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Ultrafast femtosecond spectroscopic investigations on the dynamics of

electron transfer in the solution phase have been performed. The chemical

systems selected for the studies are the hydrated electron and a ruthenium mixed-

valence compound. The hydrated electron has been a prototypical system for

investigating many dynamical processes in the solution phase, such as solvation,

non-adiabatic electronic relaxation and charge transfer reaction. In the present

study, pump-probe spectroscopy has been employed to investigate structural and

chemical properties of the optically excited states of the hydrated electron.

Measurement of spatial extent of the wavefunction and kinetics of the electron
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transfer scavenging of the excited states is discussed. The electron transfer in a

mixed-valence metal compound is an important system, in which the charge

transfer process is strongly coupled to both the intramolecular and solvent nuclear

degrees of freedom. Here, investigations on the dynamics of back electron

transfer after the optical excitation and subsequent energy relaxation on

intramolecular and solvent nuclear coordinates are described.
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Introduction

The dynamics of a chemical reaction in the solution phase are critically

influenced by the presence of solvent molecules interacting with solute molecules.  One

of the ways in which the solute-solvent interaction affects the chemistry of the reacting

system is through solvation.  It modifies the energy level structure of the reactant,

thereby controlling the energetics of the reacting system.  The nonadiabatic coupling due

to solute-solvent interaction creates a mixing of the electronic states, which affect the

level kinetics of the chemical system.  An excellent chemical system for the study of

reaction dynamics in solution phase is the hydrated electron. Its prominent role in various

fields of science as a fundamental species in the solution phase has attracted much

attention since its discovery in the field of radiation chemistry in 1960s.  Its relatively

simple structure with only one solute degree of freedom enabled the use of high level

quantum mechanical simulations as well as numerous experimental methods.  This

established the hydrated electron as a unique prototype in the research of solution phase

chemical reaction dynamics, where experiment and theory converge.  Ultrafast time-

resolved spectroscopic studies on the chemical dynamics of the hydrated electron began

in early 1980s with the development of the femtosecond pulsed lasers.  Earlier studies

were focused on obtaining an understanding about the generation, localization, and

solvation of the hydrated electron injected into water by photoionization.  More recently,

solvation and nonadiabatic electronic relaxation of the optically excited hydrated electron

were studied using pump-probe technique.  Computer simulations contributed

significantly in these studies providing detailed molecular mechanistic insights. Most of
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the researches on the hydrated electron so far, however, were focused on the properties

of the equilibrated hydrated electron and dynamic processes that leads to equilibration,

with less emphasis on the properties of the precursors and electronically excited states.

This was mainly due to their very short lifetimes, which is on the order of 10-14-10-13

second.  In a series of studies presented in this dissertation, experimental investigations

on structural and chemical properties of the optically excited states of the hydrated

electron are described.  These include measurement of the spatial extent of the

wavefunction and the kinetics of the electron transfer scavenging reaction.  Also, a

clearer interpretation of the relaxation dynamics of the excited states is made based on

existing and additional information about the excited states obtained from the present

studies.

Another chemical system that has been chosen for the research is a mixed-

valence transition metal complex, where the intramolecular electron transfer (metal-

metal charge transfer; MMCT) is strongly influenced by the solvent environment.

Unlike the solvated electron with only an electronic degree of freedom, the MMCT

system has additional solute degrees of freedom due to intramolecular vibrations, which

are also strongly coupled to the solute electronic degree of freedom.  Because of strong

coupling between the electron transfer process and nuclear motions of both the solute

and solvent molecules, the MMCT system provides an important opportunity to

investigate the dynamics of nuclear and electronic trajectories of the reactive system.

Earlier studies on the MMCT system were focused on understanding the role of solvent

motions and intramolecular vibrational dynamics on the kinetics of the electron transfer.

Theoretical studies combined with time-resolved and various static spectroscopic studies
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showed that kinetics of the ultrafast electron transfer of MMCT are determined by the

interplay of both solvation dynamics and intramolecular vibrational dynamics.

Investigations on MMCT in aqueous and various non-aqueous media presented in this

dissertation provide a more detailed and quantitative picture of electronic and nuclear

trajectories during and after the reaction. This has been accomplished by monitoring the

time evolution of the absorption spectra with high temporal resolution and a broad probe

spectral range covering from the visible to the near IR. Detailed dynamic spectral

information from this study enabled an accurate measurement of the dynamics of the

electron transfer reaction and subsequent energy relaxation on solvent and intramolecular

vibrational coordinates.

This dissertation is composed of five main chapters, three of which are devoted to

the studies on the hydrated electron, and the other two to the studies on the MMCT.

Each chapter discusses an individual subject in a self-contained manner, which has been

published or submitted as an article to research journals.
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Chapter 1: Photo-induced Delocalization of the Hydrated Electron

INTRODUCTION

Experiment and theory have demonstrated that the equilibrated form (eeq) of the

excess electron in water, i.e. the hydrated electron, is localized, solvated and trapped in a

~3 Å cavity that is surrounded by ~6 ordered water molecules1-11. Much less is known

about the optically excited states of eeq.   Theory predicts that the lowest excited state has

a p-like electron distribution that is localized on the <10 Å scale12. Higher lying states,

however, are predicted to be delocalized in analogy to a conduction band9,10,12,13.

Here, we provide the first experimental information on the spatial extent of the putative p

and conduction band states by monitoring and controlling the electron/hole spatial

separation of a photogenerated eeq /hole pair using a femtosecond laser pulse sequence.

Optical excitation of eeq with 2 photons is observed to dramatically alter its spatial

distribution and reaction yield with the hole, as expected for the conduction band.  In

contrast, 1-photon excitation has no effect on the spatial distribution. The results strongly

confirm theoretical predictions on the size and localization of excited states of eeq and

demonstrate that higher lying conduction band states have a  >30 Å radius, encompassing

more than one thousand water molecules.

EXPERIMENTAL SECTION

The experiments were performed with an amplified Ti:sapphire laser system

producing 35 fs pulses. The fundamental output from the amplifier at 800 nm, was either

doubled or tripled to produce the 400 or 266 nm photoionization pulses, while a portion
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of the fundamental was used as the control pulse. The remainder of the fundamental was

used to generate the probe pulse at 650 nm which was derived from wavelength selected

white light continuum. The instrument response was 50 fs (FWHM). The spot sizes/pulse

energies at the sample were 100 µm/30 µJ (400 nm), 5 µJ (266 nm); 300 µm/0-30 µJ;

and 30 µm/<1 nJ for the ionization, control and probe pulse, respectively.

RESULTS AND DISCUSSION

The 3-pulse experiments described herein are an elaboration of the traditional 2-

pulse, photoionization/probe experiment3, as outlined in Fig. 1.1. In the 2-pulse

experiment (Fig. 1.1a) the first pulse is an intense ultraviolet femtosecond pulse which

photoionizes water by a multiphoton process14,15. Photoionization has been reported to

either involve a direct ionization to the conduction band, or alternatively, dissociative

ionization of excited states of water14. The positively charged hole is initially H2O+.

After a period of ~1 ps the system relaxes to an equilibrated eeq/hole pair with a

distribution of separations that depends on the photoionization conditions (wavelength,

pulse energy, and pulse duration)14,16,17. The relaxed hole is in the form of an OH

radical and H3O+, which results from ultrafast fragmentation of H2O+ 14. As time

evolves, two processes occur: spatial diffusion of the eeq/hole pair which alters the

distribution of eeq/hole separations, re-h, and geminate recombination (reaction of eeq with

the hole). This latter process only occurs for an electron in close proximity with its hole.

The fraction of the electrons that has undergone geminate recombination at a particular

probing time is a function of the diffusion process and the initial re-h distribution.
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Figure 1.1: Schematic illustration of femtosecond laser based control of the spatial
distribution and geminate recombination of the hydrated electron (eeq). The
sequence consists of an ionization (λI), control (λC), and probe (λP) pulse. In
Fig 1.1a, the ionization pulse produces an initial distribution of excess
electrons surrounding the hole which evolves via diffusion and eeq/hole
geminate recombination. In Fig. 1.1b, an additional control pulse spatially
redistributes the population of electron far from the hole suppressing the
geminate recombination process. The shaded region represents the
encounter region where the electron recombines with the hole. The
probability distribution function used to describe the initial distribution of
eeq/hole separation is defined as ρe(re-h) = (2πσ1

2)-3/2exp[-re-h
2/2σ1

2], where
the average eeq/hole separation, her − , is related to σ1 by π/σ22r 1he =− .
The probability distribution function for the migration length of the
conduction band electron is defined as ρ(lm) = (2πσ2

2)-3/2exp[-lm
2/2σ2

2]. The
average migration length, ml , is related σ2 by π/σ22 2=ml .
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Typically3,14,17, a probe pulse in resonance with the near IR ground state

absorption of eeq is used to measure, via the optical density (OD), the time dependence of

the surviving concentration of eeq, e.g. see the 2-pulse experimental data (red lines) in

Fig. 1.2a and 1.2b.  Such data can be analyzed to characterize the initial re-h distribution.

 For the 3-pulse experiments a ‘control’ pulse is added to the 2-pulse sequence

during the evolution period, as outlined in Fig. 1.1. The simulated distributions in Fig.1.1

represent the actual re-h distributions for these experiments. The control pulse is used to

prepare short lived (<1 ps) excited states of eeq, as follows.

           )()(
1

Aeq
ps

relaxationh
Beq restatesexcitedre

<
 →→ ν

Here rB and rA are the positions of the electron immediately before and after the control

pulse. As will be shown shortly, when highly delocalized states are prepared by the

control pulse, the eeq/hole separation, re-h, is dramatically increased and the geminate

recombination is effectively suppressed by creating this new distribution. The central

idea of this experiment is to monitor the effect of the control pulse on the geminate

recombination of the electron with its hole, and thereby indirectly measure the migration

length, lm = rA - rB, in the photoexcited state.

For the 3-pulse data (blue lines in Figs. 1.2a and 1.2b), an intense 800 nm

femtosecond control pulse is introduced at 20 ps to alter the re-h distribution, and as a

result indirectly affects geminate recombination. Fig. 1.2a and 1.2b shows that the

control pulse nearly completely suppresses geminate recombination. Of course, when the

control pulse is delayed to a later time, i.e. 94 ps in Fig. 1.2c, the effect of spatial

redistribution of eeq on the geminate recombination kinetics is diminished, as much of the

recombination has already occurred and the partners have diffused away.
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Figure 1.2: Time evolution of the hydrated electron concentration with (red lines) and
without (blue lines) control pulse excitation using of 266 nm (a)  and 400
nm (b-d) ionization pulses.  The observed geminate recombination
dynamics (red lines in Figs. 1.2a and 1.2b) are consistent with earlier
work14.  An analysis of these latter data in terms of the standard classical
diffusion/geminate recombination model16,17 leads to estimates for ml  of 8
Å and 14 Å with 266 and 400 nm ionization pulse respectively. The blue
lines correspond to 3-pulse experiments with 800 nm control pulses arriving
at 20 ps (a, b, d) and 94 ps (c) after the ionization pulse.  The ∆OD data in
Fig. 1.2d are the difference between the OD signal with the control pulse on
and off for alternating pulses.
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The effect of the control pulse on geminate recombination can be measured with

a high signal/noise ratio by modulating the control pulse on and off, while keeping the

ionization pulse on (Fig. 1.2d). In these data, ∆OD reflects the difference between the

OD transients with the control pulse on and off.  Following the control pulse, the

remaining population that was not redistributed by the control pulse continues to undergo

geminate recombination.  Fig. 1.2d presents ∆OD curves for different control pulse

energies including low energy regime for which only a small fraction of the electrons are

excited and higher energy regime for which nearly all the electrons are excited.  At very

short time-scales (Fig. 1.3) after the control pulse excites eeq, an absorption-bleach is

observed due to this s→p excitation (i.e. ground state depletion).  This is followed by

rapid repopulation and relaxation of eeq.  Note the time-scale of Fig. 1.3 is too short to

observe the time-dependence of the eeq concentration due to geminate recombination

and/or suppressed geminate recombination.

We now turn to an assignment of the 800 nm-control-pulse excited states that are

responsible for the spatial migration of eeq.  In order to demonstrate whether it is the p or

the conduction band (CB) state that suppresses the geminate recombination, a control

pulse energy dependence study was undertaken. Fig. 1.4 compares the dependence of

both the amount of initial absorption-bleach at t=tC and the amount of geminate-

suppression on the control pulse energy. At low control pulse energies a small fraction of

the eeq population is excited and the absorption-bleach varies linearly with pulse energy,

see insert in Fig. 1.4. In this range the geminate-suppression varies quadratically as a

function of pulse energy indicating a 2-photon s→p→CB transition18.



10

Figure 1.3: Ultrafast spectral relaxation dynamics of the hydrated electron (eeq). The
relaxation dynamics are independent of the timing of the control pulse.
Previous spectroscopic results have demonstrated excitation of eeq at 800
nm with weak excitation pulses involves a 1-photon excitation, which has
been assigned to the s→p transition based on a comparison to theory and
simulation4,5,10,11,18,21,22. After the initial absorption-bleach (negative
signal) due to eeq depopulation, the 1-photon excited p state relaxes to
repopulate eeq within a few picoseconds (see the 0.8 µJ and 3.6 µJ curves).
At higher pulse energy (30 µJ), a previously observed 2-photon sequential
excitation channel is accessed resulting in slower relaxation dynamics.
Based on the fact that the 2-photon channel occurs at an energy at which
simulations predict a conduction band, the 2-photon prepared state has been
assigned to the conduction band from s→p→CB sequence18.
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At high pulse energies, both the s→p absorption-bleach and the geminate-

suppression exhibit saturation due to substantial s state depletion.  A theoretical model

for the time dependent electron survival probability at a given initial and evolving eeq

/hole separation, re-h, is well established16,17. The model is based on a classical diffusion

treatment for the evolution of the re-h distribution. We have modified the model to

simulate the effect of the control pulse, by convoluting a portion of the diffused re-h

distribution with a Gaussian radial distribution function that represents the distribution of

migration lengths, lm, of the excited electron in the 1 and 2-photon prepared states.

Fitting the 3-pulse data to the classical diffusion model for re-h distribution produces no

evidence for spatial migration of the p state within experimental error, and sets an upper

limit of 3 Å to the mean migration length, ml , for the p state.  This result indicates that

the p state is trapped at the same solvent site that was occupied by the original s state

(eeq), and that the p state relaxes to an s state that is also trapped in the same location. In

contrast, the 2-photon contribution to the geminate-suppression data clearly reveals

electron migration, setting a lower limit on its ml  of 30 Å for the 2-photon prepared state.

Thus, the previous theoretical assignment12 of states in this energy range (2-photon of

800 nm) to conduction band states is supported by these experiments.

