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Subpicosecond pump-probe absorption of the hydrated electron:
Nonlinear response theory and computer simulation
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A theory is presented to study the subpicosecond transient absorption of the hydrated electron. Applicable in
equilibrium conditions, this theory is a statistical theory using a correlation function approach to the nonlinear
optical process involved. Four-time correlation functions of the electric moment and of the incident electric
fields are employed extensively. An analytical expression for the transient signal is obtained; both coherent and
incoherent electric fields are considered. The parameters of this theory are evaluated by means of a mixed
guantum-classical molecular-dynamics simulation; water molecules are assumed to be rigid. The hydrated
electron is described in terms of floating Gaussian orbitals; the solvent polarizability is accounted for in a
self-consistent way. Theoretical time- and frequency-resolved spectra are compared with experiment. Non-
monotonic behavior of spectral transients is attributed to a competition between thermic and nonthermic
subbands of the signal. Most of the spectral evolution is achieved in 20—30 fs by the fast inertial response of
the solvent]S1063-651X97)05506-2

PACS numbes): 82.20.Wt

I. INTRODUCTION directions of research were explored) The equilibrium
properties of an excess electron in water at room temperature
Since its discovery in 1962, the hydrated electegphas ~ Was simulated using the Feynman path-integral formulation
been extensively studied by a number of authors. Thi®f quantum-statistical mechanifs3—16. It was shown that
chemical species plays a significant role in solution photofhe excess electron forms a cavity with a radius of 2.1-2.2
chemistry, the radiation chemistry of water and in electron/ and that the optical absorption band is due to a strongly
transfer reactions. It is omnipresent in irradiated aqueou&!lowed 1s—2p transition. (i) Relaxation dynamics and -
systems. The nature of its coupling to the solvent fluctuation ansport behavior Of. the excess electron in clluster.s a_nd n
is of paramount importance in many chemical processes. Iti u_Ik water were studied with the help of an adlabatlc simu-
thus not surprising that there has been an intense experime tion method17-23. The solvent evolves classically and

tal effort in this field. For textbooks and reviews covering the e electron is constrained to a Spe.c'f'ed quantum state; the
subject, see, e.g., Refd, 2]. golden rule then allows the evaluation of nonadiabatic tran-

: . . sition rates. The population relaxation was attributed to the
During the last decade, interest shifted to the study of th%reakdown of the Born-Oppenheimer approximation. It was
pico- and femtosecond kinetics ef,; two sorts of experi- 450 shown that the solvent relaxes through two time scales:
ment were set ufli) The electron is injected into water by a g fast scale of the order of 20—30 fs associated with molecu-
two-photon excitation of kD at 310 nm(3-5], or by pump-  |ar librations, and a less well identified slower scale of the
ing at other wavelengthi®,7]. The early-time dynamics are order of 100-200 fs. The calculated population relaxation
explored immediately after the photodetachment, the eleGimes are the order of 250 fgiii) A new algorithm for
tron still being within the reach of Coulomb forces due to thequantum_dynamical Simulation of a mixed C|assica|_quantum
OH," ion. The motions of the prehydrated electron may besystem was introduced to calculate the nonadiabatic transi
explored in this way(ii) The experiment is realized several tjon rates directly{24—30. Important methodological inno-
nanoseconds after the injectionef [8—10. The electronis  vations were required for that purpose. The role played by
then trapped into a solvent cavity by the forces emanatinghe solvent flexibility in the dynamics of solvation was also
from the neutral HO molecules. The behavior of a fully investigated:; its effect on various relaxation times was found
hydrated electron in thermal equilibrium can be examined byto be unexpectedly large. The existence of two time scales in
this technique. the solvent relaxation, brought out by adiabatic simulations,
The theory of electron hydration was first elaborated on ayas reconfirmed. On the contrary, the survival probability of
semimacroscopic level. The electron was treated as a partictie excited state, of the order of 700 fs, was larger than in
in a dielectric cavity containing, or not, water molecules of adiabatic calculations. Combining data from theory and ex-
the first coordination shell; see, e.g., Rdfs1,12. The sta-  periment, an important body of knowledge was built up.
tionary absorption oé,,was first studied in this way. On the  In spite of this progress, the theoretical reconstruction of
contrary, modern work is entirely microscopic; the following transient absorption spectra remained uneasy. The reason is
that the interplay between a molecular system and a laser-
produced electric field cannot be described by computer
*Present address: Institut rfTheoretische Chemie, Univerdita simulations alone, and methods of nonlinear physics must be
Dusseldorf, Universitsstrasse 1, D-40225 Bseldorf, Germany.  adopted; see, e.g., Ref81-38§. This objective had not yet
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been attained, but simplified models were elaborated to concounted for by replacing the real system by a large number
pare calculations and experiment. For example, nonequilibef replicas. They all experience a spatially constant electric
rium experiments were simulated by introducing an electrorfield, but this field is different in each replica. The final result
2 eV above the ground levg27]. Alternatively, equilibrium is obtained by averaging over the replicas. This procedure is
experiments were analyzed by selecting from the groundef common use in the field; compare with Rdf32,36].
state trajectories configurations in resonance with the inci- The signalS(Q4,{),,7) being defined in terms of power
dent laser field [30]. The matrix elementsr(t) P dissipated by unit volume of the liquid sample, introducing
=(W;(t)|r|¥(t)) were then calculated for each final state, the Joule lawP= J¢€ seems natural. In this problerd,s the
and the absorption spectrum computed as a sum over finalectric field E, of the probe. Likewise,7 is the current
states. These models, although useful, cannot provide a cordensityJ in the presence of the pump field; it is expressible
plete picture. For example, they do not account for the presin terms of the average electric momei). The corre-
ence of the initial, pump prepared and coherently excitedponding quantities in the absenceEf are J; and (M ),.
packet of states. Moreover, as the pump and probe field§hen, designating by the volume of the liquid sample, one
overlap at short times, the response of the system cannot lfiads
a linear response to the probe field alone. The above models
are thus not satisfactory for time delays below 200 fs. A g J
zt:és;g:rly.theory of pump-probe absorption @f, is thus Vj:<§i: CIiVi> - = <§,: qiri> - = <§|: qi(ri_r0)>

