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Calculated photon echo signals for the aqueous solvated electron.
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Abstract

Photon echo and resonant transient grating signals are calculated for the hydrated electron based on the results of quantum
molecular dynamics simulations. The echo decays in <135 fs. Comparison to echo calculations for organic probes and different
solvent response functions reveals the origin of this ultrafast dephasing. For the strongly coupled hydrated electron, small changes
in solvent configuration lead to large fluctuations in the transition frequency causing a rapid loss of electronic coherence, even
in the absence of fast inertial solvent motions. In such strongly coupled systems where the echo decay is insensitive to solvation
dynamics, the resonant transient grating experiment can provide a measure of the solvent response.

Photon echo measurements of organic dye mole-
cules in liquids have been used to study both slow
(static) and fast (dynamic) solvent-solute interac-
tions [1-5]. In the limit of large inhomogeneous
broadening ! the photon echo technique eliminates
contributions from different ‘static’ solvent configu-
rations, allowing the characterization of fast solvent
fluctuations and the degree of homogeneous line
broadening in the linear absorption spectrum [7]. A
theoretical formalism describing a variety of nonlin-
ear spectroscopies including the photon echo has been
developed by Loring, Yan, and Mukamel [8-12]. The
time dependence of the fluctuations in the transition
frequency of the chromophore arising from solvent
motion, Aw(¢), is characterized by the solvent cor-
relation function,

! Cho and Fleming have shown that when the broadening is not
dominated by inhomogeneity a fifth-order echo experiment is re-
quired to disentangle the homogeneous dynamics [6].

(Aw(0)Aw (1))
([Aw(0)]*>

In the limit of linear response the correlation func-
tion M(t) is equivalent to the nonequilibrium sol-
vent response function, C(¢), which can be deter-
mined experimentally by time-resolved fluorescence
measurements [13,14],

M(t)= (1)

(1) —w(xo)
w(0)—w(w)’

Here w(?) is a characteristic frequency of the time-
resolved emission spectrum. Shemetulskis and Lor-
ing [15] have calculated two-pulse photon echo sig-
nals from both nonequilibrium and equilibrium mo-
lecular dynamic simulations and found the results to
be identical. This demonstrates that C(¢) (the non-
equilibrium response) describes the solvent fluctua-
tions for both the time period when the system evolves
during an electronic coherence (the time between the
first and second pulse) and during a population state

C(1)= (2)
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(the time period between the second and third pulse
in a three pulse echo experiment ). We emphasize that,
therefore, M (t) is equivalent to C(¢) for calculating
photon echo signals in the linear response limit. In
the Mukamel formalism for calculating the third-or-
der polarization, the solvent dynamics are contained
entirely in the lineshape function [12,16],

g(z)zufdz1 M(t)
0

+<{[Aw]?> fdtlfdt2 M), (3)
[0} 0

where 4 is the reorganization energy (the Stokes shift
divided by 2) and < [Aw?]) (the mean-square am-
plitude of the solvent fluctuations) is a measure of
the coupling between the electronic transition fre-
quency and a given solvent configuration. At high
temperatures, these two quantities are related by the
fluctuation-dissipation theorem [12],

([Aw]?Y =22KT . (4)

Hence, nonlinear optical measurements can be used
to ascertain the nature of the solvent response
function.

In this Letter, we solve the lineshape function for
the now standard non-Markovian solvent response
function which includes inertial solvent motion and
apply the results to calculate photon echo signals for
the aqueous electron using input parameters deter-
mined by the nonadiabatic molecular dynamic sim-
ulations of Schwartz and Rossky [17-19]. We find
the interesting result that the decay of the electronic
coherence is not dominated by the ultrafast time scale
of inertial solvent motion in water, but is instead
controlled by the enormous solvent-solute coupling
in this system. We also demonstrate that resonant
transient grating spectroscopy, a three pulse experi-
ment in which the time delay between the first two
pulses is zero, can be used to study inertial solvation
dynamics with extremely high time resolution.