Interestingly, the mean migration length of CB electrons reported herein ( ml  ≥ 30

Å) is significantly larger than initial mean eeq/hole separation ( her −  = 8 Å) for the near-

threshold photoionization of water with 2 photons of 266 nm light, see Fig. 1.2. This is

consistent with the previous proposal that the near-threshold photoionization process

involves a significant component of local electronic excitation of water and pre-

ionization, rather than “pure” excitation to the conduction band14,15,17.
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Figure 1.4: The dependence of the absorption-bleach amplitude (circle) and the amount
of geminate-suppression (triangle) on the control pulse energy. At high
energies, the absorption-bleach amplitude saturates as does the geminate-
suppression. At low energies (inset) the absorption-bleach is linear in pulse
energy whereas the geminate-suppression is quadratic. A typical error-bar
for the of geminate-suppression data is shown in the figure inset.  The
geminate-suppression amplitude is a quantitative measure of the amount of
geminate recombination suppressed by the control pulse and defined as
[ODλC on(t)-ODλC off(t)] / [ODλC off(tC)-ODλC off(t)], where tC is the arrival
time of the control pulse (λC). The geminate-suppression curve is identical
within the noise of the transients at two different probing times (not shown
here) indicating that this experiment resolves suppression without distortion
even though the referenced, unsuppressed geminate recombination is not
yet complete.
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In contrast, ml  ≥ 30 Å for the CB electrons is similar to experimental values for the mean

eeq/hole separation ( her −  ≈ 40 Å) of the related CB electrons produced in the pulsed

radiolysis of water19.  Both values are close to theoretical estimate for the mean distance

between pre-existing sites in liquid water20 that have an appropriate configuration to trap

an excess electron without any structural arrangement.  This suggests a physical picture

for the 2-photon s→p→CB detrapping process. The femtosecond control pulse

apparently creates a compact electron wavepacket in the conduction band due to the

“bound-to-continuum” s→p→CB ultrafast transition.  As a result of the excess energy in

the conduction band due to the optical transition the wavepacket moves “ballistically”

toward the dilute pre-existing traps.  An excess energy of only 50 cm-1 would be

sufficient to move the electrons to the traps in 50 fs if the effective mass of the CB

electron is close to its rest mass.

It is interesting to compare ml  ≥ 30 Å for the ballistic motion of the CB electrons

to the predicted diffusion length for an s state electron in the same time period (50-150

fs).  The s state would only diffuse 0.4-0.6 Å.  Indeed, a localized/trapped electron in any

state would be expected to diffuse a similarly short distance since trapping involves a

local cavity in the solvent.  Trapping dramatically increases the effective mass of the

electron since the cavity surrounding the trapped electron must rearrange for the electron

to diffuse15. The descriptions of quantum delocalization typically employ size criteria

such as the radius of gyration or occupancy20. The results reported here show that an

excess electron in liquid water has a detrapped 2-photon-800 nm excited state with a

large migration length consistent with the theoretical descriptions of a conduction band,

since the electron trapping site is remote from its site of eeq origin. In contrast, the results
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herein demonstrate that the 1-photon-800 nm excited p state of the hydrated electron is

trapped and localized at its site of origin.
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Chapter 2: One-Photon UV Detrapping of the Hydrated Electron

INTRODUCTION

The equilibrated form (eeq) of the excess electron in water (the hydrated electron)

is a spherical s-like state, that is localized, trapped and solvated in a solvent cavity.1,2

The cavity is immediately surrounded by ~ 6 H2O molecules. The radius from the center

of the cavity to the oxygen atom center of H2O is ~ 2.5 Å. The rigorous understanding of

the spectroscopy and dynamics of eeq is critical to the development of many fields,

including the radiation -chemistry,3,4 -biology5,6 and -physics6 of water and aqueous

solutions; the investigation of the ultrafast dynamics of coupled mixed electron/nuclear

degrees-of-freedom systems;7,8 and the investigation of electron

localization/delocalization in condensed systems. In particular, the investigation of the

hydrated electron relaxation on the femtosecond time scale has been extensively

investigated.9-16 The main peak in the eeq absorption spectrum (Fig. 2.1) has been

assigned to a s→p transition between the localized s ground state and three non-

degenerate p-like sub-states.17 The p-states are localized and trapped in the same solvent

cavity as the original eeq.18 A molecular-level description of the s→p transition is

available in electronic structure calculations on the hydrated electron coupled to a

molecular dynamics description of the surrounding water.8,17 The optically excited p-

state is found to be significantly larger than its parent s-state, as shown schematically in

Fig. 2.1. The major contribution to the oscillator strength (>90 %) is assigned to the s→p

transition, with the remainder due to transition to the fourth and higher excited states.

Finally, the simulations indicate that the extraordinarily large width of the transition is
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due to both the p-state splitting and a distribution of solvent environments (cavity size

and water orientation).

This paper is concerned with optically excited states of the hydrated electron that

are higher in energy than the three p-states. Simulations have shown that fourth and

higher states are significantly delocalized on the distance scale of molecular dynamics

simulation (15Å).19 These upper states have been interpreted as being continuum or

conduction-band-like (Fig. 2.1). The first experimental evidence to support this

hypothesis has recently been published by this laboratory.18 The spatial extent of the

optically excited states of the hydrated electron was monitored indirectly by using the

geminate recombination of a photoionization produced eeq/hole pair as a “ruler”. As

shown in Fig. 2.1b and 2.1c, the new 3-pulse experiment is an elaboration of the well-

known 2-pulse photoionization/probe experiment. A typical example of the 2-pulse

photoionization/probe experiment is the 2-photon 266 nm photoionization of water. The

femtosecond photoionization pulse induces “below conduction band” electron ejection

from water to a nearby pre-existing quasi-localized state in water.20-23 Within ~ 1 ps

after photoionization (i) the excess electrons relax to an equilibrated ground state and (ii)

the initial H2O+ hole fragments to nearby H3O+ and OH radical species.24,25 Due to the

nature of the initial photoionization process with 2-photon 266 nm ionization, there is a

Gaussian distribution of eeq/hole pair separations (re-h) with a σ of 12 Å.26,27 As time

evolves the spatial distribution and concentration of eeq evolve due to simultaneous

translational diffusion and geminate recombination of closely spaced eeq/hole pair. The

fraction of surviving electrons as a function of time (the survival dynamics, S(t)) is

typically monitored over hundreds of picoseconds by a probe pulse in resonance with the
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s→p transition of eeq. S(t) can be analyzed in terms of a diffusion model (that is modified

to include geminate recombination) in order to determine the initial width (σ) of the

distribution of eeq/hole separation.26

The new 3-pulse experiment (Fig. 2.1c) includes an additional control pulse

during the evolution period, e.g. t=24 ps. The purpose of the control pulse is to “test” the

extent of delocalization of specific excited states of eeq by determining whether excitation

and subsequent relaxation of the specific states alter the re-h distribution. In particular, it

was recently shown that 2-photon excitation of eeq at 800 nm to the conduction band

(eCB) induces an electron migration of > 35 Å.18 The sequence of events in the 3-pulse

experiment with 2-photon 800 nm excitation is as follows;

)(ree)r(e Beq

ps 1~at relax 

CB
800800

Aeq →→→
nmnm

(1)

Here rA and rB are the positions of the electron before and after the 2-photon

excitation. The alteration in the re-h distribution was monitored indirectly through the

alteration of S(t) due to the control pulse. Two-photon excitation of eeq to form the

conduction band state was observed to completely suppresses geminate recombination.18

It was observed that rB is on average different from rA by > 35 Å. In contrast to the 2-

photon 800 nm excitation, 1-photon excitation of eeq does not significantly alter the re-h

spatial distribution, and an unaltered S(t) curve was observed. Here we continue the

investigation of 1-photon control pulse alteration of geminate recombination by using

400 nm control pulse, as shown in Fig. 2.1. While this process is energetically equivalent

to 2-photon 800 nm conduction band preparation experiment, the experiments are

different since the 2-photon experiment involves a (1+1) excitation process in which the

first photon is resonant with the s→p transition and the second photon excites the p→CB
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transitions. The direct excitation process with a 400 nm photon, in contrast, is simpler

allowing for a direct connection to the 1-photon absorption spectrum (Fig. 2.1)

Furthermore, the ability to produce a conduction band electron by single photon

excitation with a 400 nm femtosecond pulse is shown in this paper to be a powerful new

approach for the investigation of the relaxation dynamics of the conduction band

electron. This work is related to an earlier report of conduction band 1-photon detrapping

with 300 nm excitation.28 These measurements did not, however, deal with suppressed

geminate recombination. The earlier work also had insufficient time resolution to

distinguish the different dynamics of the p-state and the conduction band reported herein.

In addition to the investigation of the ability of 400 nm excitation of eeq to

suppress geminate recombination, this paper also investigates the reaction of the 400nm

produced excited state with NO3
-, an electron scavenger. Recent papers from this

laboratory have shown that the p-state and conduction band electrons have different

scavenging yields, allowing for an additional diagnostic for the assignment (CB or p-

state) of the 400 nm excited state.29,30
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Figure 2.1: (a) Absorption spectrum and electronic energy level diagram of the
hydrated electron. The arrows in the spectrum indicate the excitation
wavelengths in the present experiment, which also corresponds to the
excitation process indicated in the energy level diagram in the figure. The
relative sizes (from references 29,30) of the hydrated electron in the various
states are also shown in the figure. (b and c) Schematic illustration of
optical control of the spatial distribution and geminate recombination of the
hydrated electron. The sequence consists of ionization (266 nm), control
(800 and 400 nm), and probe (650 nm) pulses. In panel b, the ionization
pulse produces an initial distribution of eeq/hole pairs and the probe pulse
monitors the geminate recombination. In panel c, an additional control pulse
spatially alters the eeq/hole pair distribution suppressing the geminate
recombination process.
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EXPERIMENTAL SECTION

The laser system used in these experiments is composed of a home built Kerr lens

mode locked Ti:sapphire oscillator pumped by a Nd:YVO4 laser and a Ti:sapphire

multipass amplifier pumped by a Nd:YLF laser. A detailed description of the laser

system can be found elsewhere.12 Briefly, <20 fs pulses centered at 800 nm and

generated from the oscillator, were subsequently stretched and amplified to give <35 fs,

0.4 mJ pulses at 1 kHz after compression. The amplified femtosecond laser beam was

divided into four beams. The first and second beam were used to generate the 266 nm

photoionization pulses.  The first beam was used to produce the second harmonic of the

laser at 400 nm in a BBO crystal and then this light was mixed with the second beam of

800 nm light to produce the 266 nm pulse in a BBO crystal. The third beam of

fundamental 800 nm light was used for the control pulse. For the 400 nm control pulse

experiments it was doubled in a BBO crystal. The fourth beam of fundamental 800 nm

light was used to produce white light continuum in a sapphire crystal.  The continuum

was used to probe the transient optical density of the hydrated electron after filtering and

compensation for optical dispersion in a fused silica prism pair. The instrument response

function for photoionization/probe experiment was ~100 fs FWHM. For the

photoionization/control/probe configuration, the cross-correlation time between the

probe and the control pulse was 50 fs and 120 fs for 800 nm and 400 nm control pulses,

respectively.  The sample solutions were continuously flowed through a 300 µm jet

nozzle to avoid repeated exposure of the same region of the sample to the laser pulses.
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RESULTS AND DISCUSSION

The 2-photon 266 nm, pump-probe photoionization dynamics of water is shown in Fig.

2.2a (solid line) The probe pulse (λ=650 nm) monitors the time-dependent concentration

of eeq. The transient optical density reflects the survival dynamics of eeq associated with

the geminate recombination process, as described in the Introduction and

elsewhere.18,26,27 The addition of 400 nm control pulse at t=24 ps induces a bleach at

t=24 ps due to ground state depletion. This is followed by a rapid relaxation (see dotted

line in Fig. 2.2a). At longer times a portion of the geminate recombination is suppressed

due to the 400 nm control pulse excitation. The altered dynamics due to the control pulse

is especially apparent in data recorded with “chopping” of the 400 nm pulse and

synchronous detection of the eeq absorption (dotted line in Fig. 2.2b). The suppressed

geminate recombination is well above the detection limit or baseline of the spectrometer,

which is reflected in the solid line in Fig. 2.2b.  The baseline is a synchronously detected

signal with the 400 nm control pulse blocked, but with the 266 nm signal still impinged

on the sample. In addition, no signal is observed due to multiphoton ionization of water

by the 400 nm pulses, which is too weak to induce the required 3-photon ionization.27,30

The shape of the suppressed geminate recombination dynamics (Fig. 2.2b) is

experimentally indistinguishable from the shape of the survival dynamics in the absence

of the control pulse, although the sign is opposite. This behavior has been shown (in the

case of 2-photon 800 nm suppression) to indicate that the excited state produced by the

control pulse has a migration length > 35 Å.30 Thus, the suppressed geminate

recombination data demonstrate that the 400 nm pulse produces a conduction band-like

electron.
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Figure 2.2: Time evolution of the absorption of the hydrated electron generated by 266
nm multi-photon ionization. (a) Decay kinetics of the hydrated electron
absorption due to the geminate recombination of eeq/hole pair with (dotted
line) and without (solid line) 400 nm control pulse. (b) The effect of control
pulse on the geminate recombination kinetics is shown by chopping the
control pulse and synchronously detecting the pulse-on minus pulse-off
absorption. The baseline is for the same type of experiment with the 400nm
control pulse blocked but the photoionization pulse present.
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A 3-pulse pump-probe transient with 400 nm chopping and finer time steps is

displayed in Fig. 2.3a (dotted line). The time axis has been shifted to place the t=0 point

at the peak arrival time at the 400 nm control pulse.  The suppressed geminate

recombination that is apparent in Fig. 2.2 is too slow to observe in Fig. 2.3, which is over

a smaller time region. At the probe wavelength (650 nm) the transient signal reflects

ground state depletion of the eeq, followed by electronic and solvent relaxation, which

repopulates eeq. The complete recovery of the signal within experimental error (3%)

demonstrates that 400 nm excited electrons are not consumed by a chemical reaction

with the solvent.  The maximum bleach signal varies linearly with the pulse energy over

the investigated range, consistent with a small degree of saturation of the transition and

only single 400 nm photon excitation.

Fig. 2.4 plots the percent suppression of geminate recombination versus the percent

depletion of eeq ground state population. For 400 nm excitation (circle points in Fig. 2.4)

the linear behavior with a slope close to unity strongly demonstrates that of eeq leads to a

conduction band electron with a unity quantum yield.  It is interesting to compare the

data for 400 nm excitation to that for 800 nm excitation (square points in Fig. 2.4). The

data with 800 nm excitation has a quadratic dependence on fractional bleach at low pulse

energy indicating that 1-photon excitation at 800 nm does not suppress geminate

recombination, but 2-photon excitation does suppress recombination. This implies that

the 2-photon 800 nm excitation process and the 1-photon 400 nm excitation produce

similar excited states. The similarity of the 2-photon 800 nm excitation process and the

1-photon 400 nm excitation process is supported by the data in Fig. 2.3b.
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Figure 2.3: Comparison of the pump-probe data of the hydrated electron at two
different pump wavelengths 800 nm (solid line) and 400 nm (dotted line).
Probe wavelength is 650 nm. The recovery of the ground state absorption
with 400 nm pump is (a) slower compared to low intensity 800 nm pump,
but (b) identical to high intensity 800 nm pump.
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The pump-probe transients recorded under the 1-photon-400 nm and 2-photon-800 nm

conditions are nearly identical within experimental error (The 800 nm data in Fig. 2.3

have been slightly temporally broadened by convolution with a 150 fs Gaussian in order

to correct for the longer pulse width of the 400 nm control pulse). In contrast to the

similarity of the transients in Fig. 2.3b, the transients in Fig. 2.3a are clearly

distinguishable. Here the transient due to 1-photon-800 nm excitation, which produces a

p-state, relaxes significantly faster than the conduction band transient produced by 1-

photon 400 nm excitation.

