent mol-
namics and nonadiabatic relaxation, respectiVelyrather ecules and the solvated electron, and the orthogonality re-
than to nonadiabatic relaxation followed by ground state solquirement between the wave functions of the solvated
vation as previously suggestée?® electron and the electrons in the solvent molecular orbitals.
In this paper, we extend our previous studies on the hyThis potential is identical to that used in our previous work
drated electron system to investigate the isotope effect onn H,0, and is discussed in detail elsewh&&he equations
solvation dynamics and nonadiabatic relaxation. In Sec. Ibf motion were integrated using the Verlet algorifiwith a
we outline the nonadiabatic quantum methods used for simut fs time step in the microcanonical ensemble. The adiabatic
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eigenstates at each time step were calculated via an efficient The classical model we use for,O is a modification of
iterative and block Lanczos schethertilizing a 16 plane  the flexible version of the simple point char&PQ model
wave basis; the lowest 6 eigenstates were computed durirfgr water due to Toukan and Ram&#nWe utilize the same
nonadiabatic dynamics, and the lowest 40 eigenstates weieter- and intramolecular parameters as Toukan and Raman,
employed in all spectral computations. All spectra presentethut choose a deuteron mass of 2 amu instead of the proton
here were smoothed in the frequency domain with a 1:2:Inass of 1 amu. We also slightly adjusted the box size in our
filter, and then convoluted with a 300 fs Gaussian to providesimulation(to 18.19 from 18.17 Ato match the experimen-
for better comparison to experiment as well as to ensure th&l solvent density of 1.104 g/ml at 300 K. We selected this
correct statistical weights in the ensemble avefage. model to allow for direct comparison to our earliep,
The starting point of the simulations was an equilibratedwork, even though to the best of our knowledge, the proper-
configuration of the electron inJ@, with the masses, veloci- ties of this particular model for fD have not been explored
ties, and box size scaled to produce the model of the electropreviously. Several models of isotopically substituted water
in D,O. The deuterated system was then equilibrated for 1Bave been well-characteriz&t;**however, including a flex-
ps with velocity rescaling every 100 fs for the first 5 ps andible version of SPC which differs from the model we employ
every 500 fs for the latter 5 ps. After an additional 10 psonly in that it uses harmonic interactions for the intramolecu-
equilibration with no velocity rescaling, a 40 ps adiabaticlar degrees of freedofff.Most of these models find that the
ground state trajectory was ria portion of which is shown translational diffusion coefficient of water increases by a fac-
in Fig. 1). This ground state trajectory was divided into tor of ~1.2 upon isotopic substitution, in good agreement
twenty 2 ps intervals, and the first configuration in each in-with the experimental isotope shift of 1.23 at 300"KPer-
terval which had a quantum energy gap resonant with thédaps of more relevance for solvation dynamics are the di-
experimental excitation enerffywas used as the launching electric relaxation and rotational correlation times. The De-
point for nonadiabatic excited state trajectories. Each trajeddye relaxation times for rigid models of deuterated water are
tory was run through its nonadiabatic transition to the groundnly 5%—12% larger than those for normal watet? in
state, and the ground state dynamics were subsequently faklatively poor agreement with the experimental finding of a
lowed for an additional 0.5 p¥. 26% increase. The flexible model for,©O most similar to
Nonadiabatic dynamics were performed using the algoours?* however, shows a~20% increase in the self-
rithm of Websteret al,*>*2which is based on a combination reorientation time about the dipole axis upon deuteration, in
of the stochastic surface hopping scheme of Tully andnuch better agreement with experiment.
Prestor® and the nonadiabatic scattering formalism of In comparing our model for D to experiment, it is
Pechukas?® In this approach, nonadiabatic transition prob-important to note that no classical simulation model will ad-
abilities are computed as the squares of (t@mplex over-  equately reproduce quantum effects which are important in a
laps of the occupied state at one time step with the adiabatigrotonated fluid like water. Classically, the static ensemble
basis at the following time step. Weighted by these transitiomproperties for light and heavy water should be identical since
probabilities, the final state for the new time step is selectedhe two fluids contain identical nuclear configurations with
stochastically. The Pechukas expression is then used to selfientical statistical weights. The only differences in the en-
consistently determine the dynamics of the classical particlesemble properties of classical,® and DO should be in
associated with the given initial and chosen final quantundynamical quantities such as time correlation functions
states, allowing for smooth evolution during quantum transiwhich depend on the rate at which these fluids sample their
tions. Because the myriad of classical paths associated wittonfigurations. Quantum mechanically, however, the disper-
each possible final state can interfere, “memory” of the sion of the deuteron is much less than that of the proton. As
complex transition amplitudes is lost after a certain time, ara result, realquantum mechanicaD,O has stronger hydro-
effect known as quantum decohererit&’ In our present gen bonding and is a more ordered fluid thagOHat the
application of the Webstest al. algorithm, we chose to drop same temperatuf.One manifestation of this extra ordering
the complex phases of the nonadiabatic transition amplitudeis a~15 nm blueshift of the equilibrium absorption spectrum
at the end of each time step to account for this decoherencef the hydrated electron upon deuteratfrOur semiclassi-
Thus, the comparisons presented here between nonadiabat&l models for the electron in the two solvents have identical
dynamics in HO and DO are based on identical decoher- solvent configurations and interaction potentials; as a result,
ence times in the two solvents. Our choice was based in pathe calculated ground state absorption spectra in the two
on the recent semiclassical golden rule calculations of Nerialassical solvents are identical within statistical liniits the
and Nitzant>'®who found little change in the decay of quan- reference spectra for £ in Figs. 8 and 9 with our previ-
tum coherence upon isotopic substitution for the hydratedusly calculated 5D spectrum in Fig. 1 of Ref.)7In addi-
electron system. More recently, however, we reinvestigatetion to missing this small shift in the spectroscopy, our semi-
the role of quantum coherence in this system and determinedassical model for the solvated electron would not
that electrons in deuterated water should have a decoherenmproduce any quantum effects that might be important to
time which is—50% longer than that in normal wat&¥The  solvation or to the energy partitioning and coupling in nona-
implications of this difference in decoherence times are disdiabatic dynamics. With these caveats in mind, we explore
cussed in detail elsewhefdand we will return to the effect the classical isotope effect on the solvation dynamics of the
of decoherence on the nonadiabatic transition rate in Sec. \&olvated electron in Sec. lll.
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Ill. LINEAR RESPONSE AND THE ISOTOPE EFFECT

