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In concentrated solutions of NaClO4 and Na2SO4, the quantum yield for free electron generated by detachment
from photoexcited anions (such as I-, OH-, ClO4

-, and SO3
2-) linearly decreases by 6-12% per 1 M ionic

strength. In 9 M sodium perchlorate solution, this quantum yield decreases by roughly 1 order of magnitude.
Ultrafast kinetic studies of 200 nm photon induced electron detachment from Br-, HO-, and SO3

2- and 228
nm photodetachment from I- suggest that the yield of thermalized, solvated electron does not change in these
solutions; rather, the ionic strength effect originates in more efficient recombination of geminate pairs. Within
the framework of the recently proposed mean force potential (MFP) model of charge separation dynamics in
such photosystems, the observed changes are interpreted as an increase in the short-range attractive potential
between the geminate partners. Association of sodium cation(s) with the electron and the parent anion is
suggested as the most likely cause for the observed modification of the MFP. Electron thermalization kinetics
suggest that the cation associated with the parent anion (by ion pairing and/or ionic atmosphere interaction)
is passed to the detached electron in the course of the photoreaction. The precise atomic-level mechanism for
the ionic strength effect is presently unclear; any further advance is likely to require the development of an
adequate quantum molecular dynamics model.

1. Introduction

In part 1 of this series,1 estimates for absolute quantum yields
(QYs) and cross sections for electron photodetachment from
miscellaneous aqueous anions were given. With a single
exception of perchlorate, these measurements were carried out
in dilute (<50 mM) solutions of these CTTS (charge transfer
to solvent) active anions. In this work, we explore the electron
dynamics for photoexcited anions in high ionic strength solu-
tions.

The motivation for such a study is provided by the recent
ultrafast kinetic studies of electron photodetachment from halide
2-6 and pseudohalide6-8 anions. These studies suggest the
existence of a weak attractive mean force potential (MFP)
between the residual radical (such as HO or a halogen atom)
and the ejected electron that localizes in its vicinity. This
attractive potential causes bimodality of the electron decay
kinetics: in the first 10-50 ps, these kinetics are exponential
(due to the fast escape and recombination of the electrons
situated near the bottom of the potential well);9 these rapid
kinetics are succeeded by a slowert-1/2 decay due to the
diffusional escape and recombination of hydrated electrons
which are thermally emitted from this potential well.2,7,9 For
polyvalent anions, only these slow kinetics are observed. In our
studies of SO32- and Fe(CN)64-, the fast exponential component
is lacking.6,10 This is not surprising since long-range Coulomb
repulsion between the electron and a radical anion (derived from

the parent polyvalent anion) should be much stronger than short-
range, weak attraction between the electron and a neutral radical
(derived from the parent monovalent anion). For the latter type
of geminate pairs, the MFP is thought to originate mainly
through the polarization of the residue (e.g., halide atom) by
the electron,2,11,12 though the electron-dipole interaction may
also be significant for pairs generated by electron photodetach-
ment from polyatomic anions. Experiments from the USC group
have shown that,11 for geminate pairs derived from monovalent
anions, the strength of the interaction (as estimated from MFP
model kinetic fits) increases with the polarizability of the radical/
atom, being at its maximum for iodine atoms. For chloride, the
MFP has been obtained theoretically, using quantum molecular
dynamics simulations and umbrella sampling by Staib and
Borgis.12 The strength of the simulated MFP between chlorine
and the solvated electron (which is a fewkTunits) is comparable
to the strength of the MFP that was extracted from the
experimental kinetics for aqueous iodide.2 Later work from
Borgis and Staib, partly designed to mimic chlorine/electron
pairs, simulated chloride/argon pairs in water and decomposed
the specificinteractions responsible for the MFP.13 Although
the MFP emerges as a sum total of many interparticle interac-
tions, this study showed that the dominant part is due to the
anion/polarizable atom pair interaction.

