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Subpicosecond pump-probe absorption of the hydrated electron:
Nonlinear response theory and computer simulation

S. Bratos, J.-Cl. Leicknam, D. Borgis, and A. Staib*
Laboratoire de Physique The´orique des Liquides, Universite´ Pierre et Marie Curie, Case Courrier 121, 4 Place Jussieu,

75252 Paris Cedex 05, France
~Received 23 September 1996!

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
quantum-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.@S1063-651X~97!05506-2#

PACS number~s!: 82.20.Wt
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I. INTRODUCTION

Since its discovery in 1962, the hydrated electroneaq
2 has

been extensively studied by a number of authors. T
chemical species plays a significant role in solution pho
chemistry, the radiation chemistry of water and in electro
transfer reactions. It is omnipresent in irradiated aque
systems. The nature of its coupling to the solvent fluctuati
is of paramount importance in many chemical processes.
thus not surprising that there has been an intense experim
tal effort in this field. For textbooks and reviews covering t
subject, see, e.g., Refs.@1,2#.

During the last decade, interest shifted to the study of
pico- and femtosecond kinetics ofeaq

2 ; two sorts of experi-
ment were set up.~i! The electron is injected into water by
two-photon excitation of H2O at 310 nm@3–5#, or by pump-
ing at other wavelengths@6,7#. The early-time dynamics ar
explored immediately after the photodetachment, the e
tron still being within the reach of Coulomb forces due to t
OH2

1 ion. The motions of the prehydrated electron may
explored in this way.~ii ! The experiment is realized sever
nanoseconds after the injection ofe2 @8–10#. The electron is
then trapped into a solvent cavity by the forces emana
from the neutral H2O molecules. The behavior of a full
hydrated electron in thermal equilibrium can be examined
this technique.

The theory of electron hydration was first elaborated o
semimacroscopic level. The electron was treated as a par
in a dielectric cavity containing, or not, water molecules
the first coordination shell; see, e.g., Refs.@11,12#. The sta-
tionary absorption ofeaq

2 was first studied in this way. On th
contrary, modern work is entirely microscopic; the followin
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directions of research were explored.~i! The equilibrium
properties of an excess electron in water at room tempera
was simulated using the Feynman path-integral formulat
of quantum-statistical mechanics@13–16#. It was shown that
the excess electron forms a cavity with a radius of 2.1–
Å, and that the optical absorption band is due to a stron
allowed 1s→2p transition. ~ii ! Relaxation dynamics and
transport behavior of the excess electron in clusters an
bulk water were studied with the help of an adiabatic sim
lation method@17–23#. The solvent evolves classically an
the electron is constrained to a specified quantum state;
golden rule then allows the evaluation of nonadiabatic tr
sition rates. The population relaxation was attributed to
breakdown of the Born-Oppenheimer approximation. It w
also shown that the solvent relaxes through two time sca
a fast scale of the order of 20–30 fs associated with mole
lar librations, and a less well identified slower scale of t
order of 100–200 fs. The calculated population relaxat
times are the order of 250 fs.~iii ! A new algorithm for
quantum-dynamical simulation of a mixed classical-quant
system was introduced to calculate the nonadiabatic tra
tion rates directly@24–30#. Important methodological inno
vations were required for that purpose. The role played
the solvent flexibility in the dynamics of solvation was al
investigated; its effect on various relaxation times was fou
to be unexpectedly large. The existence of two time scale
the solvent relaxation, brought out by adiabatic simulatio
was reconfirmed. On the contrary, the survival probability
the excited state, of the order of 700 fs, was larger than
adiabatic calculations. Combining data from theory and
periment, an important body of knowledge was built up.

In spite of this progress, the theoretical reconstruction
transient absorption spectra remained uneasy. The reas
that the interplay between a molecular system and a la
produced electric field cannot be described by compu
simulations alone, and methods of nonlinear physics mus
adopted; see, e.g., Refs.@31–38#. This objective had not ye
7217 © 1997 The American Physical Society
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been attained, but simplified models were elaborated to c
pare calculations and experiment. For example, nonequ
rium experiments were simulated by introducing an elect
2 eV above the ground level@27#. Alternatively, equilibrium
experiments were analyzed by selecting from the grou
state trajectories configurations in resonance with the i
dent laser field @30#. The matrix elements r i f (t)
5^C i(t)ur uC f(t)& were then calculated for each final sta
and the absorption spectrum computed as a sum over
states. These models, although useful, cannot provide a c
plete picture. For example, they do not account for the p
ence of the initial, pump prepared and coherently exci
packet of states. Moreover, as the pump and probe fi
overlap at short times, the response of the system canno
a linear response to the probe field alone. The above mo
are thus not satisfactory for time delays below 200 fs.
statistical theory of pump-probe absorption ofeaq

2 is thus
necessary.

The purpose of this paper is to present a statistical the
of this kind for a hydrated electron in equilibrium condition
It employs the correlation function approach to nonline
optics. An analytical expression for the transient signa
given for both time- and frequency-resolved spectra. The
rameters of the theory are determined by quantu
mechanical simulations in which the hydrated electron is
scribed by means of floating Gaussian orbitals, and
polarizability effects are accounted for in a self-consist
way. For a preliminary statistical analysis of this proble
see Ref.@38#.

