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A Unified Electron Transfer Model for the Different Precursors and Excited States of the
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Femtosecond spectroscopy measurements are reported on the electron transfer, ET, reactions of the precursor
states of the hydrated electron in the multiphoton ionization of water and the single-photon ionization of
Fe(CN)}* in aqueous solutions. The ET reaction corresponds to an electron scavenging by various electron
acceptors, such as &d Using the data reported herein, and previously published data on the scavenging
kinetics of other electron precursors (e.g., from radiolysis) and optically excited states of the hydrated electron,

it was shown that the rate constant of ET varies inversely with the volume of specific form of the hydrated
electron. These data strongly support a unified model for the electron-transfer kinetics of many forms of
delocalized electrons with localized electron acceptors in which ET rates are assumed to be proportional to
the average electron density of the specific hydrated electron excited state or precursor.

I. Introduction .
Different Forms of the Hydrated Electron

(drawn to scale)

The hydrated electron, an excess electron in water, is a

fundamental species in radiation- chemistAbiology 3+ and

physics® It is also a critical intermediate in the photoionization C°g‘;‘;§“°“ T

of aqueous solutions and other charge-transfer processes in o A C°ggﬁg“°”
water. The equilibrated form of the hydrated electrag, leas (r>308  e2h ) o
a microsecond lifetime in the absence of electron scavengers 8 J state l (Radiolysis)
and at low gq concentration. The g has an s-orbital like

electronic wave function. It is localized, trapped, and solvated | Excited States g Ho0* - Rydberg
in a cavity with a radius of~3 A that is surrounded by-6 % (2photonionization)
water molecule&Not surprisingly, g;is a strong reducing agent * Bquilibrated Precursors

and it irreversibly reacts with oxidants (&d SeQ?-, NOs™, Ground state Radius=3 A Hy0

etc) by an electron transfer (ET) process, e.g.
Figure 1. Schematic representation of the different forms of the excess

electron in water drawn to scale using the published estimates of the
radii of different states, see text and Table 1 for further details. The
gray scale in this figure roughly indicates the average relative electron
density, i.e., the inverse of “volume” of the wave function. On the left-
hand side are the ground and excited states of the hydrated electron.
The small circles inside the excited states of the hydrated electron
represent the cavity thaggccupied before being excited. On the right-
hand side are the precursors to the hydrated electron. Note 3¢t H

is located at the center of the precursor states.

€oqt NO;~ e NO,~ 1)
This process, which is commonly referred to as “scavenging,”
occurs at a diffusion controlled rate for many scavendditse
kinetics of @q are typically measured by probing the broad
electronic absorption band ofgwhich is peaked at 720 nm.
Besides the ground statesqethere are a number of high
energy, highly delocalized forms of the hydrated electron that
have lifetimes in the range of 500 fs® 12 These species
(Figure 1) can be divided into two groups: namely; (i) optically
excited states of the equilibrated hydrated electrgrae eg)
and (i) various “precursor states” of the hydrated electreg-(e
H,O*, and HO**). It is noteworthy that the largest forms of
the hydrated electroncg and eg-, are the so-called conduction
band electrons. They have radii (Gaussian distribution widt

(iii) single and multiphoton ionization of electron donors (I

Fe(CN)*, etc) in an aqueous solution. This paper is concerned
with the ET kinetics of the hydrated electron and various
nonequilibrium forms of the excess electron in water. With a
few exceptions, the ET scavenging kinetics of the species in
Figure 1 have previously been measured by a variety of
h, techniqued:'>16n this paper, we measure the ET scavenging

o) over 30 A3l These short-lived (50100 fs) states

encompass thousands of water molecules. The precursor state

are involved in the common strategies for produciggvehich

includes the following: (i) radiolysis of water and aqueous
solution using ionizing radiation (e.g., 20 MeV electron ac-
celerator beams); (i) UV multiphoton ionization of water; and

* To whom correspondence should be addressed. E-mail: p.barbara@
mail.utexas.edu.