The purpose of this paper is to present a statistical theory
of this kind for a hydrated electron in equilibrium conditions. _
It A ) : = — (M),

employs the correlation function approach to nonlinear dt
optics. An analytical expression for the transient signal is
given for both time- and frequency-resolved spectra. The pa- o d
rameters of the theory are determined by quantum- S=W-Wp= f_xdt{ B2 5t (<M>_<M>o)}
mechanical simulations in which the hydrated electron is de-
scribed by means of floating Gaussian orbitals, and the o .
polarizability effects are accounted for in a self-consistent =- f_mdt Eo[(M)—(M)o, Q)
way. For a preliminary statistical analysis of this problem,

see Ref[38].
whereM, Mg are the components &, M, in the polariza-

tion direction. For the choice of the reference paipt see
below.
A. Basic formulas Explicit calculations require the knowledge of the Hamil-

The system under consideration is a sample of liquid walonianH of the system. It can conven_iently be presented as a
ter in thermal equilibrium, containing one extra electronSUM Of two parts, a nonperturbed field-free pelft and a
[8—10]. It mimics a hydrated electron embedded in its localPerturbationV due to the incident field. I denotes the
structure, and is globally charged. A strong pump pulse ofocation of a given replica in the experimental ce\,
frequencyQ, produces a transition between the lowest quan= Y(r.1)=V(E(r,t))=V(E). Then recalling thakE is spa-
tum states of the hydrated electron, and a weak probe puldilly constant within a replica, one can write
of frequency(),, delayed by a timer, explores its return to
the ground state. The duration of the two pulses is of the
order of 100 fs and their spectral width of the order of H(r,t)=H%+V(r,1),
350cml. The measured quantity is the signal
S(Q4,0,,7), defined as the total probe absorption
W(Q,,Q,,7) in the presence of the pump minus the probe .
absorptionW({2) in the absence of the pump. Other rel- V(E)=2, qia(r)), ¢(ro)—¢(fi)=J ds E=(r,—r)E,
evant quantities are the electric fiek} of the pump, the i ro
electric fieldE, of the probe, and the total electric fiek (2
=E;+E,. The vector€E; andE, are supposed to be paral-
lel to each other; the perpendicular polarization experiment,
although already realizeld 0], is not considered in this pa-
per. Finally, M=2;q;(r;—rg) is the electric moment of the _ _
system. As the latter is globally chargéd=M(r,) depends V(E)= ( Z q‘) $(ro)— ( E, qi(ri_r(’)) E=-M-E.
on the choice of the reference point. 3)

An important feature of this problem is the spatial varia-
tion of the incident electric fields within the experimental For convenience, the zero of the potengdt) was chosen at
cell. In fact, the wavelengtin is much smaller than cell r=ry. Equations(2) and (3) define the HamiltoniarH,
dimensions: the field variation inside the cell must be conwhich was desired. The dynamical variable coupling a
sidered. However, molecular motions are monitored onlycharged molecular system and an electric field is its electric
over distances that are small with respechtdJnder these moment with respect to the zero point of the electric poten-
conditions, the spatial variation df,,E,,E, can be ac- tial ¢. If the reference point, of Eg. (1) is chosen in the

Il. STATISTICAL DESCRIPTION
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same way, the calculations involve a single dynamical varisignal S(2,,,,7) is of this order. The procedure has been

able. This convention will be adhered to in what follows; it described repeatedly in the literature and will not be re-

simplifies the theory considerably. described here; see, e.g., Rdi’32,39,4Q. Then, if ther,
Further developments require the knowledge of the dendependence dfl is no longer indicated, one finds

sity operatorp=p(r,t) associated with the Hamiltonian of

Eq. (2). This quantity may be evaluated by treating von Neu- 5 )

mann’s equation perturbatively up to third order Bn In 7 _ !

fact, the first nonvanishing contribution to the pump-probe at p(r.H= h [H(rD.p(r.0], @

MO (r,t)=Tr p®(r,t)M(r,t)]= fwfxfwdTldedTiE(r,t—Tl)E(I’,t—Tl—TZ)E(r,t—Tl—TZ—Tg)]
0Jo Jo

3
x;? Tr(M exp(—iL 7)[M, exp —iL 7)[M, exp( —iL 73)[M,pegl]]), 5

wherep=3,p", L=[H, ]/# is the nonperturbed Liouville operator of the liquid system, ppgthe equilibrium density
matrix. Developing the commutatofs |, eight terms appear. They may be handledibwitilizing the invariance of the trace
operation under a cyclic permutation of factors dngl noticing that the resulting terms are all stationary time-dependent
functions.