II. STATISTICAL DESCRIPTION

A. Basic formulas

The system under consideration is a sample of liquid w
ter in thermal equilibrium, containing one extra electr
@8–10#. It mimics a hydrated electron embedded in its loc
structure, and is globally charged. A strong pump pulse
frequencyV1 produces a transition between the lowest qu
tum states of the hydrated electron, and a weak probe p
of frequencyV2 , delayed by a timet, explores its return to
the ground state. The duration of the two pulses is of
order of 100 fs and their spectral width of the order
350 cm21. The measured quantity is the sign
S(V1 ,V2 ,t), defined as the total probe absorptio
W(V1 ,V2 ,t) in the presence of the pump minus the pro
absorptionW(V2) in the absence of the pump. Other re
evant quantities are the electric fieldE1 of the pump, the
electric fieldE2 of the probe, and the total electric fieldE
5E11E2 . The vectorsE1 andE2 are supposed to be para
lel to each other; the perpendicular polarization experime
although already realized@10#, is not considered in this pa
per. Finally,M5( iqi(r i2r0) is the electric moment of the
system. As the latter is globally charged,M[M (r0) depends
on the choice of the reference pointr0 .

An important feature of this problem is the spatial var
tion of the incident electric fields within the experiment
cell. In fact, the wavelengthl is much smaller than cel
dimensions: the field variation inside the cell must be c
sidered. However, molecular motions are monitored o
over distances that are small with respect tol. Under these
conditions, the spatial variation ofE1 ,E2 ,E, can be ac-
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counted for by replacing the real system by a large num
of replicas. They all experience a spatially constant elec
field, but this field is different in each replica. The final res
is obtained by averaging over the replicas. This procedur
of common use in the field; compare with Refs.@32,36#.

The signalS(V1 ,V2 ,t) being defined in terms of powe
P dissipated by unit volume of the liquid sample, introduci
the Joule lawP5JE seems natural. In this problem,E is the
electric field E2 of the probe. Likewise,J is the current
densityJ in the presence of the pump field; it is expressib
in terms of the average electric moment^M &. The corre-
sponding quantities in the absence ofE1 are J0 and ^M &0 .
Then, designating byV the volume of the liquid sample, on
finds

VJ5K (
i
qivi L 5

d

dt K (i qir i L 5
d

dt K (i qi~r i2r0!L
5

d

dt
^M &,

S5W2W05E
2`

`

dtFE2

d

dt
~^M &2^M &0!G

52E
2`

`

dt Ė2@^M &2^M &0#, ~1!

whereM , M0 are the components ofM , M0 in the polariza-
tion direction. For the choice of the reference pointr0 , see
below.

Explicit calculations require the knowledge of the Ham
tonianH of the system. It can conveniently be presented a
sum of two parts, a nonperturbed field-free partH0 and a
perturbationV due to the incident field. Ifr denotes the
location of a given replica in the experimental cell,V
5V(r ,t)5V„E(r ,t)…[V(E). Then recalling thatE is spa-
tially constant within a replica, one can write

H~r ,t !5H01V~r ,t !,

V~E!5(
i
qif~r i !, f~r0!2f~r i !5E

r0

r i
ds E5~r i2r0!E,

~2!

V~E!5S (
i
qi Df~r0!2S (

i
qi~r i2r0! DE52M•E.

~3!

For convenience, the zero of the potentialf~r ! was chosen at
r5r0 . Equations~2! and ~3! define the HamiltonianH,
which was desired. The dynamical variable coupling
charged molecular system and an electric field is its elec
moment with respect to the zero point of the electric pot
tial f. If the reference pointr0 of Eq. ~1! is chosen in the
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same way, the calculations involve a single dynamical v
able. This convention will be adhered to in what follows;
simplifies the theory considerably.

Further developments require the knowledge of the d
sity operatorr5r(r ,t) associated with the Hamiltonian o
Eq. ~2!. This quantity may be evaluated by treating von Ne
mann’s equation perturbatively up to third order inE. In
fact, the first nonvanishing contribution to the pump-pro
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signalS(V1 ,V2 ,t) is of this order. The procedure has be
described repeatedly in the literature and will not be
described here; see, e.g., Refs.@32,39,40#. Then, if the r0
dependence ofM is no longer indicated, one finds

]

]t
r~r ,t !5

i

\
@H~r ,t !,r~r ,t !#, ~4!
ent
M ~3!~r ,t !5Tr@r~3!~r ,t !M ~r ,t !#5E
0

`E
0

`E
0

`

dt1dt2dt3@E~r ,t2t1!E~r ,t2t12t2!E~r ,t2t12t22t3!#

3
i 3

\3 Tr„M exp~2 iL t1!@M , exp~2 iL t2!†M , exp~2 iL t3!@M ,req#‡#…, ~5!

wherer5(nr
(n), L5@H (0), #/\ is the nonperturbed Liouville operator of the liquid system, andreq the equilibrium density

matrix. Developing the commutators@ , #, eight terms appear. They may be handled by~i! utilizing the invariance of the trace
operation under a cyclic permutation of factors and~ii ! noticing that the resulting terms are all stationary time-depend
functions.

The final expression for the signalS(V1 ,V2 ,t) can be obtained by substituting Eq.~5! into Eq.~1!, and by using the above
arguments. If one proceeds in this way, the following result may be reached:

S~V1 ,V2 ,t!5~2/\3!ImH E
2`

` E
0

`E
0

`E
0

`

dt dt1dt2dt3^Ė2~r ,t !E~r ,t2t3!E~r ,t2t32t2!E~r ,t2t32t22t1!&E

3^M ~0!†M ~t1!,@M ~t11t2!,M ~t11t21t3!#‡&SJ . ~6!
he
de-
sup-

the

y
mn
This is the statistical expression that was desired, whic
valid in the parallel polarization case. It involves four-tim
correlation functions of the variableM , the component of the
electric momentM in the field direction. It also includes
four-time correlation function ofE and E2 , the total and
probe electric fields, respectively. The average^ &S is an
equilibrium average over the states of the field-free liq
sample and the average^ &E over different realizations of the
incident electric fields. It can easily be shown that, althou
M (r0) depends on the reference pointr0 , S(V1 ,V2 ,t) does
not. A convenient, though arbitrary, choice ofr0 is in the
middle of the experimental or simulation cell.