We assign the difference between the relaxation dynamics in Fig. 2.3a to the

identity of the excited state (conduction band vs. p-state) rather than simply the photon

energy. This is supported by experiments on the yield of electron transfer scavenging of

the different excited states by NO3
-. It has been shown that diffuse forms of the hydrated

electron have a higher scavenging yield with NO3
- than the more localized p-state.29 Fig.

2.5 compares scavenging yields of the 400 nm excited state with the previously

published results with 800 nm excitations. At low pulse energies (< 10% bleach) the

scavenging yield is significantly smaller for 1-photon 800 nm excitation (square) which

produces the p-state, than the 1-photon 400 nm excitation (circle) which produces the

conduction band. For larger pulse energies the 800 nm data shows an increase in

scavenging yield which eventually increases

It is interesting that the 800 nm excitation scavenging yields in Fig. 2.5 exhibits a

variation of scavenging yield for % bleach values as low as 25 %.  The 400 nm

scavenging yield, in contrast, does not vary over the entire range of  % bleach values that

are accessible with the available pulse energy.
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Figure 2.4: Fractional photo-induced suppression of the geminate recombination of the
eeq/hole pair generated by the photoionization of water. Wavelengths of the
control pulses are 400 nm (circle) and 800 nm (square).
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Figure 2.5: Scavenging yield of the excited state hydrated electron as a function of the
ground state population depleted by the 400 nm (circle) and 800 nm
(square) pump pulse in a 0.1 M aqueous NaNO3 solution.
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This behavior can be explained by considering the different probability of excited

state absorption for 400 nm vs. 800 nm excitation. For the 800 nm ~50 fs control pulse

excitation experiments the first absorbed photon prepares the p-state. The p-state

adiabatically relaxes on the tens of femtosecond time scale to produce a relaxed p-state

with (p→CB) absorption band with a significant cross section at 800 nm. An absorption

of a second photon by the p→CB band is presumably responsible for all of the

followings; the 2-photon suppressed geminate recombination, the increased scavenging

yield, and the increased time-scale for the relaxation (as in Fig. 2.3b). In contrast, for 400

nm excitation, the conduction band and its subsequently formed relaxation intermediates,

absorb at significantly longer wavelengths at early times than 400 nm. This insures that

the 400 nm control pulse experiments are less susceptible to 2-photon effects.

It is important to consider the implications of the result of this paper on the

interpretation of 1-photon absorption spectrum of eeq. As mentioned in the Introduction,

theory suggests that the main peak in the hydrated electron absorption spectrum is due to

the s→p transition, which carries more than 90% of the oscillator strength.17 At shorter

wavelengths a weak s→CB shoulder is predicted.19 The results herein are indeed highly

consistent with this theoretical prediction. However, it is worth considering a closely

related, but alternative interpretation. It is possible that the absorption probability at 400

nm is in fact due to the p-state if, the p-state formed by excitation at this wavelength is

efficiently converted by a radiationless transition to the conduction band state. In other

words it is possible that at 400 nm the sequence of process is as follows.

     CBps
venonradiati400

→→
nm

      (2)
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If this is in fact the source of conduction band electron, essentially all of the

intermediate p-state would have to undergo the non-radiative detrapping process since

the observed yield of detrapping is close to unity. (Of course, at longer wavelengths such

as 800 nm, the p-state does not undergo detrapping.)  A detailed investigation of the

wavelength dependence of the 1-photon suppressed geminate recombination yield would

help determine to what extent Eq. (2) is a factor in the excitation process.

In future papers we will explore the control pulse wavelength dependence of the

yield of suppressed geminate recombination in order to determine the threshold for

photoinduced detrapping. Such data would also be useful in developing an understanding

of the low-lying states of the conduction band. Analogous attempts to study the

conduction band of water with multiphoton ionization has been complicated by the

optical excitation of localized Rydberg excited states of water and other potential effects

such as optical charge transfer between an excited water molecule and a pre-existing

electron trap site in water.22,27 The near unity detrapping yield and the large observed σ

(>35 Å) in the 3-pulse 400 nm control pulse experiment strongly suggests that the 3-

pulse technique is a "cleaner" approach for investigating the spectroscopy and dynamics

of the conduction band.
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Chapter 3: Measurement of the Lifetime and the Electron Transfer
Scavenging Time of the p-state Hydrated Electron

INTRODUCTION

Ultrafast relaxation dynamics of the optically excited hydrated electron has been

a subject of intense theoretical and experimental investigations in the last decade.1-19 A

complex spectral evolution of the excited state hydrated electron has been studied in

detail using a number of femtosecond time-resolved spectroscopic techniques, such as

pump-probe1-7 and photon echo8-11 spectroscopy.  The spectral evolution occurs on

several different time scales, ranging from tens of femtoseconds to a picosecond.  These

have been assigned to various phases of solvation (inertial and diffusional solvation) on

the excited and ground states, and population relaxation. The assignment of a particular

physical process to a corresponding dynamic feature in the experimental data has often

been made from the analysis of the data with a plausible kinetic model.  Quantum

mechanical simulations of the hydrated electron were also proved to be a useful guide for

the interpretation of the experimental data.12-19  However, interpreting the experimental

data based on kinetic modeling suffered from the fact that the assignment of the physical

processes was somewhat arbitrary.  The problem was largely due to lack of sufficient

physical background supporting the kinetic model used in the analysis.  This led to rather

an ambiguous interpretation of the dynamics, particularly in the assignment of the

lifetime of the excited p-state.

Recently, ultrafast electron transfer reaction from the optically excited hydrated

electron to the electron scavenger has been investigated.20-22  In the presence of electron
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scavengers, the hydrated electron exhibits a sudden increase of the electron-scavenging

yield upon optical excitation.  This has been explained in terms of increase in the size of

the wavefunction upon excitation, which instantly increases the number of the electron-

scavenger encounter complexes that can undergo static scavenging.  An analogous

electron transfer scavenging of the electron has been observed also from the prehydrated

electron formed after electron injection into water.23,24  The fact that optically induced

electron transfer scavenging of the hydrated electron is correlated with the size of the

excited state wavefunction can provide an important clue for a clearer understanding of

the relaxation dynamics of the excited states of the hydrated electron.  Since both non-

reactive internal conversion and reactive electron transfer scavenging occur in the excited

state, those two processes are in competition when the hydrated electron is excited in the

presence of electron scavengers.  A careful comparative study of the excited state

hydrated electron relaxation in both scavenging and non-scavenging media will provide

additional information about kinetics of the excited state scavenging and the lifetime of

the excited state.  In the previous study of the excited state scavenging of the hydrated

electron, the focus was on understanding the relationship between the electronic state and

the electron transfer scavenging rate of the hydrated electron, with less emphasis on the

accurate evaluation of the scavenging rate.21  In this paper, we present a refined analysis

of the kinetics of the ultrafast electron transfer scavenging and a more definitive

identification of the scavenging species, which was presumed to be only the excited state

in the previous study.  In addition, the assignment of a more reliable lifetime for the

optically prepared p-state of the hydrated electron will be discussed.
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EXPERIMENTAL SECTION

The experiments were performed with a home-built Ti:sapphire laser system composed

of a Kerr-lens mode locked oscillator and a multi-pass chirped pulse amplifier.  The laser

produces amplified femtosecond laser pulses of 35 fs duration and 400 µJ pulse energy

centered at 800 nm at 1kHz repetition rate. The laser beam was divided into four beams.

The first beam was doubled in type I BBO crystal to generate 400 nm beam.  The

doubled 400 nm beam was then mixed with second beam in another BBO crystal to

generate 266 nm pulse, which was used to produce the hydrated electron via multiphoton

ionization of water.  The third beam, which was used as a pump beam, followed 266 nm

ionization beam with a fixed time delay of 65 ps in order to allow for complete

equilibration of the hydrated electron.  The fourth beam is used to generate white light

continuum probe in a 1mm thick sapphire crystal.  The continuum probe passed through

a chirp compensating fused silica prism pair, and wavelength component was pre-

selected before entering the sample.  Signal was detected in either ionization-probe or

ionization-pump-probe configuration to measure the total absorption of the UV-

generated hydrated electron and transient absorption of the optically excited hydrated

electron respectively.  The cross correlation of the pump and probe was typically 45 fs

fwhm.  Hydrated electron is generated in a continuously flowing jet (300 µm thick) of

pure water and 0.4 M aqueous solution of NaNO3, where the NO3
- scavenges the

hydrated electron.  The intensity of 266 nm ionization pulse was adjusted for each

sample such that the total optical density of the hydrated electron at the time of pump-

probe measurement are comparable in both pure water and NaNO3 solutions.  All the

data presented in this paper were obtained with the same pump pulse intensity that
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corresponds to ca. 20 % depletion of the ground state population.  Signal was detected

with Si or InSb photodiodes and processed with boxcar integrators.

RESULTS AND DISCUSSION

Comparison of the data in scavenging and non-scavenging medium.

Pump-probe transient absorption data of the hydrated electron in pure water

(dashed line) and 0.4 M aqueous NaNO3 solution (solid line) obtained with 800 nm

pump and continuum probe at various wavelengths are presented in Figure 3.1.  In the

left column of Figure 3.1, pump-probe data were obtained with the same pump intensity

and corrected for the differences in concentrations of the hydrated electron generated in

each sample solution.  The correction was made by normalizing the pump-probe data

with the 2-pulse ionization-probe signal measured at the time when the pump pulse

would temporally overlap with the probe pulse. During the pump-probe measurement,

total concentration of the hydrated electron changed slightly due to geminate

recombination and dynamic scavenging of the equilibrated hydrated electron.20,21,25,26

The decrease in the electron concentration measured by the ionization-probe experiment

was about 0.15 % and 0.8 % per 1 ps in pure water and 0.4 M NaNO3 solution

respectively.  The pump-probe data shown in Figure 3.1 were not corrected for these

small changes in the hydrated electron concentration. Overall, the pump-probe data

obtained in NaNO3 solution have less absorption at a given delay time than the data in

pure water, and show persistent negative ∆OD at time delays of a few picosecond.  This

is caused by scavenging of the excited state of the hydrated electron by NO3
- ions after
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Figure 3.1: (a) Pump-probe transient absorption data of the hydrated electron with 800
nm pump and continuum probe obtained in water (dashed) and 0.4 M
NaNO3 aqueous solution (solid). (b) Data obtained in NaNO3 solution are
vertically stretched to match the tail and peak for easy comparison of the
dynamics.
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the optical excitation.  Scavenging of the hydrated electron in optically excited states and

delocalized non-equilibrium forms following the ionization has recently been

investigated in various scavenging media.21 ,23,24,27,28  A detailed discussion of the

scavenging in the excited states has been made in a recent publication from our

laboratory.21

In the right column of Figure 3.1, pump-probe data in NaNO3 solution are

vertically stretched to match the peaks and tails of the pump-probe data in two samples

to facilitate the comparison of the dynamics. The comparison indicates that the recovery

(or decay depending on the probe wavelength) of the transient absorption signal is a little

faster in NaNO3 solution than in pure water.  In order to assess the potential contribution

of ionic strength of the solution to the relaxation dynamics of the hydrated electron,

pump-probe experiments were performed also in 0.4 M NaClO4 solution, which is

known to be inert towards the hydrated electron in both equilibrated and excited states.

28,29  Figure 3.2 compares the pump-probe data of the hydrated electron obtained in

water and NaClO4 solution.  This comparison indicates that ionic strength of the solution

under the present experimental condition has negligible effect on the dynamics of the

hydrated electron relaxation.  Therefore, the differences in the relaxation dynamics in

Figure 3.1b, 3.1d and 3.1f should be ascribed to the electron transfer scavenging of the

hydrated electron upon optical excitation.  Since the electron transfer scavenging of the

hydrated electron after optical excitation is in competition with non-reactive internal

conversion, a careful analysis of the transient absorption data in both scavenging and

non-scavenging solution can provide more kinetic information about the electron transfer

scavenging and the internal conversion of the hydrated electron.  In Table 3.1, multi-
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Figure 3.2: Comparison of the pump-probe data of the hydrated electron obtained in
pure water and 0.4 M aqueous
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λprobe Solvent τ1 A1 τ2 A2 τ3 A3 τave
a)

650 H2O 190 -0.66 840 -0.37 415
650 NaNO3 (aq) 190 -0.82 950 -0.18 325
945 H2O 65 -2.7 750 0.85 3600 0.15 1150
945 NaNO3 (aq) 50 -2.6 450 0.83 3050 0.17 900
1100 H2O 34 440 1 440
1100 NaNO3 (aq) 31 320 1 320

Table 3.1: Multi-exponential fit parameters of the pump-probe data of the hydrated
electron obtained in water and 0.4 M aqueous NaNO3 solution.  The fit
function is ΣAiτi/Σ|Ai| except for 945 nm data, where only A2 and A3 are
used for normalization of the amplitudes.  A constant negative offset at 5 ps
in the data of the hydrated electron in NaNO3 solution is omitted.  a) average
time constants are calculated for only the decaying part (positive
amplitudes) for 945 and 1100 nm data
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exponential fit parameters of the pump-probe data are summarized.  The hydrated

electron signal recovers (or decays) on the time scales of a few hundred femtoseconds

and the average recovery time (or decay time) is ca. 25 % faster in the presence of

scavengers compared to that in pure water.  The time scale of the electron transfer

scavenging cannot, however, be extracted simply by comparing the average time scales

of the signal recovery in both sample solutions, because the signal in NaNO3 solution has

contributions from two different electron species; one with only internal conversion

channel and the other with both internal conversion and electron transfer scavenging

channels.

Kinetic model analysis.