The final expression for the signg{4,{),,7) can be obtained by substituting B§) into Eq.(1), and by using the above
arguments. If one proceeds in this way, the following result may be reached:

S(Ql,Qz,T):(Z/hS)Im‘ fij'omfomjomdt dTlded73<E2(r,t)E(r,t_T3)E(r,t_73_7'2)E(r,t_7'3_7'2_7'1)>E

X(M(O)[M(71),[M( 71+ 72),M( 71+ 72+ 73) ] ])s - (6)

This is the statistical expression that was desired, which iglectronic system having as-type ground state, three
valid in the parallel polarization case. It involves four-time closely spaceg-type stategp={py,py.p.}, and an allowed
correlation functions of the variabM, the component of the energy band containing statesc={c;,c,,...,c,} (Fig. 1). It
electric momentM in the field direction. It also includes a is perturbed by stochastic solvent-solute interactions. The
four-time correlation function oE and E,, the total and thermic bath, depending on the rotational-translational de-
probe electric fields, respectively. The averagps is an  grees of freedom, is semiclassical; water molecules are sup-
equilibrium average over the states of the field-free liquidposed to be rigid(ii) The variableM is governed by the
sample and the average g over different realizations of the modified Heisenberg equation

incident electric fields. It can easily be shown that, although )
M(ry) depends on the reference poigt S(€,,(Q,,7) does d_M: I [H,M]-TM @)
not. A convenient, though arbitrary, choice iof is in the dt a°- " '

middle of the experimental or simulation cell.

Equation(6) plays a central role in the statistical descrip- yhereH is an adiabatic Hamiltonian arll a Pauli matrix.

tion of pump-probe absorption of the hydrated electron. Itsrhis matrix expresses the population relaxation due to the
counterpart in transient ir spectroscopy is given in RS,

38]; the latter paper refers to the arbitrary polarization case.

The corresponding formula of conventional absorption spec- ¢
troscopy is the well-known Gordon formuldl]. The pump-

probe spectroscopy being a second-order spectroscopy, it in- z ~10eV
volves four-time rather than two-time correlation functions; 2p z 3 $ ~04eV

and the Fourier transform is replaced by a four-dimensional
integral depending on the shape of the pulses. This is the
price to pay for passing from the Kubo linear to nonlinear
response theories.

n $ ~04eV

~1.7eV

1s 1

B. Correlation function .
Correlation functions FIG. 1. Energy level diagram . These levels are randomly

The following semiclassical model is employed in this fluctuating in time. The numbers of the first right-hand-side column
work. (i) The aqueous solution is assimilated to a quantumrefer to the electronic states involved.
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coupling of the Born-Oppenheimer stafe),21]. (i) The  supposed to be equal td, such thatM*= %Ep<M‘s‘p). (i)
matrix elements oH(t), Hg((t), Hpp(t), Hec(t) are classi-  The calculation of theg—c component of Eq(9) requires

cal. The only nonvanishing elements of the electric momengome knowledge of the density of electronic stajés) in-
matrix areMg,, Mps, My, Mg, and those of the relax- side the energy band. It may reasonably be assumed to have
ation matrix ard’spsp, I'psps: I'peper Tepep- (V) The pump  a Gaussian form:

and probe electric fields have a Gaussian profile of equal

duration and random phases, independent of each other: n (w—wy)?
9(w)= eXl{—T), (10)
Ex(r,t)=Re{Eqgexp(— yt'2)exifi (ky- 1~ Q,0)] Vrdw
xXexgio(t")]}= Re[El(r,t)], (88  wherefiw, indicates its center antAw its width. The tran-
sition momentsV , are all supposed to be equalNd’, such
E,(r,t)=Re{E gexp — yt2)exdi(Ky-r—Q,t)] that M2M'2=(1/3n) =, (MZM5). (iii) The final correla-
) - tion function contains contributions proportional to
Xexliga(t) ]} =ReEy(r,t)], (8b)
er(?:/e_t’thr 7. The duration of the incident pulse i C.(ry, 1, m3)=exp(— (1,4 27,+373))
~1y.

Although models of this type are of current use in nonlin- Xexd — %Brf— %,Bq-gi T113B( 71+ 7)1,
ear spectroscopy, their application to the problem of hy- (118
drated electron deserves some commefijsintroducing a
thermic bath renders the study of the ground-state heating o _ B
cooling dynamics uneasy. However, this mechanism doed> =(71:72:73) =Xl = I'(7; 27,4 375)]
not seem to provide the dominant explanation for the ob- Xexq — 18 - L1875+ rymaB( 11+ 1)1,
served spectroscog®7] and is disregardedii) The energy 27 2P I L
gap between different electronic states is continuously (11b

changing due to solvent motions; there results a multiexpo- _ _ . )
nential decay of excited populations. However, in the sim-Where B(7)=(w(0)w(7))., B=p(0), B'=p+Aw"2,
plest theory, a single rate constdhmay suffice. The model (7) is the solvent-induced frequency shift, and the symbol
can be improved at this point, if the price of this effort is { )c denotes a cumulant. The first factor in E¢$1a and
accepted. (11b) describes the population relaxation, and the second the
The calculation of the electric moment correlation func-Solvent relaxation. These formulas only apply if the elec-
tions can now be undertaken; compare \&B,37. Molecu-  tronic dephasing timey~ 1/\/8 is short with respect to the
lar rotations being slow at the 100-fs time scale, they ar&orrelation timerq of B(7); electronic motions, in fact, are
neglected altogether. As far the operatiops is concerned, fast compared to nuclear motions. _ _
it implies averaging over the quantum sta&p,c of the ~The calculation of the electric-field correlation function
hydrated electron as well as that over the stochastic proced&2(r,t)E(r,t— 73)E(r,t— 73— 7)) E(r,t—m3— 7, — 71))g IS
Hsd(t), Hpp(t), Hec(t). Then, designating the latter k) similar to that described in Reff36]; it will only be sketched
and noting that only the ground electronic state is thermallyin what follows. (i) The time derivativeE,(r,t) of the probe
populated, results in is calculated by deriving only the rapidly varying factor
exp(Q.t). (i) The incident fields are decomposed into indi-
vidual exponentials. A large number of terms result. How-

(M(0O)M(t)M(tz)M(t3))s ever, if the contributions of the order &; are neglected,
which is a coherent assumption, only those having the form