Equation~6! plays a central role in the statistical descri
tion of pump-probe absorption of the hydrated electron.
counterpart in transient ir spectroscopy is given in Refs.@36,
38#; the latter paper refers to the arbitrary polarization ca
The corresponding formula of conventional absorption sp
troscopy is the well-known Gordon formula@41#. The pump-
probe spectroscopy being a second-order spectroscopy,
volves four-time rather than two-time correlation function
and the Fourier transform is replaced by a four-dimensio
integral depending on the shape of the pulses. This is
price to pay for passing from the Kubo linear to nonline
response theories.

B. Correlation functions

The following semiclassical model is employed in th
work. ~i! The aqueous solution is assimilated to a quantu
is
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electronic system having ans-type ground state, three
closely spacedp-type statesp5$px ,py ,pz%, and an allowed
energy band containingn statesc5$c1 ,c2 ,...,cn% ~Fig. 1!. It
is perturbed by stochastic solvent-solute interactions. T
thermic bath, depending on the rotational-translational
grees of freedom, is semiclassical; water molecules are
posed to be rigid.~ii ! The variableM is governed by the
modified Heisenberg equation

dM

dt
5

i

\
@H,M #2GM , ~7!

whereH is an adiabatic Hamiltonian andG a Pauli matrix.
This matrix expresses the population relaxation due to

FIG. 1. Energy level diagram ofeaq
2 . These levels are randoml

fluctuating in time. The numbers of the first right-hand-side colu
refer to the electronic states involved.
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coupling of the Born-Oppenheimer states@20,21#. ~iii ! The
matrix elements ofH(t), Hss(t), Hpp(t), Hcc(t) are classi-
cal. The only nonvanishing elements of the electric mom
matrix areMsp , Mps , Mpc , Mcp , and those of the relax
ation matrix areGspsp, Gpsps, Gpcpc, Gcpcp. ~iv! The pump
and probe electric fields have a Gaussian profile of eq
duration and random phases, independent of each other

E1~r ,t !5Re$E10exp~2gt82!exp@ i ~k1•r2V1t !#

3exp@ if1~ t8!#%5Re@Ê1~r ,t !#, ~8a!

E2~r ,t !5Re$E20exp~2gt2!exp@ i ~k2•r2V2t !#

3exp@ if2~ t !#%5Re@Ê2~r ,t !#, ~8b!

where t85t1t. The duration of the incident pulse istE
;1/Ag.

Although models of this type are of current use in nonl
ear spectroscopy, their application to the problem of
drated electron deserves some comments.~i! Introducing a
thermic bath renders the study of the ground-state heatin
cooling dynamics uneasy. However, this mechanism d
not seem to provide the dominant explanation for the
served spectroscopy@27# and is disregarded.~ii ! The energy
gap between different electronic states is continuou
changing due to solvent motions; there results a multiex
nential decay of excited populations. However, in the s
plest theory, a single rate constantG may suffice. The mode
can be improved at this point, if the price of this effort
accepted.

The calculation of the electric moment correlation fun
tions can now be undertaken; compare with@36,37#. Molecu-
lar rotations being slow at the 100-fs time scale, they
neglected altogether. As far the operation^ &S is concerned,
it implies averaging over the quantum statess,p,c of the
hydrated electron as well as that over the stochastic pro
Hss(t), Hpp(t), Hcc(t). Then, designating the latter by^ &
and noting that only the ground electronic state is therm
populated, results in

^M ~0!M ~ t1!M ~ t2!M ~ t3!&S

5(
p

^Msp~0!Mps~ t1!Msp~ t2!Mps~ t3!&

1(
pc

^Msp~0!Mpc~ t1!Mcp~ t2!Mps~ t3!&. ~9!

The first right-hand-side term of Eq.~9! describes the
ground-state bleach, including the contribution due to
p→s stimulated emission. Similarly, its second right-han
side term reproduces the inducedp→c absorption.

The matrix elementsMi j (t) of the electric moment opera
tor are calculated by solving Eq.~4! under the assumption
of the present model. One finds thatMii (t)50 andMi j (t)
5Mi j (0)exp@i*0

t dt8vij(t8)2Gijij t#, where \v i j (t)5Ei(t)
2Ej (t). Other steps are as follows.~i! Thes↔p component
of the correlation function is determined by using the cum
lant expansion theorem. The transition momentsMsp are all
t
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supposed to be equal toM , such thatM45 1
3(p^Msp

4 &. ~ii !
The calculation of thep→c component of Eq.~9! requires
some knowledge of the density of electronic statesg(v) in-
side the energy band. It may reasonably be assumed to
a Gaussian form:

g~v!5
n

ApDv
expS 2

~v2v1!
2

Dv2 D , ~10!

where\v1 indicates its center and\Dv its width. The tran-
sition momentsMpc are all supposed to be equal toM 8, such
that M2M 825(1/3n)(pc^Msp

2 Mpc
2 &. ~iii ! The final correla-

tion function contains contributions proportional to

C6~t1 ,t2 ,t3!5exp„2G~t112t213t3!…

3exp@2 1
2bt1

22 1
2bt3

26t1t3b~t11t2!#,

~11a!

D6~t1 ,t2 ,t3!5exp@2G~t112t213t3!#

3exp@2 1
2b8t1

22 1
2bt3

26t1t3b~t11t2!#,

~11b!

where b(t)5^v(0)v(t)&c , b5b(0), b85b1Dv2/2,
v~t! is the solvent-induced frequency shift, and the sym
^ &c denotes a cumulant. The first factor in Eqs.~11a! and
~11b! describes the population relaxation, and the second
solvent relaxation. These formulas only apply if the ele
tronic dephasing timetd;1/Ab is short with respect to the
correlation timetV of b~t!; electronic motions, in fact, are
fast compared to nuclear motions.