MFP models were found to quantitatively account for (i) the
temporal profile of the geminate recombination kinetics,2,6,7(ii)
the changes observed in these kinetics with increasing photo-
excitation energy (direct ionization that occurs at higher energies
broadens the spatial distribution of photoejected electrons),14

and (iii) temperature effects on the decay kinetics of electrons
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generated in 200 nm photoexcitation of hydroxide.7 The MFP
model also qualitatively accounts for the trends in the kinetics
observed for homologous anions (e.g., the correlation between
the potential well depth and the polarizability of the radical),11

as well as some trends observed for nonaqueous15 and mixed
solvents.3,4

Impressive as this record may appear, there is no direct,
unambiguous way in which the MFP profile can be extracted
from the experimental data, and this leaves room for selecting
the MFP parameters and the initial electron distribution to
accommodate any of the trends observed. For example, to
“explain” temperature effects on the geminate kinetics for (OH,
eaq

-) pairs generated in electron photodetachment from hydrox-
ide, it was postulated that the MFP for this pair becomes
shallower and more diffuse with increasing temperature.7

Although the entire set of 8-90 °C kinetics can be consistently
fit with these assumptions, there is currently no way of
demonstrating experimentally that the MFP behaves as postu-
lated. This uncertainty pertains to other studies: in the end, it
is not yet clear whether the MFP model is a correct (though
simplified) picture that captures peculiarities of electron dynam-
ics for photoexcited CTTS anions or merely a recipe for
producing kinetic profiles that resemble those observed experi-
mentally.

We believe that the MFP model does capture the reality, albeit
incompletely. The existence of a short-range interaction that
temporarily stabilizes close pairs is also suggested by experi-
mental16-18 and theoretical19 studies of Na- CTTS by Schwartz
and co-workers. These authors showed that electrons in the close
pairs (observed on the short time scale)16 responded differently
to IR photoexcitation17 than the electrons in more distant pairs.
The short-term electron dynamics observed in the sodide
photosystem has been viewed as the dissociation of these close
pairs (in which the electron and sodium atom reside in a single
solvent cavity) to solvent separated pairs (in which the species
are separated by 1-2 solvent molecules) that subsequently decay
by diffusional migration of the partners to the bulk.16,17,19

The purpose of the present study was to validate the use of
the MFP model for aqueous anions. The approach was to modify
this potential in a predictable way, through ionic atmosphere
screening of electrostatic charges, an approach employed with
some success for electron recombination after Fe(CN)6

4-

detachment.10 It was expected that, for geminate pairs derived
from monovalent anions, the screening of the electron would
weaken the electrostatic interactions of this electron with its
neutral partner and the survival probabilityΩ∞ of electrons that
escape geminate recombination would thereby increase. Con-
versely, for polyvalent anions, this probability would decrease
because the ionic atmosphere would screen the Coulomb
repulsion between the electron and its negatively charged
partner, the radical anion. As demonstrated below, these
expectations were not realized.

The experimental results show that both the survival prob-
ability and the quantum yield of free electronsdecreasewith
the ionic strength for all of the systems studied, whereas the
prompt quantum yield for the electron does not change (by this
“prompt” yield we mean the photoelectron yield attained at 2-3
ps after the excitation pulse, by the end of the solvation/
thermalization stage). The magnitude of this decrease is the same
for monovalent and divalent anions and changes little from one
photosystem to another; it also varies little with the salt that is
used to change the ionic strength. Although a similar magnitude
of the decrease in the survival probabilityΩ∞ of the electron
with increasing ionic strength was attained for all photosystems,

the rate for the attainment of this decrease varied considerably
among different photosystems.

Though we cannot presently suggest a detailed model that
accounts for these observations in their totality, it is certain that
ion screening cannot account for these results even at the
qualitative level. We suggest that the effect originates through
the modification of the MFP via alkali cation association with
the solvated electron and the parent anion; somehow, this
association makes the short-range attraction stronger, for all
anions.

In a closely related study, Lenchenkov et al. studied the effect
of addition of 0.04-4 M KBr on the dynamics of (Fe(CN)6

3-,
eaq

-) pairs generated by 255 nm photoexcitation of hexacyano-
ferrate(II) anion (ferrocyanide).10,20 For ferrocyanide CTTS, a
4% decrease per 1 M of KBr in the survival probability of
geminate (Fe(CN)6

3-, eaq
-) pairs (extrapolated from the kinetic

data obtained fort < 400 ps) was observed. As ion association
is particularly strong and documented in solutions of ferro-
cyanide, association of ferrocyanide with 1-3 potassium cations
was suggested to reduce the Coulomb repulsion between the
geminate partners.10 The results can also be interpreted in terms
of ionic atmosphere screening or a self-consistent combination
of screening and ion association.20 As seen from the results of
the present work, the ionic strength effect occurs even for
geminate pairs in which no Coulomb repulsion exists. Neverthe-
less, we believe that the root cause of this effect is the same for
all photoexcited anions: the short-range MFP (which may or
may not include Coulomb repulsion) is modified by the ion
association.