ON SOLVATION DYNAMICS MMM
2.0 Gap
The importance of the solvent’s response to the changing
j State

electronic charge distribution during a chemical reaction has
prompted an explosion of recent experimental, theoretical,

Ground
State

and simulation studies of solvation dynamic The effects

of solvent fluctuations on the quantum energy gap of a quan-
tum solute, U(t) =Eq{t) —Eg.(t), are described by the
equilibrium solvent response function

~(8U(0)8U(1)) 0 500 1000 1500

1 Time (fs)
((8U)?) ™

_ . . FIG. 1. Dynamical history of the lowest two adiabatic energy levels and the
yvhereéU(t)—U(t)—(U) is the fluctuation of the gap from_ _quantum energy gap for a 1.5 ps portion of the ground state trajectory
its average value and the angled brackets denote an equilibescribing the solvated electron in deuterated water. ftaxis scale is
rium ensemble average. In the limit of linear response, thédentical for all three curves; the scale breaks are included for ease of com-
regression of fluctuations resulting from a perturbationP271S0n- The upper curve representing the quantum energy gap is the differ-

. _..ence of the lower two curves depicting the ground and first excited adiabatic
should relax in the same manner as those present at equiliByenstates.
rium. Thus, for small perturbations, the nonequilibrium sol-

vent response function

Energy (eV)

U(t)—U() curve depicts the energy of the electronic ground state, while
= W (2)  the center curve shows the energy of the lowsdike ex-
cited state to which photoexcitation occurs. The effect of
should be identical t&C(t) in Eq. (1). The overbars in Eq. strong coupling to solvent motions is readily evident—the
(2) denote a nonequilibrium ensemble average. In a typicaénergy levels vary by nearly 0.5 eV on a time scale of a few
solvation experiment, a probe molecilesually an organic tens of femtoseconds. Clearly visible are rapid oscillations at
dye) has its charge distribution changed by photoexcitationthe O—D stretching frequencies with a period-e15 fs as
and the time dependent fluorescence Stokes shift is monwell as slower modulations at the bending and intermolecu-
tored. The nonequilibrium response functigft) is then de- lar solvent frequencies. It is interesting to note that the two
termined by approximating the quantum energy gap as thenergy levels often tend to be modulated together; that is,
peak or first moment of a log-normal fit to the instantaneousome particular solvent motions which affect the energy of
fluorescence spectruffi The relationship between this spec- the ground state affect the energy of the excited state in the
troscopically determined solvent response and the time evasame fashion. Thus, especially on short time scales, the two
lution of the underlying quantum energy gap has been exeurves fluctuate largely in parallel. The upper curve in Fig. 1
plored previously for the hydrated electron systém. shows the time evolution of the quantum energy gap, the
The solvent fluctuations which modulate the quantumdifference between the ground and excited state energies, on
energy gap of a solute take place at the frequencies presenttine same energy scale as the lower two cufmese the scale
the solvent’s spectral density. There has been a great deal bfeak in the lower part of Fig. 1; the average gap is around 2
interest in the solvent spectral density for water in particulargV). Because some types of solvent fluctuations affect the
including investigations by infrared absorptitijepolarized  two individual states in the same manner, the fluctuations in
Raman scatterintf, the optical Kerr effectl°>?and molecu- the quantum gap are both quantitatively and qualitatively
lar dynamics simulatior®®* The spectral density of liquid quite different from those of the individual energy levels.
water is roughly characterized by high frequency intramo-  The fluctuations which appear in the time evolution of
lecular symmetric and antisymmetric stretchi®800—-4000 the quantum energy gap are due only to those solvent modes
cm 1) and bending motiong1500—1800 cm?), as well as  which are significantly displaced upon excitation. A simple
lower frequency intermolecular librationgt00—1000 crm?) Fourier analysis shows that the fluctuations present in the
and various hindered translational motiognrs60 and~175  individual energy levels are well matched to the bulk solvent
cm ). As expected upon deuteration, the bending, stretchspectral density, including contributions from both the intra-
ing, and librational motions are decreased in frequency bywnd intermolecular degrees of freedom. The quantum energy
~v2, while the lower frequency translational motions showgap, however, shows essentially no modulation at either the
relatively little change upon isotopic substitution. All of solvent stretch or bend frequencies, and shows a small en-
these different solvent motions can modulate the solutdancement of the translational motions relative to the libra-
guantum energy levels; thus, the overall isotope effect ortional motions compared to the neat solvent spectral
solvation dynamics will depend on the interplay betweendensity®® This can be easily rationalized with a simple
these motions and how strongly each couples to the energghysical picture. Upon photoexcitation from thelike
levels of the solute. ground state, the charge density in thdike excited state
Figure 1 shows a 1.5 ps slice of the ground state equi“pushes” on solvent molecules along the angular lobes, and
librium trajectory of the solvated electron in,©. The lower  stops pushing on those molecules which are now aligned

S(t)
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distribution involved is important to determining the effec-

1
! 00 500) tiveness of the various modes in solvation dynamics.
g 084 NG This symmetry dependence to the solvation dynamics
g oeliNe | (OE () SE a0} has also been observed in previous simulgtion studies. Ku-
2 (B o)) mar and Maroncefif recently observed differing solvent re-
504 sponses for a benzenelike solute with different excited states
2 having various order multipolar charge distributiGfign our
C020 T earlier work studying the polarization dependence of the
. | | | e transient spectroscopy of the hydrated electron, we found
0 100 200 300 400 500 that solvent fluctuations with different symmetries can cause
Time (fs) relaxation on very different time scal&.This symmetry

dependence to the solvation dynamics has important impli-

FIG. 2. Linear response predictiofi&q. (1)] for solvation dynamics based cations for linear response. We note that like igO,—T sol-
on the autocorrelation of the equilibrium quantum energy gap fluctuations ti f th hot ited lvated elect . s i
(solid curvg and the equilibrium ground state fluctuations alddashed vauon o € photoexcited solvated electron |@CDfa sin