The calculation of the electric-field correlation functio
^Ė2(r ,t)E(r ,t2t3)E(r ,t2t32t2)E(r ,t2t32t22t1)&E is
similar to that described in Ref.@36#; it will only be sketched
in what follows.~i! The time derivativeĖ2(r ,t) of the probe
is calculated by deriving only the rapidly varying facto
exp(iV2t). ~ii ! The incident fields are decomposed into ind
vidual exponentials. A large number of terms result. Ho
ever, if the contributions of the order ofE2

4 are neglected,
which is a coherent assumption, only those having the fo
^Ê2* (r ,t1)Ê2(r ,t2)Ê1* (r ,t3)Ê1(r ,t4)&E survive after integra-
tion over r . ~iii ! The averaging over the random phas
f1(t), f2(t) is accomplished by applying the cumulant e
pansion theorem, and by supposing these processes t
Gaussian and slowly modulated:ḟ1tf@1, ḟ2tf@1, where
tf is the phase correlation time. The final correlation fun
tions then contain terms like

E10
2 E20

2 exp@ iV2~ t12t2!1 iV1~ t32t4!#exp@2g~ t1
21t2

21t38
2

1t48
2)]exp@2 1

2 ~ t12t2!
2f2 1

2 ~ t32t4!
2f#, ~12!

wheret1 , t2 , t3 , andt4 are different combinations of time
t, t2t3 , t2t32t2 , t2t32t22t1 , andf5^ḟ1

2&5^ḟ2
2&.

Other noise models, such as the phase diffusion, telegrap
Burshtein model@42# could have been used, but the existin
experimental data are insufficient to justify this effort.
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C. SignalS„V1 ,V2 ,t…

There still remains to perform the four-dimensional in
grations over the variablest, t1 , t2 , andt3 in Eq. ~6!. The
methods employed, as well as the results, depend heavil
characteristic times of the problem. In what follows, the
tegrals are evaluated in the limittd!tV!tE , tp if the light
is coherent and in the limittd!tV , tf!tE , tp if it is
incoherent;tp is the population relaxation time. The com
puter simulations described in the next section confirm
existence of the above constraints. The correlation func
b(t)5^v(0)v(t)&c is written in the form of a single Heavi
side step function depending on a timetV . This makes pre-
-

on
-

e
n

cise analytical calculations practicable, although they still
highly nontrivial; no factorization of the integrands int
smaller units can be achieved. A large part of the ove
computational effort is concentrated in this part of the wo

The shape of the signalS(V1 ,V2 ,t) is different for co-
herent and incoherent incident fields; one recalls t
tf→` in the former case, whereastf&tV in the latter. Let
then Ss↔p(V1 ,V2 ,t) designate the contribution to
S(V1 ,V2 ,t) associated with the transitionss↔p,
Sp→c(V1 ,V2 ,t) that due to transitions p→c and
S(V1 ,V2 ,t)52Ss↔p(V1 ,V2 ,t)1Sp→c(V1 ,V2 ,t). For
coherent incident fields and fortd!tV!tE , tp , one finds
Ss↔p~V1 ,V2 ,t!F3N V2

\3 M4E10
2 E20

2 p

g

p

b G21

5S H 11erfFAgS t2
G

g D G J expF22GS t2
G

2g D GexpF2
1

2b
~D1

21D2
2!G

1
2

Ap
exp~2gt2!exp~G2/g!expS 2

D1
2

b DAgWS G

g
,D,g D

1
2&

p
AgtVAbtVexp~2gt2!

sin~DtV!

DtV
expS 2

D2
2

2b D D , ~13a!

Sp→c~V1 ,V2 ,t!F32 N
V2

\3 nM2M 82E10
2 E20

2 p

g

p

Ab„~Dv!2/21b…
G21

5H 11erfFAgS t2
G

g D G J expF22GS t2
G

2g D G
3expS 2

D1
2

2b DexpS 2
D28

2

~Dv!212b D , ~13b!

W~ t,d,g!5E
0

`

dt cosdt exp„2g~t1t !2…, ~13c!

whereN is the number of solvated electrons,D15V12v0 , D25V22v0 , D5V12V2 , D285V22v08 , \v05\(^vpx→s&
1^vpy→s&1^vpz→s&)/3, \v085\(v12v0), and 1/2G5tp . All G i j i j are given the same valueG.

If the incident electric fields are incoherent, the theory takes another form. Introducing the conditionstd!tV , tf!tE ,
tp , leads to the following expressions for the componentsSs↔p(V1 ,V2 ,t) andSp→c(V1 ,V2 ,t) of S(V1 ,V2 ,t):

Ss↔p~V1 ,V2 ,t!F3N V2

\3 M4E10
2 E20

2 p

g

p

b G21

5S H 11erfFAgS t2
G

g D G J expF22GS t2
G

2g D GexpF2
1

2b
~D1

21D2
2!G

1
2&

p
AgtVAbtVexp~2gt2!

1

tV
U~tV ,D,f!expS 2

D2
2

2b D D , ~14a!

Sp→c~V1 ,V2 ,t!F32 N
V2

\3 nM2M 82E10
2 E20

2 p

g

p

Ab„~Dv!2/21b…
G21

5H 11erfFAgS t2
G

g D G J expF22GS t2
G

2g D G
3expS 2

D1
2

2b DexpS 2
D28

2

~Dv!212b D , ~14b!