=2 (Mg(0)M po(t1) Mg ()M po(t3)) (E5 (r,t1) Ex(r,t) EF (r,t3) Eq(r,ty))e Survive after integra-
P tion overr. (iii) The averaging over the random phases

d1(1), ¢,(1) is accomplished by applying the cumulant ex-
ion theorem, and by supposing these processes to be
+ 2 (Mg y(0)M y(t)) M p(t) M (). (9  Pansion . .
% Myl pelt1)Mop(t2)Mps(ts)) Gaussian and slowly modulateg; 7,>1, ¢,7,>1, where
74 IS the phase correlation time. The final correlation func-

The first right-hand-side term of EQQ9) describes the tions then contain terms like
ground-state bleach, including the contribution due to the , , ) _ 5 2 o
p—s stimulated emission. Similarly, its second right-hand- E10E20 XHiQ2(t1 —1t5) +1Q4(t3—ts) Jexd — y(ti+ 13113
side term reproduces the inducpé-c absorption.

The matrix elementM;;(t) of the electric moment opera- +t2)lexp — 3(ti—t)2h—3(ta—t)%¢], (12
tor are calculated by solving E¢4) under the assumptions
of the present model. One finds tht; (t)=0 andM;(t) wheret,, t,, t3, andt, are different combinations of times
=M;;(0)exdifodt w;(t')—Lytl, where fw;(1)=Ei(t) t, t—7g, t—7m3— 1, t—713—1,— 71, and ¢=(p7)=(3).
—E|(t). Other steps are as follow§) Thes«— p component Other noise models, such as the phase diffusion, telegraph or
of the correlation function is determined by using the cumu-Burshtein mode[42] could have been used, but the existing
lant expansion theorem. The transition momevits, are all ~ experimental data are insufficient to justify this effort.
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C. Signal S(Q,Q,,7) cise analytical calculations practicable, although they still are

There still remains to perform the four-dimensional inte-Nighly nontrivial; no factorization of the integrands into
grations over the variablds 7,, ,, andrs in Eq.(6). The ~ Smaller units can be achieved. A large part of the overall
methods employed, as well as the results, depend heavily dipmputational effort is concentrated in this part of the work.
characteristic times of the problem. In what follows, the in- The shape of the sign&({,,(),,7) is different for co-
tegrals are evaluated in the limig<rg<7g, 7, if the light herent and incoherent incident fields; one recalls that
is coherent and in the limity<tq, 74<7g, 7, if itis 74— in the former case, whereag=q in the latter. Let
incoherent; 7, is the population relaxation time. The com- then Sg.,(Q,Q,,7) designate the contribution to
puter simulations described in the next section confirm thé&s(,,Q,,7) associated with the transitionss—p,
existence of the above constraints. The correlation functio®, ..({2,,{,,7) that due to transitionsp—c and
B(7)=(w(0)w(7)) is written in the form of a single Heavi- S(1,Q,,7)= =S¢, p(21,Q,,7)+S,.c(Q1,Q,,7).  For
side step function depending on a timg. This makes pre- coherent incident fields and fogy<7g<7g, 7, one finds

Y B

1+ erf{ \/Ty< T— g)

ofeoi

A2
+ \/i_ exp(— yfz)exp(l“zly)exp< - —l> \/;W(E A, y)

exp[—i (A§+A§)}

Qr 422 T o
SSHp(Q]_sz,T) 3N F M ElOEZO__ = 2

B y'
2V2 sin(A A2
+7\Fy7'g BTQeX[:(—yTZ)mi—T;-Q)EX[{—Z—;)), (13a
3 0, p 77 - r ( r
Sy .o(1,Q5,7) ENFnMZM 2E10E20; G 1+erf \y ]| ex —2r 5
f e - i
X ex T ex " (Bw)i28)" (13b)
W(t,5,y):f0md7-c0§r exp(— y(7+1)?), (130

whereN is the number of solvated electrons; =0 — wq, A,=Q,—wy, A=Q;1—Q5, Ay=Qr—w), hog=h((wpx_s)
F(wpy_s) T{@pr.)) I3, hwg=h(w1— wp), and /T =7,. All I'jj;; are given the same valde

If the incident electric fields are incoherent, the theory takes another form. Introducing the conditong, 7,<7g,
7, leads to the following expressions for the componéhts,(2,,Q,,7) andS,_(21,Q,,7) of S(4,0,,7):

Q -1 r r 1
S p(Q1,0,,7) SN%;M“EfOE%O%%} - 1+erf{ J}( — ;) ]exp[—zr(f— 27) exp{—ﬁmiwg)}

2v2 1 A3

+— Hm@mexp(—y#)T—QU(TQ,A,qb)exp(—ﬁ) . (14a
3 0, .. .w 'n' - r ( r
Sp-c(01.Q2,7)| 5 N 73 MM ElcE2 G| 1+erf \y ]| ex -2r 5

-2l sureeas
X ex 25 ex ~ (Bw)i28) (14b

U(t,s,y)= jotdr cosST exp(— y72). (140
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The symbols have the same meaning as earlier. The main

2 erflapy|r—Ry|)
difference between Eq§139—(13¢ and Eqs(149—(140) is Ves= 2 egy) —————
i=1

the presence of a coherent artifact in the former and its ab- |r_RHi|

sence in the latter, if);~Q, and 7~ 7z. One recalls that

the term “coherent artifact” designates any spectral feature 4 erflap|r—Ru.|)

resulting from the phase relations between the pump and —izl e(du+a;) “TMI (15
I

probe fields.