curve for the solvated electron in JO. the linear regime: the autocorrelation of the energy gap de-
cays in an almost identical fashion to the nonequilibrium
solvent response following photoexcitati¢ef. Fig. 3. Fig-
with the nodal region between the lobes. Since the electron isre 2, however, indicates that considerable caution is neces-
large (~4 A diam) compared to the size of the solvent, this sary in using ground state potential fluctuations for linear
pushing motion acts not just on single atoms but instead actesponse predictions of solvation dynamics. Depending on
fairly uniformly over entire water molecules. Thus, the rela-the nature of the excited state involved, fluctuations of the
tively stiff intramolecular O—D stretching and bending mo- quantum energy gap can behave very differently from fluc-
tions are not much affected by this change in charge distrituations of either the ground state or excited state energies
bution, but the softer hindered translational and rotationahlone. In other words, the detailed nature of the solute makes
motions of the entire molecule are altered. the spectrum of couplings between the solvent spectral den-
The difference in fluctuations between the individual en-sity and the solute electronic energy gap nonuniféimthis
ergy levels and the quantum energy gap is further exploredase, damping out the intramolecular modes and heavily
in Fig. 2. The solid curve shows the autocorrelation of theweighting the hindered translational motipns
guantum energy gap, which is also the linear response pre- The relationship between solvent—solute interaction
diction [Eq. (1)] for the solvation dynamics following exci- symmetry and the nature of solvent motions in solvation dy-
tation, averaged over all 40 ps of the ground state trajectorynamics has also been recently explored in a detailed theoreti-
The dotted curve shows a similar autocorrelation of the eleceal analysis by Ladanyi and Str8%By making a scaling
tronic ground state energy aloiithe autocorrelation of the argument in a solvation theory based on instantaneous nor-
energy fluctuations of the individugtlike excited states are mal mode2}? Ladanyi and Stratt conclude that the symme-
nearly identicgl The two curves are clearly different, re- try differential of the solute—solvent ground and excited state
flecting the different composition of solvent modes preseninteractions determines the relative effectiveness of transla-
in the underlying fluctuations. tional versus rotational solvent motions during initial solvent
The regression of the ground state fluctuations shows eelaxation. This scaling argument predicts that translational
fast initial decay, followed by a pronounced ringing at thesolvent motions play the greatest role for the case of a
D,0 librational frequency. This type of librational oscillation spherically symmetric differential interaction while rota-
has been previously observed in the solvation dynamics dional motions are more important for dipolar symmetry.
water by Maroncelli and Flemind.In their simulations, Ma-  Thus, a major role for translation is consistent with the me-
roncelli and Fleming examined aqueous solvation dynamicshanical expansion of the hydrated electron at short times
by changing the overall charge of an atomic probe. Likeassociated with the differential between the ground and ex-
these charged atomic solutes, the ground state of the hyited states, while the increased evidence for libration in the
drated electron is spherically symmetric, and the oscillationsndividual state energie&f. Fig. 2) is consistent with charge
in the ground state solvent response indicate the importanadistribution fluctuations of leading dipolar symmetry.
of collective water librational motions in coupling to spheri- Figure 3 explores the isotope effect on the nonequilib-
cally symmetric charge distributions. For the hydrated elecrium solvation dynamics of the hydrated electron. In com-
tron, however, the photoexcitation changes the symmetry gbuting solvent response functions from Eg), we note that
the charge distribution. Because the orientation of water diwhile U(0) is well determined by the resonance condition for
poles around the electronic ground state is already nearlgxcitation, there is an ambiguity concerning the choice of
favorably aligned for solvation of the lobes of the excitedU(«). For classical normal and deuterated water, we expect
state, collective librational motions are not as effective inthe equilibrium excited state energy gaps to be identical. In
relaxing the new excited state charge distribufibihese  D,O, however, the simulated excited state lifetime is roughly
librational motions which strongly modulate the individual twice as long as that in 40, as discussed in more detail in
states make a smaller contribution to the autocorrelation o6ec. IV. Thus, the solvent response on time scales longer
the quantum energy gap. Thus, the symmetry of the chargihan the excited state lifetime in,B causes continued re-
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TABLE |. Parameters for nonlinear least-squares (fitashed curvesof a 1.0§
Gaussian plus biexponential decag:exp[— 1/2(t/7-g)2]+bexp[— t/ 1] 1.0
+cexd—t/r,] to solvent response functions showsolid and dotted 0.8 %’08
curves in Fig. 3. Times are given in fs; numbers in parenthesis show the 2 3
amplitude of the corresponding component. The long time j® Mias de- g 0.6 g%
termined from the decay of the calculated spectral transients; see the text. % ) 50
%04 DO| 02
Solvent 74 (fs) 7 (fs) 7, (fs) § o T 300
H,0O 24(0.39 240(0.62 11000.0) 3 02
D,O 26(0.49 295(0.30 11000.26 ol
0 500 1000 1500 2000
Time (fs)

laxation of the quantum gap in, D past that observed in
H,O. To calculate the equilibrium gap in,D, we averaged FIG. 3. The isotope effect on the nonequilibrium solvent resppBge(2)]
configurations from all trajectories where the electron OCCU_foIIowi_ng photoe)_(cit.’s_ltion of the hydratgd electron. The solid‘curve shows

. . . solvation dynamics in kO (Ref. 7), while the dotted curve displays the
pl_ed the excited state for times greater t_han 2 ps, and det_eg(')lvent response in . The dashed lines show Gaussian plus biexponen-
mined a 0.45 eV value for the asymptotic energy gap. Thisial fits to the solvent response functions with parameters summarized in
value indeed indicates further solvent relaxation than thdable I. The inset exhibits the early time portion of the two responses on an
0.56 eV value we obtained in our previous work iQCH expanded scale for better comparison of the Gaussian inertial components.
where we could not explore times significantly greater than 1
ps due to the short excited state lifetif@vere we able to
correctly capture the later solvation dynamics in normal wa-  We have already compared the solvent response function
ter with a longer-lived probe, it would be expected to havefor the photoexcited solvated electron in®to previous
the effect of adding a tail and then raising theCHsolvent ~ work on aqueous solvation dynamicéut the solvent re-
response functiorfsolid curve in Fig. 3 until the tail just sponse in DO and the nature of the isotope effect merit
about overlaps with the tail of the ,D solvent response further comparisons to other theoretical studies in the litera-
(dotted curve ture. Fonseca and Ladanyi investigated the isotope effect in