In order to analyze the pump-probe data more quantitatively, the data were fit to a

kinetic model, shown in Figure 3.3, that includes both electron transfer scavenging and

non-reactive internal conversion pathways.  The model is a variation of a four-state

model with an equilibrium ground state (s), vertically excited p-state (p’), relaxed p-state

(p) and non-equilibrium ground state (s’). When the electron is excited from the ground

state, a portion (α) of the electrons forms an electron-scavenger contact pair, which has

an additional decay channel leading to electron transfer scavenging.  Instead of

performing a global fit with a continuously shifting absorption spectrum, individual

pump-probe trace was fit to the kinetic model with slightly different set of time constants

for each trace.  This strategy was adopted because of the difficulties in modeling the

absorption spectra of the excited and non-equilibrium ground state, especially at times

earlier than 200 fs and at wavelengths longer than 900 nm that show pump wavelength

dependence possibly due to stimulated emission from unrelaxed excited states.30,31
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Figure 3.3: Schematic representation of the kinetic model used in the analysis of the
pump-probe data. A portion (α) of the electrons form the electron-scavenger
encounter complex after the excitation.  The excitation by a pump pulse of
the finite width was taken into account by using the parameter σI(t) in the
kinetic equation, where σ is the absorption cross-section and I(t) is the
intensity profile of the pump pulse. τi represents the exponential decay time
for the state i to the lower level.
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Figure 3.4: Comparison of the experimental pump-probe data and fit to the kinetic
model shown in Figure 3.3.
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Figure 3.4 shows the fit result of the experimental data to the kinetic model

described above, with an assumption that only the upper two states (p’ and p-state) react

with scavengers at the same rate.  A reasonable fit was obtained with the vertical p-state

lifetime (τp’) of 40-100 fs, scavenging time (τSC) of 300-400 fs, p-state lifetime (τp) of

400-700 fs, ground state solvation time (τs’) of  ~1 ps, and branching ratio (α) of 0.4-

0.43.  Although the best-fit parameters varied more or less depending on the probe

wavelength, all of the fit required that both τSC and τp to be on the order of several

hundred femtoseconds.  On the other hand, if the model allows the non-equilibrium state

(s’) to react with scavengers with a scavenging rate comparable to those of p’ and p-

states, τp and τSC become less well defined.  For example, the data could fit to the model

with τp of either ~50 or several hundred femtoseconds.  This is a similar situation seen in

the interpretation of the ultrafast spectroscopic data of the hydrated electron in pure

water, where the complete consensus on the lifetime of the p-state has not been

reached.2,7,13,32,33  This was largely due to the difficulties in assigning the correct

spectral features of excited and non-equilibrium ground state in the time resolved

absorption spectra at early times.  Recent fluorescent lifetime measurement, combined

with fluorescence quantum yield measurement, indicated that the effective lifetime of the

p-state within the spectral window of the experiment is 30 fs.34  However, because of the

relatively narrow spectral window of the observation compared to the total spectral

extent of the dynamically evolving emission spectrum of the hydrated electron, the

estimated p-state lifetime was not conclusive.  It should be noted, however, that in either

case, to fit the data to the model satisfactorily, it was necessary for the hydrated electron,

after optical excitation, to remain as a reactive form for several hundred femtoseconds.  It
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is now clear that determining whether or not the non-equilibrium ground state reacts with

scavengers is important in order to make a correct interpretation of the relaxation

dynamics of the optically excited hydrated electron.  More detailed discussions on this

point will be made in the next section.

Foregoing analysis of the relaxation dynamics of the hydrated electron is based

on the assumption that optical excitation promotes the ground state to the p-state only.

Another possible explanation for the 300-400 fs scavenging time may be the

participation of the conduction band electron.  According to the previous studies,

excitation at 800 nm prepares mostly the p-state at low pump intensity and the

conduction band at high intensity. 4,20,22  At intermediate intensities, mixed population

of both the p-state and conduction band will be prepared. The amount of electrons that is

excited to the conduction band with 800 nm excitation can be estimated from the amount

of the suppressed geminate recombination.  Under the experimental condition of the

present study (ca. 20 % bleach), it is estimated that 10-15 % of the excited state hydrated

electron is in the conduction band, based on the pump intensity dependence of the

suppressed geminate recombination data presented in reference 22.  Because the

conduction band electron can relax down to the ground state at a distant site (> 35 Å)

from the original site,20 it is possible that conduction band electrons survived the

scavenging can continue to react with scavengers at a fresh site after the relaxation.  This

may provide an additional scavenging channel that can occur on the time scales of 300-

400 fs.  In order to see the effect of the conduction band electron in the relaxation

dynamics of the hydrated electron in the scavenger solution, pump-probe experiment has

been performed with 400 nm pump pulse that prepares the conduction band electrons
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Figure 3.5: (a) Comparison of the pump-probe data of the hydrated electron in 0.4 M
aqueous NaNO3 solution obtained with 800/945 nm (solid line) and 400/945
nm (dashed line) pump/prpbe.  (b) Comparison of 800/945 nm data (solid
line) and a composite of 85 % of 800/945 nm and 15% of 400/945 nm data
(dashed line). Two traces are matched at the peak and tail for easy visual
comparison of the decaying dynamics.
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exclusively.  Figure 3.5a shows comparison of the pump-probe data obtained with 800

and 400 nm pump and 945 nm probe in 0.4 M aqueous NaNO3 solution.  In Figure 3.5b,

dynamics of the decaying absorption is compared between 800 nm pump data and the

composite of 800 and 400 nm pump data in 0.85/0.15 ratio obtained in the scavenger

solution to illustrate the effect of a small contamination from the conduction band

electron. A negligible difference in the dynamics excludes the possibility of the small

amount of conduction band electron playing a significant role in the scavenging of the

hydrated electron on 300-400 fs time scale.

Identity of the reactive species and the p-state lifetime.

The relaxation dynamics of the hydrated electron excited to the p-state can be

interpreted differently, depending on whether the non-equilibrium ground state (s’) can

be scavenged.  If the s’-state is a non-scavenging species, then lifetime of the p-state

should be a few hundred femtoseconds.  On the other hand, if the s’-state is a scavenging

species, lifetime of the p-state is still inconclusive.  Therefore, determining the reactivity

of the s’-state can be critical for a correct interpretation of the relaxation dynamics of the

optically excited hydrated electron.

Because the size of the wavefunction is a critical parameter that determines the

reactivity of the hydrated electron upon optical excitation, measuring the size of the

wavefunction for the non-equilibrium ground state is necessary to determine its role in

the electron transfer scavenging.  This can be done indirectly by applying optical sum

rule to the absorption spectrum of the hydrated electron.35,36  The mean square

dispersion of the position of the electron <r2> can be calculated easily if the shape of the

absorption spectrum is known from the following equation,
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This method has been applied to the non-equilibrium ground state of the hydrated

electron formed from the sub-threshold multi-photon ionization of water with 267 nm

light by Hippler and coworkers.37,38  In their study, absorption spectra of the non-

equilibrium ground states were analyzed from 300 fs to 5 ps.  A linear relationship

between the peak absorption wavelength λmax and <r2> were observed in the λmax range

of 720 - 940 nm.  Similar correlation between λmax and <r2> was also observed in earlier

studies on the absorption spectra of the equilibrated hydrated electron at elevated

temperatures. 36,39 The absorption spectrum of the hydrated electron red shifts linearly as

the temperature increases, with the temperature coefficient of –2.8 ×10-3 eV/K.  The

analysis of the spectral moments yields linear relationship between λmax and <r2> for a

broad range of temperatures (0-170 °C).

Although it is not straightforward to estimate λmax of the non-equilibrium ground

state immediately after the internal conversion from the p-state, it is reasonable to

assume that it is near 1 µm.  This estimation is based on various pump-probe studies of

the hydrated electron from our group and others, in which the longest wavelength of λmax

for any observed species was near 1 µm during the entire probing time, within the limits

of time resolution and probe spectral range of the experiments. 4,6,30  According to the
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results of spectral analysis discussed above, the non-equilibrium ground state with λmax =

1 µm yields a radius of the wavefunction 18 % larger than the equilibrated state at room

temperature with λmax = 720 nm.  With this increase in size, ca. 4 % of the hydrated

electrons can form electron-scavenger encounter pair,40,41 which amounts to only  ~10

% of the total observed scavenging under the current experimental condition.  The non-

equilibrium ground state, therefore, is too small to account for the observed scavenging

of the hydrated electron on 300-400 fs time scale.  This suggests convincingly that the

scavenging of the hydrated electron upon optical excitation to the p-state occurs

primarily from the p-state only. This also indicates that lifetime of the p-state is hundreds

of femtoseconds rather than ~50 femtoseconds.  We believe that the results presented in

this paper are more conclusive about the lifetime of the excited p-state and the identity of

the scavenging species, because the assignment of the physical processes in the kinetic

model is much less ambiguous than in earlier studies.   In the case of excitation to the

conduction band, it is more difficult to draw a clear picture of all the competing

processes.  In principle, both the conduction band and p-state is capable of participating

in scavenging.  Potential branching of the relaxation channels of the conduction band

(direct relaxation to the s-state and stepwise relaxation via the p- and s-state) also

complicates the interpretation of the experimental data with a particular kinetic model.

SUMMARY AND CONCLUSION

Kinetics of the electron transfer scavenging in and internal conversion from the

optically excited p-state of the hydrated electron have been investigated using pump-

probe spectroscopy.  Kinetic modeling of the experimental data obtained in both sample
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solutions showed that the electron transfer scavenging after optical excitation to the p-

state occurs on the time scale of 300-400 fs, which competes with non-scavenging decay

channel occurring on a similar time scale. Spectral moment analysis of the absorption

spectra indicated that the scavenging of the hydrated electron after the optical excitation

to the p-state occurs primarily from the p-state with little contribution from the non-

equilibrium ground state.  This also suggests that the lifetime of the optically excited p-

state, which has been remaining controversial, is several hundred femtoseconds rather

than tens of femtoseconds.
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Chapter 4: Femtosecond Multicolor Pump-probe Study of Ultrafast
Electron Transfer of [(NH3)5RuIIINCRuII(CN)5]- in Aqueous Solution

INTRODUCTION

Ultrafast spectroscopy of barrierless photochemical reaction in solution offers a

unique opportunity to time resolve the reactive trajectory of a solute/solvent system and,

as a result, directly time resolve the intramolecular and intermolecular coherent nuclear

motions and subsequent relaxations associated with the reaction.  This has been

particularly valuable in the investigation of photoinduced intramolecular electron transfer

(ET) reactions, for which, there is considerable experimental and theoretical interest in

how the ET reactions are coupled to the solute and solvent nuclear degrees of freedoms,

especially in the case of aqueous solutions.1-3  A key prototype for such investigations is

metal-metal charge transfer (MMCT) in mixed valence compounds (eq. 1).

(NH3)5RuIIINCRuII(CN)5
-   ←

 →

ETback

hν
    (NH3)5RuIINCRuIII(CN)5

-      (1)

In MMCT, the photoinduced forward electron transfer between the two metal

centers is strongly coupled to both solvent and solute nuclear motions. This produces a

large displacement of the coordinates of the coupled modes, which also influences the

dynamics of the back ET occurring via internal conversion.4,5 Recent theoretical and

experimental studies of ET reactions in mixed-valence compounds and other

intramolecular ET systems have focused on the role of solvent and intramolecular

vibrational dynamics on the ET kinetics.6-9 Analysis of the spectroscopic (static

absorption and resonance Raman) data and experimental kinetic measurements

demonstrated that ET rates in MMCT systems are influenced by the participation of
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intramolecular vibrational modes and/or ultrafast inertial solvation as the promoting

mode of the ET process. Experimentally estimated ET rate constants (kET) have been

observed to be in reasonable agreement with the predictions from ET rate theories based

on the hybrid model proposed by Barbara and coworkers,6 which combines Marcus

theory and the vibronic theory of Jortner and Bixon.10-13 While these studies have

provided important insight into the role of various coupled degrees of freedom in

determining the ET kinetics, much of the dynamics were not explored due to the limited

time resolution and spectral window of the experiment. More recently, we have14

reported a multicolor pump-probe study of ET in a ruthenium mixed-valence compound

((NH3)5RuNCRu(CN)5
-; RuRu) in formamide, ethylene glycol and glycerol with ~ 40 fs

time resolution.

In the present paper, we report a detailed a multicolor pump-probe study of RuRu

in H2O and D2O.  The results lead to a new, more rigorous spectroscopic measurement of

the dynamics of ultrafast ET and subsequent solvent and vibrational relaxation of RuRu

in aqueous solution. The dynamic absorption spectrum constructed from the pump-probe

transient absorption data over a broad range of probe wavelengths with a high time

resolution enables (i) measurement of the back ET times (1/kET, τET), (ii) observation of

the dynamics of ground state relaxation after the ET, and (iii) identification of vibrational

wavepacket motion which give rise to non-Condon contributions to the charge transfer

absorption. This furthermore offers a detailed qualitative picture of the  reaction

trajectory of photoinduced ET in RuRu.  Finally, the dynamic absorption spectrum is

observed to be surprisingly dependent on the pump wavelength.  This suggests that
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stimulated emission from a vibrationally unrelaxed excited state of RuRu is a significant

feature in the pump-probe spectroscopy of this compound.

EXPERIMENTAL SECTION

The laser system used for the pump-probe experiment is composed of a home

built Kerr lens mode locked Ti:sapphire oscillator pumped by a Nd:YVO4 laser and a

Ti:sapphire multipass amplifier pumped by a Nd:YLF laser. A detailed description of the

laser system can be found elsewhere.15 Briefly, <20 fs pulses centered at 800 nm and

generated from the oscillator, were subsequently stretched and amplified to give <35 fs,

0.4 mJ pulses at 1 kHz after compression. The amplified femtosecond laser beam was

divided into three beams. The first beam was used to pump an optical parametric

amplifier (OPA), which was used to generate variable wavelength pump or probe pulses.

The pulses out of the OPA were compressed with an external fused silica prism pair to

generate pulses of <25 fs duration. The second beam was used for pumping the sample at

800 nm. The third beam was used to generate white light continuum in a sapphire crystal

which was used as the probe. The continuum was also compressed with a fused silica

prism pair and the probe wavelength component was pre-selected before the sample. The

compressed continuum pulses typically gave a pump-probe cross correlation time of 30 -

45 fs. Throughout the experiment, the cross correlation time was maintained at 40 fs at

all the pump and probe wavelengths.

RuRu was generously supplied by Hupp and co-workers, who synthesized and

purified the sample by a previously described procedure.5,16 The sample solutions of

RuRu were rotated, in a 1 mm pathlength rotating liquid cell with 200 µm thick fused
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silica windows, in order to avoid unwanted thermal effects from heating of the sample by

the pump pulse. The probe pulse energy was on the order of 1 nJ while the pump pulse

was typically 10 µJ. The probe and pump beam waists (FWHM) were 50 and 300 µm

respectively. The polarization of the pump beam was set at magic angle relative to the

probe, while the pump-probe crossing angle was 5 degrees at the sample position. To

ensure that the transient absorption measurement was made in the linear regime of the

photo-depletion of the ground state population, the pump pulse energy was maintained

low enough so that less than 5 % of the ground state population was promoted to the

excited state by the pump pulse. The transmitted probe beam was detected with Si or

InSb photodiodes and the signals were processed with boxcar integrators. All the pump-

probe data reported herein are corrected for a signal from the solvent by subtracting the

neat solvent signal, properly scaled to the pump intensity, from the pump-probe signal of

RuRu in solution.

RESULTS AND DISCUSSIONS

Overview of the pump-probe data

Comprehensive pump-probe transient absorption data (∆OD(t) ) of RuRu in H2O

(solid line) and D2O (dashed line) obtained with 800 nm pump and variable wavelength

probe are shown in Figure 4.1. Each ∆OD(t) pump-probe trace has have been fitted to a

multiexponential function, and the fitting parameters are summarized in Table 4.1. At the

probe wavelengths on the blue side of the static absorption spectrum (570-685 nm), the

data show an initial instrument response limited bleach (negative ∆OD) induced by the

pump pulse, followed by a recovery of the bleach on multiple time scales (~140 fs, >1
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Figure 4.1: Pump-probe data of RuRu in H2O (solid line) and D2O (dashed line)
obtained with 800 nm pump and variable wavelength probe. Probe
wavelengths are indicated next to each pump-probe data.  The 800 nm
probe data is taken from the Ref. 7
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solvent λprobe  τ1   A1     τ2 A2      τ3   A3

1300   40 -0.68   150  0.32
1200   57±6 -0.60   110±10  0.4
1000   67±4 -0.93 b     80±7 1120±115 0.07
925   80±3 -0.85 b     92±6 1140±100 0.15

H2O 800 c   85±10 -0.85   880±160  0.15
685 125 -0.95 1820 -0.05
625 130±5 -0.85 1950±200 -0.15
600 140±10 -0.80 1980±200  -0.20
570 150±5 -0.78 2200±500 -0.22

1300   40 -0.77   225  0.23
1200   45 -0.75   230  0.25
1000   74±6 -0.88 b     91±12 1160±10 0.12

D2O 925   84±10 -0.87 b   144±20 1400±300 0.13
685 170±8 >0.9 >5000  <0.1
625 220±10 >0.9 >5000  <0.1
600 210±10 -0.80 3000±1000 -0.20
570 210±5 -0.75 3000±1000 -0.25

Table 4.1: Multi-exponential fitting parameters for the pump-probe transient
absorption data of RuRu in H2O and D2O.a  a Fitting function is Σ An exp(-
t/τn) and the amplitudes are normalized such that Σ |An |=1.  b Amplitude is
the sum of two amplitudes A1 and A2 having the negative and positive
amplitude respectively.  c Taken from Ref. 7.
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ps). In contrast, at probe wavelengths on the red side of the static absorption spectrum

(800 - 1300 nm), the initial bleach is followed by a net absorption (positive ∆OD).