In the view of this latter conclusion, most of this paper
constitutes an extended proof of the assertions given above. That
task required combining several spectroscopic techniques,
including pulse radiolysis, laser flash photolysis, and ultrafast
pump-probe spectroscopy. To reduce the length of the paper,
additional experimental data and analyses that substantiate our
results have been placed in the Supporting Information.

2. Experimental Section

Nanosecond Flash Photolysis and QY Measurement.The
setup used to determine the QY for free electron formation has
been described in part 1 of this series.1 Fifteen nanosecond
fwhm, 1-20 mJ pulses from an ArF (193 nm) or KrF (248
nm) excimer laser (Lambda Physik LPX 120i) were used to
photolyze N2-saturated aqueous solutions. The laser and analyz-
ing light beams were crossed at an angle of 30° inside a 1.36
mm optical path cell. A fast silicon photodiode equipped with
a video amplifier terminated into a digital signal analyzer were
used to sample the transient absorbance kinetics (>3 ns). Two
pyroelectric energy meters were used to measure the power of
the incident and transmitted UV light during the kinetic
sampling. A total of 200-500 mL of the solution being studied
was circulated through the cell using a peristaltic pump. The
typical flow rate was 2-3 mL/min; the repetition rate of the
laser was 1.25 Hz. Purified water with a conductivity of<2
nS/cm was used to prepare the aqueous solutions. The UV
spectra were obtained using a dual beam spectrophotometer
(OLIS/Cary 14).

The typical QY measurement included determination of laser
transmissionT through the sample, transient absorbance∆ODλ
of the photoproduct at wavelengthλ of the analyzing light, the
laser energyIabsabsorbed by the sample, and the incident beam
energyI0. The QY was determined from the initial slope of
∆ODλ vs Iabs that was corrected for the window transparency
and noncollinear beam geometry. If not stated otherwise, the
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absorbance of hydrated electron atλ ) 700 nm (ε700 ) 20560
M-1 s-1)21,22 at the end of the UV pulse (t ) 30 ns) was used
to estimate the electron yield. The anion concentration and light
fluence were chosen so that the decay half time of this electron
(due to cross recombination) was>5 µs. Supporting experiments
designed to establish the effect of salts on the hydrated electron
spectrum were carried out by pulse radiolysis;16 details are given
in section 1S.

Ultrafast Laser Spectroscopy. The femtosecond kinetic
measurements at Argonne were obtained using a 1 kHz
Ti:sapphire laser setup whose details are given in refs 7 and 8.
Stretched 2 nJ pulses from a Ti:sapphire oscillator were
amplified to 4 mJ in a home-built two-stage multipass Ti:
sapphire amplifier. The amplified pulses were passed through
a grating pair compressor that yielded Gaussian pulses of 60 fs
fwhm and 3 mJ centered at 800 nm. The amplified beam was
split into three parts of approximately equal energy. One beam
was used to generate 800 nm probe pulses while the other two
were used to generate the 200 nm (fourth harmonic) pump pulses
by upconversion of the third harmonic. Up to 20µJ of the 200
nm light was produced this way (300-350 fs fwhm pulse). The
pump and probe beams were perpendicularly polarized, focused
to round spots of 50µm and 200-300 µm in radius, respec-
tively, and overlapped in the sample at 6.5°. Commonly in the
pump-probe experiments, the pump beam envelopes the probe
beam. We reversed this geometry because of the poor quality
of the 200 nm beam (“hot spots” in the beam profile). This
reverse geometry minimizes the sensitivity of the absorption
signal to fluctuations of the “hot spot” pattern and the walk-off
of the probe beam relative to the pump beam (which was
typically 5-10 µm). The tradeoff was a considerable reduction
in the signal magnitude that was more than compensated by
improved signal-to-noise ratio and shot-to-shot stability.

The probe and the reference signals were detected with fast
silicon photodiodes, amplified, and sampled using home-built
electronics. The typical standard deviation for a pump-probe
measurement was 10-5 ∆OD, and the “noise” was dominated
by the variation of the pump intensity and flow instabilities in
the jet. The vertical bars shown in the kinetics represent 95%
confidence limits for each data point. Typically, 150-200 points
acquired on a quasi-logarithmic grid were used to obtain these
kinetics. The experiments were carried out in flow, using a 150
µm thick high-speed jet. An all 316 stainless steel and Teflon
flow system was used to pump the solution.