Having noted this missing longest time solvent response¢he early time solvation response of methanol, and found a

in H,O, Fig. 3 shows that the solvent responses @kind change in the Gaussian inertial decay time which was
D,O are actually quite similar. The inset shows the shortsmaller than that expected for purely rotational motion of the
time responses of the two solvents in detail. Both are charhydroxyl hydrogen alon&: This finding is in accord with our
acterized by a rapid Gaussian de€agomprising roughly results for water, where € dependence of the decay time
half of the response, followed by exponential relaxation orwould have been expected for inertial solvent molecular mo-
longer time scales. Both the Gaussian response and mot@ns which involved reorientation of the water dipole. Per-
notably the subsequent exponential decay j@Rre slightly  haps the most similar study to ours is that of Barnett, Land-
slower than those in D, but the curves are similar enough man, and Nitzaf? who used a similar model of the hydrated
that it would be very difficult to separate them experimen-electron to study the adiabatic relaxation following excitation
tally with limited time resolution. The dashed curves in Fig. in both normal and deuterated water. In contrast to our re-
3 represent Gaussian plus biexponential fits to the solverdults, these workers did find &v2 isotope effect on the
response functions, with parameters summarized in Table Initial Gaussian decay, and thus suggested that this early
The longest time entry in Table | forJ@ comes from expo- time portion of the solvation response was due to water re-
nential fits to the decay of the spectral transients; the lon@rientation motions. Barnett al. based their conclusions,
time solvent response still has some spectroscopic manifekowever, on the results of only two trajectories, and thus
tation even though it has nominally 0% amplitude in thewere not able to comment on the presence of an isotope
decay of the quantum energy gap. The Gaussian componeetffect in the longer time relaxatid.Given the difference in
shows a<10% isotope effect, corresponding well with our statistics between our simulations and theirs, it is difficult to
interpretation of predominantly translational modes beingdetermine if our results are truly at odds. Our results are also
displaced upon photoexcitation. The faster exponential decaiyp general accord with the molecular hydrodynamic theory of
shows a 23% increase upon deuteration, in excellent accofdandi, Roy, and Bagci who predict solvent response
with expectations based on the experimental isotope chandanctions for water based on experimental dielectric disper-
in water’s longitudinal dielectric relaxation time of 26%. Our sion data as input. These workers find essentially no change
assignment of the experimental spectral transients from Bain the initial Gaussian relaxation upon deuteration, but do see
bara’s group’?® is slightly modified from our previous a small isotope effect in the long time exponential tails simi-
work: the observed 300 fs decay is predominantly a manifestar to that observed in Fig. 3. The theory used in these stud-
tation of the fast exponential solvation dynamics, whereases assigns the initial Gaussian decay to the relaxation of
the 1.1 ps decay reflects a mixture of nonadiabatic relaxatiotong wavelength polarization modes of the solV&nthe

and the slower exponential solvation dynamics which bothgjuantitative agreement between our results and the theory of
occur on similar time scales. The details of this spectral asNandi et al, however, is not as satisfactory. The theory,
signment are discussed in Sec. V. which agrees well with the experimental aqueous solvation
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measurements of Jimenetal.®’ predicts a Gaussian decay 5 10
which is twice as long as that observed here, and exponential = '
decay time scales which are significantly faster than ours. As ’_g 08
discussed below, these differences may be due to the role of 2 06t
mechanical forces in the solvation dynamics in the present &
case, and which are not accounted for in this theory. = 04
There have also been several experimental studies on the % 0.2
isotope effect in solvation dynamics. Barbagaal. have 5
measured the solvation dynamics of a coumarin probe in P05 10 50 30
both light and heavy watéf Although these workers were Time (ps)

unable to resolve the inertial dynamics, they did observe a
~30% i i i . . . -

30% isotope effect on th_e exponential po_rtlons Of_the SOI'FIG. 4. The isotope effect on the excited state survival probability as a
vent response, results which match well with our Fig. 3. Infunction of time. The solid curves denote the fraction of trajectories in
addition to their high time resolution study in26,67 Jime- which the electron still resides in the excited state. The dashed curves are
nez and Fleming have also explored solvation dynamics iﬂt; to a simple one-parameter model which assumes an inverse linear cou-

69 Alth h to the best of K ledge thev h tpllng between the quantum energy gap, controlled by solvation, and the
D,0.> Althoug 0_ € best of our _noyv.e ge they have NOtnpnadiabatic relaxation rate. See the text, By. and Table 1.
fully analyzed their DO data, the individual fluorescence

traces suggest little change in the inertial or longer exponen-

tial time scales, but a slight increase in the shorter exponeras is also obvious from inspection of Fig. 4, the average
tial time scale in accord with our results. Miller's grotp survival time in DO is roughly twice that in K.

and Castneet al>* have measured the optical Kerr effectin  The average and median survival times presented in
water, and Miller’s group has limited data in deuterated wa-Taple 1| reflect a mixture of different inherent nonadiabatic
ter as well. Like the results of Jimenez and Fleming, Millerransition rates and differing solvation dynamics between the
reports the only significant change upon deuteration takingwo solvents. In our earlier workwe presented a simple
place in the intermediate time scales of the respéh$&:  model for the decay of the survival probability which as-

nally, Palet al. have recently explored the solvent responsesymed an inverse linear dependence on the quantum energy
of aniline andN, N-dimethylaniline(DMA) and their deuter- gap

ated analogé' Neither solvent shows any inertial dynamics,
so the results are only on the diffusive, exponential relax- dP(t)
ation components. Fully deuterated aniline displays the same  dt