The absorptive signal peaks ca 200 fs and decays to zero on multiple time scales

(~100 fs, >1ps). These features are well described by the ground state population

recovery and the spectral evolution of the non-equilibrium ground state absorption. The

dynamics are independent of the pump intensity even when saturation of the population

depletion is observed at high pump intensity. Oscillatory features due to the vibrational

coherence are observed at various probe wavelengths in the pump-probe data.

The recovery of the initial bleach and the decay of the net absorption are slower

in D2O at times earlier than 300 fs. At later times, the dynamics are insensitive to

isotopic substitution of the solvent. Since the static absorption spectra of RuRu in both

solvents are identical, the differences presented in Figure 4.1 reflect differences in the

actual dynamics upon isotopic substitution of the solvent.

Determination of the ET and ground state relaxation times

As a starting point of for the analysis it is informative to consider a simple

photodynamical model for internal conversion (i.e. ET) and subsequent ground state

relaxation of RuRu. The model assumes first order kinetics for the ET reaction, which

converts the excited electronic state to the ground state with a time constant of τET.  It

further includes relaxation on the ground state with two exponential decay times (τrelax) in

order to account for the spectral shift on the ground state after ET.  The experimental

∆OD data are globally fit to the following equation,

     [ ] ννσνσν ⋅⋅+⋅−⋅=∆ ),()()()1)((),( ttPtPconstanttOD hothotgroundground      (2)

     ))((),( 0 tt groundhot ννσνσ += ,  ∑ −⋅⋅=
i

irelaxi tat )/exp()0()( ,00 τνν
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Where Pground(t) and Phot(t) are the time dependent population of the equilibrium ground

state and non-equilibrium hot ground state respectively. σground(ν) and σhot(ν,t) are the

absorption line shapes of the corresponding states.  The time dependent populations are

obtained by solving a set of kinetic equations, where the excitation by a pump pulse of a

finite pulse width is treated by using time dependent pump pulse energy density W(t).

excitedET
hot

excitedETground
excited

ground
ground

P
dt

dP

PPtWB
dt

dP

PtWB
dt

dP

⋅=

−⋅⋅=

⋅⋅−=

τ

τ)(

)(

,       B = Einstein coefficient  (3)

σground(ν) is the experimental absorption lineshape which was determined by fitting the

equilibrium absorption spectrum to a log-normal function.  ν0(t) represents the multi-

exponential spectral shift of the non-equilibrium ground state.  The oscillatory part of the

data arising from the vibrational coherence is not considered in this kinetic model. Figure

4.2 shows the pump-probe data of RuRu in H2O (solid line) and the result of the global

fit (dashed line) to the model. The optimized kinetic parameters from the fit are 80 fs for

τET, 100 fs and 600 fs for the ground state relaxation times τrelax.  The other best-fit

parameter of the fit are as follows: a1= 0.8, a2= 0.2,ν0=5000 cm-1.  While the model

reproduces the dynamics at all probe wavelengths qualitatively, discrepancies are

observed at early times in the data with near IR probe. This may be partly due to the

inability of the model to accurately describe all the dynamic processes involved in the ET

of RuRu. For instance, description of the time dependent non-equilibrium ground state

absorption with a simple red-shifted ground state absorption and exclusion of the

stimulated emission from the model might contribute to the discrepancies between the
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Figure 4.2: Global fitting of the pump-probe data (RuRu in H2O) to a kinetic model.
Solid line is the experimental data and dashed line is the fit to the kinetic
model. Model used is described in the text.
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experiment and the fit to the model.  Nevertheless, the global fit provides a reasonable

estimate of τET and the time scales of spectral evolution on the ground state.

A less restrictive analysis of the data was accomplished by the dynamic

absorption lineshape, ),(ˆ tνσ  by a different fitting procedure.  ),(ˆ tνσ  was constructed by

adding the static absorption spectrum of the ground state population initially excited by

the pump pulse, I0(ν), to the dynamic ∆OD spectrum, ∆OD(ν,t), and correcting for the

frequency factor ν [Eq. (4)].

ν
νννσ )(),(

),(ˆ 0ItODt +∆
=     (4)

),(ˆ tνσ  calculated in this way represents the absorption from the RuRu molecules excited

by the pump pulse. The individual absorption lineshape at each time was fit to a log-

normal function, and the fitted lineshape was used for subsequent analysis. Figure 4.3(a)
presents the frequency integrated absorption lineshape ννσσ dtt ∫≡ ),(ˆ)(  at each time.

Since )(tσ  represents the absorption from the RuRu molecules that have returned to the

ground electronic state,17 the rise of )(tσ  is a direct measure of the ground state

population recovery, which allows the accurate measurement of τET.

Interestingly, a negative )(tσ  is observed zero time, indicating the presence of an

“extra” emission-like process in the pump-probe data at early times. This can be clearly

seen in Figure 4.4, which compares the static absorption spectrum of RuRu in H2O and

the ∆OD of the pump-probe data near time zero, where it reaches its minimum.  If the

bleach signal in the pump-probe data originated only from the depletion of the ground

state population, one would expect the envelope of the time zero ∆OD to be close to that

of the static absorption spectrum. Figure 4.4 exhibits more negative time zero ∆OD near
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950 nm than expected from a simple bleach of the static absorption spectrum. We assign

this feature to stimulated emission, as discussed in detail below.

Evaluation of τET from )(tσ  was performed by assuming that both the absorption and

emission contribute to )(tσ  with the same exponential rise and decay times, but with the

opposite sign of amplitudes. In H2O, τET is determined to be ~100 fs, which is very close

to the result from the global fit of the pump-probe data. Figure 4.3(b) shows the peak

absorption frequency of the non-equilibrium ground state after ET of RuRu in H2O. The

frequency is determined from a log-normal fit of the experimental absorption lineshape

),(ˆ tνσ  at each time. Although reliable absorption frequencies are not available at early

times due to interference from stimulated emission, a blue shift of the spectrum toward

the equilibrium on two distinct time scales is readily observed. An exponential fit of the

data yields two relaxation times of 100±20 fs and 500±70 fs. These times are consistent

with the time scales obtained from the global fit.

The pump-probe data of RuRu in D2O have been analyzed in the same manner.

From the global fit and the analysis of )(tσ , τET is determined to be ~10 % longer in

D2O than in H2O. The dynamics exhibit a varying degree of solvent isotope effect at

different time scales as can be seen from the fit parameters in Table 4.1. The isotope

effect is most pronounced for the 100-150 fs (150-220 fs) component in H2O (D2O) that

corresponds to the bleach recovery at short probe wavelengths (685-570 nm) and decay

of net absorption at long probe wavelengths (925-1300 nm). The initial <100 fs recovery

of the bleach at long probe wavelengths shows a weaker dependence on the solvent

isotope substitution.
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Figure 4.3: (a) Integrated absorption lineshape σ(t) of RuRu in H2O. Area is calculated
from the fitted absorption lineshape at each time to a lognormal function.
(b) Peak frequency of the absorption lineshape for RuRu in H2O. The
horizontal dashed line indicates the frequency at infinite time. The
frequency is determined from the fitted absorption lineshape.
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Figure 4.4: Comparison of the static absorption spectrum and time zero ∆ OD of RuRu
in H2O.
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ET kinetics: comparison to previous results and interpretation

The values of τET (80-100 fs in H2O) obtained in the present study by the two

methods are consistent with the previously reported value of 85 fs by Reid et al.7 using

single wavelength pump-probe spectroscopy at 800 nm. The single wavelength pump-

probe measurement is, however, more subject to inaccurate evaluation of τET due to

difficulties in distinguishing population recovery from other relaxation dynamics. This

can be seen easily from a distribution of time scales (τ1 in Table 4.1) of the early time

bleach recovery in individual pump-probe data. The near equivalence of τET in the

present and previous experiments may be due to the similar absorption coefficient of

equilibrium and non-equilibrium ground state population at 800 nm in H2O. The solvent

isotope effect on τET (10%) from the present study, on the other hand, is smaller than

reported (40%) by Reid et al.7 This discrepancy is not unexpected considering the

difficulties in the interpretation of single wavelength pump-probe data discussed above.

A larger solvent isotope effect reported in the previous study is likely to be the result of

the incomplete separation of the population recovery from the ground state relaxation

dynamics which show a large solvent isotope effect at early times (<200 fs).

For ET reactions in solution phase that occur faster than the diffusional solvation

time scale, ET is promoted by the high frequency intramolecular vibrational modes and

ultrafast inertial solvation.2,8,9,18-20 H2O is known to have a large amplitude ultrafast

Gaussian inertial solvation component (τg = 30-55 fs), in addition to slower diffusional

solvation components (τd = 120-880 fs).21-23 The inertial solvation of water involves

the librational motion of water molecules and its time scale exhibits an isotope effect of

1.4. In the case of RuRu in aqueous solution, the observation of ultrafast ET faster than
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the average diffusional solvation time scale and the presence of a kinetic solvent isotope

effect indicate that ultrafast inertial solvation plays an important role in the ET process .

There is not, however, a direct correlation between ultrafast inertial solvation and

the ET process. The fact that τET is several times longer than τg and that the kinetic

solvent isotope effect is weak (10 %) raises a question about the exclusive role of

ultrafast inertial solvation in determining the ET kinetics. According to dynamic solvent

effect theories of electron transfer,2,6,10,24 in reactions where ET occurs under non-

equilibrium conditions, both the solvent relaxation rate and the solvent coordinate

dependent microscopic reaction rate determine the rate of the ET reaction in a complex

manner. The trajectory along the reaction coordinate is determined by both the solvent

and intramolecular vibrational degrees of freedom, which act as the promoting modes.

The discrepancy between τg and τET and the weak solvent kinetic isotope effect observed

in RuRu can be explained by the combined role of both ultrafast inertial solvation and

intramolecular vibrational modes. In water, the microscopic reaction channels on the

solvent coordinate sampled during inertial solvation may not efficiently drive the ET

reaction on the time scale of τg. This leads to a weakening of the role of inertial solvation

in determining the ET kinetics. This may also explain why the solvent isotope effect on

τET is weaker than observed in τg of water. The role of intramolecular vibrational modes

in the ET of RuRu is more pronounced in slowly relaxing solvents without inertial

solvation component as shown in the previously reported studies.8,14 In ethylene glycol

and glycerol, τET of RuRu is ~ 220 fs and insensitive to the time scales of solvation,

which indicates that intramolecular vibrational degrees of freedom plays a major role in

ET kinetics for these systems.
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Ground state energy disposal

 Since RuRu in water has large solvent and vibrational reorganization energies

(λsol = ~ 4000 cm-1, λvib = ~ 2000 cm-1),25-27 the spectral shift shown in Figure 4.3(b)

represents, in principle, both vibrational relaxation and solvation in the ground state.

Disentangling the vibrational relaxation dynamics and solvation dynamics is not

straightforward in general, since the spectroscopic signatures of both processes are

similar in pump-probe spectroscopy.  It is interesting to note that two time scales of the

spectral shift seen in Figure 4.3(b) are similar to the diffusional solvation time of water

from transient Stokes shift measurements consistent with an assignment of the dominant

contribution of the spectral shift to solvation.22 The vibrational relaxation time of RuRu

was measured for the terminal CN stretching mode in water using infrared spectroscopy.

The time scale of the vibrational relaxation of this mode was found to be 0.6-7 ps using 2

ps pulses.28 In an analogous system where one of the Ru atoms is replaced with Fe, the

bridging and terminal CN stretching modes showed relaxation times on the order of

picoseconds in D2O using 200 fs pulses.29 It is possible, however, that significant portion

of the vibrational relaxation occurs also on a similar time scale as solvation RuRu in

water, and that this component of vibrational relaxation was not too fast to be resolved

by the published infrared spectroscopy experiments (which had a resolution of several

hundred femtosecond or longer). It is also possible is that the vibrational excess energy is

distributed to Frank-Condon inactive modes and is not observed spectroscopically.

Stimulated emission and energy dependence of the ET lifetime

The near-zero-time excess negative ∆OD on the red edge of absorption spectrum

shown in Figure 4.4 can be attributed to several processes. In principle, stimulated
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emission, spectral hole burning, stimulated Stokes Raman and pump-probe coherent

interaction may all contribute to the pump-probe signal as an extra, negative ∆OD. The

possibility of pump-probe coherent coupling can be ruled out since the extra, negative

signal is observed at probe wavelengths (925 -1200 nm) with large detuning from the

pump wavelengths (800 nm).30,31 Furthermore, the recovery of the bleach signal is

slower than the instrument response time. Hole burning in the solvent or solute degrees

of freedom is unlikely since the RuRu absorption spectrum is substantially broadened by

large Frank-Condon activity in a large number of modes.8 Additionally, the effect of

having multiple donor levels (d-orbital) split by spin-orbit coupling of ~1000 cm-1 is too

small to introduce noticeable selective excitation.32  We therefore assign the extra,

negative ∆OD to stimulated emission.

Figure 4.5 presents an additional evidence for stimulated emission. At 925 nm

probe, the time zero ∆OD is significantly reduced when the pump wavelength is changed

from 800 to 615 nm. The 685 nm probe data exhibits a small sharp feature near time zero

only with 615 nm pump. These observations are consistent with stimulated emission

from non-equilibrium excited states. The pump wavelength dependence arises from

excess vibrational energy in the excited state. An analogous pump wavelength

dependence has been observed for the spontaneous emission in rhodopsin, which was

assigned to the emission from vibrationally unrelaxed excited states.33,34 Theoretical

studies have shown that the pump wavelength dependent behavior of stimulated emission

from vibrationally unrelaxed excited states can become more pronounced when the

electronic transition is vibrationally coherent as in RuRu.35 The pump wavelength

dependent stimulated emission disappears faster than the excited state lifetime of ~100 fs
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Figure 4.5: Comparison of the pump-probe data of RuRu in H2O obtained with 800 nm
and 615 nm pump.  Probe wavelengths are indicated next to each pump-
probe data.  Solid line is for 800 nm pump and dashed line is for 615 pump.
800 nm pump and 800 nm probe data is taken from Ref. 7, which has
significant contribution from the coherent artifact.
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due to rapid shifting of the emission out of the probe window and partial cancellation of

the emission signal by absorption from the relaxing ground state.