kinetics of the missing examples, namely the precursor states
I§|20* and HO** of the multiphoton ionization of water at 266

nm (2 photon) and 400 nm {3L photons),’ respectively. We
also measure the scavenging kinetics for the precursor state for
the single-photon ionizatidhof Fe(CN)*~ (not shown in Figure

The ET kinetics of the hydrated electron and various
nonequilibrium forms of the excess electron in water offer
insight into an unusual type of ET reaction, i.e., the transfer of
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a highly diffuse electron donor to a localized electron acceptor.
(In contrast, in a typical ET reaction in solution, the electron is A
transferred between highly localized orbitals on both the donor
and the acceptor. Due to the dependence of ET rates on
electronic overlap of the donor and acceptor orbitals, direct ET
is only rapid over short center-to-center separations (typically
< 5 A)). In this paper, we make the first global analysis of the
experimental data on the ET kinetics (scavenging) of the
hydrated electron and various nonequilibrium forms of the
excess electron in water. This analysis leads to a simple unified
model for ET rates of the hydrated electron. The key result of
the analysis is that the ET rate constant per scavenger molecule
in contact with the hydrated electroker s is found to vary
inversely with the volume of specific form of the hydrated
electron. It is shown that this relationship follows simply from
the theoretical expectation thiatr ps should be proportional to
the donor/acceptor electron overlap and correspondingly, the
average electron density of the hydrated electron form.
Considering the diversity of the various forms of the excess
electron in water, it is useful to review how each form has been
produced and investigaté#;17.19The left-hand side of Figure
1 displays the optically excited states of the hydrated electron. . . . . .
These states have been prepared by a 3-pulse femtosecond laser 0 2 4
sequence involving: (i) a multiphoton ionization pulse to
produce g; (ii) a near-IR pulse to excite.g and (iii) a tunable
probe pulse which monitors the absorption gfand its excited  Figure 2. (A) Electron-transfer scavenging kinetic traces ofoH,
states. The optically excited states gf mclude a set of three  one of the precursors to the hydrated electron, in 120 ps. The bold
close lying p-orbital like states (prepared by 1 photon excitation), curve on the trace of 0.4 M N is the calculated trace assuming that
and a higher energy, conduction bang gwhich is prepared the decay in signal is the sum of bimolecular scavenging kinetics of

P e .. : eq by NO;~ and geminate processes involving the reaction of the
by 2 photon excitation). The lifetimes, radif) and scavenging hydrated electron with the OH radical and with®4t. (B) Early time

“yields” for these states have been recently measured bY gjectron-transfer kinetic traces that show that static scavenging occurs
femtosecond spectroscopy, using a novel photosuppressionon a< 1 ps time scale.

technique for the “geminate reactions” of the hydrated electron
with the OH radical and with kO*. These latter species are
rapidly produced from fragmentation of the “hole”, i.e.,
H,O".1416 The right-hand side of Figure 1 shows the hydrated
electron precursor states. These are intermediates in the variou
methods for pre;l)aft(lnge@fln pulse rﬁdltoly.ss,.fqr exargplf,watg;h the probe pulsel, = 650 nm), derived from wavelength
or aqueous solution IS exposed 1o lonizing radiation With - ggacteq white light continuum. The instrument response func-
picosecond time resolutio.Water is ionized in a complex, tions were 70 and 50 fs fwhm for the 266 and 400 nm
high energy process which involves the production of conduction photoionization experiments, respectively. The sample solutions

band electrons, &g. The spatial extent ofgg in water has were continuously flowed though a 300 micron jet nozzle

been determmed by analyzing pulse radiolysis data. . allowing for pump-probe measurements on fresh solutions for
The physical nature of the precursor states for the photoion- g5 1aser pulse.