The experiments at the University of Southern California were
carried out using a 200 kHz Ti:sapphire amplified laser system
and a pump-probe spectrometer which have been described
elsewhere.3-5,10 Briefly, the regenerative amplifier produces
pulses of 60 fs fwhm at 800 nm. A small fraction of the
fundamental is split off for use as a probe while the remainder
is frequency doubled to 400 nm to drive an optical parametric
amplifier (OPA). A total of 228 nm pulses (5 nJ) are generated
by sum frequency mixing the signal output of the OPA with
the residual 400 nm light. The perpendicularly polarized pump
and probe beams at the sample were focused to 50 and 35µm
diameter spots, respectively. The solutions were flowed through
a 200µm optical path Suprasil cell. The instrument response
function for both spectrometers is 350 fs or better.

Materials and Solution Properties.Reagents of the highest
purity available from Aldrich were used without further
purification. The solutions were made of crystalline salts with
the exception of hydroxide solutions, which were made using
high-purity 0.989 N analytical standard KOH.

Density, viscosity, activity, and ion diffusivity charts for
sodium sulfate and sodium perchlorate solutions were taken from
the literature (some of the relevant data are given in Figures
1S-3S in the Supporting Information).24,25 In saturated room-
temperature solution, these molarities and the densities are 1.84
M and 1.21 g/mL for sodium sulfate and 9.32 M and 1.68 g/mL
for sodium perchlorate, respectively.25 The refractive indices
of these solutions change very little relative to that of neat water
(at saturation, 1.368 for NaClO426 and 1.364 for Na2SO4

27 vs
1.333 for water;27 for the sodium line). The density of the
solution scales approximately linearly with the molarity of the
salt (Figures 1S(a) and 3S(a)).24 This increase in the density
results in a higher stopping power for 20 MeV electrons in
concentrated solutions and has important implications for pulse
radiolytic experiments (section 1S). The quantity that changes
most with the salinity is the bulk viscosity: from 1 cP for water
to 1.9 cP for sodium sulfate (Figure 1S(a)) and to 8 cP for
sodium perchlorate (Figure 3S(a)), for saturated solutions (for
the latter salt, most of the increase in the viscosity occurs
between 6 and 9 M, Figure 3S(a)). Microscopic diffusion
coefficients for the corresponding ions change less than these
bulk viscosities.24 In 2.5 M NaClO4 and 1.8 M Na2SO4, the
sodium cation migrates ca. 30% more slowly than in water
(Figures 1S(b) and 3S(b)). In 0.5-2 M Na2SO4, the diffusion
coefficient of sulfate is constant, also ca. 30 % lower than in
water (Figure 1S(b)). Thus, the drag of the ionic atmosphere
on the migration of these ions is relatively weak. The (nominal)
ionic strength given below in section 3 was calculated assuming
the absence of ion pairing. For sodium sulfate, Raman spec-
troscopy,28 dielectric permittivity,29 ultrasonic absorption,30 and
conductivity31 studies suggest the occurrence of noncontact ion
pairs in which the sulfate anion and the sodium cation are
separated by one or two water molecules. Since the ion activities
rapidly decrease with the salt concentration (Figure 2S(a)),29

the association constant decreases by 2 orders of magnitude from
dilute to saturated solution (see Figure 3 in ref 23), and ion
pair formation peaks at ca. 0.2 M (Figure 2S(b)).29 When this
ion pairing is included, the ionic strength of the Na2SO4

solutions is ca. 2.83 times the molarity of the sodium sulfate
(Figure 2S(b)).

3. Results

This section is organized as follows. First, the choice of (inert)
salts used to change the ionic strength of CTTS anion solutions
under study is justified. It is shown that only two types of such
salts, perchlorates and sulfates, can be used for studies of the
ionic strength effect in the CTTS photosystems (section 3.1).
The addition of these salts shifts the absorption spectra of CTTS
anions and the hydrated electron to the blue (sections 3.2 and
1S, respectively). Since the molar absorptivities of the parent
anion and the electron are therefore concentration dependent,
this spectral shift has to be taken into the account for our QY
measurements. The effect of salts on the spectrum and molar
absorptivity of the electron are examined in sections 1S and 2S
in the Supporting Information. The latter data suggest that the
oscillator strength of the sf p transition in the visible does
not change with the ionic strength. Using the estimates forε700

obtained therein, absolute quantum yields,φ, were obtained as
a function of the ionic strengthI (section 3.3). All of these
dependencies were linear, with a negative slope of 6-12% per
1 M of ionic strength. Ultrafast pump-probe spectroscopy was
used to demonstrate that this effect originates through a
perturbation in the recombination dynamics of the corresponding
geminate pairs; there is no ionic strength effect on theprompt
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yield of photoelectrons in the CTTS excitation (section 3.4).
The kinetics for electron photodetachment from bromide and
iodide are analyzed using an MFP model of geminate recom-
bination based on the work of Shushin.7,9 These analyses
suggest that the short-range attractive potential between the
geminate partners increases with ionic strength.