In contrast to the strong dependence of stimulated emission on the pump

wavelength, no other noticeable pump wavelength dependence is observed in the

dynamics. This indicates that the ET kinetics and subsequent relaxation dynamics are not

strongly sensitive to the amount of initial excess energy on the excited state. This

observation is consistent with a variety of theoretical and experimental results on

barrierless inverted regime ET.3,12

Vibrational coherence

Figure 4.6 shows the oscillatory part of the pump-probe data of RuRu at 600, 685

and 925 nm probe corresponding to the blue, center, and red side of the static absorption

spectrum, respectively. A dashed vertical line is drawn to facilitate comparison of the

relative phase of the oscillations at each probe wavelength. Oscillations that exist in the

pump-probe data indicate the presence of vibrational coherences (vibrational wavepacket

motion). In principle, vibrational coherence can be generated on both the ground and

excited state.36,37 In RuRu, the vibrational coherence should be primarily on the ground

state since the oscillations persist longer (~300 fs) than the excited state lifetime (τET).

Fourier and linear prediction singular value decomposition analysis of the oscillation

show a prominent peak at 160 cm-1. This mode has been observed in the resonance

Raman spectrum of RuRu in aqueous solution.38 Although definitive assignment has not

been reached, this mode is probably the vibrational motion of the bond connecting two

Ru centers considering that a vibrational mode with a similar frequency observed in a
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Figure 4.6: Comparison of the oscillations in the pump-probe data of RuRu in H2O at
different probe wavelengths. Oscillations are isolated from the multi-
exponential fitting of the pump-probe data. A vertical dashed line is drawn
to show the relative phase of oscillation at each probe wavelength.
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related system was assigned to vibration of the bond connecting heavy atom donor-

acceptor pair.39 Other higher frequency Raman active modes were reported in previous

resonance Raman studies (270 cm-1, 490 cm-1, 580 cm-1) 7,40 but are not clearly observed

in the present study due to insufficient signal/noise ratio in the pump-probe data. The

mechanism of generating ground state vibrational coherence in RuRu has been assigned

to resonant impulsive stimulated Raman scattering (RISRS)37,41-43 by Reid et al.7

Impulsive internal conversion of 100 fs, which can efficiently excite up to 160 cm-1

mode coherently, was not considered as a possible mechanism based on the observation

of high frequency modes (270 cm-1, 490 cm-1, 580 cm-1) in their study. It has been shown

in a recent study by Kambhampati et al. that RISRS is the dominant mechanism in

slowly relaxing solvents such as ethylene glycol and glycerol, where the internal

conversion is too slow (τET ≈220 fs) for efficient coherent excitation of the observed 160

cm-1 mode.14 These indicate that the active mechanism for the vibrational coherence of

RuRu in solution is RISRS. In water, however, the possibility of an additional

contribution from impulsive internal conversion for 160 cm-1 mode was also proposed.14

It is intriguing to observe that the probe wavelength dependence of the phase and

amplitude of the oscillation is rather unusual.44 In RISRS, the amplitude of the

oscillation at the center of the ground state absorption is expected to be minimal since the

slope of the absorption lineshape determines the amplitude. In contrast, we observe a

large oscillation amplitude at the absorption maximum for RuRu in aqueous solution.

The phase difference of the oscillation at the blue and red side of the absorption center is

smaller than the expected value of π. Furthermore, oscillatory features are observed in

)(tσ  as shown in Figure 4.3(a). The period of oscillation in )(tσ  is the same as those
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observed in the pump-probe data (~200 fs), showing an apparent correlation between the

vibrational wavepacket motion and the oscillation of )(tσ . Under the Condon

approximation, the frequency integrated lineshape should not exhibit an oscillation, since

the electronic transition dipole that determines the oscillator strength is nuclear

coordinate independent.45,46 This suggests that the Condon approximation is inaccurate

with respect to the relevant nuclear motions that correspond to the coherently excited

vibrational modes. The non-Condon effect that gives rise to modulation of the oscillator

strength can also explain the appearance of an intense oscillation at the center of the

absorption spectrum and the diminished phase shift in the oscillation. In an

intermolecular donor-acceptor complex, oscillatory spontaneous fluorescence has been

observed due to a coherently excited intermolecular vibrational mode.47 The modulation

of the oscillator strength for RuRu may be due to wavepacket motion of the Ru-Ru

separation, which in turn would modulate the donor-acceptor coupling that determines

the oscillator strength.48

CONCLUSIONS

In this paper, we report a detailed investigation on the electron transfer (ET)

reaction dynamics of RuRu in aqueous solution using variable wavelength pump-probe

spectroscopy. The ET time (τET) of RuRu in H2O is determined to be 80-100 fs, and

shows ~10% solvent kinetic isotope effect. Based on these observations and predictions

from the ET kinetic theories, we conclude that both ultrafast inertial solvation and

intramolecular vibrational modes promote the ET process of RuRu in water. Following

ET, the dynamic spectral evolution of the non-equilibrium ground state is observed,
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which is assigned to solvation and vibrational relaxation on the ground state. At early

times, pump wavelength dependent stimulated emission from a non-equilibrium excited

state is observed. Vibrational coherence on the ground electronic state is observed, which

is generated via RISRS mechanism. The unusual probe wavelength dependence of the

amplitude and phase of the oscillating wavepacket, as well as the oscillating integrated

lineshape, indicate the presence of non-Condon contribution from the coherently excited

vibrational modes.
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Chapter 5: Solvent Effects on Vibrational Coherence and Ultrafast
Reaction Dynamics in the Multi-color Pump-Probe Spectroscopy of

Intervalence Electron Transfer

INTRODUCTION

A central goal in ultrafast condensed phase chemical dynamics is to obtain a

molecular level picture of the nuclear and the electronic trajectories of reactive

systems.1-9 A unique and important opportunity to investigate such dynamics is found in

ultrafast intramolecular electron transfer reactions in solution. The reaction coordinate

for electron transfer reactions is comprised of both intramolecular nuclear (vibrational)

coordinates and solvent nuclear degrees of freedom.10-12  A particularly revealing

prototype for ultrafast electron transfer reactions is metal-metal charge transfer reactions

(MMCT), for which photoexcitation initiates the migration of an electron from one metal

center to the other.  Internal conversion from the excited state corresponds to the back

electron transfer reaction.

(NH3)5RuIIINCRuII(CN)5
-       

 ←
→

ET

hν
      (NH3)5RuIINCRuIII(CN)5

-   (1)

For photoinduced electron transfer reactions in which the reactant is optically

prepared by excitation of the charge transfer absorption of the “product” (as in eq 1.) the

nuclear degrees of freedom that are coupled to the electron transfer reaction coordinate

can also be investigated by static optical spectroscopy.11,13-15 In particular, Raman

spectroscopy in resonance with the MMCT band can be analyzed, in conjunction with

the MMCT band-shape, to obtain quantitative information on the coupling of the electron
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transfer process to the solvent coordinate and to specific vibration modes of the charge

transfer complex.

Another aspects of electron transfer reaction dynamics that has been addressed is

the role of vibrational dynamics and solvation dynamics in electron transfer

kinetics.10,12,16,17 In early electron transfer models of the dynamic solvent effect, the

reaction coordinate was assumed to be exclusively the solvent polarization, resulting in

the prediction that the reaction rate should be inversely proportional to the longitudinal

polarization relaxation time of the solvent. In these early studies the longitudinal

polarization relaxation time was referred to diffusive solvation. Time resolved

experiments on electron transfer have yielded rates that are significantly faster than the

solvent longitudinal relaxation time.15,18,19 Contemporary electron transfer theories are

continuing to advance with the incorporation of such factors as a biphasic solvent

response (including an inertial component of solvation and a slower diffusive solvation

process) and ultrafast nonadiabatic internal conversion driven by intramolecular

vibrational modes.12,20-24 Barbara and coworkers10 proposed a model of the dynamic

solvent effect in solution phase electron transfer as a hybrid of the classical vibrational

electron transfer theory of Sumi and Marcus and the vibronic electron transfer theory of

Jortner and Bixon.  The Hybrid model was able to quantitatively treat the reaction rates

of various electron transfer reactions observed in a wide range of solvation timescales

with the minimal number of solvent and intramolecular coordinates. In this model (as in

Sumi/Marcus theory), classically broadened vibronic channels are introduced orthogonal

to the classical solvent coordinate reducing the solvent dependence of the rate for slow

solvents.
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Ultrafast electron transfer reactions also provides an opportunity to investigate

the kinetic consequences of ultrafast wavepacket dynamics in a rapidly reacting systems

far from equilibrium. Wavepacket motion associated with solvation dynamics, and

vibrational and electronic coherences are of particular interest.4,6,8,25-29 Electron transfer

reactions have been reported to proceed in a vibrationally coherent but electronically

incoherent manner for a MMCT example.8 In another electron transfer reaction, the rate

was observed to be modulated by vibrational coherence.13 Slowly relaxing solvent, are

particularly challenging in that they posses a broad range of timescales in their motions,

ranging from hundreds of femtoseconds to hundreds of picoseconds.30,31

In this work we investigate the solvent dependence of the electron transfer rate,

vibrational coherence, stimulated emission, and the solvent motions displaced by back

electron transfer using variable wavelength pump-probe spectroscopy of

(NH3)5RuNCRu(CN)5
- (RuRu) in formamide, ethylene glycol and glycerol. These data

are compared to previous experiments on RuRu in water.32 We measure an electron

transfer time (1/e) of 220 fs for RuRu in ethylene glycol compared to a time of 100 fs in

water. The observed solvent dependence of the electron transfer time is consistent with

theoretical predictions. The solvent dependent oscillations in the pump-probe signal

reflect the coupling of the nuclear degrees of freedom of the solute to those of the

solvent. The broad spectral coverage in both the pump and the probe wavelengths has

allowed the observation of previously unobserved dynamics involving vibrational

coherence and relaxing stimulated emission. The pump-probe data furthermore reflect

the displacement of much slower solvent motions than should be accessible within linear

response of independent solvent motions.
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EXPERIMENTAL SECTION

The laser system used for the pump-probe experiment is composed of a home

built Kerr lens mode locked Ti:sapphire oscillator33 pumped by Nd:YVO4 laser and a

Ti:sapphire multipass amplifier34 pumped by Q-switched Nd:YLF laser. Briefly, <20 fs

pulses centered at 800 nm generated from the oscillator, are stretched and amplified to

produce ~35 fs and 0.4 mJ pulses at 1 kHz, after recompression.  The amplified

femtosecond laser beam is divided into three beams.  The first beam is used to pump an

optical parametric amplifier (OPA), which is used to generate variable wavelength pump

pulses. The pulses out of the OPA are compressed with an external fused silica prism

pair to generate pulses of 15 - 25 fs duration, depending on the selected bandwidth.  The

second beam is used to pump the sample at 800 nm, and the third beam is used to

generate white light continuum in a sapphire crystal, which is used as the probe pulse.

The probe spectrum is pre-selected and compressed by a fused silica prism pair before it

enters the sample. The compressed continuum pulses typically give pump-probe cross

correlation times of 30 - 45 fs (FWHM).  Throughout the experiment, the cross

correlation time is maintained at ~40 fs at all the pump and probe wavelengths.

The  (NH3)5RuNCRu(CN)5
- (RuRu) sample solutions are rotated in a 1 mm thick

rotating liquid cell with 200 µm fused silica windows, in order to avoid unwanted

thermal effects from heating of the sample by the pump pulse.  The probe pulse energy is

on the order of 1 nJ while the pump pulse is typically 10 µJ. The probe and pump beam

waists are respectively, 50 and 300 µm FWHM. The polarization of the pump beam is set

at magic angle relative to the probe, while the pump-probe crossing angle is 5 degrees at
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the sample position. To ensure that the transient absorption measurement is made in the

linear regime of the photo-depletion of the ground state population, the pump pulse

energy is maintained low enough so that less than 5 % of the ground state population is

promoted to the excited state by the pump pulse. The transmitted probe beam is detected

with Si or InSb photodiodes.

All the femtosecond absorption transients reported herein are corrected for a

signal from the solvent by subtracting the neat solvent signal from the pump-probe signal

of RuRu in solution. The solvent cross phase modulation artifact was scaled before

subtraction to compensate for the attenuation of the pump intensity by the sample

absorption. Both the solvent response as well as the transient absorption data were linear

to pump intensity in the power regime used here. It was confirmed that the solvent

response does not depend upon the presence of the absorbing sample which might

provide a spectral filtering effect.

RESULTS

Overview of the dynamics

The femtosecond absorption transients of RuRu in formamide, ethylene glycol and

glycerol are compared to previously reported data in water,32 at 800 pump/685 probe

(800/685) and 800/925 in Figure 5.1. The transients in ethylene glycol at 800 and 615 nm

pump and 600 - 1000 nm probe are shown in Figure 5.2. Table 5.1. contains the

parameters of the multiexponential fits of the data. In each solvent, the transients show

an initial instrument limited bleach which recovers on multiple timescales on the blue

side of the static absorption spectra. There is variation between the solvents in the range
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of recovery times for the overall bleach recovery at the blue side of the static absorption

spectra. The static absorption spectra peak at 685, 712, 732 and 762 nm in water,

glycerol, ethylene glycol and formamide, respectively, while the spectral widths are

identical. Probing at the blue side of the static absorption maxima highlights the overall

similarities between ethylene glycol and glycerol at these probe wavelengths and the

differences in timescales for the early time bleach recovery in water and formamide. The

initial recovery in water and formamide is faster than in ethylene glycol and glycerol.

The long time recovery, however, is fast only in water. Thus, formamide shows the

greatest separation in timescales for the fast and slow components of the bleach recovery

on the blue of the absorption spectrum. The solvation correlation function, S(t), in

formamide also shows the most dramatic range in timescales.30 Wavelengths further to

the blue do not directly reflect population kinetics; the transient absorption spectroscopy

in that spectral region also reflects ground state desolvation (solvent relaxation to

equilibrium for the electronic ground state) and vibrational relaxation.

On the red side of the static absorption spectra, the bleach recovers rapidly to an

absorptive signal which decays on multiple, slower timescales. An absorptive signal

suggests a hot ground state population since there is no excited state absorption in the

probing window. In all solvents the bleach recovery is faster for probe wavelengths the

further to the red. Probing at the red side of the static absorption maximum demonstrates

that the decay time of the absorptive signal is similar in all solvents except water,

whereas the magnitude of the bleach relative to the absorptive signal is quite different for

all solvents.  At the red probe wavelengths the absorptive signal decays on a 10 ps

timescale in all solvents except water.
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Figure 5.1: Pump-probe transient absorption data of RuRu in each solvent obtained
with 800 nm pump.
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Figure 5.2: Pump-probe transient absorption data of RuRu in ethylene glycol obtained
with 800 nm pump and variable wavelength probe. The transient at 800 nm
probe was pumped at 615 nm. The inset shows a long time transient at 925
nm probe in ethylene glycol (solid line) and 910 nm probe in water (dashed
line).
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Solvent Pump/Probe
(nm)

τ1 (fs) τ2 (fs) τ3 (fs) A1 A2 A3

H2O 800/570 150 2200 -0.78 -0.22
800/600 140 1980 -0.8 -0.2
800/685 125 1820 -0.95 -0.05

800/800b 85 880 -0.85 0.15
800/925 80 92 1140 -0.85c 0.15

800/1000 67 80 1120 -0.93c 0.07

formamide 800/570 184 3742 -0.73 -0.27
800/600 155 3104 -0.75 -0.25
800/685 142 2808 -0.83 -0.17
800/925 107 597 4124 -0.90c 0.1

800/1000 72 1166 9160 -0.95c 0.05

ethylene
glycol

800/600 271 8884 -0.8 -0.2

800/685 257 10948 -0.84 -0.16
615/685 273 2159 -0.81 -0.19
615/800 220 4676 -0.77 0.23
800/925 107 1993 12330 -0.95c 0.05
615/925 53 2081 -0.75 0.25

800/1000 63 1393 11791 -0.95c 0.05

glycerol 800/570 358 5039 -0.78 -0.22
800/600 331 3933 -0.78 -0.22
800/685 285 2715 -0.81 -0.19
800/925 82 1822 9875 -0.96c 0.04

800/1000 50 1557 -0.88 0.12

Table 5.1: Multi-exponential fitting parameters for the pump-probe transient
absorption data of RuRu in formamide, ethylene glycol and glycerol. a The
fitting function is ΣAn exp(-t/τn) and the amplitudes are normalized such
that Σ |An |=1. b Reference 8. c The amplitude is the sum of two amplitudes
A1 and A2 having negative and positive amplitudes, respectively.