ization of water and electron donors in aqueous solutions is less

We" estabhshed For example, for the 2 phOton 266 nm 1. Results and Discussion

photoionization of water with femtosecond pulses, the excitation L ) ) ) )
energy is below the conduction band. The spatial extent of the ~Photoionization/Scavenging Studiesin this section, we
precursor state, #D*, which is the width 6) of the aq study the ET reactions of the precursor state®H(266 nm

distribution produced by the ionization, has been determined ionization) and HO**(400 nm ionization) with various scav-
from the “geminate reactions” that were described addve. ©€ngers. The experiments employ ultrafast purpmbe data of

Although the exact nature of the precursor state is controversial, 8a @S shown in Figure 2, for the 2 photon 266 nm ioniza}ion of
the experimental results indicate that it is partially bound to its Water and agueous solutions with scavengers @hd NQ").
hole but still highly diffuse. It is likely that HD* has a The neat HO (_jata (Figure 2A and 2B) s_how the expected rise
substantial degree of —Rydberg charactéf,2-23 Similar of the absorption of the 650 nm probe light on the hundreds of
arguments can be made for the B photon 400 nm ionization fs time scale due to the generation gffom relaxation of the

e Precursor, HO*, although this species is at a higher energy initially formed HO* precursor state. It is estimated thai®+t
and more diffuse. has a lifetime in the 58100 fs rangé226 The partial decay

component of the &g absorption on the 10100 ps time scale

is due to reaction of the hydrated electron with the OH radical

and with HO*. The recombination kinetics have been shown
The experiments were performed with an amplified Ti: to be well modeled by«ghole mutual diffusion and recombina-

sapphire laser systeéf#°>producing 35 fs, 30@J pulses centered  tion involving an initial distribution of g/hole separation with

at 800 nm at a repetition rate of 1 kHz. A portion of the output ao of 12 A 1417 As mentioned in the Introduction, this size can

from the multipass amplifier was frequency doubled in a 300 be used as an estimate of the spatial extent £&*1

AOD (10°)

Time (ps)

micron -barium borate (BBO) crystal to produce the 400 nm
photoionization pulses. For the 266 nm photoionization experi-
ments, the 400 nm light was mixed with another component of
800 nm light in a 100 micron BBO crystal. The remaining
f&ortion of the amplified laser fundamental was used to generate

Il. Experiment Section



8436 J. Phys. Chem. A, Vol. 105, No. 37, 2001

YSC

"l 1 1 i L

0.2

Concentration (M)

Figure 3. (A) Concentration dependence of the fractional yiete)(
of NO;~ scavenging of KO* and (B) the precursor to the hydrated
electron generated from Fe(CJ) with superimposed lines from a fit
of eq 2, for both electron precursors.

Figure 2A includes pumpprobe transients for D with H*
and NQ™ added, i.e., two well-known electron scavengers. The
addition of H™ does very little to the initial (time< 500 fs)
absorption of g but during the 120 ps transient, an obvious

Kee et al.

TABLE 1: Electron Transfer Scavenging Kinetics
Parameters for the Hydrated Electron and Various
Nonequilibrium Forms of the Excess Electron in Water

e form scavenger ee(A)a Co Yeé
€eq 5.0 0.27 0.0265
& NOs™ 8.7 1.11 0.10
Ckt 8.33 1.24 0.11
SeQ?z 9.28 0.99 0.09
ecw NO;~ 32.0 2.20 0.18
Cckt 31.6 2.66 0.21
SeQ? 32.6 1.90 0.16
ecp- NO3z~ 54.0 1.08 0.097
Cokt 53.6 0.67 0.063
SeQ?" 54.6 2.40 0.194
H,O* NO3~ 14.0 2.33 0.153
Ckt 13.6 1.93 0.162
SeQ? 14.6 2.14 0.176
H,O** NO3;~ 22.0 2.38 0.192

argc=rex+ s’ ? Csfor HO* is obtained by fitting the data shown
in Figure 3A with eq 2. For &, &, ecg, and HO**, Cis obtained by
solving eq 2 with [S]= 0.1 mole/L and the observed.® For e,
Cs = KpreTpre, With Kore @and zyre from ref 7.¢ Yy for [S] = 0.1 mole/L.
Ysc for eqqis calculated with eq 3 assuming “perfect” static scavenging,
i.e., kerps™> 1/t. Here,t represents an arbitrary time period much shorter
than the time-scale for the relative diffusion @f and the scavenger.
Ysc is obtained from ref 16 forgand eg and ref 7 for eg-.