U~ t,d,g!5E
0

t

dt cosdt exp~2gt2!. ~14c!



a

a

ur
an

e
th
th
h

al

re
la
ne
di
e
n
h
fu

in
d
s
o
te
m

q.
ra

la

he
e

eg
e
n

c
g
ar
ta
in

tic
l

of

ly
mp-

lec-

a

y-
n-
als
.,
ble.
he
in
eight
o-
n,
ron,
ron,
, the
nts
be
n of

the
of

o-
s,
ne
e is
e
an
tum
a
ing
the

en-
lly
all
y no
ing

7222 55S. BRATOS, J.-CL. LEICKNAM, D. BORGIS, AND A. STAIB
The symbols have the same meaning as earlier. The m
difference between Eqs.~13a!–~13c! and Eqs.~14a!–~14c! is
the presence of a coherent artifact in the former and its
sence in the latter, ifV1;V2 and t;tE . One recalls that
the term ‘‘coherent artifact’’ designates any spectral feat
resulting from the phase relations between the pump
probe fields.

The above formulas for the band shape constitute the
result of the statistical theory. It remains to calculate
parameters entering into them by computer simulation. If
absolute value of spectral intensities is not required, one
to determine the quantitiesn, v0 , v08 , Dv, b5^v(0)2&c ,
tp , tV , td , andM 82/M2. They have all a precise statistic
meaning and will be studied in the next section.

III. COMPUTER SIMULATION

A. Methodological details

The purpose of this section is to outline the key featu
of the mixed quantum-classical molecular-dynamics simu
tion used to compute the various statistical quantities defi
in the preceding section. The method employed is an a
batic simulation method in which the electron is constrain
to a specific quantum state. The rate of nonadiabatic tra
tions is calculated by employing the Fermi golden rule. T
solvent evolves classically in these calculations. A care
discussion of technical details is given in Ref.@23#.

It is important to note that, in the theory of Sec. II, as
the linear response theory, the final results are expresse
terms of quantities averaged over the nonperturbed state
the system in thermal equilibrium. Field-induced changes
molecular dynamics, both in the ground and excited sta
are accounted for by passing from the two- to the four-ti
correlation functions in Eq.~6!. The third right-hand-side
term of Eq.~13a!, or the second right-hand-side term of E
~14a!, express this effect. The window and doorway ope
tors, well known in the literature, have a similar origin@33#.

The system considered here consists of 255 rigid, po
izable water molecules and of an extra electron.~i! The sol-
vent is represented by the model of Sprik and Klein@43,44#.
In this model, the solvent molecules interact with each ot
via the Lennard-Jones, Coulomb, and polarization forc
generating a potentialVss. A positive charge qH
50.4428 e.u. is placed on each hydrogen atom, and a n
tive chargeqM520.2214 e.u. on each vertex of a tetrah
dron, with its center slightly shifted away from the oxyge
atom in the HOH plane. The dipole moment of free H2O is
correctly described in this way. In order to account for ele
tronic polarization of the solvent, additional fluctuatin
chargesqi are introduced on the tetrahedral sites: they
computed iteratively as described below. Polarization ins
bility is avoided by using Gaussian polarization charges
stead of mere point charges.~ii ! The electron is pictured by
the so-called primitive model of Romero and Jonah@16#, and
Sprik @45#. eaq

2 is coupled to the solvent through electrosta
and polarization forces, deriving from the pseudopotentia
in
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Ves5(
i51

2

e~qH)
erf~aHur2RHi

u!

ur2RHi
u

2(
i51

4

e~qM1qi !
erf~aMur2RMi

u!

ur2RMi
u

, ~15!

whereRHi
, RMi

denote the positions of the hydrogens and
the tetrahedron vertices in a given water molecule andr is
the electron coordinate. All interactions are smooth
damped at short distances; this effect is described by da
ing parametersaH andaM .

The excess electron being coupled to the solvent, the e
tronic wave functionsCn depend on the coordinatesr and
S5$RH ,RMi

%. It is then convenient to expand them into

basic set of floating spherical Gaussiansgi(r ):

Cn~r ,S!5(
i51

N

ani~S!gi~r !. ~16!

The rationale behind this proposal is as follows. As a h
drated electron is freely diffusing through the liquid, it ca
not be described successfully in terms of atomic orbit
fixed on individual water molecules. Floating orbitals, i.e
orbitals detached from the parent nuclei, are thus prefera
They are placed on vertices of a regular polyhedron. T
whole entity diffuses through the solvent; it fluctuates
shape and size due to an instantaneous change of the w
of individual orbitals. The calculations are realized by intr
ducing ones-type Gaussian at the origin of the polyhedro
four s/p Gaussians placed on the vertices of a tetrahed
12 s/p/d Gaussians placed on the vertices of an icosahed
etc. The usual advantage of Gaussian basis sets, i.e.
rapid analytical evaluation of integrals and matrix eleme
is exploited here. Since this basis is local, its origin must
adjusted continuously to ensure a proper representatio
the solute electronic wave function at a given time.

The molecular-dynamics simulations are carried out in
following way. ~i! The energies and expansion coefficients
the electronic wave functionsCn(r ,S) are calculated for a
fixed nuclear configuration and for a given initial set of p
larization charges.~ii ! The computed electronic densitie
added to the initial polarization charges, permit us to defi
the new ones; the cycle is repeated until the convergenc
attained. ~iii ! Once the polarization is optimized, th
eaq

2-solvent forces are determined via the Hellmann-Feynm
theorem; they are always computed for the same quan
state. ~iv! A new solvent configuration is generated by
classical molecular-dynamics simulation. The forces enter
into equations of motion are the solvent-solvent plus
eaq

2-solvent forces just described.
When studying the excitation ofeaq

2 from one accessible
state to another, the polarization must be optimized indep
dently for each individual state. This is computationa
much more demanding than a simpler variant, where
states have the same polarization charges. The effect is b
means negligible: it was shown, for example, that comput
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the stationary absorption spectrum of the hydrated elec
with the full optimization for each state shifts the band ma
mum by 0.3 eV, and locates it properly to 1.7 eV.