The calculated nonequilibrium solvent response
function for the hydrated electron [19], displayed in
Fig. 1, contains an ultrafast Gaussian inertial com-
ponent. The existence of this inertial contribution to
the solvent response of acetonitrile [20,21], metha-
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Fig. 1. The equilibrium and nonequilibrium solvent response
functions for the aqueous electron and fitted result for a trun-
cated Gaussian with an exponential tail (Eq. (5)). The parame-
ters describing C(¢) with Eq. (5) are a=0.4, 1,=20 fs, »=0.6,
Teoxp=250fs. (—) C(1); (-—-) M(1); () fit.

nol [21,22], and quite recently water [23], has been
experimentally verified by time resolved fluores-
cence experiments which used large organic mole-
cules as solvent probes. That the early time behavior
of C(t) can be described by a simple Gaussian was
first recognized by Hynes and co-workers [24-27]
and Maroncelli and Fleming [13,14]. It is common
to represent the inertial portion of the solvent dy-
namics by expanding the Gaussian part of the solvent
response at short times to 1 —¢2/12 [6,16,24-28].

When the inertial solvent response function is ex-
pressed as this truncated Gaussian for short times plus
an exponential term in order to describe the long time
dynamics as

M(t)=a(1=12/12)+bexp(—t/Texp), 1<Tg
"M(Z):bexp(_l/‘[sxp)s Z>Tg> (5)
the lineshape function, g(¢), can be evaluated analyt-
ically. We find
g(t)y=iMat(1—t*/37})

+bTexp[ 1 ——CXp( _Z/rexp) ]}

+ (Aw? (a(?/2) (1 —12/612)

+b‘[exp{z+rexp[exp( _Z/Texp)_ 1 ]}) >

<1y,
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(1) =1A{3at, + bt L —exp(~1/Texp) 1}
+ < Aw?) (Fati + bty
X {7y + Texp [ eXP( = Tg/ Texp) = 1 1}
+ (3at,+bte,) (1—-1,)

+br§xp[exp(—'t/rcxp)_exp(“Tg/fexp)]) >

121

(6)

For the hydrated electron, we find that the ampli-
tude and time constants which describe C(¢) (via Eq.
(5)) are a=0.4, 1,=20 fs, b=0.6 and 7.,,=250 fs.
This result is shown as the dotted line through C(t)
in Fig. 1. The dashed line in Fig. 1 is the equilibrium
response function (M(¢), Eq. (1)), which is nearly
identical to the nonequilibrium result (C(7), Eq.
(2)), indicating that solvation of the electron occurs

in the linear response regime. Using the fractional

Stokes shift of 0.75 computed in MD simulations

[19] corresponding to a 780 nm excitation wave-

length experimentally, the experimental Stokes shift

is deduced to be 9660 cm~!. The fluctuation-dissi-
pation theorem (Eq. (4)) predicts a coupling strength
of 1414 cm~! for this Stokes shift, in good agreement
with the value determined directly as the standard
deviation of the fluctuating energy gap from ground

state MD simulations [19].

Thus, both the magnitude and dynamics of the sol-
vent response are within the linear regime and it is
valid to use the nonequilibrium response, C(t), in Eq.
(3) to calculate the lineshape function.

The only remaining input required to calculate the
third-order polarization is the width of the inhomo-
geneous distribution of solvent sites [[2]. For the
electron—water system, the time scale of changes in
solvent configurations can be followed by tracking the
solvent-induced energetic splitting among the three
p-like excited states [29]. On the relatively slow 1-2
ps time scale an electron eventually samples all con-
figurations {17,19]. Hence, we can take the inho-
mogeneous linewidth to be the average splitting be-

tween the highest and lowest p-state, which is =~ 5875
cm™!,

With knowledge of the lineshape function, the
Stokes shift, the solute-solvent coupling and the dis-
tribution of solvent sites the results of a variety of
three pulse experiments can be calculated {12]. In
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Fig. 2a we plot the calculated resonant transient grat-
ing signal for the electron assuming (Gaussian) 9 fs
pulses, which are short but experimentally attain-
able. Resonant transient grating spectroscopy is per-
formed in the same experimental configuration as the
three-pulse photon echo (detection —k,+k,+k3),
with the exception that there is no time delay be-
tween the first two pulses so the experiment probes
only population evolution. As illustrated in Fig. 2a,
this experiment has the capacity to study solvation
dynamics on the sub 40 fs time scale which is not cur-
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Fig. 2. Calculated resonant transient grating signal assuming 9 fs
Gaussian pulses. (a) Signals for the aqueous electron consider-
ing different weights of the 20 fs inertial response; the curve la-
beled 40% corresponds to that observed for the hydrated elec-
tron. (b) Calculated signals for hypothetical solutes which have
different Stokes shifts, but with the solvent response as that given