isotope effect as aniline deuterated solely on the aminQherep(t) is the fraction of population in the excited state
group, suggestive of specific hydrogen bonding interactiongy (ime t after excitation,U(t) is the time-dependent quan-
in the solvation process. Surprisingly, DMA Shows no iS0-y,m energy gap normalized to the size of the equilibrium
tope effect at all. Overall, all the available experimental evi-oy cited state gap after completion of the solvation response,
dence suggests that the details of the solute—solvent coupling,q the proportionality constantis simply the equilibrium
are importa_nt in determination of the isotope effect in solva-o, cited state lifetime. Equatiaf8) is in general accord with
tion dynamics. our physical intuition: immediately after photoexcitation
when the gap is large, the nonadiabatic transition rate is
small. The nonradiative transition rate then increases with
IV. THE COUPLING BETWEEN SOLVATION AND time as the gap decreases due to solvation, and does not
NONADIABATIC RELAXATION reach its maximum, equilibrium value until after the solva-
tion response is complef8.At long times, 7 is simply the
Because the solvent-induced fluctuations of the quanturime scale for exponential decay. This variation in the rate
energy levels of the photoexcited hydrated electron are comyith solvation forms the basis for the differences between
parable to the spacing between them, a nonadiabatic descrigarlier experiments and simulations studying the relaxation
tion of the electronic dynamics is essential. The 20 nonadiaof electrons photoinjected into neat wafer® and the pho-
batic trajectories run in ED show a wide dispersion of toexcitation of equilibrium electrons considered hetdsing
nonadiabatic transition times; by considering the entire
swarm of trajectories, valuable insight can be gained into the
nature of the interplay between solvation dynamics andrABLE Il. Characteristic nonadiabatic decay timg&g. 4) for the photo-
nonadiabatic relaxation. The solid curves in Fig. 4 di5p|aye_xc?ted solvated ele_ctron in B a_\nd DO. The equilibrium excited stgte
the probability for remaining in the excited state for the en-lifetimes are dgtermlned by ponllnear Igast-squargs(dmed curves, Fig.
tire set of DO trajectories as well as the survival probability 4 t0 Eq.(3) using the solvation dynamics shown in Fig. 3.

=—P(t)/7U(t), P(0)=1 3

for our earlier results kD.” Because 20 trajectories were run Median Average Equilibrium
for each of the two solvents, the survival curves jump in Solvent time (fs) time (fs) lifetime 7 Eq. (3)
s_teps of 0.05 e_ach time a single trajectory under_goes radia- H,0 630 730 450
tionless relaxation. Table Il summarizes the median and av- p o 1530 1470 850

erage values of the survival time for each of the two systems
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FIG. 6. The isotope effect on the nonequilibrium solvent response functions
FIG. 5. Ensemble averaged adiabatic eigenstédternating solid and  following nonadiabatic relaxation of the hydrated electron. The solid and
dashed curvesfor configurations immediately following the nonadiabatic dashed curves show the reestablishment of the ground state equilibrium for
transition in each nonequilibrium trajectory. The initial configuratiome the electron in light and heavy water, respectively. The light dotted curve
zer9 starts at a different point following photoexcitation for each trajectory; depicts the nonequilibrium response following photoexcitation in deuterated
the distribution of starting times is given by the survival curve in Fig. 4. water(same as in Fig. \3for comparison.

the fits to the time-dependent quantum energy gaps summase have defined the zero of time to be the point at which the
rized in Table I, Eq(3) can be solved numerically fd?(t), nonadiabatic transition occurs in each individual trajectory.
leaving the equilibrium survival rateas the only adjustable This is fairly unusual kind of ensemble average: while many
parameter. Nonlinear least-squares fits to the survival curvesf the initial configurations start after radiationless transition
shown as the dotted lines in Fig. 4, give a best fit value forfrom the equilibrated excited state, some initial configura-
the equilibrium transition rate in J® which is about twice tions result from excited state trajectories in which the sol-
that in H,O (see Table ). The simple model represented by vation response is not yet complete. After radiationless decay
Eq. (3) does a good job of capturing the decay dynamics inover an average gap siZat the point of the nonadiabatic
both solvents. transition of ~0.65 eV, solvent relaxation rapidly lowers the

The large difference in the nonradiative decay rates beenergy of the newly occupied ground state, with most of the
tween light and heavy water is a direct reflection of the roleresponse completed within 25 fs. There is evidence for
of nuclear velocities in the nonadiabatic coupling. The fastesslower relaxation of the ground state on longer time scales,
nuclear velocities in PO arev2 times smaller than in §0,  but this slower component of the response plays a much
and thus for identical quantum coherence times the couplingmaller role. Within a few hundred fs of the nonadiabatic
between the states is roughly twice as small yODversus transition, the equilibrium structure of the hydrated electron
H,0.3® As mentioned in Sec. |, however, the experimentalis completely established. This rapid evolution to equilib-
results show essentially no isotope dependence to the trarium once the ground state becomes occupied is in agree-
sient spectroscopy following photoexcitation, suggesting thament with the results of previous adiab4ticand
both the nonadiabatic transition rates and the solvation dyronadiabatit®?° calculations, and is in accord with our gen-
namics are similar for the electron in,@ and DO.2"2*We eral assignment of the transient spectroscopy in water to sol-
recently have rationalized the difference between the experivation dynamics followed by nonadiabatic relaxation rather
mental and simulation results by considering the role ofthan vice-versd:®
quantum decoherence in the two solvetitsVe found that One interesting feature of the downwards ensemble av-
the quantum coherence time for the solvated electron,@® D erage lies in the smoothness of the traces present in Fig. 5.
was roughly 50% longer than in.B. Thus, the smaller The energy levels of the individual trajectori&d. Fig. 1)
nonadiabatic coupling in ® adds coherently for a longer fluctuate by~0.5 eV on a rapid time scale due to coupling
time than in HO, with the net result being essentially iden- with various modes of the solvent. The lack of large ampli-
tical nonadiabatic transition rates in the two solvents. In Sectude oscillations on the average indicate that there are no
V, we will calculate spectroscopic transients for the electrorsimple special motions of the solvent which can be singled
in D,O enforcing an identical equilibrium nonadiabatic life- out as responsible for driving the nonadiabatic dynarhics.
time to that in HO. We find that the if the nonadiabatic The fact that many modes of the solvent are simultaneously
transition rates are similar, the differences in solvation dy-nvolved in coupling the energy levels of the hydrated elec-
namics are not readily detectable spectroscopically at 300 fson nonadiabatically is discussed in detail elsewH@re.
time resolution(cf. Fig. 3, providing an explanation for the Figure 6 presents a comparison of the nonequilibrium
complete lack of isotope effect observed experimentally.  solvent response functiof&qg. (2)] for both the photoexci-

To gain further insight into the response of the solventtation (“up” ) and nonadiabati€“down” ) transitions. The
following nonadiabatic relaxation, we show the change in thawo traces are markedly different: the inertial component for
guantum energy levels of the hydrated electron following thehe downwards transition is significantly faster and accounts
nonadiabatic transition in Fig. 5. In constructing this figure,for a much larger percentage of the total solvation response
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tion depicted is the ground state eigenfunction of the elec-