3.1. Choice of the Ion Atmosphere.In our experiments, the
ionic strength of aqueous solutions was changed by addition of
sodium sulfate and sodium perchlorate. This choice was dictated
by the following practical considerations.

First, most anions are reactive toward the radical generated
in the course of electron photodetachment. Typical reactions
include addition (e.g., halogen atoms and OH radicals readily
add to halide anions) and oxidation (OH, SO3

-, and SO4
- are

very strong oxidizers). Sulfate and perchlorate are two isoelec-
tronic anions for which no addition or oxidation reactions have
ever been reported. This guarantees that the salts used for
changing the ionic strength are notchemicallyinvolved in the
electron detachment and/or geminate recombination.

Second, the anions must be sufficiently weak absorbers of
photoexcitation light, even at molar concentration of these
anions, so that most of the photoexcitation light is absorbed by
the CTTS anions of interest which are present in a relatively
low concentration. The latter consideration forced us to use
CTTS anions that were good light absorbers (ε > 500 M-1

cm-1) at the photoexcitation wavelength, such as iodide at 248
and 228 nm and hydroxide at 193 nm (see Table 1 in ref 1) and
to use sufficiently high concentrations of these anions so that
<0.1% of the light was absorbed by the buffer salt (in flash
photolysis experiments). Nanosecond observations suggested
that neither sulfate nor perchlorate yield electrons by single 248
nm photon excitation, even in saturated solutions (the QY is
<10-4). For 193 nm photoexcitation, because sulfate is a
relatively strong light absorber (ε193 ) 46 ( 7 M-1 cm-1),1

only perchlorate can be used (ε193 ) 0.565( 0.007 M-1 cm-1).1

3.2. Effect of Salts on the CTTS Bands of Anions.It is
known from previous studies that addition of salts to water shifts
the CTTS absorption bands of anions to the blue. According to
Blandamer and Fox32 and Stein and Treinin,33 this shift changes
neither the shape of the absorption band nor the molar
absorptivity of the anion at the band maximum. The latter
authors studied the effect of NaClO4 and Na2SO4 on the
absorption of aqueous iodide; however, only band maxima
positions were reported. To obtain more detailed data, UV
spectra of 0.7 mM NaI in 1 mm and 10 mm optical path cells
were collected as a function of salt concentration. Forλ > 205-
210 nm, the (low energy sub-) band was perfectly Gaussian;
the bandwidth (314( 4 meV) and the molar absorptivity at
the maximum (1.1× 104 M-1 cm-1) changed<2% with the
salt concentration (Figure 1a). For both salts, the blue shift
(-∆λ) linearly increased with the nominal ionic strength, and
the band shifts given by Stein and Treinin33 were in perfect
agreement with those obtained in this work (Figure 1b). In
energy units, the band shifts for sodium perchlorate and sodium
sulfate are 26 and 13.4 meV per 1 M ionic strength. Thus, in 9
M NaClO4 solution, the band shift is ca. 10 nm. Such a large
shift strongly changes the molar absorptivity of the anion at
the low energy band tail. Figure 1c shows the plot of the molar
extinction coefficientε248 of iodide at 248 nm as a function of
the ionic strength. These data were obtained from spectro-
photometric data of Figure 1a and compared with values
estimated from the transmission of 248 nm light from the KrF
laser. These two methods gave similar results: As seen from
this plot, an increase in the ionic strength causes a large decrease

in the molar absorptivity. For 9 M NaClO4 solution, the molar
absorptivity of iodide decreases by more than a decade. Only
for this I-/NaClO4 photosystem was the blue shift sufficiently
large to produce nonlinear dependence of the molar absorptivity
(at the band edge) on the salt concentration. For other photo-
systems studied at 248 and 193 nm, the molar absorptivity
linearly decreased with the salinity. For hydroxide at 193 nm
(where the anion has a band maximum), the molar absorptivity
changed from 3000 M-1 cm-1 in water to 900 M-1 cm-1 in 9
M NaClO4 solution (see Figure 4S). For sulfite at 248 nm, the
molar absorptivity changed from 40 M-1 cm-1 in water to 25
M-1 cm-1 in 1.8 M Na2SO4 (see Figure 4S). Thus, for all
photosystems (including 200 nm photosystems), the absorptivity
of the solution at the excitation wavelength systematically
decreases with the ionic strength.