in Fig. 1. For the electron: 24=9600 cm~1; LDS-750: 24A=3200
cm~'; LD690: 24=224 cm~". The corresponding { [Aw?] ) val-

ues as determined by Eq. (4) are Aw=1414 cm~, Aw=808
cm™!, and Aw=215 cm™!, respectively.
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rently accessible using fluorescence upconversion
techniques [21]. The inertial contribution to the sol-
vent response can be clearly resolved, while the flat
portion of the calculated signal reflects the slower ex-
ponential decay in C(¢). The MD simulations pre-
dict that there is no fast depolarization of the initially
excited state and that the lifetime is long compared
to the inertial solvation dynamics [17-19]. Hence,
these possible decay mechanisms have not been in-
cluded. The rapid decay in the diffracted signal thus
arises solely from the time-dependent shift in the en-
ergy gap caused by solvation (the dynamic Stokes
shift). The sensitivity of this experiment to the time
scale of the solvent response is also shown in Fig. 2a,
which displays calculated results for both a solvent
response function with a larger inertial contribution
and one without an inertial contribution in which
C(t) decays exponentially with a 250 fs time con-
stant. In order for this experiment to be sensitive to
the solvent fluctuations, however, the probe must
have a large enough Stokes shift such that the initially
created population moves out of the frequency win-
dow probed by the third pulse. Fig. 2b highlights this
point by comparing calculated signals for the elec-
tron, a time-resolved fluorescence probe LDS-750
[20], and a molecule which has been used in photon
echo measurements, LD690 [3,4]. For these probes,
the magnitude of the Stokes shift decreases markedly
in the order given. In these calculations, C(¢) is as
given in Fig. | and nuclear vibrational motion of the
molecular solutes, which can complicate the extrac-
tion of solvent information from this experiment
[30], is ignored. (The inhomogeneous linewidth is
assumed to be 200 cm~' for the dye molecule
calculations. )

The calculated three-pulse photon echo signal for
the solvated electron is shown as the solid line in Fig.
3a. In this calculation the third pulse is positioned at
100 fs and the second pulse is scanned. The signal is
slightly asymmetric, owing to solvent structural
changes (transitions between inhomogeneous sites)
which are slow compared to the time scale of the de-
cay of the echo [7]. The echo is peaked a few femto-
seconds after =0 and decays four orders of magni-
tude in 15 fs. To understand the origin of this
extremely fast dephasing we have also calculated echo
signals for a hypothetical solvent response function
which contains a larger inertial component and no

10 ;
(@)
b
8 i 0% inertial
= 6
=
.20
» 4 40% inertial
2 ‘,
60% inertial #
p’] 5 -10 -5 0 5 10 15 20
t12 delay (fs)
10 .
(b) "LD690" |
8
"LDS-750"
T 6
.20
E
A
2

o .
-15 -10 -5 0 5 10 15 20
t12 delay (fs)

Fig. 3. Log of the calculated photon echo signals assuming 9 fs
Gaussian pulses. The delay between the first two pulses is scanned
and the third pulse is positioned at 100 fs. (a) Calculated echo
signals for the hydrated electron. Central curve: Signal for C(¢)
as given in Fig. 1. Bottom curve: The inertial contribution is in-
creased to 60% of the total response. Upper curve: the inertial
contribution is removed and C(¢)} decays exponentially with a
time constant of 250 fs. (b) Calculated echo signals for different
solute Stokes shifts and corresponding < [Aw?]) as determined
by Eq. (4). Electron: 24=9660 cm~', Aw=1414 cm~'; LDS-750:
24=3200cm™!, Aw=808 cm~'; LD690: 2A=224cm ™!, Aw=215
em™'. C(t) is given by Fig, 1.