.4/”‘\\?37%.... tron, which is unoccupied before the radiationless transition

2 fs ',f;':’/;//"‘.&l;/"“&%f;:::::i (upper framg but becomes the occupied state following
ZAL $$
N

nonadiabatic decay(lower two frameg The two-
dimensional slices of the wave function shown here contain
both the electron center of mass and the transition dipole
vector connecting the ground and first excited states, which
points along the approximately cylindrical symmetry axis of
the excited state electron. The absolute orientation and posi-
tion in the lab frame is the same for all three slices. Figure 7
shows both changes in the electronic charge density due to
solvent motions and provides an explicit measure of the
shape of the solvent cavity in which the electron resides.
Preceding the nonadiabatic transition, we observe oscil-
lations of electron density between the lobes of the elongated
peanut-shaped wave function, and the nonadiabatic transition
probability to the ground state increases when the wave func-
tion becomes more asymmetfitThe occupied excited state
wave function has opposite signs in each of the lobes,
whereas the nodeless ground state wave function has only a
single sign. It is those solvent motions which drive electron
density toward only one of the two lobes that breaks this
symmetry, leading to a finite probability for making a nona-
FIG. 7. Selected ground state eigenfunctions from a single trajectory, showqiabatic transitior{” The upper frame in Fig. 7 captures such
in perspective and as contour plots, demonstrating dynamic evolution of th@ charge density asymmetry 2 fs before the nonadiabatic
solvent cavity around the electron in deuterated water following nonadiatransition takes p|ace; the left-hand lobe of the wave function
batic relaxation. The plane of these two-qlimens_ional slices contains l_)oth thEOntains significantly more charge density than the right-
electron center of mass and the transition dipole vector connecting th L S
ground and first excited states. The times are relative to the nonadiabatig@nd lobe. We note that similar oscillations have been ob-
transition; thus, the upper plot at2 fs displays the unoccupied ground state served by Space and Coker in their study of solvated elec-
while the lower two plots at positive times show the now newly occupiedtrons in liquid helium’®
ground state. Following the nonadiabatic transition, the solvent
quickly reorganizes to produce the equilibrium ground state
than that following photoexcitation. This difference bears ahydrated electron, which has arike wave function about
striking resemblance to that observed by Maroncelli andhe size of one of the lobes of the equilibrium excited state
Fleming in their studies of atomic solutes in watertheir  electron. Of special significance, the transition initially pro-
nonequilibrium solvent response upon ionization of the neuduces an asymmetric ground state wave function which has
tral solute is very similar to our “upwards” response, while most of its charge density in one of the original two excited
their solvent response following neutralization of the ionicstate lobes. This leaves a void in the solvent which was for-
solute closely matches our “downwards” transition, as dis-merly occupied by the other lobe of the excited state elec-
cussed further below. Moreover, when one computes the lintron. Solvent molecules rush in to fill this void, pushing out
ear response prediction for the equilibrated excited state  what little electron density remains. The center panel in Fig.
calculating the autocorrelation of the quantum energy gaf@ shows that only 4 fs after the internal conversion, the elec-
[Eq. (1)] for a single long trajectory on the equilibrated ex- tron almost entirely occupies the left-hand lobe. After only
cited state with the surface hopping algorithm shuj,afhe 10 fs, solvent has relaxed to produce an electronic species
finds that the nonequilibrium downwards response presentedhich has most of the characteristics of the equilibrium
in Fig. 6 is in excellent agreement with the linear responsaround state except perhaps for a slight increase in overall
prediction. Thus, even though the two responses are clearkize. The fact that entire solvent molecules move to fill in the
different due to the different nature of the microscopic sol-void during this time is also supported by the very small
vent configuration around the electron in different electronicisotope effect seen in Fig. 6; the initial downward solvent
states, both the upwards and downwards transitions followesponse does not show th& isotope dependence that
linear responsé&’ This phenomenon will be explored further would be characteristic of water rotational motions. Thus, we
in an upcoming publicatiof® see that translational modes of the solvent are also important
In Fig. 7, we examine how diverse initial microscopic in relaxing the ground state charge distribution following
solvent configurations can lead to very different solvent renonadiabatic relaxation, although different time scales are
sponses by using the wave function of the solvated electroaritical.
as a probe of the local solvent structure. The times indicated This idea of predominantly displacing different transla-
in Fig. 7 are relative to the nonadiabatic transition point in ational modes upon photoexcitation and nonadiabatic relax-
single trajectory. As in our previous wofkthe wave func- ation leads to an appealing microscopic picture for the cou-
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pling of the mechanical and dielectric solvent responses.
Viscoelastic solvent relaxation occurs for solutes that un-
dergo a change in size or shape upon excitation, even if such
excitation is not accompanied by a change in charge
distribution!” In cases where changes in both size and shape
and charge distribution occur, such as the hydrated electron,
the viscoelastic and dielectric solvent responses can couple
togethert® Upon photoexcitation, the hydrated electron con-
tinuously expands along the long cavity axis pushing solvent
molecules away from the ends of the lobes, and solvent mol-
ecules also translate into the void created in the nodal region.
Of course, solvent reorientational motions do aid in accom-
modating the new excited state charge distribution, but the
initial solvent motions displaced are predominantly transla- } ‘
tional, as evidenced by the small isotope effect on the inertial L5 25 3.5 4.5
response(Fig. 3) and the pronounced ringing observed at Energy (eV)
translational frequencies in the calculated ultrafast SpeCtl’0§;-|G_ 8. Transient bleach dynamics for the solvated electron in deuterated
copy (cf. Fig. 11 and Refs. 8—)0Following nonadiabatic water at various time delays after photoexcitatjsalid curvey, normalized
relaxation, the solvent molecules are already properly oriento equal area with the equilibrium ground state absorption spedifashed
tationally aligned around the lobe that will be occupied after®!'ves for reference.
the transition, so only free translational motion of water mol-
ecules into the newly created void is necessary to producg yULTRAFAST TRANSIENT SPECTROSCOPY OF THE
significant relaxation. This causes the large difference in solSOLVATED ELECTRON IN D ,0
vation rates for the two types of transitioffsig. 6); follow- o I
ing photoexcitation, first shell solvent molecules are beinq11 dolnl? ththi pdrmcm()jle ladvantqger? of utlllzmg a quanLum
mechanically forced into other solvent molecules, which hin- 1ode or the Y rat.e eectr.on IS the opportunlty to make a
) . . direct connection with experiment by using the wave func-
ders their translational and rotational degrees of freedo