All simulations were performed at 298 K in a cubic sim
lation cell of 19.96 Å length. The equations of motions we
integrated using the leapfrog quaternion algorithm with
time step of 0.5 fs. The long-range electrostatic potent
and corresponding forces were evaluated with the Ew
summation technique employing periodic boundary con
tions and a uniform background of charge. As mention
earlier, the mobility of the electron is accounted for by mo
ing adiabatically the center of the bunch of Gaussian orbi
in the course of the simulation. At each time step the wa
function C0(r ,S) is used to calculate the centerr0
5^C0(r ,S)ur uC0(r ,S)& of the electronic cloud in its ground
state. The vectorr0 is then identified with the origin of the
basis set for the next molecular-dynamics step. Ana poste-
riori justification of this procedure is the good conservat
of the total energy, which is of the order of 0.1% for a 5-
trajectory. The fact that the temperature fluctuations
small,DT;4 K, is another test of the quality of the prese
simulation.

B. Calculation of parameters

Once the techniques of calculation have been descri
the evaluation of the energy-band parametersn, Dv, of the
equilibrium propertiesv0 , v08 , b, M4, M 82M2 and of the
dynamical propertiestV ,tp may be envisaged. The param
eterstE and tf , deducible from the spectral width of th
incident pulses, do not need to be considered here@46#. The
following points merit attention.~i! The frequenciesv0 ,
v08 , andb are calculated by averaging the energies, ene
differences, and their squares. This averaging is over
ground-state trajectories, as required. The resulting va
are in excellent agreement with spectroscopic data of R
@47#. Introducing polarization thus improves the quality
the results considerably.~ii ! The transition moments ar
computed by a direct application of statistical definition
There is no difficulty forM45( 13)(p^Msp

4 &. On the contrary,
the accuracy ofM 82M25(1/3n)(pc^Msp

2 Mpc
2 & is limited,

due to the reduced size of the basic set of Gaussian orb
It was found that, in the spectral region under investigati
five c states are detached from the rest and that the co
sponding transition moments are comparatively large;
values ofn andDv refer to this group of states. The delo
calized states, if any, cannot contribute very much to
spectral intensity: the overlap between the localizeds, p,
and delocalizedc-type wave functions is necessarily smal

The parametertV is extracted from the normalized fre
quency shift correlation functionb(t)/b(0). This function,
determined from an extensive ground-state trajectory, m
be represented by an expression of the form

b~ t !/b~0!5c1expS 2
t2

tV1

2 D 1c2expS 2
t

tV2
D , ~17!

wherec150.465, c250.535, tV1
517 fs, andtV2

5130 fs.
The initial Gaussian decay occurs on a very short time sc
typical of the inertial component of the librational motion
n
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of H2O. Equation ~17! was used to calculate
^M (0)M (t1)M (t2)M (t3)&s. The results are illustrated in
Fig. 2. Comparing Figs. 2~a! and 2~c! with 2~b! and 2~d!, one
notices that the contribution of inertial motions to these fun
tions is particularly important. This unexpected observat
can be understood in the following way. Ifb(t) contains two
components,b(t)5b1(t)1b2(t), the electronic correlation
functionsC6(t1 ,t2 ,t3) and D6(t1 ,t2 ,t3) of Eqs. ~11a!
and ~11b! all factorize:

C6~t1 ,t2 ,t3!5exp@2G~t112t213t3!#

3exp@2 1
2b1t1

22 1
2b1t3

26t1t3b1~t11t2!#

3exp[2 1
2b2t1

22 1
2b2t3

26t1t3b2~t11t2!],

D6~t1 ,t2 ,t3!5exp@2G~t112t213t3!#

3exp@2 1
2b18t1

22 1
2b1t3

26t1t3b1~t11t2!#

3exp[2 1
2b28t1

22 1
2b2t3

26t1t3b2~t11t2!],

where b15b1(0), b25b2(0), b185b11Dv2/4, and b28
5b21Dv2/4. If Ab1tV1@1, the fast motions make the se
ond right-hand-side factor ofC6 ,D6 , and these functions
themselves, very small fort1 ,t3@tV1 , ;t2 . Spectral mani-
festations of slow motions, expressed by the third right-ha
side factor ofC6 ,D6 cannot be very large in these cond
tions. The argument holds true even ifc1;c2 . One
concludes that most of the spectral evolution of solvation
the electron is achieved by the fast, 20-fs inertial respons
the solvent; nevertheless, some spectral dynamics occu

FIG. 2. The functionsC6(t1 ,t2 ,t3) calculated either with the
monoexponential correlation functionb(t)5bexp(2t2/tV1

2 ) ~a,c! or
with the biexponential correlation functionb(t)5b@0.465 exp
(2t2/tV1

2 )10.535 exp(2t/tV2)# ~b,d! where tV1517 fs, tV2

5130 fs, andt250, tV1 , and tV2 . The figures represent th
curves of equal height ofC6(t1 ,t2 ,t3) corresponding to the val-
ues of 0.98, 0.90, 0.80, 0.70, and 0.60, respectively. Similar obj
occur in two-dimensional NMR.
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the time scale of the slow solvation component@9#. Attribut-
ing to b(t) the form of a step function of lengthtV;tV1 is
thus an acceptable procedure.

The calculation of the parametertp5
1
2G is more difficult.