As shown in section 1S in the Supporting Information (see
also Figures 5S and 6S and refs 34-36), addition of salts blue-
shifts the sf p absorption band of hydrated electron in a manner
similar to that of the anion CTTS bands. This effect has to be
taken into account when the quantum yield of electron photo-
detachment is estimated.

3.3. Quantum Yields for Electron Photodetachment by
248 and 193 nm Light.As explained in section 1S, the absolute

Figure 1. (a) Solid lines: Absorption spectra of 0.7 mM NaI vs sodium
perchlorate concentration (1 cm optical path cell). The molar concentra-
tions of the perchlorate (from right to left) are 0, 1, 2.5, 5, 7, and 9 M
(the direction of the increase in the ionic strengthI is indicated with
an arrow in the plot). Dashed lines are the Gaussian fits to these
absorption spectra. (b) Negative shift∆λ of the band maximum for
aqueous iodide vs the nominal ionic strength of sodium perchlorate
(circles) and sodium sulfate (squares). Empty symbols indicate the data
obtained in the present work; filled symbols are data taken from ref
33. (c) Molar absorptivity of aqueous iodide at 248 nm (given in the
units of M-1 cm-1) vs the salinity of photolyzate (that was changed by
addition of NaClO4 and Na2SO4). The circles are for sodium perchlorate
and the squares are for sodium sulfate solutions. The filled symbols
are spectrophotometric data from (a); the empty symbols are 248 nm
laser transmission data (sections 2 and 3.4). The solid line is an
exponential fit.
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extinction coefficientε700 of the hydrated electron in saline
solutions is not known accurately since the absorption spectrum
changes with salinity. Therefore, we first determine the quantity
Φrel (the ratio of photodetachment cross sections) given by

whereI is the ionic strength. This quantity can be determined
directly from the plots of end-of-pulse transient absorbance of
the electron at 700 nm (∆OD700) vs the absorbed laser power
Iabs. Typical plots for 38.5 mM sulfite and 2 mM iodide in
Na2SO4 solution are shown in Figure 2, parts a and b,
respectively. All of the photosystems exhibited linear depend-
encies of∆OD700 vs Iabsso that the productφε700 can be readily
obtained from the slopes of the corresponding plots. Theseφε700

products were then plotted vs the ionic strength of the solution;
all such dependencies were linear. Extrapolation of these linear
dependencies to zero ionic strength gave the estimate for the
productφ(I ) 0) ε700(I ) 0) by whichΦrel (eq 1) was calculated.
The estimates forφ(I ) 0) that were obtained in this work using
the known molar absorptivity of hydrated electron in dilute
aqueous solutions were within 3% of the values reported in
Table 1, ref 1.

One of the photosystems studied, OH-/NaClO4 excited by
193 nm light, needed special treatment, because some of the
excitation light was absorbed by sodium perchlorate (Figures
2c and 7S). As shown in part 1 of this series,1 perchlorate yields
electrons by one- or two- 193 nm photon excitation (the one-
photon QY is 4 × 10-3). Since the absorption band of
perchlorate shifts to the blue with the perchlorate concentration,

at least 20-50% of the 193 nm light is absorbed by 1-2 mM
hydroxide, even in 9 M NaClO4 solution. In dilute aqueous
solution, the QY for hydroxide is ca. 0.11,1,37,38 and <3% of
the electron absorbance signal was from perchlorate, for all
concentrations of the latter. Still, corrections were necessary to
determine QYs for the OH-/NaClO4 photosystem, as the extra
193 nm absorbance by perchlorate has the effect of reducing
the apparent electron yield. To compensate for this effect, the
absorbance OD193 of the solution at 193 nm was determined
and plotted as a function of hydroxide concentration (Figure
7S). These dependencies were linear and exhibited a positive
offset at [OH-] ) 0 (due to the light absorbance by perchlorate),
from which the fraction of photons absorbed by hydroxide can
be estimated (as the ratio of hydroxide absorbance OD193(OH-)
to the total absorbance). The absorbed laser powerIabs was
corrected by this ratio giving the laser powerIabs(OH-) absorbed
by hydroxide alone:Iabs(OH-) ) Iabs(OD193(OH-)/OD193). As
shown in Figure 2c, when∆OD700 is plotted against this latter
quantity, the points obtained for different hydroxide concentra-
tions are on the same line, which justifies the whole approach.