static scavenging behavior

CJS]

RCCR @

where Cs is an empirical scavenging coefficient and [S] is
concentration of the scavenger in moles/L. Table 1 shGws

additional decay component is observed due to the rapid for H,O* and HO** from this work, and other forms of the

bimolecular reactionkb s = 2.4 x 10 s71 M%) of H* with
e.¢2’ The extremely small change in the initial;@bsorption
implies that the precursor state,®f is not substantially
scavenged by F . This is not surprising because it has already
been shown that H is not an efficient scavenger of other diffuse
forms of the excess electron in water, includind%ecg,'® and
ecg".2’ The curve in Figure 2A for 0.4 M N@ reveals a large
decrease in the initial yield ofeg which we ascribe to the
scavenging of KD*. Considering the short (50100 fs) lifetime

of H,O*, this initial scavenging process must occur with
essentially no diffusion of N& . Thus, the HO*/NO3~ is an

excess electron in water from other references. One important
trend in Table 1 is that the scavenging coefficients for the
different forms of the excess electron in water and different
scavengers are quite similar, within a factor of 2 in nearly all
cases. Additionally, different scavengers tend to have very
similar Y. for a specific form of the hydrated electron, especially
for the measurements recorded with femtosecond time resolu-
tion. The femtosecond data are less distorted by scavenging from
subsequent states produced during the rapid relaxation of the
precursor or excited states under investigation. Not shown in
Table 1 are the scavenging data of HBut as mentioned above,

example of static scavenging. The static scavenging yieldsH * is not an efficient scavenger for the photoexcited and

observed for N@ in this paper are similar to the previously
reported scavenging yields of,&cg, and eg- as discussed in
detail below!61°The rapid time scale for the static scavenging
by NO;~ is emphasized by Figure 2B, which shows that the
initial drop in eq yield occurs within the formation time of
H.O*. Furthermore, the slower decay ofqen the tens of
picosecond time scale in the presence ozN@ quantitatively
consistent with the simulated decay (thick-line in Figure 2A)
based on the sum of independémitnolecular scaengingby
NOs~ the reaction of the hydrated electron with the OH radical
and with O*. The nonscavenging component of the dynamics
was measured independently using th©tbnly data in Figure
2A. The bimolecular scavenging of NOwas measured nearly
independently by examining the NOdecay in experiments
with 400 nm photoionization, for which the reaction of the
hydrated electron with the OH radical and withe® is
relatively inefficient due to a large initial electron/hole separa-
tion.14vl7

Figure 3A shows that the observed fractional yield of
scavengingYse of HoO* by NO3~ follows the typical empirical

precursor states. (It does efficiently scavenggadthough at a
slower than diffusion controlled ratéj2°Incidentally, previous
experiments on hydrated electron scavenging have confirmed
that the counterions Na and CIQ ~ are weak scavengers of
hydrated electron excited states and precur¥bis.

We have also investigated scavenging of the precursor state
of e,q as generated by the 1 photon ionization of Fe(&N)
with 266 nm pulses. The optical density transientsegfreH,O
and Fe(CNy*~ at the same pulse energy (:8) are shown in
Figure 4. The pulse energy dependence of th® Binly data is
guadratic in pulse energy as expectedd@® photon ionization
process (see inset in Figure 4). In contrast, thesenal in
Fe(CN)}* solution shows a linear power dependence, indicating
a 1 photon ionization process, as described previodshgure
3B shows that the Fe(Ch) precursor state ofegis also
efficiently scavenged by N§ with Ysc = 0.15, which is
identical to Ys of H,O* within experimental error.