. . ! ) ions to calculate spectroscopic observables. In previous

Following nonadiabatic relaxation, solvent molecules near 8-10
the unoccupied lobe simply move into the void, where the work, we found excellent agreement between spectro-
P Py ’ yscopic transients calculated with this model of the hydrated

can easily take up configurations that lower the energy of th%lectron and the experimental results of Barbara and
ground state, . L co-workers?’ % By dissecting the calculated transients into
_In bOth. the photoexcnan_on ‘f.’md nonadiabatic Cases, hdividual bleach, absorption, and emission components, we
major portion of the relaxation is due to the mechanlcalwere able to elucidate how the solvent motions responsible
forcgs betW‘?‘e” _the. solute an_d th? solvent._ Recent h.°|%r solvation dynamics and nonadiabatic relaxation are re-
burning studies finding nearly |dent|(?al solvation dynamicsyqcieq spectroscopicalf? In this section, we examine the
for both polar and nonpolar solutes in propylene carbonatg,nerimental manifestations of the isotope effect by studying
point to the importance of mechanical forces in solvaffon. hese same spectral components for the solvated electron in

Simulation work has also indicated the |gnpqrtgnce of Meyeuterated water and comparing to our previous results in
chanical interactions in solvent relaxatiGtf° A similar phe- normal water.

nomenon has also been noted by Maroncelli and Fleming in The solvent motions which couple to the energy levels
their atomic solute simulatiori§. Following ionization of @ of the hydrated electron fluctuate on a variety of time scales.
neutral solute, solvent dipoles aligned for the neutral speciegne |aser pulse used for photoexcitation is faster than some
can reorient to favorably solvate the new charge distributiongf these fluctuations. Thus, only that fraction of the popula-
Following neutralization of a charged solute, solvent mol-tjon which are in instantaneous configurations such that their
ecules which were pU”ed in towards the solute by the COUquantum energy gap is resonant with the laser pu|se are pho_
lomb attraction now find themselves on a highly repulsivetoexcited. This leaves an absorption deficit centered around
part of the potential due témechanical Pauli exclusion the frequency of the excitation laser, which eventually broad-
forces. The solvent molecules are rapidly pushed awayéns into the entire equilibrium absorption spectrum as the
small solvent motions cause the solvation energy to drofonger time fluctuations cause this select population to
considerably due to the steepness of the repulsive part of thgample all possible configurations, the so-called spectral dif-
potential. The situation is nearly identical for the hydratedfusion. The dynamics of this ground state bleach, or transient
electron. The small recurrence after the initial relaxation inhole, play an important role in the total ultrafast pump—probe
the downwards solvent respon@ég. 6) provides some evi- spectroscopy of the hydrated electfoif!

dence for reorientational motion subsequent to the initial  Figure 8 shows the calculated transient bleach sp&ctra
translation. This oscillation occurs at the period of the libra-for the solvated electron in J® following photoexcitation at
tional frequency, and shows th& isotope dependence ex- ~2.3 eV at various time delaysolid curve$. The calculated
pected for reorientational motion in water. equilibrium absorption spectrum, which would have been

" 1500 fs

—Change in Absorbance (Arb. Units)
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produced by uniform bleaching of the entire band, is shown

normalized to equal area at each time deldgtted curves =287 (@) N -

to emphasize the shape of the hole. Within the statistical g 061 R\
noise, the transient bleaching spectroscopy for the solvated g St ”\‘;;\\ NN
electron in deuterated water is identical to that observed pre- o4 Lo a] W\

viously in normal watef:®! Rapid solvent fluctuations cause £ I4 7 N

the initial hole (t=0) to be quite broad, although there is £0.2 ;’l _// !

some extra bleaching on the red edge of the spectrum near § {J: X

the frequency of the excitation laser. The red edge of the 0 , ; ;
spectrum undergoes a slight blueshift at longer time delays, 0.5 L5 25 3.5 4.5

and the bleach becomes indistinguishable from the equilib-
rium absorption spectrum by delays of 2 ps.

At first glance it seems surprising that the bleaching dy-
namics are not affected by isotopic substitution. The fast
solvent fluctuations, however, are faster than the inverse of
the absorption linewidth(fast modulation limi®? in both
H,O and DO, so there is no isotope effect on the shape of
the initial hole. In previous work studying the polarized hole-
burning spectroscopy of the hydrated electfdmve found
that in addition to the fast isotropic fluctuations, slower an-
isotropic solvent fluctuations couple to the electron which ,
relax on the picosecond time scale. This is a consequence of 0 1 2
the fact that it takes several picoseconds to randomize the Energy (eV)

orientation of the Iong axis of the cavity enoth so that the %:IG. 9. (a) Transient absorption spectral component for the solvated elec-

p-like excited states interchange roles. The blueshifting speGron in deuterated water at various time delays after photoexcitation in ab-

tral dynamics along the red edge of the spectrum reflect thisolute intensity units. These spectra include contributions from both excited
slow reorientation. We find that both the transition dipOIeState electrons and electrons that have nonadiabatically returned to the
ground state. The thin solid line shows the equilibrium ground state absorp-

orientational autocorrelation function and the p0|arlzed tran_tion for reference(b) Stimulated emission spectral component for the sol-

sient bleaching spectroscopy are identical for the solvategated electron in deuterated water at various time delays following photo-
electron in both HO and DO. Thus, the long time fluctua- excitation in absolute intensity units.