Figure 3a gives the resulting plots ofΦrel as a function of
the ionic strength (the data for electron photodetachment from
perchlorate itself1 are also included). It is seen that the decrease
in Φrel is similar for all four of the CTTS anions being studied
(varying from 6 to 10% per 1 M ionic strength) in either sodium
sulfate and sodium perchlorate solutions. Examination of Figure
3a suggests thatΦrel decreases mainly due to a decrease in the
absoluteQY for electron photodetachment; the change in the
molar absorptivity of the hydrated electron is relatively unim-
portant. Indeed, in 9 M NaClO4, Φrel for iodide is ca. 20 times
lower than in water, whereas the estimated decrease inε700 is
just 20% (Figure 3b and section 1S). For 1.7 M Na2SO4, Φrel is
ca. 0.4 whereas the estimated decrease inε700 is just 5%. As
demonstrated in section 2S, the changes in the electron
absorptivity at 700 nm with increasing salinity are as small as
suggested by our pulse radiolysis data in section 1S, and the
decrease in the absolute QY for electron photodetachment is as
large as suggested by the data of Figures 3a and 6S. To prove
that, the yield-absorptivity products for hydrated electron and
I2

- anion generated in electron photodetachment from aqueous
iodide were determined as a function of ionic strength (section
2S and Figure 8S therein). Assuming that the absorptivity of
I2

- 39,40does not change with salinity (as suggested by the data
in section 2S), the ratioε700/ε700(I ) 0) for hydrated electron
was obtained (section 2S and Figure 3b). Using this ratio, the
ratiosφ/φ(I ) 0) were estimated from the data shown in Figure
3a using eq 1 (Figure 3c). Since the decrease in the electron
absorptivity with ionic strength is relatively small, the two plots
(Figure 3, parts a and c) look very similar.

To summarize these QY data, the quantum yield of electron
photodetachment rapidly decreases with increasing ionic strength
of the solution (Figure 3c). The magnitude of the decrease in
the QY per 1 M ionic strength is similar for all of the
photosystems studied. Note that the decrease in the molar
absorptivity of CTTS anions with the ionic strength has already
been factored into the calculation of the QYs since we directly
measured the absorption of the excitation light by these
solutions. The concomitant decrease in the molar absorptivity
of the electrons at 700 nm has also been taken into account, as
explained above.

It should be stressed that we are not first to look for the ionic
strength effect on the electron yield.41,42These previous studies
were excluded from our consideration so far because we believe
that the data were compromised by inadequate choice of anion

Figure 2. Transient absorption of photoelectrons (observed at 700 nm)
vs absorbed laser power. The direction of increase in the nominal ionic
strengthI of photolyzed solution is indicated by an arrow. The solid
lines drawn through the data points are linear fits. (a) Electron
absorbance in 248 nm laser photolysis of 38.5 mM sulfite in (from top
to bottom) 0.36, 0.73, 1.19, and 1.73 M sodium sulfate and (b) 2 mM
iodide in (from top to bottom) 0.174 M (squares), 0.353 M (triangles),
0.59 M (diamonds), 0.9 M (circles), and 1.7 M (upturned triangles)
sodium sulfate. (c) Electron absorbance in 193 nm laser photolysis of
hydroxide in (from top to bottom) 2.1, 4.5, and 9 M sodium perchlorate
vs the laser powerIabs(OH-) absorbed by the hydroxide. [KOH] was
0.75 mM (squares) and 1.5 mM (triangles) for 2.1 M NaClO4 series,
0.75 mM (squares) and 1.5 mM (upturned triangles) for 2.1 M NaClO4

series, 2 mM (circles) for 4.5 M NaClO4 series, and 1 mM (triangles)
and 2 mM (diamonds) for 9 M NaClO4 series.

Φrel ) φ

φ(I ) 0)

ε700

ε700(I ) 0)
(1)
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photosystems. In particular, Jortner et al.41 claimed the absence
of the effect for 254 nm photoexcitation of aqueous iodide.
Specifically, they looked for an effect of addition of 2.5 and 5
M HCl on the evolution of H2 from a solution that contained
0.15 M iodide and 9 M LiCl. In a different experiment, the
effect of the addition of 1 M KBr on the formation of iodine in
N2O-saturated solution containing 0.15 M KI and 1.8 M H2SO4

was sought. It is difficult to interpret these data since in both
of these cases the reference systems were also concentrated
solutions. Furthermore, under the experimental conditions, Cl-

and Br- reacted with iodine atoms and hydrated electrons
reacted with hydronium ions on a subnanosecond time scale;
that is, the geminate dynamics were perturbed in a major way.
Ohno42 observed that in 254 nm photoexcitation of ferrocyanide
the electron yield estimated from N2 evolution in N2O saturated
solution decreased linearly with the concentration of sodium
sulfate and sodium perchlorate (<1 M) added to the reaction
mixture (19% and 32% decrease per 1 M of ionic strength,
respectively). This decrease is much greater than shown in
Figure 3c; however, Fe(CN)6

4- is known to strongly associate

with 1-3 alkali cations,10,20even in dilute solutions,10,43and in
that propensity, it is different from the anions studied herein.
Furthermore, the absolute QYs obtained for Fe(CN)6

4- by
Ohno42 are 2 times lower than any other published estimate for
this quantum yield (see Tables 1 and 4 in ref 1).