The above formulas for the band shape constitute the end
result of the statistical theory. It remains to calculate thewhereRHi, Ry, denote the positions of the hydrogens and of
parameters entering into them by computer simulation. If thenhe tetrahedron vertices in a given water molecule aiisl
absolute value of spectral intensities is not required, one hage electron coordinate. All interactions are smoothly

to determine the quantities, vy, wj, Aw, B=(w(0)?).,  damped at short distances; this effect is described by damp-
Tp, T, Ta, andM’?/M2. They have all a precise statistical ing parametersy,; and ay .
meaning and will be studied in the next section. The excess electron being coupled to the solvent, the elec-

tronic wave functionsV', depend on the coordinatesand
S={Ry ’RMi}' It is then convenient to expand them into a

basic set of floating spherical Gaussian§):

Il. COMPUTER SIMULATION
N

A. Methodological details ‘I’n(r,S)zz a,(9)gi(r). (16)
The purpose of this section is to outline the key features =1
of the mixed quantum-classical molecular-dynamics simula-
tion used to compute the various statistical quantities definegthe rationale behind this proposal is as follows. As a hy-
in the preceding section. The method employed is an adiadrated electron is freely diffusing through the liquid, it can-
batic simulation method in which the electron is constrainechot be described successfully in terms of atomic orbitals
to a specific quantum state. The rate of nonadiabatic transfixed on individual water molecules. Floating orbitals, i.e.,
tions is calculated by employing the Fermi golden rule. Theorbitals detached from the parent nuclei, are thus preferable.
solvent evolves classically in these calculations. A carefullhey are placed on vertices of a regular polyhedron. The
discussion of technical details is given in REZ3]. whole entity diffuses through the solvent; it fluctuates in

It is important to note that, in the theory of Sec. Il, as in Shape and size due to an instantaneous change of the weight
the linear response theory, the final results are expressed m individual orbitals. The calculations are realized by intro-
terms of quantities averaged over the nonperturbed states 8f/Cing ones-type Gaussian at the origin of the polyhedron,
the system in thermal equilibrium. Field-induced changes ofour s/p Gaussians placed on the vertices of a tetrahedron,
molecular dynamics, both in the ground and excited statest2 S/P/d Gaussians placed on the vertices of an icosahedron,
are accounted for by passing from the two- to the four-timetc: The usual advantage of Gaussian basis sets, i.e., the
correlation functions in Eq(6). The third right-hand-side rapid analytical evaluation of integrals and matrix elements

term of Eq.(133, or the second right-hand-side term of Eqg. |sdgxgatlo(;ted htere. S|r|10et this basis is local, ts origin TL:St bef
(143, express this effect. The window and doorway opera—a Justed continuously 1o ensuré a proper representation o
. : . . the solute electronic wave function at a given time.
tors, well known in the literature, have a similar origBg]. h lecular-d ios simulati ied i th
The system considered here consists of 255 rigid, polar; T & molecular-dynamics simulations are carried out in the
: . ' following way. (i) The energies and expansion coefficients of
izable water molecules and of an extra electi@nThe sol-

. ) the electronic wave function® ,(r,S) are calculated for a
vent is represented by the model of Sprik and KIgi8,44. o nyclear configuration and for a given initial set of po-

Iq this model, the solvent molecules interact Wlth gach othe[arization charges(ii) The computed electronic densities,
via the Lennard-Jones, Coulomb, and polarization forcesagded to the initial polarization charges, permit us to define
generating a potentialVss. A positive charge gy the new ones; the cycle is repeated until the convergence is
=0.4428 e.u. is placed on each hydrogen atom, and a negattained. (i) Once the polarization is optimized, the
tive chargeqy =—0.2214 e.u. on each vertex of a tetrahe-e_ .solvent forces are determined via the Hellmann-Feynman
dron, with its center slightly shifted away from the oxygen theorem; they are always computed for the same quantum
atom in the HOH plane. The dipole moment of fregCHis  state. (iv) A new solvent configuration is generated by a
correctly described in this way. In order to account for elec-classical molecular-dynamics simulation. The forces entering
tronic polarization of the solvent, additional fluctuating into equations of motion are the solvent-solvent plus the
chargesq; are introduced on the tetrahedral sites: they ares,;solvent forces just described.

computed iteratively as described below. Polarization insta- When studying the excitation @f,, from one accessible
bility is avoided by using Gaussian polarization charges instate to another, the polarization must be optimized indepen-
stead of mere point charge@,) The electron is pictured by dently for each individual state. This is computationally
the so-called primitive model of Romero and Joha6], and  much more demanding than a simpler variant, where all
Sprik [45]. e, is coupled to the solvent through electrostatic states have the same polarization charges. The effect is by no
and polarization forces, deriving from the pseudopotential means negligible: it was shown, for example, that computing
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the stationary absorption spectrum of the hydrated electron , , 4+ 606 2 4 60 2 4 60 2 4 &

with the full optimization for each state shifts the band maxi- [T T~ " T T =TT T T 7T Tm ]
i MC (11,700 Ts) O TC AT T T3) b TC_(T), T T3)  C TC_{7,,705T3) d 6

mum by 0.3 eV, and locates it properly to 1.7 eV. . T 1 T 1

All simulations were performed at 298 K in a cubic simu- “[ T T T 1*
lation cell of 19.96 A length. The equations of motions were 2 + - -+ 2
integrated using the leapfrog quaternion algorithm with a Oﬁ, S\ ﬁl L xl NI

i i ' L B L I L B

) |
time step of 0.5 fs. The long-range electrostatic potentials s | (;,+,.ry) o ¢, (r.7pr B—T-mfm.n) C'-T_(ﬂ,Tm,T}) d-e
and corresponding forces were evaluated with the Ewald [ T T T T
summation technique employing periodic boundary condi- |
tions and a uniform background of charge. As mentioned 2