90

The effect of pump wavelength on the transients at 925 nm probing is presented

in Figure 5.3. The transients have been normalized to the tail of the absorptive signal.

Pumping at 615 nm shows differences from pumping at 800 nm. At 925 nm probe the

amplitude of the bleach is diminished using 615 nm pump. The differences based upon

pump wavelength are confined to the first 100 fs of the dynamics, while all subsequent

dynamics are identical. While probing at  685 nm (not shown here), there is a sharp,

additional negative ∆OD feature with 615 nm pump.

The time zero ∆∆∆∆OD

At 800 nm pump, the time zero ∆OD amplitude does not scale with the

absorption cross section. On the red edge of the static absorption spectrum there is an

excess (compared to the static absorption spectrum) negative ∆OD component at early

times for all solvents. In the Discussion section of this paper the excess negative ∆OD

component is assigned to stimulated emission from the an unrelaxed excited state

configuration of the solute-solvent system. Water32 shows a smaller amount of excess

negative ∆OD than ethylene glycol and glycerol. Glycerol in particular exhibits a large

excess negative ∆OD component over a broad probe wavelength range, i.e. from 925 to

1050 nm. The excess negative going ∆OD component at 925 nm probe is significantly

attenuated when the pump wavelength is shifted from 800 to 615 nm, especially in

ethylene glycol. The amplitude of this component also varies with solvent. In water, the

time zero ∆OD ratio with 925 nm probing is 2:1 for 800 nm vs. 615 nm pump

wavelength compared to a ratio of 3:1 in ethylene glycol and 1.5:1 in glycerol.
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Figure 5.3: Pump-probe transient absorption data of RuRu in each solvent as a function
of pump wavelength at 925 nm probe. The transients have been scaled to
the absorptive signal.
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Figure 5.4 shows the shape of the extra, negative ∆OD at 925 probe in both

ethylene glycol and water. Each trace, which we refer to as ∆(∆OD), was determined by

subtracting the 615 pump transient from the 800 nm pump transient at 925 nm probe for

each solvent. Each transient was scaled to match the tail of the absorptive signal. The

difference transient is instrument limited in water whereas it is asymmetric in ethylene

glycol with a 100 fs decay time. Glycerol also has an asymmetric residual difference

between the 800/925 and 615/925 data (not shown here).

The residual oscillations

The residual difference between the fits and the data, and the corresponding

Fourier transforms for RuRu in each of the solvents, are shown in Figure 5.5 for 800 nm

pumping and probing at 685 nm. These data exhibit an oscillatory intensity due to

coherent vibrational motion in the ground state of the MMCT complex, as previously

reported.8,32,35 The data in Figure 5.5 show that the residual oscillations are solvent

dependent. The amplitudes of the residuals and the power spectra have been normalized

to the time zero ∆OD. Table 5.2. presents the solvent dependence of the oscillations. The

only effect of pump wavelength in ethylene glycol at both 685 and 925 nm probe is that

pumping at 615 nm attenuates the oscillations by a factor of four. Fig 5.6. shows the

residuals for RuRu in water at 800 nm pump over a broad range of probe wavelengths.

The phase of the oscillations shows a π/2 (50 fs) phase shift from 1000 nm to 600 nm. A

prominent peak is observed at 160 cm-1 in the power spectra in each of the solvents. In

ethylene glycol and glycerol an additional component at 85 cm-1 is resolved.
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Figure 5.4: Pump-probe transient absorption data in which the 615 nm pump transient
was subtracted from the 800 nm pump transient at a probe wavelength of
925 nm. The transients have been scaled as discussed in the text.
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This mode is also observed at both probe wavelengths using 615 nm pump in ethylene

glycol. Linear predictive singular value decomposition (LPSVD) was used to obtain the

dephasing time of the oscillations. The dephasing times (1/e) of the 160 cm-1 oscillations

are 150, 150, 320 and 340 fs in water, formamide, ethylene glycol and glycerol,

respectively. The dephasing times of the 85 cm-1 oscillations are 380 and 330 fs in

ethylene glycol and glycerol respectively.

DISCUSSION

Solvent dependence of the electron transfer rate

In a multicolor pump-probe experiment on a system with highly dynamic spectra,

different probe wavelengths can produce widely different timescales in the transients,

reflecting a distribution of molecular processes. Spectral shifting due to solvation on the

excited state, as well as desolvation and vibrational cooling of the hot ground state can

obscure the electronic population kinetics of interest. In an earlier paper we have shown

that the time dependent integrated lineshape provides the most accurate measure of

population kinetics.32 In the absence of a large number of probe wavelengths, however,

an estimate for the ground state recovery dynamics can be obtained by monitoring at

intermediate probe wavelength which have an absorption cross section that vary

minimally during the ground state relaxation. In the RuRu/water system it was found that

probing at 800 nm produces a bleach recovery time most closely resembling the recovery

of the integrated absorption intensity.32 Using the bleach recovery of the 615/800 data as

a measure of population kinetics, we obtain an electron transfer time (1/e) of 220 fs of

RuRu in ethylene glycol. This time is slightly faster than the previously reported value of

270 fs using 70 fs pulses at 792 nm.15
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Figure 5.5: Residual difference between the fits of the transients and the data, and
Fourier transforms of the residuals at 800 nm pump / 685 nm probe in
water, formamide, ethylene glycol and glycerol. The residuals were scaled
to the bleach amplitude.
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It is well known that the electron transfer rate is solvent dependent in a complex

manner. Both the solvent coordinate as well as intramolecular nuclear vibrational

coordinates can act as promoting modes for electron transfer. Based upon the classical

vibrational theory of Sumi and Marcus17 and the vibronic theory of Jortner and Bixon,36

Barbara and co-workers proposed a minimal model which was able to predict the

dynamic solvent effect on electron transfer rates in a wide range of solvents10 and over a

broad range of reaction free energies. This 'Hybrid' model showed that the electron

transfer time should increase with solvation time for fast solvents but then weaken in its

solvent dependence as the solvation times get slower, due to an interplay between

solvation dynamics and vibronically controlled internal. There is a crossover from

dynamic solvent controlled electron transfer kinetics in fast solvents to vibrationally

controlled electron transfer kinetics in slow solvents conversion (as in the Sumi-Marcus

model).

For ultrafast electron transfer in RuRu in water, there is evidence for some

dynamic solvent control of the ET kinetics, whereas in ethylene glycol the kinetics are in

the vibronically controlled regime. RuRu in water has an electron transfer time of 100 fs

whereas ethylene glycol produces a time of 220 fs. These times may be compared to the

solvation times from transient Stokes shift experiments in which water37 has times of 50,

180 and 880 fs while ethylene glycol30 has times of 187, 5000 and 32000 fs. That the

electron transfer time in ethylene glycol is faster than any diffusional timescale

demonstrates the importance of vibrational promotion of the electron transfer. Electron

transfer times faster than diffusional solvation have been observed in other systems as

well.18,19 The reaction coordinate for RuRu in ethylene glycol is apparently along the
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intramolecular vibrational degrees of freedom whereas in water the reactive trajectory is

mixed between intramolecular and solvent nuclear degrees of freedom. The weak

dependence of electron transfer rate even upon inertial solvent timescales, suggests that

the fastest solvent motions do not have a direct correlation with electron transfer times,

especially for the slower solvents. Recent theoretical work by Bagchi and coworkers12

may be promising in identifying the importance of inertial solvent motions and vibronic

channels in ultrafast electron transfer.

The absence of a pump wavelength dependence of the dynamics after 100 fs

indicates that the electron transfer rate is not sensitive to the initial excess vibrational

energy in the excited state. An assumption of the Hybrid model is that the vibrational

relaxation rate is faster than the electron transfer rate,10,18 and, correspondingly, the

initial excess vibrational energy is assumed to be rapidly dissipated in this theory.

However, it is unlikely that this is the correct explanation for the lack of dependence of

the electron transfer rate on initial excess vibrational energy since other data (see below)

suggests that the time scale for vibrational relaxation in the excited state is in fact

comparable or even slower than the electron transfer time scale for the relevant

vibrational modes. Thus, the data suggest that the electron transfer rate is not strongly

dependent on the instantaneous excess vibrational energy not just the initial excess

vibrational energy.

Vibrational coherences

Oscillatory vibrational wavepacket dynamics have been observed in many

systems.1,3-5,8,9,25-27,38 Such behavior is typically associated with resonant impulsive

stimulated Raman scattering (RISRS) and/or excited state wavepacket motion. The role
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of excited state wavepacket motion is simplified in the MMCT case as the excited state

lifetime is less than or equal to a single vibrational period, depending on the solvent. In

the RISRS mechanism Franck-Condon allowed vibrational coherences are excited that

lie within the pump bandwidth.38-40 Oscillatory behavior was previously observed for

RuRu in water and has been assigned to RISRS.8 This coherence modulates the dynamic

absorption spectrum resulting in oscillatory behavior for single wavelength transients.

The Fourier power spectra of the residual oscillations in a RISRS signal exhibits

vibrational peaks that correspond to Raman active modes in the conventional resonance

Raman spectrum. Theory shows, however, that there is no simple relation, between the

amplitude of the oscillations in the RISRS experiment and the corresponding amplitude

in a conventional resonance Raman experiment.26,39,40

Conventional resonance Raman spectroscopy of RuRu in solution phase has

provided relative resonance Raman cross sections of several intramolecular modes for

RuRu.  These cross sections which have been analyzed to determine Franck-Condon

factors and, correspondingly, vibrational reorganization energies for the various

vibrational modes.41,42 There are several modes in the 300 to 500 cm-1 range with large

Raman activity. An additional mode at low frequency, i.e.160 cm-1, with a relatively

large cross-section was recently observed.42 Due to the large Rayleigh background,

however, resonance Raman spectroscopy can not accurately measure the peak intensity

of the 160 cm-1 band.

The amplitudes of the vibrational peaks in Fourier power spectra of the residual

oscillations in water deviates more strongly from the low frequency resonance Raman

spectra35,41-43 of this compound than has been typically observed for large
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polyatomics26,27,38,39 suggesting that the observed effects are more complex than the

usual RISRS mechanism. Table 5.3. presents the relative amplitudes of the low

frequency peaks in the resonance Raman42 and the RISRS35 experiments. The present

experiment was not able to distinctly resolve peaks higher in frequency than the 160 cm-1

mode.43 With improved signal to noise levels, Scherer and coworkers were able to

resolve two small amplitude, higher frequency modes.35 Another indication that the

usual RISRS mechanism can not account adequately for the observed vibrationally

coherent data for RuRu is found in the probe wavelength dependence of the data (Table

5.2). The usual dependence of the RISRS signal upon probe wavelength has been well

established.26,40 Oscillations are strongest at points in the static absorption spectrum

which have the greatest slope. At the probe wavelengths analyzed for formamide,

ethylene glycol and glycerol, the slope of the static absorption spectrum is nearly the

same. Consistent with the RISRS picture, the amplitude of the oscillations is nearly equal

at the two probe wavelengths of 685 and 925 nm as well. The oscillations in water are,

however, anomalous in that the amplitude of the oscillations is large at 685 nm where the

slope of the absorption spectrum is smallest. Furthermore, the expected trends in the

phase shift for the vibrational coherences in RISRS at probe wavelengths within either

the red or the blue of the absorption maximum is absent for RuRu . There is, however a

π/2 radians (50 fs) phase shift upon going from the red side to the blue side, rather than

the expected π phase shift. While there is some similarity to conventional Franck-

Condon allowed RISRS, the difference suggests interference by large amplitude non-

Condon effects.32 Unfortunately, the absence of a theoretical framework with which to

describe non-Condon RISRS precludes the possibility of a definitive assignment.
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Solvent A685 A925

λmax
(nm) OD685

b OD925
b

ωd
d 685OD

(OD/cm-1)
ωd

d 925OD

(OD/cm-1)

Dephasing
timec (fs)

H2O 0.34 0.32 685 1.00 0.13 0.01 0.36 150
Formamide 0.26 0.18 762 0.76 0.48 0.87 0.94 150
Ethylene
glycol

0.18 0.11 732 0.88 0.28 0.70 0.73 320

Glycerol 0.16 0.11 712 0.95 0.18 0.46 0.57 340

Table 5.2: Solvent dependence of oscillation amplitude.   a Peak to peak oscillation
amplitude relative to bleach amplitude.  b OD relative to absorption
maximum.  c LPSVD analysis of the 160 cm-1 mode.

νa (cm-1) ARR ARISRS

160 1.00 1.00
263 0.85
351 0.05
492 0.80 0.08
535 0.13
566 0.67 0.03

Table 5.3: Resonance Ramana and RISRSb peak areas. a Reference 42.               b
Reference 35.
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Another potential source for RuRu of deviations from the usual RISRS mechanism is

associated with the ultrafast internal conversion process.  In a rapidly reacting system

like RuRu in water, which has an ET time of less than 100 fs, the internal conversion

itself can be in the vibrationally impulsive regime. In analogy to electronic excited state

wavepacket motion, the production of ground state population occurs more rapidly than a

vibrational period. In slow solvents such as ethylene glycol, however, a 220 fs internal

conversion is not vibrationally impulsive for a mode with a 200 fs period. Table 5.2.

shows that the oscillation amplitudes are larger in the faster solvents, water and

formamide, without correlation to either slope or OD of the spectra. Faster solvents

should furthermore produce smaller oscillation amplitudes based upon an decreased

electronic dephasing time.38 Based upon these observations, we suggest that the

RISRS mechanism is active in all solvents while the faster solvents have ground state

wavepacket motion that is supplemented by the additional mechanism of vibrationally

impulsive internal conversion.