Since thes,p,c states introduced for the description of th
hydrated electron are by definition the Born-Oppenheim
states, i.e., the electronic states at a fixed nuclear positi
the transitions between them are due to the nuclear kin
energy. The golden rule then states that in a system c
posed of nuclei of massesMa and having the Born-
Oppenheimer statesCbg5fbxbg of energiesEbg the popu-
lation relaxation times are given by t i→ f

21

5*2`
` dt^Vi f (0)Vf i(t)&, where

Vi f5
1

\ (
l

1

2Ml
@2^f i uPl uf f&Pl1^f i uPl

2uf f&# ~18!

andPa is the momentum of the nucleusa; the summation
over l extends over all nuclei of the system@21#. In the
present work,t i→ f was calculated in the semiclassical a
proximation. The approximation consists in~i! neglecting the
second right-hand-side term in Eq.~18! and~ii ! assimilating
the symmetrized form of̂Vi f (0)Vf i(t)& to a classical corre-
lation function. Note that the nuclei are treated as class
interaction sites, and do not need to be represented by fro
quantum Gaussians. This statement conforms to a gen
rule of statistical mechanics: classical mechanics may
used whenever\v!kBT, where\v is a representative en
ergy of the process under investigation. Rotation
translational motions of H2O molecules in water fulfill this
condition at room temperature; vibrational motions are
sent in the present model where water molecules are con
ered as rigid. For a discussion of semiclassical approxi
tions of the golden rule in molecular liquids, see Ref.@48#.

The value of parameters obtained in this way are collec
in Table I. They confirm the existence of inequalitiestd
!tV!tE , tp , andtd!tV , tf!tE , tp postulated in Sec. II.
The value of 910 fs found fortp is somewhat larger than tha
published earlier with a poorer statistics@23#. The values
reported in the literature are spread between 100 fs and
@21,24,26,29#. In fact, the computation of nonadiabatic tra
sition rates is sensitive to the choice of the electron-wa
pseudopotential, to the quality of its statistics, and to whet
the H2O molecule is considered rigid or flexible; the resu
are not yet entirely conclusive on this point. All other para
eters of Table I are similar to those published elsewhere;
interesting to comparetp with recent model calculation

TABLE I. Parameters defining the signalS(V1 ,V2 ,t). Ener-
gies are expressed in eV and times in femtoseconds; the quan
n andM 82/M2 are dimensionless. They are all computed by sim
lation, except the field parameterstf andtE , which are extracted
from Refs.@9,46#.

\v0 1.74 td 1
\v08 1.05 tV 17
\Ab 0.285 tf 14
\Dv 0.190 tp 910
n 5 tE 130
M 82/M2 1.3
r
s,
tic
-

al
en
ral
e

l-

-
id-
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d

ps

r
er

-
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@49#. The signalsS(V1 ,V2 ,t) given by Eqs.~13a!–~13c!
and ~14a!–~14c! may now be evaluated and compared w
those measured experimentally. The results reached in
way will be discussed in the next section.

IV. RESULTS AND DISCUSSION

A. Results

This theory provides the following physical picture of th
transient absorption of the hydrated electron. To simplify
discussion, the incident light is supposed to be incoher
spectral effects produced by coherent radiation will be o
briefly mentioned at the end. The analysis then goes as
lows. The pump pulse, exciting coherently a set of solv
configurations, creates the initial wave packet. The latter
cays toward the equilibrium with time scales of the order
tV ,tp . The solvent relaxation is described by the frequen
shift correlation functionb(t); b(t)/b(0) is just the well-
known response functionS(t), currently employed to ana
lyze time-resolved fluorescence@50#. In turn, the population
relaxation is accounted for by the elementG of the Pauli
relaxation matrix. Two groups of solvent configurations m
then be distinguished. Those remaining in the window p
duce a comparatively narrow band centered on the pu
frequencyV1 ; generated by the absorption of the initi
wave packet and thus having a nonthermal origin, it will
termed a ‘‘coherent spike’’ hereafter. From the other si
the solvent configurations, having undergone the thermal
tion process, escape the initial spectral window and gene
a ‘‘thermic’’ band. The main features of the pump-prob
absorption of the hydrated electron are due to the coexiste
of these two sorts of bands.

Starting from the above considerations, the frequen
resolved spectra may now be analyzed; compare w
Eqs. ~14a!–~14c! and Fig. 3. ~i! The transient signa
contains a componentSs↔p(V1 ,V2 ,t) and a componen
Sp→c(V1 ,V2 ,t). The former appears as a bleach, and
latter as an absorption.~ii ! The bleach componen
Ss↔p(V1 ,V2 ,t) is composite. It contains a broad therm

ies
-

FIG. 3. Theoretical frequency-resolved spectra calculated w
l15780 nm andt50, 0.5, and 1.0 ps. Incident light is incoheren
The nonthermics↔p subband is centered at the pump wavelen
l1 . Its intensity is very sensitive to the value oftV .
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sub-band of half-widthDv1/2;Ab, comparable to that o
the conventional absorption band. This subband is given
the first right-hand-side term of Eq.~14a!. Superposed on i
is the coherent spike, located at the pump frequencyV1 and
described by the function (1/tV)U(tV ,D,f) of Eqs. ~14a!
and ~14c!. It displays diffractionlike characteristics i
tVAf!1; they disappear for time delayst such thatAgt
@1. ~iii ! The induced absorption compone
Sp→c(V1 ,V2 ,t), given by Eq.~14b!, contains only a ther-
mic subband if the widthDv of the allowed energy band i
comparable toAb; this is supposed to be the case he
Theoretical frequency-resolved spectra ofeaq

2 are given for
three delay timest. Unfortunately, no experimental data a
as yet available. This is due to the difficulty in measuri
relative intensities at different wavelengths.

The analysis of time-resolved spectra goes as follo
compare with Eqs.~14a!–~14c! and Figs. 4~a!–4~d!. ~i! The
signal amplitude may be positive or negative, depending
the probe frequencyV2 . ~ii ! The characteristics of time
resolved spectra are dominated by the fact that the buil
and decay of the thermic band and of the coherent sp
respectively, are very different. The corresponding transie
Tt(t) andTcs(t), normalized to unity, are

Tt~t!5CH 11erfFAgS t2
G

g D G J expF22GS t2
G

2g D G ,
~19a!