inertial component. Even if the inertial response is
removed and the solvent correlation time is 250 fs,
the dephasing of the electronic coherence is still ex-
tremely fast. The reason for this is illustrated by the
calculations shown in Fig. 3b (which are summa-
rized in Fig. 4). Here we use the response function
for water determined by the MD simulations (Fig.
1) and consider solutes with different Stokes shifts
and thus, by Eq. (4), different degrees of solvent-
solute coupling ¢ [Aw?]>. When the solute parame-
ters approach those expected for a molecular system
with a change in charge distribution upon excitation,
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Fig. 4. Plot of the time it takes the calculated echo 1o decay four
orders of magnitude as a function of coupling parameter
{[Aw?]>. The upper axis shows the Stokes shift as related by
Eq. (4). The solvent response is given by C(¢) in Fig. 1. This plot
represents solvent effects only; the effects of intramolecular vi-
brations have not been considered for the molecular solutes (see
text).

for example the dye molecule LDS-750 [20], the de-
phasing of the electronic coherence begins to slow.
The dynamics underlying the dephasing in the elec-
tron-water system are thus different than that of pre-
viously studied molecular systems, where it has been
shown that both inertial solvent motion and the sol-
vent-solute coupling are reflected in the decay of the
echo [4,5,15,16,31]. In the case of the electron, the
dephasing is sensitive only to the magnitude of the
electron-water interaction, as given by the coupling
parameter { [Aw?]>. Even if the solvent response is
quite slow (e.g. no inertial component ), small changes
in the solvent configuration cause large fluctuations
in the transition frequency and thus a loss of
coherence 2. This trade off in the rate of dephasing
between inertial solvent dynamics and coupling
strength is emphasized in Fig. 4, which makes several
predictions for echo measurements with different

2 The first solvent motions lead to the dephasing of the electronic
coherence (due to the large coupling strength). These motions
are unquestionably inertial, thus in this limited sense inertial sol-
vent motion causes the dephasing. However, as seen in Fig. 3a,
there could be rapid dephasing in absence of inertial motion
(again due to the enormous electron-water coupling strength).
Thus we conclude the dephasing is dominated by the coupling
strength (unlike previously studied systems) and the echo in this
case is insensitive to the timescale of the solvent dynamics.

solute/solvent combinations ®. For solutes with large
Stokes shifts, the dephasing times will be insensitive
to inertial solvent motion. The dephasing time will
be solvent sensitive through the solvent-solute cou-
pling as measured by the solvent-dependent Stokes
shift. For solutes with small Stokes shifts, the dephas-
ing times will be sensitive to inertial solvent motion,
as has been recently demonstrated [4,5]. In this lat-
ter case, a solvent dependence should arise primarily
because of changes in the time scale of inertial sol-
vent motion. Although the electron—water case is an
extreme example of strong solvent-solute coupling,
the result that ultrafast dephasing occurs faster than
the time scale implied only by inertial solvent dy-
namics will be general to all systems which undergo
substantial changes in charge distribution upon exci-
tation. Experiments exploring these predictions are
currently underway [30].
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Note added

We note that de Boeij et al. [ 34] have recently em-
ployed an inertial plus diffusive lineshape function to
describe their photon echo results of HITCI in ethyl-
ene glycol, and Cong et al. [35] have also studied the
electronic dephasing of HITCI in ethylene glycol by
analyzing the ‘coherent artifact’ observed in tran-
sient absorption data. The solvent-solute coupling for

3 While a Kubo description (a=01in Eq. (5)) is a physically un-
acceptable model for a liquid with inertial dynamics, we note that
Kubo [32] showed that in the limit of rapid fluctuations the de-
phasing time is a decreasing function of coupling strength,
Ty= [Texp< [AwZ] > ]_l~
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this system is ~416 cm~!, thus, HITCI borders the
regime where the echo decay becomes insensitive to
the timescale of solvent dynamics and is dominated
by the solvent-solute coupling (Fig. 4).
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