- -4

earlier, the mobility of the electron is accounted for by mov- N b INN\ N Ftt—— o
ing adiabatically the center of the bunch of Gaussian orbitals 6 fc.(r.07) C.(r07) € [CAr.0r) d6
in the course of the simulation. At each time step the wave .| ] 1 1 J.
function ¥(r,S) is used to calculate the centar, ] ]

=(Wo(r,9)|r|¥o(r,9)) of the electronic cloud in its ground _\ ﬂ_\ 1?
state. The vectory is then identified with the origin of the o *“T———— oy T e o

basis set for the next molecular-dynamics step.aAposte-
riori justification of this procedure is the good conservation FIG. 2. The functions*(7,,7,,73) calculated either with the
of the total energy, which is of the order of 0.1% for a 5-psmonoexponential correlation functigg(t) = Bexp(—t%/7%,) (a,0 or
trajectory. The fact that the temperature fluctuations arevith the biexponential correlation functio(t)=[0.465 exp
small, AT~4 K, is another test of the quality of the present (—t?/75,)+0.535 expt-titg;)] (b,d) where 74;=17fs, 7,
simulation. =130fs, and7,=0, 71, and 7q,. The figures represent the
curves of equal height o€ = (74, 7,,73) corresponding to the val-
) ues of 0.98, 0.90, 0.80, 0.70, and 0.60, respectively. Similar objects
B. Calculation of parameters oceur in two-dimensional NMR.
Once the techniques of calculation have been described,

the _quluation of tr_\e energ}/-band Eararpzetezrﬁw, of the of H,O. Equation (17) was used to calculate
equilibrium propertiesvy, wo, 5, M", M"*M* and of the \y )M (t,)M(t,)M(ts))s. The results are illustrated in
dynamical properties, ,Tp May be envisaged. The param- Fig. 2. Comparing Figs.(d) and Zc) with 2(b) and d), one
eters7g and 7, deducible from the spectral width of the qtjces that the contribution of inertial motions to these func-
incident pulses, do not need to be considered 8 The  iqns is particularly important. This unexpected observation
following points merit attention(i) The frequencieswo,  can pe understood in the following way.3{t) contains two
w{, and B are calculated by averaging the energies, energ¥omponentsB(t) = B1(t) + B,(t), the electronic correlation
differences, and their squares. This averaging is over thgnctions C_.(7;,7,,73) and D.(7q,7,,75) of Egs. (118
ground-state trajectories, as required. The resulting valuegnq(11b) all factorize: N
are in excellent agreement with spectroscopic data of Ref.
[47]. Introducing polarization thus improves the quality of
the results considerablyii) The transition moments are c_ (7, r, r5)=exd — (7 +27,+373)]
computed by a direct application of statistical definitions. ~

There is no difficulty forM*= (3)=,(Mg,). On the contrary, Xexf — 3817~ 3B175% T 73fa(Ty+ 7o)
the accuracy oM'?M?=(1/3n)=,(MZM5.) is limited, s,
due to the reduced size of the basic set of Gaussian orbitals. X exp[—z P27~ 2 B275= 17371+ T2)],

It was found that, in the spectral region under investigation,

five ¢ states are detached from the rest and that the corre-

sponding transition moments are comparatively large; th® . (7q,7,,73)=exd —T'(71+27,+373)]

values ofn and Aw refer to this group of states. The delo- Lo 2 1 2

calized states, if any, cannot contribute very much to the Xexd — 28171~ 2B173% 11 73B1(T1t 72)]

spectral intensity: the overlap between the localizgd,

and delocalizea-type wave functions is necessarily small.
The parameter, is extracted from the normalized fre-

guency shift correlation functio@(t)/B(0). This function,

determined from an extensive ground-state trajectory, may/here B1=p1(0), Bo=p2(0), Bi=B1+Aw?/4, and B,

be represented by an expression of the form = B,+Aw?/4. If VB17q1>1, the fast motions make the sec-
ond right-hand-side factor .. ,D-, and these functions

1o 2 1, 2
Xexp[—zB571— 3 B273* Ty T3Bo( 11+ T2)],

t? t themselves, very small far; , 73> 7, V 7,. Spectral mani-
BV/B(0)= clexp< B 7-6 +czexp( B 7-92> Y/ festations of slow motions, expressed by the third right-hand-
1

side factor ofC. ,D. cannot be very large in these condi-
tions. The argument holds true even @;~c,. One
wherec,=0.465, ¢,=0.535, 7o, =17 fs, andr,,=130fs.  concludes that most of the spectral evolution of solvation of
The initial Gaussian decay occurs on a very short time scaldhe electron is achieved by the fast, 20-fs inertial response of
typical of the inertial component of the librational motions the solvent; nevertheless, some spectral dynamics occur on
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TABLE I. Parameters defining the signg(Q,,Q,,7). Ener-

gies are expressed in eV and times in femtoseconds; the quantitie
n andM’?/M? are dimensionless. They are all computed by simu-
lation, except the field parameterg and 7z, which are extracted
from Refs.[9,46].
hrag 1.74 - 1 £
fiw) 1.05 T 17 £
B 0.285 Ty 14 §
hAw 0.190 Tp 910 2
n 5 T 130
M’2/M? 1.3
the time scale of the slow solvation componggit Attribut- P '5(;0' = '650' = '72)0' = '8('30' = '9(1)0' 000
ing to B(t) the form of a step function of lengthy~ 7q 1 is Wavelength (nm)
thus an acceptable procedure.
The calculation of the parameteg= iI" is more difficult. FIG. 3. Theoretical frequency-resolved spectra calculated with