Tcs~t!5exp~2gt2!, ~19b!

whereC is a normalization constant. Thus, ifV2 is chosen
far from V1 where the thermic component dominates, tht
dependence of the signal is that of Eq.~19a!; its temporal
half-width is of the order oftp;

1
2G @Figs. 4~a! and 4~d!#. If,

on the contrary,V2 is comparable toV1 and the coheren
spike dominates, the signal shape is described by Eq.~19b!;
the temporal half-width is then of the order oftE;1/Ag
@Fig. 4~b!#. Finally, in the intermediate regime, the compe
tion of these subbands generates a nonmonotonic beh
@Fig. 4~c!#. ~iii ! The interplay between the thermic band a
the coherent spike also dominates the isotope effect. As
in Eq. ~19a!, the time evolution of a thermic transient d
pends on the nonadiabatic rate constantG. As G is isotope
dependent, so is the corresponding transient. On the cont

FIG. 4. Theoretical and experimental time-resolved spectra
e2-H2O, calculated withl15780 nm andl25550, 780, 820, and
1000 nm. Except for small wavelength shifts, the agreement
tween theory and experiment is satisfactory.
y
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the time evolution of the coherent spike is just that of t
pump pulse and is free of any isotope effect; compare w
Eq. ~19b!. The theory thus predicts an isotope effect in t
wings of the absorption band, but not in the vicinity of th
pump frequency. The published simulation work on the is
tope effect onG is still controversial@21,51#; if it is small, as
claimed in Ref.@51#, spectral changes will be small, even
the wings. Although no fitting procedure was employed
fix the parameters, the agreement between theory and ex
ment @8,9# is, except for minor wavelength shifts, surpri
ingly good.

The above analysis may be completed by briefly desc
ing spectral effects of coherent light. The frequency-resolv
spectra remain similar to those just described, but an arti
appears, as a bleach, around the pump frequencyV1 for time
delayst&1/Ag. Its shapeDS(V1 ,V2 ,t) is given by

DS~V1 ,V2 ,t!F3N V2

\3 M4E10
2 E20

2 p

g

p

b G21

52
2

Ap
exp~2gt2!expS G2

g D
3expS 2

D1
2

b DAgWS G

g
,D,g D ; ~20!

compare with Eqs.~13a!–~13c!. If, as in the present case
G/Ag!1, the ratio between the peak intensities of the a
fact and of the coherent spike is of the order
(AgtVAbtV)

21;1. The half-width of the former is then
smaller than that of the latter by a factor of the order
AgtV;0.1. Theoretical frequency-resolved spectra are ill
trated on Fig. 5. No experimental work has yet been
ported.

B. Discussion

It should be pointed out that the pump-probe absorpt
of globally charged systems has not yet been systematic
examined in the literature. The similarity between sign

f

e-

FIG. 5. Theoretical frequency-resolved spectra ofe2-H2O, cal-
culated witht50, 0.5, and 1.0 ps. Incident light is coherent. T
presence of an artifact at the pump wavelength is characteristi
these spectra.
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resulting from the charge-electric field and dipole-elect
field interactions, respectively, is worth noting. However,
survives only if the electric field is spatially constant in
given replica. As expected from the physical grounds,
signal S(V1 ,V2 ,t) does not depend onr0 , the reference
point ofM (r0). This justifies,a posteriori, its choice in the
middle of the experimental cell. The computer simulati
work generally adheres to this convention.

Another major point is the nonmonotonic behavior
spectral transients and the overshot of an initial bleachin
an induced absorption. It has been under discussion for
eral years; two proposals have been reported to explai
According to Kimuraet al. @9#, this effect is due to the tran
sient solvation and local heating following electronic rela
ation. On the contrary, Schwartz and Rossky@27# attributed
it to a combination of bleaching and absorption dynami
Our work is in accord with conclusions of Ref.@27#. The
data of Graener, Seifert, and Laubereau@52#, who measured
the time scale of local heating in water, also support the
the latter extends over many picoseconds.

Our work emphasizes the role of the 20-fs dynamics,
sociated with the reorientational readjustment of water m
ecules after excitation. A short time scale was also repo
in Ref. @27#: nearly 90% of the calculated electronic solv
tion response is complete within 30 fs of the downward tr
sition. However, the theory predicts this behavior only if t
solvation dynamics is fast compared to the laser pulse len
i.e., tV1!tE . This is why solvation dynamics does not in
fluence the shape of a transient directly. Although very sh
the laser pulses should be considered as long in the pre
case. Entirely different spectra are expected in other circ
stances. A growing body of work on aqueous solvation
namics hints at the same direction@53,54#.
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The present theory makes several specific predictions,
cessible to an experimental check. The temporal width
transients should be different in the wings of the absorpt
band and around the pump frequency. In addition, the
tope effect, if any, should be present in the wings, but no
the center. The former of these two effects in fact was
served ine2-alcohols@55#; and the absence of isotope effe
in the vicinity of the frequencyV1 was reported for
e2-H2O @9#. No isobestic point is expected: the presence
the coherent spike precludes its existence. The simple t
state model, proposed by Long, Lu, and Eisenthal@4#, is too
simple to reproduce the complex spectral behavior.

This discussion may be closed by emphasizing that a
isfactory description of experimental spectra of the hydra
electron was obtained with parameters calculated bya priori
quantum simulations. This confirms the quality of the latt
the more so as the process under investigation is nonlin
the existence of several limits is characteristic of these pr
lems. However, it should be stressed that the proper
between experiment and theory can only be established
combining methods of nonlinear statistical mechanics and
quantum simulation. Using one of these two methods al
cannot suffice; a similar conclusion was drawn in other c
cumstances@56#.
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