tions which randomize the cavity orientation involve solvent
motions which are not significantly affected by isotropic sub-
stitution. We expect that rather than a rotation of the electron  The final component to the complete transient spectros-
and its first solvent shell, electronic reorientation takes placeopy of the photoexcited solvated electron in() due to
due to a pseudorotation associated with structural rearrangstimulated emission, is shown in Fig?. Like the emission
ment of the solvent cavit}?° This structural rearrangement component in HO 2 the initial spectrum is broad and red-
would involve the diffusive motion of many solvent mol- shifted from the excitation wavelength due to convolution of
ecules. In this case, a measurable isotope effect on thhe instrument function with the inertial portion of the sol-
ground state bleach would not be expected. vent response. The emission then narrows with time and un-
In addition to the bleaching of the ground state, thosedergoes a dynamic Stokes shift due to solvation, processes
electrons promoted to the excited state can absorb light eithevhich have been analyzed in detail for the case ¢DHn
before or after they undergo radiationless relaxation. The calprevious worlé!! The only differences between the emis-
culated transient absorption component for the photoexcitedion dynamics in KO and BO result from the longer simu-
solvated electron in D is presented in Fig.(8). The early lated excited state lifetime which brings to light the presence
time increase in absorption intensity is the result of convo-of the slower solvation component in the deuterated solvent.
lution with the 300 fs instrument response function. The zerdlhe lifetime difference is manifest in greater emission inten-
time spectrum reflects the nascent absorption of the excitesity at longer times in BO than in HO. The presence of the
state, and the subsequent dynamics reflect a mixture of spestow solvation component is evident in the continued Stokes
tral evolution of the excited state absorption due to solvatiorshift of the emission in BO at very long times: the long time
dynamics and the reestablishment of the equilibrium specemission spectrum in f (2.5 p9 has its maximum near 0.5
trum following the nonadiabatic transition. The thin solid eV, roughly 0.2 eV further redshifted from the corresponding
line shows the equilibrium absorption of the ground state fomaximum at long timeg1.5 p9 in H,0. Other than these
comparison. Like the absorption spectra previously calcufew differences, the emission dynamics are essentially the
lated for the electron in ¥D2 the red peak of the excited same for the excited state electron in light and heavy water,
state absorption spectrum in® undergoes a redshift as the reflecting the generally similar solvent response functions
oscillator strength to the other two-like excited states in- (Fig. 3) of the two solvents.
creases with solvation, and the spectrum shows a dynamic Figure 10 shows the complete transient spectroscopy of
blueshift in the high energy spectral tail. the solvated electron in deuterated water following photoex-

Ny i —m 1000 fs
v ——- 1750fs

A 1 e e
03t (b) | 2500 fs

Change in Osc. Strength
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FIG. 10. Complete change in absorption for the solvated electron in deuter-
ated water at various time delays after photoexcitation in absolute intensity
units. These spectra are the sum of those shown in FiggaB,ehd 9b).

Normalized Change in Oscillator Strength

6 1000 2000
citation at 2.3 eV. These spectra are the sum of the individual Time (fs)
groiunq state bleach, transient a.lbso.rptlon and Stln_]u'atel(—le. 11. Time domain spectral transients for the solvated electron in deu-
emission components presented in Figs. 8 and 9. Like th@rated water(dotted curves corrected for the case that the equilibrium
spectroscopy in kD 2° the bleaching component dominates nonadiabatic transition rate is the same as that in normal isterthe tesit
the total spectroscopy to the blue of 2.5 eV, the excited statéhe solid curves show spectra} transients for the.same wavelengths in nor-
absorption is evident in the 1.5-2.0 eV region, and Stimu-mal Wa_lter(Ref. 8 for comparison. All Fhe transients shown have been
L . normalized to the same maximum amplitude.
lated emission plays the important role to the red of 1.0 eV.
The complete transient spectroscopy shows a dynamic blue-
shift in the 2.0-2.5 eV region, due to superposition of the
blueshifts of both the red edge of the bleach and the blue
shoulder of the transient absorption. The total spectral dysulting survival curve is quite similar to that observed in
namics also show a redshift in the 0.8—1.3 eV region, due té1,0, although slightly longer lived due to the differences in
the redshifting excited state absorption and the dynamisolvation dynamics between the two solvents. The excited
Stokes shift of the stimulated emission. The principal differ-state contributions to the total spectroscopy for th© Bra-
ence in the total spectroscopy betweeyOHand DO lies in  jectories are then reweighted by the corrected survival prob-
the recovery time scale; the slower excited state relaxation iabilities, and the three spectral components readded together.
D,O leads to spectral transients which are more persisterfhis produces calculated spectral dynamics for the electron
than those in HO by nearly a factor of 2. in D,O with the correct underlying solvation dynamics and
Although the results presented in Fig. 10 compare quitdhe corrected excited state lifetime, which matches that in
favorably with experimenft® the simulated isotope effect on H,O. These corrected O transients(dashed curvésare
the transient spectroscopy is not in good agreement with theompared to those calculated previously fopCH(solid
experimentally measured femtosecond results. The expercurves in Fig. 11.
ments show identical spectral features isCHand DO,282° As is evident from Fig. 11, the J® and corrected D
in sharp contrast to the nearly factor of 2 difference in re-calculated spectral transients are remarkably similar within
covery time predicted by the present simulations. This dif-the noise of the simulations. As discussed elsewhere, the low
ference is predominantly due to the difference in calculatedrequency oscillations superimposed on the transients reflect
lifetimes resulting from incorrectly estimating the decay ofthe low frequency solvent translational motions which are
guantum decoherence in the algorithm used for nonadiabatitisplaced upon photoexcitation and are likely not statistically
dynamics. Since a correct treatment of quantum decoherensignificant®® The D,O transients appear to rise a little more
should produce essentially identical nonadiabatic relaxatioslowly than the HO transients, due to the slower longitudi-
rates>> a better comparison between the simulations and exaral component of the solvation dynami@able ). At 300 fs
periment can be made by correcting the lifetime igODto  time resolution, however, it is clear that it is quite difficult to
match that in HO. By reweighting the calculated spectral distinguish the spectral dynamics in the two solvents. Thus,
transients from each trajectory to reflect the corrected lifefor excited state lifetimes which are equal in the two sol-
time, we can determine whether or not the simulations prevents, the simulations predict identical spectral transients at
dict if differences in solvation dynamics betweepHand the presently available statisticéiheoretical and experi-
D,O are observable spectroscopically. Corrected populatiomental time resolution. Based on the results of the simula-
dynamics for the electron in heavy water can be determinetions, however, the differences in solvation dynamics be-
by Eq.(3) using the known behavior of the quantum energytween light and heavy water should be enough to produce
gapU(t) of the electron in RO (Fig. 3) but the equilibrium  measurable spectroscopic changes in experiments with sig-
excited state lifetimer determined in HO (450 fg. The re-  nificantly better time resolution.
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