Since thes,p,c states introduced for the description of the A1=780 nm andr=0, 0.5, and 1.0 ps. Incident light is incoherent.
hydrated electron are by definition the Born-Oppenheimed he nonthermis— p subband is centered at the pump wavelength
states, i.e., the electronic states at a fixed nuclear positiond; - IS intensity is very sensitive to the value af .
the transitions between them are due to the nuclear kinetic
energy. The golden rule then states that in a system coni49]. The signalsS(Q),;,Q,,7) given by Egs.(138-(130
posed of nuclei of masseM, and having the Born- and(143—(14c may now be evaluated and compared with-
Oppenheimer statek ;.= ¢ zx 5, of energiesE 5, the popu- those _measu_red exper_lmentally. The _results reached in this
lation  relaxation times are given by Ti;lf way will be discussed in the next section.
=f°fwdt(V,f(0)Vf,(t)>, where
1 1 IV. RESULTS AND DISCUSSION
Vie=g3 El 2M, [2(pi|Ppr)P+ (i PPl )] (18) A. Results
This theory provides the following physical picture of the

and P, is the momentum of the nucleug the summation transient absorption of the hydrated electron. To simplify the
over | extends over all nuclei of the systef@l]. In the discussion, the incident light is supposed to be incoherent;
present work,r,_ s was calculated in the semiclassical ap- spectral effects produced by coherent radiation will be only
proximation. The approximation consists(inneglecting the  briefly mentioned at the end. The analysis then goes as fol-
second right-hand-side term in E@.8) and(ii) assimilating lows. The pump pulse, exciting coherently a set of solvent
the symmetrized form ofV;;(0)Vy;(t)) to a classical corre- configurations, creates the initial wave packet. The latter de-
lation function. Note that the nuclei are treated as classicatays toward the equilibrium with time scales of the order of
interaction sites, and do not need to be represented by frozem, ,7,. The solvent relaxation is described by the frequency
guantum Gaussians. This statement conforms to a generstift correlation functiong(t); B(t)/8(0) is just the well-
rule of statistical mechanics: classical mechanics may b&nown response functio(t), currently employed to ana-
used whenevef 0<kgT, wherefiw is a representative en- lyze time-resolved fluorescenggQ]. In turn, the population
ergy of the process under investigation. Rotationalrelaxation is accounted for by the elemdntof the Pauli
translational motions of 0 molecules in water fulfill this relaxation matrix. Two groups of solvent configurations may
condition at room temperature; vibrational motions are abthen be distinguished. Those remaining in the window pro-
sent in the present model where water molecules are considluce a comparatively narrow band centered on the pump
ered as rigid. For a discussion of semiclassical approximafrequency(),; generated by the absorption of the initial
tions of the golden rule in molecular liquids, see RdB]. wave packet and thus having a nonthermal origin, it will be

The value of parameters obtained in this way are collectetermed a “coherent spike” hereafter. From the other side,
in Table 1. They confirm the existence of inequalitieg  the solvent configurations, having undergone the thermaliza-
LT, Tp, ANdT4<7T(, T4<Tg, T, Postulated in Sec. Il. tion process, escape the initial spectral window and generate
The value of 910 fs found for, is somewnhat larger than that a “thermic” band. The main features of the pump-probe
published earlier with a poorer statisti€83]. The values absorption of the hydrated electron are due to the coexistence
reported in the literature are spread between 100 fs and 1 pd these two sorts of bands.
[21,24,26,2% In fact, the computation of nonadiabatic tran-  Starting from the above considerations, the frequency-
sition rates is sensitive to the choice of the electron-wateresolved spectra may now be analyzed; compare with
pseudopotential, to the quality of its statistics, and to whetheEgs. (149—(14¢ and Fig. 3. (i) The transient signal
the H,O molecule is considered rigid or flexible; the resultscontains a componer,,_ ,({21,{2,,7) and a component
are not yet entirely conclusive on this point. All other param-S,,_,.({2,,Q,,7). The former appears as a bleach, and the
eters of Table | are similar to those published elsewhere; it isatter as an absorption.(ii) The bleach component
interesting to comparer, with recent model calculations S, ({21,{),,7) is composite. It contains a broad thermic
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Theor Experiment
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FIG. 4. Theoretical and experimental time-resolved spectra of
e -H,0, calculated withh ;=780 nm and\,=550, 780, 820, and T T e
1000 nm. Except for small wavelength shifts, the agreement be- 4g0 500 600 700 800 900 1000
tween theory and experiment is satisfactory. Wavelength (nm)

FIG. 5. Theoretical frequency-resolved spectraofH,0, cal-
culated with7=0, 0.5, and 1.0 ps. Incident light is coherent. The
Xresence of an artifact at the pump wavelength is characteristic of
these spectra.

sub-band of half-widthA w,,~ /8, comparable to that of
the conventional absorption band. This subband is given b
the first right-hand-side term of ELl4g. Superposed on it
is the coherent spike, located at the pump freque¢yand
described by the function (24)U(7o,A,¢) of Eqs.(148  the time evolution of the coherent spike is just that of the
and (149. It displays diffractionlike characteristics if pump pulse and is free of any isotope effect; compare with
7o\/$<1; they disappear for time delayssuch thaty'yr  Eq. (19b). The theory thus predicts an isotope effect in the
>1. (i) The induced absorption component yings of the absorption band, but not in the vicinity of the
Sp—.c(€21.42,,7), given by Eq.(14b), contains only a ther- pnymp frequency. The published simulation work on the iso-
mic subband if the widthAw of the allowed energy band is tope effect ol is still controversia[21,51; if it is small, as
comparable toJ; this is supposed to be the case here.claimed in Ref[51], spectral changes will be small, even in
Theoretical frequency-resolved spectraegf are given for  the wings. Although no fitting procedure was employed to
three delay times. Unfortunately, no experimental data are fix the parameters, the agreement between theory and experi-
as yet available. This is due to the difficulty in measuringment[8,9] is, except for minor wavelength shifts, surpris-
relative intensities at different wavelengths. ingly good.