Electron/Scavenger “Encounter Complex” Analysis of the
Static Scavenging Yield DataFollowing the usual treatment
for static scavengingwe introduce the concept of/ecavenger
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Figure 4. Kinetic traces of the photogenerated hydrated electron in
0.1 M Fe(CN)*~ aqueous solution. The B only background signal

is ~12 times smaller. In the inset, the pulse energy dependence of the
signals from 0.1 M Fe(CNJ~ aqueous solutiond) and HO (a) is
shown.

“encounter complex,” whereyesignifies one of the excess
electron forms, i.e., £ ecg, ecg’, H,O* or H,O**. The radius

of this complex,rec, is assumed to be the sum of the spatial
extent, ry, of the hydrated electron state and radius of the
scavengerts.’ For the larger excess electron forms, egp,e

r« > rsc andregc =~ ry. The encounter complex may contain 0,

1, 2, ..., oiNs number of scavengers. We assume a single average

electron-transfer rate constant per scavengef,s if the
scavenger is located within the encounter radiug, The ET

rate constant per scavenger is assumed to be zero if it is
separated by a distance larger thiap from the center of the
hydrated electron. (A more detailed treatment could explicitly
treat the radial dependence of the electron densitykangs
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Figure 5. Experimentals; of NO;~, CP™, and Se@#~ are represented
asO, A, andO respectively. (A) The solid line is calculated with eq 3

However, the basic conclusions of this paper would be the sameassuming thaker psas a constant (1.6 10'*s™%). The dash line shows

if the more detailed model were employed).

In terms of the encounter complex model for static scaveng-
ing, the scavenging yield for a specific hydrated electron form
is as follows

ikET,p's.fi
V=5 — 3
i= (IkET,ps+ 1)

where eacht term in the sum corresponds to an encounter
complex withi scavengersy is the lifetime of the hydrated
electron state; anfilis the fraction of electrons complexed with
i scavengers. Although reliable values ofre not available
for all of the various states, most of the states are believed to
have a lifetime in the range of 5000 fs1126:32An exception
is the p state, which is reported to have a lifetime of 308#3:33

The simplest expectation fdris the Poisson distribution, as
follows

N e ™
_ S
T

(4)

whereNs is the mean number of scavengers in the volume of
the encounter compleX/ec

Vee = (43)m re’ (5)
andN;s is simply given by
N, = 1000 L Vec (6)

where [S] is the concentration of the scavenger in moldsiL,
is Avogadro’s number, an®lgc is in m8.

Ns as a function ofec. (B) Yscis plotted as a function afzc assuming
that ket ps is proportional to the inverse atc® (see eq 10). (C) Plot
(data points) of the logarithm of the average psas a function ofec

for each form of the hydrated electron (solved from eq 3 using the
experimental scavenging yield data). The theoretical line in (C) is eq
10 using a best-fit value for the single adjustable parameterkgig,:
=90.02x 10¥s%

It is interesting to consider typical valuesfpandNs for the
various scavenging experiments on the hydrated electron, see
Table 1. For reference, we use [S] 0.1 mol/L. Figure 5A
shows the observed values (points) for the different forms
vsrec for each state and various scavengers. Superimposed on
these data is a plot dfs vs rec. For the p state electroiNs =
0.17 and only the encounter complex with one scavenger is
relevant in the scavenging process. In this limit

I<ET,ps ) 1:i

Y. =
5 (kET,ps+ 1/77)

In contrast for eg, Ns = 8.26. For such a largeNs, the
scavenging yield is approximately

Y = Ns ) kET,ps
(NG kET,pS+ 1/7)

()

C)