We also have investigated in detail the solvent dependence of the dephasing time

of the vibrational coherences. The observed trends are consistent with previous RISRS

work.38 In RuRu, the dephasing time increases by a factor of two from the more polar

and quickly relaxing solvents (water and formamide) to the slower, less polar solvents

(ethylene glycol and glycerol). Furthermore, the trend in the solvent dependence of the

vibrational  dephasing times suggests an interpretation of the nonoscillatory  1-2 ps

timescale spectral dynamics found for RuRu in all solvents. The variation of the

timescale for this component with solvent parallels the variation in dephasing times.
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Figure 5.6: Residual difference between the fits of the transients and the data of the
transients at 800 nm pump as a function of probe wavelength in water. The
dashed line illustrates the phase shift in the oscillations.
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Water has 1 ps components at the red of the absorption maximum whereas ethylene

glycol has a 2 ps component. We, therefore, assign the nonoscillatory  dynamics on the

1-2 ps  timescale to vibrational population relaxation on the ground electronic state in the

slower solvents. Since these timescales also correspond to diffusional solvation in

water,37 it is not possible to separate solvation from vibrational relaxation32 in the

overall spectral dynamics for this solvent.

The vibrational relaxation time was measured for the terminal CN stretching

mode for RuRu in water using infrared spectroscopy. The time scale of the vibrational

relaxation of this mode was found to be 0.5-6 ps using 2 ps pulses.44 In an analogous

system where one of the Ru atoms is replaced with Fe, the bridging CN stretching mode

showed a relaxation time of 1.3 picoseconds in D2O using 200 fs pulses.7 These

experiments may lack time resolution to probe the early time dynamics so may not be

probing the early time vibrationally hot ground state we observed in these 40 fs resolved

experiments and furthermore may not be probing the same vibrational transitions

responsible for the apparent cooling of the dynamic spectrum at early time.

Stimulated emission

At early time in a pump-probe signal, there are additional contributions from both

stimulated emission and coherent coupling.28,40 The differences in the early time signal

for RuRu in each of the solvents should, in part, reflect differences in both the coherent

coupling and the stimulated emission contributions to the total signal. Pumping at

different wavelengths allows us to discriminate against coherent coupling. It is unlikely

that coherent coupling is the origin of the excess negative ∆OD component in the present

experiment due to three factors: (i) the larger than  2500 cm-1 of pump-probe detuning
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which tends to diminish coherent pump-probe coupling; (ii) the large vibrational

reorganization energy which tends to increase the electronic dephasing rate through

vibrational contributions,29 and (iii) the observation that the excess negative ∆OD signal

in ethylene glycol and glycerol is present well after the pump and probe are temporally

separated.  We therefore assign the extra, negative ∆OD component to stimulated

emission.32

The stimulated emission appears short lived due to partial cancellation by

hot ground state absorption, spectral shifting out of the probe window by excited state

solvation, and possible non-Condon effects.32 Spectral simulations show that when low

frequency modes are coherently excited, the emission is initially sharp and intense and

subsequently becomes broader and reduces in amplitude due to vibrational dephasing

and relaxation.32,45 Since the emission occurs prior to vibrational relaxation, pumping at

615 nm will reduce the emission intensity at long wavelengths such as 1000 nm. At an

individual wavelength, the emissive component will attenuate more rapidly than the

excited state lifetime due to shifting out of the probe window by solvation and by

spectral spreading due to vibrational dephasing. Since the dephasing and relaxation rates

are solvent dependent, attenuation of emission by spectral spreading and solvation,

should be slower in the slower solvents as is experimentally observed. Due to the number

of processes active in the evolution of the stimulated emission there is no simple picture

which may describe the solvent dependence of the unrelaxed stimulated emission.

Displacement of slow solvent modes by a fast perturbation

While each of the solvents exhibit dynamics on the 1-2 ps timescale due to

vibrational population relaxation, only the alcohols and formamide have dynamics on the
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10 ps timescale. This observation suggests that these slow dynamics are solvent related.

Although the alcohols and formamide each have components in S(t) on the tens of

picosecond timescale or longer,30 these modes should not be displaced during an excite

state lifetime of 220 fs. To demonstrate that slow solvent modes should not be displaced,

we simulated the diffusion of a Boltzmann population distribution along a classical

harmonic potential. The parameters in the model are the solvent reorganization energy

(4000 cm-1) partitioned by the S(t) amplitudes, with the relaxation times given by S(t).30

The slow modes should have amplitudes of no more than a few percent of the amplitudes

found in the S(t). The simulations quantify the idea that slow solvent motions should not

be displaced during a short excited state lifetime within the linear response

approximation for the solvent motions.

Due to the large total reorganization energy of ca. 6000 cm-1, there is a great deal

of energy disposal into the solvent coordinate.15 This energy disposal will locally heat

the solute's environment which may result in long time dynamics as the local temperature

equilibrates. The effect of local heating of the solvent can be calculated with a heat

diffusion model and the temperature dependence of the absorption spectra in each

solvent.15,46 A locally hot environment will produce a redshifted absorption. Based upon

the heat capacities, thermal diffusion constants, and temperature dependences of water

and ethylene glycol, we find that RuRu in ethylene glycol does have a more locally

heated environment than water at 5 ps. But the effect of local heating on the positive

∆OD is around one percent of the overall hot ground state signal. We can therefore rule

out local heating of the solvent as the source of the slow, 10 ps dynamics in the alcohols.
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 Since ideal solvation probes have long lifetimes, little is known about the

solvation dynamics of systems in which the exited state lifetime is very short. The

question naturally arises as to how slow solvent motions are displaced when the solvent

has time only to respond on a hundred femtosecond timescale. Since RuRu has such a

large reorganization energy one may consider the validity of linear response in this

system due to the very large change in charge distribution upon excitation. The change in

dipole moment for RuRu is 13 D47 while C153 is has a change of 8 D.30 The change in

dipole moment is not overwhelmingly greater than for C153. Furthermore, theory has

shown that linear response is qualitatively and even semi-quantitatively accurate for very

severe changes in charge distribution such as ionization or neutralization reactions of

atomic solutes.31 Based simply upon the change in dipole moment and solvent

reorganization of RuRu in these solvents, it is reasonable to expect that linear response

should be applicable. Simulations are needed to verify whether this system is in the

linear or nonlinear regime of solvent response.

The presence of specific solute-solvent interactions such as hydrogen bonding

can complicate solvation dynamics.48-51 It is possible that the slowest timescale solvent

dynamics observed have to do with the scrambling of the hydrogen bonding network as

the electron transfer reaction proceeds.52 An alternative mechanism of slow mode

displacement may involve coupling between solvent modes. Fast solvent motions may

cascade into slower motions. The interaction of intermolecular and intramolecular modes

in neat solvents has been the topic of mode coupling.53 The coupling of solvent modes

has been experimentally investigated through multidimensional nonlinear spectroscopy

such as fifth order two dimensional Raman.54,55 While it is still unclear whether there is
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direct experimental evidence for such mode coupling processes,56 our observation of

displacement of slow modes by a fast perturbation suggests solvent mode coupling as a

possibility. In systems for which there are a broad range of timescales for motions, there

may be a cascading of energy from fast modes to slow modes. While we do see evidence

for the displacement of slow solvent motions by a fast perturbation, the data do not allow

an unambiguous assignment of the origin of the process.



108

REFERENCES

(1) Wurzer, A. J.; Wilhelm, T.; Piel, J.; Riedle, E. Chem. Phys. Lett. 1999, 299, 296.

(2) Haran, G.; Morlino, E. A.; Matthes, J.; Callender, R. H.; Hochstrasser, R. M. J.
Phys. Chem. A 1999, 203, 2202.

(3) Hess, S.; Bursing, H.; Vohringer, P. J. Chem. Phys. 1999, 111, 5461.

(4) Sporlein, S.; Zinth, W.; Wachtveitl, J. J. Phys. Chem. B 1998, 102, 7492.

(5) Arnett, D. C.; Moser, C. C.; Dutton, P. L.; Scherer, N. F. J. Phys. Chem. B 1999,
103, 2014.

(6) Wynne, K.; Reid, G. D.; Hochstrasser, R. M. J. Chem. Phys. 1996, 106, 2287.

(7) Wang, C.; Mohney, B. K.; Akhremitchev, B. B.; Walker, G. C. J. Phys. Chem. A
2000, 104, 4313.

(8) Reid, P. J.; Silva, C.; Barbara, P. F.; Karki, L.; Hupp, J. T. J. Phys. Chem. 1995,
99, 2609.

(9) Arnett, D. C.; Vohringer, P.; Scherer, N. F. J. Am. Chem. Soc. 1995, 117, 12262.

(10) Barbara, P. F.; Walker, G. C.; Smith, T. P. Science 1992, 256, 975.

(11) Barbara, P. F.; Meyer, T. J.; Ratner, M. A. J. Phys. Chem. 1996, 100, 13148.

(12) Bagchi, B.; Gayathri, N. Adv. Chem. Phys. 1999, 107, 1.

(13) Wynne, K.; Hochstrasser, R. M. Adv. Chem. Phys. 1999, 107, 263.

(14) Walker, G. C.; Barbara, P. F.; Doorn, S. K.; Dong, Y.; Hupp, J. T. J. Phys. Chem.
1991, 95, 5712.

(15) Tominaga, K.; Kliner, D. A. V.; Johnson, A. E.; Levinger, N. E.; Barbara, P. F. J.
Chem. Phys. 1993, 96, 1228.

(16) Jortner, J.; Bixon, M. J. Chem. Phys. 1988, 88, 167.

(17) Sumi, H.; Marcus, R. A. J. Chem. Phys. 1986, 84, 4894.



109

(18) Walker, G. C.; Åkesson, E.; Johnson, A. E.; Levinger, N. E.; Barbara, P. F. J.
Phys. Chem. 1992, 96, 3728.

(19) Nagasawa, Y.; Yartsev, A. P.; Tominaga, K.; Johnson, A. E.; Yoshihara, K. J.
Chem. Phys. 1994, 101, 5717.

(20) Wolfseder, B.; Seidner, L.; Stock, G.; Domcke, W. Chem. Phys. Lett. 1997, 217,
275.

(21) Muller, U.; Stock, G. J. Chem. Phys. 1997, 107, 6230.

(22) Bixon, M.; Jortner, J. J. Chem. Phys. 1997, 107, 1470.

(23) Stuchebrukhov, A. A.; Song, X. J. Chem. Phys. 1994, 101, 9354.

(24) Evans, D. G.; Nitzan, A.; Ratner, M. A. J. Chem. Phys. 1998, 108, 6387.

(25) Ashworth, S. H.; Hasche, T.; Woerner, M.; Reidle, E.; Elsaesser, T. J. Chem.
Phys. 1996, 104, 5761.

(26) Yang, T. S.; Chang, M. S.; Chang, R.; Hayashi, M.; Lin, S. H.; Vohringer, P.; W,
W. D.; Scherer, N. F. J. Chem. Phys. 1999, 110, 12070.

(27) Bardeen, C. J.; Wang, Q.; Shank, C. V. J. Phys. Chem. A 1998, 102.

(28) Cong, P.; Yan, Y. J.; Deuel, H. P.; Simon, J. D. J. Phys. Chem. 1994, 100, 7855.

(29) Book, L. D.; Scherer, N. F. J. Chem. Phys. 1999, 111, 792.

(30) Horng, M. L.; Gardecki, J. A.; Papazyan, A.; Maroncelli, M. J. Phys. Chem.
1995, 99, 17311.

(31) Stratt, R. M.; Maroncelli, M. J. Phys. Chem. 1996, 100, 12981.

(32) Son, D. H.; Kambhampati, P.; Kee, T. W.; Barbara, P. F. J. Chem. Phys. 2000,
Submitted.

(33) Asaki, M. T.; Huang, C. P.; Garvey, D.; Zhou, J.; Murnane, M. M.; Kapteyn, H.
C. Opt. Lett. 1993, 18, 977.

(34) Backus, S.; Peatross, J.; Huang, C. P.; Kapteyn, H. C.; Murnane, M. M. Opt. Lett.
1995, 20, 2000.

(35) Scherer, N. F. Private Communication .



110

(36) Jortner, J.; Bixon, M. J. Chem. Phys. 1988, 88, 167.

(37) Jimenez, R.; Fleming, G. R.; Kumar, P. V.; Maroncelli, M. Nature 1994, 369,
471.

(38) Banin, U.; Bartana, A.; Ruhman, S.; Kosloff, R. J. Chem. Phys. 1994, 101, 8461.

(39) Johnson, A. E.; Myers, A. B. J. Chem. Phys. 1996, 104, 2497.

(40) Pollard, W. T.; Mathies, R. A. Ann. Rev. Phys. Chem. 1992, 43, 497.

(41) Doorn, S. K.; Hupp, J. T. J. Am. Chem. Soc. 1989, 111, 1142.

(42) Bignozzi, C. A.; Argazzi, R.; Strouse, G. F.; Schoonover, J. R. Inorganica
Chimica Acta 1998, 275, 380.

(43) The coherent bandwidth of the pump was independently confirmed using a
standard RISRS system, Nile blue in methanol. In this system at 615/685, we
were able to observe oscillations past 800 cm-1 demonstrating that if the 500 cm-
1 modes had sufficiently large reorganization energy, they should be observable.

(44) Doorn, S. K.; Dyer, R. B.; Stoutland, P. O.; Woodruff, W. H. J. Am. Chem. Soc.
1993, 115, 6398.

(45) Lin, S. H.; Fain, B.; Hamer, N. Adv. Chem. Phys., 1990, 79, 133.

(46) Dong, Y.; Hupp, J. T. Inorg. Chem. 1991, 31, 3322.

(47) Vance, F. W.; Karki, L.; Reigle, J. K.; Hupp, J. T.; Ratner, M. A. J. Phys. Chem.
A 1998, 102, 8320.

(48) Sese, G.; Pardo, J. A. J. Chem. Phys. 1998, 108, 6347.

(49) Yu, J.; Berg, M. Chem. Phys. Lett. 1993, 208, 315.

(50) Chapman, C. F.; Fee, R. S.; Maroncelli, M. J. Phys. Chem. 1995, 99, 4811.

(51) Chudoba, C.; Nibbering, E. T. J.; Elsaesser, T. Phys. Rev. Lett. 1998, 81, 3010.

(52) Reid, P. J.; Barbara, P. F. J. Phys. Chem. 1995, 99, 3554.

(53) Okumura, K.; Tanimura, Y. J. Chem. Phys. 1997, 107, 2267.



111

(54) Steffen, T.; Duppen, K. Chem. Phys. Lett. 1998, 290, 229.

(55) Tokmakoff, A.; Lang, M. J.; Larsen, D. S.; Fleming, G. R.; Chernyak, V.;
Mukamel, S. Phys. Rev. Lett. 1997, 79, 2702.

(56) Blank, D. A.; Kaufman, L. J.; Fleming, G. R. J. Chem. Phys. 1999, 111, 3105.



112

Vita

Dong Hee Son was born in Korea on March, 13, 1970, the son of Wonho

Son and Musoon Lee. He entered Seoul National University in 1988 as chemistry

major, and received the degree of Bachelor of Science in 1992 and Master of

Science in 1994. After completing his work, he served in Korean Navy for 18

months.  After being discharged, he came to USA in 1996 and started graduate

work at the University of Minnesota. During this time he taught chemistry lab

class as a teaching assistant for three quarters. In 1998, he transferred to the

University of Texas with his graduate adviser Dr. Paul F. Barbara and stayed

there since then. He (co)authored eight research papers and attended several

conferences during his graduate work.

Permanent address: 491-6 Kuryongpo 4-ri, Kuryongpo Namgu Pohang, Korea

795-800

This dissertation was typed by Dong Hee Son.