The analysis of time-resolved spectra goes as follows: The above analysis may be completed by briefly describ-
compare with Eqs(14a—(1409 and Figs. 4a)—4(d). (i) The  ing spectral effects of coherent light. The frequency-resolved
signal amplitude may be positive or negative, depending ogpectra remain similar to those just described, but an artifact
the probe frequency¥l,. (ii) The characteristics of time- appears, as a bleach, around the pump frequéndipr time
resolved spectra are dominated by the fact that the buildugelaysr< 1/\/;_ Its shapeA S(Q,,Q,,7) is given by
and decay of the thermic band and of the coherent spike,

respectively, are very different. The corresponding transients Q, 422 T -1
Ti(7) andT.4(7), normalized to unity, are AS(Q4,Q;,7)| 3N 73 M ElOEZO;E
r r 2
T[(r)zc[ l+erf{ \/; T— ;) ]exp{ —ZF( T— 5” - \/i_ exp(— 7,7,2)(3)(;{1)
(199 T Y
A? r
T T)=exp(— 772)1 (19b) X exp( - E) \/;W( ;:A ) 7) ; (20

whereC is a normalization Cpnstant. Thus, @, ig chosen compare with Eqs(138—(130). If, as in the present case,
far from (), where the thermic component dominates, the [/ ./,<1, the ratio between the peak intensities of the arti-
dependence of the signal is that of EG9a; its temporal ¢4t " and of the coherent spike is of the order of

half-width is of the order ofr,~ 3I" [Figs. 4a) and 4d)]. If -1 ; ;
’ P2 ' (JyraBTa) t~1. The half-width of the former is then
on the contrary(, is comparable td), and the coherent g jer ‘than that of the latter by a factor of the order of

Sr? tke domin:lalt(has,lfthg S:]gnal ﬁhapefishdescribed WE}?/)L Jy1q~0.1. Theoretical frequency-resolved spectra are illus-
the temporal ha 'W'dt IS then of the o_rder ok~ 1/Vy . trated on Fig. 5. No experimental work has yet been re-
[Fig. 4(b)]. Finally, in the intermediate regime, the competi- gorted.

r

tion of these subbands generates a nonmonotonic behavi
[Fig. 4(c)]. (iii) The interplay between the thermic band and
the coherent spike also dominates the isotope effect. As seen
in Eg. (199, the time evolution of a thermic transient de- It should be pointed out that the pump-probe absorption
pends on the nonadiabatic rate constBnfAs I' is isotope  of globally charged systems has not yet been systematically
dependent, so is the corresponding transient. On the contrargxamined in the literature. The similarity between signals

B. Discussion
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resulting from the charge-electric field and dipole-electric The present theory makes several specific predictions, ac-
field interactions, respectively, is worth noting. However, it cessible to an experimental check. The temporal width of
survives only if the electric field is spatially constant in atransients should be different in the wings of the absorption
given replica. As expected from the physical grounds, théand and around the pump frequency. In addition, the iso-
signal S(Q;,0Q,,7) does not depend ony, the reference tope effect, if any, should be present in the w_ings, but not in
point of M(r). This justifies,a posteriori its choice in the the center. The former of these two effects in fact was ob-
middle of the experimental cell. The computer simulationS€rved ine" -alcohols[S5]; and the absence of isotope effect
work generally adheres to this convention. in the vicinity of the frequency(); was reported for
Another major point is the nonmonotonic behavior of & -Hz0 [9]. No isobestic point is expected: the presence of

spectral transients and the overshot of an initial bleaching t&'€ coherent spike precludes its existence. The simple two-

an induced absorption. It has been under discussion for seyat€ model, proposed by Long, Lu, and Eisen[#glis too
imple to reproduce the complex spectral behavior.

eral years; two proposals have been reported to explain it This discussion may be closed by emphasizing that a sat-

According to Kimuraet al.[9), this effect is due to the tran- isfactory description of experimental spectra of the hydrated

sient sglva;c]lon and Iocaé hr(]aatlng follé)vlgng Electrontl)c re(::ax'electron was obtained with parameters calculated pyiori
ation. On the contrary, Schwartz and RosRy] attributed ¢ ;antym simulations. This confirms the quality of the latter,

it to a combination of bleaching and absorption dynamicSihe more so as the process under investigation is nonlinear:
Our work is in accord with conclusions of ReR7]. The  the existence of several limits is characteristic of these prob-
data of Graener, Seifert, and Lauber¢8d], who measured |ems, However, it should be stressed that the proper link
the time scale of local heating in water, also support thempetyeen experiment and theory can only be established by
the latter extends over many picoseconds. combining methods of nonlinear statistical mechanics and of

Our work emphasizes the role of the 20-fs dynamics, asgyantum simulation. Using one of these two methods alone
sociated with the reorientational readjustment of water molzannot suffice: a similar conclusion was drawn in other cir-

ecules after excitation. A short time scale was also reportegymstance§56).
in Ref. [27]: nearly 90% of the calculated electronic solva-

tion response is complete within 30 fs of the downward tran-

sition. However, the theory predicts this behavior only if the

solvation dynamics is fast compared to the laser pulse length, The authors wish to thank Professor P. Barbara and Dr. C.
i.e., Tq1<<7g. This is why solvation dynamics does not in- Silva for making their results available prior to publication.
fluence the shape of a transient directly. Although very shortThey also acknowledge gratefully the support of the GDR
the laser pulses should be considered as long in the preset®17 of the CNRS and of the Commission of the European
case. Entirely different spectra are expected in other circumCommunities. The Laboratoire de Physique’ dtigue des
stances. A growing body of work on aqueous solvation dy-Liquides is “Unite de Recherche Asso@® No. 765 at the
namics hints at the same directif®3,54). CNRS.
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