Comparing these two limits reveals thakir pswas the same

for the p state and conduction band, the latter should have been
much more efficiently scavenged. This is emphasized by the
theoreticalYsline (Figure 5A) corresponding to eq 3, calculated
by usingker,ps= 1.6 x 10572, the reported valué for NO3~
scavenging of gand a fixed glifetime of = 75 fs. Note that

this line predicts a large increaseYg with rec and in particular
nearly unity scavenging of the conduction band. In fact, neither
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prediction is supported by the experimental data. ThiiSesis 7 = 300 fs was used for,end a lifetime oft = 75 fs was used
clearly not identical for different forms. for the other forms. It is important to emphasize thatkkeps

It is interesting to consider hoker pswould be expected to  data points in Figure 5C were calculated without assuming any
vary withrec and scavenger according to the theory of electron physical dependence &t psonrx. The experimentally deter-
transfer. In the nonadiabatic theory of electron transfer, the rate minedker psvalues do agree extremely well with the theoretical

constant of ET in a donor/acceptor complex is given by curve predicted by eq 10. It is particularly interesting that the
ET kinetics of the diverse set of excess electron forms in Figure
2r 2 1 can be explained by a simple unified treatment. The single
=—Hy," DWFC 9 X . e |
Ker h DA ©) adjustable parameter for the theoretical line in Figure 5C is

. _ Kerps the scavenging rate constant for the reaction of the
whereHpa is the donor/acceptor electron matrix element and |ocalized s state g with a localized acceptor. The best-fit value
DWFC is the density of states weighted Fran€kondon (k2rps = 9.02 x 1013 s77) s similar to the reported measure-
factor®* For electron scavenging of the excited states@f €  hents from other examples of barrierless ET reactions between

Ehe reaction is probably barrie”rless, and close to being at the osely spaced, localized donors and acceptors, for instance the
peak of the Marcus parabola” due to the high exoergicity of jytamolecular ET reactions of metanetal mixed valence
these reactions and the availability of open electronic and compounds with small bridging ligand®2®

vibrational channels involving excited states of the scavenger.
Thus, DWFC may be similar for the various scavengers. Indeed, |/ conclusion and Summary
the scavenging yield¥s. for a particular hydrated electron form ] o
for the different “good” scavengers tend to be very similar. For ~We have measured the electron-transfer scavenging kinetics
example,Ysc of H,O* are identical within experimental error of the precursor states of the UV multiphoton ionization of water
for NOs~, C®*, and Se@ . This is consistent with the and the single-photon ionization of Fe(G\) with various
barrierless limit because the scavenging rates do not vary with€/ectron scavengers. The analysis of these data, and other
the reduction potential of the different acceptors. (An exception Previously published data on the scavenging yields of other
to this trend is the radiolysis results, where ¥gof ecg' values electron precursor and hydrated electron excited states, leads
vary over a larger range. The variation in the radiolysis results t0 @ simple unified model for ET rates of the hydrated electron.
with the different scavengers may partly be in error due to The key result of thg analysis is that the ET rate constant per
complications from dynamic scavenging ef,avhich is a factor ~ Scavenger molecule in contact with the hydrated electrs
due to the slower time resolution of the pulsed radiolysis IS found to vary mversely with the volum_e of sp_ecmc_ form of
measurements!s Although the radiolysis results are corrected the hydrated electron. It is shown that this relationship follows
for dynamic scavenging, the correction process may still have SImply from the theoretical expectation thiatr ps should be
errors). proportional to the donor/acceptor electron overlap and cor-
The key to understanding tec dependence déer psis that respondingly, the average electron density of the hydrated
Hoa is proportional to the overlap of the donor/acceptor orbitals. €lectron form.
This implies that in the case of an overlap of a diffugerbital

with a localized~1 A acceptor orbital, thaverage kr psshould Acknowledgment. We gratefully acknowledge support of
be proportional to theaverage electron densitpf e, Cor- this research by the Basic Energy Sciences Program of_ the
respondingly,ketps should be inversely proportional to the Department of Engrgy and the Robert A. Welch Foundation.
volume ) of e, as shown in eq 10 We thank S. M. Pimblott, D. M. Bartels, P. J. Rossky, J. A.
LaVerne, and C. D Jonah for helpful discussions.
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