The QYs determined using flash photolysis are quantum
efficiencies for the formation of afree electron that escaped
recombination with its geminate partner. This quantity is given
by the product of a prompt QY for the electron formation (which
depends on the details of dissociation of a short-lived CTTS
state on subpicosecond time scale) and a fractionΩ∞ of electrons
that escape geminate recombination on a subnanosecond time
scale. It is not obvious from the data of Figure 3c, which one
of these two factors is responsible for the observed decrease in
the (free) electron yield with the increased ionic strength. The
previous observations of an ionic strength effect on the quantum
efficiency of electron detachment from Fe(CN)6,4- by Ohno,42

were interpreted by the author as the effect of solvent cage
constriction around the CTTS state; in other words, the decrease
in the yield of free electrons was thought to result from the
decrease in thepromptelectron yield attained in the course of
this CTTS state dissociation. This interpretation is at odds with
the recent results of Lenchenkov et al.10,20 for the same
ferrocyanide photosystem suggesting that addition of KBr
changes the escape fractionΩ∞ of the photoelectrons rather than
their prompt quantum yield.

In the next section, ultrafast spectroscopy is used to demon-
strate that the ionic strength effect is dynamic in origin and
develops on the time scale of hundreds of picoseconds; the
prompt electron yield does not change with the salt concentra-
tion.

3.4. Ultrafast Pump-Probe Spectroscopy of Anions in
Concentrated Solutions.3.4.1. Bromide and Iodide.We have
seen in the previous section that the electron quantum yield from
I- is strongly dependent on ionic strength. Let us now consider
how ionic strength alters the time-dependent geminate recom-
bination observed after halide anion photodetachment. Brad-
forth’s group has in earlier work studied the effect of KI
concentration on the geminate recombination dynamics of (I•,
eaq

-) pair and found no concentration effect up to 0.2 M.4 Here
we examine the much higher ionic strength range where an
effect is observed in the overall quantum yield.

Bromide has an absorption maximum at 200 nm,32 and blue
shift of the absorption band with the ionic strength has relatively
little effect on the molar absorptivity of this anion at the
photoexcitation wavelength.44 Due to the large absorptivity of
this anion at 200 nm (104 M-1 cm-1), photoexcitation of sulfate
and perchlorate is negligible in the 20-80 mM NaBr solutions
that were used (see section 3S in the Supporting Information).
Likewise, when iodide is photoexcited at 228 nm, which is near
the CTTS band peak (see Figure 1a), the absorption by
perchlorate is negligible. We note that 228 nm rather than 200
nm excitation was chosen for I- as 200 nm photoexcitation
(which lies in the second CTTS band) leads to some direct
ionization which competes with the CTTS photoprocess and
modifies the geminate recombination kinetics.14 For bromide,
there is no variation in detachment dynamics at 200 and 228
nm, i.e., across the low-energy CTTS subband (see part 3 of
this series).6

Typical 800 nm transient absorption kinetics obtained from
30 mM bromide and 10 mM iodide in sodium perchlorate
solutions are given in Figure 4(a) and Figure 5(a), respectively.
Additional data for bromide in sulfate solutions are shown in
Figures 11S and 12S. The initial very rapid kinetics (t < 3 ps)

Figure 3. (a) Relative cross sectionΦrel of electron photodetachment
(given by eq 1) as a function of the nominal ionic strengthI of iodide
(filled circles) and sulfite (empty diamonds) in sodium sulfate solutions
and iodide (empty triangles) in sodium perchlorate solutions and 193
nm photoexcitation of perchlorate (empty circles) and hydroxide (empty
squares) in sodium perchlorate solutions. (b) Ionic strength dependence
of relative molar absorptivityε700/ε700(I ) 0) of solvated electron at
700 nm in sodium perchlorate (circles) and sodium sulfate (squares)
solutions obtained as explained in section 2S. The solid (i) and dashed
(ii) lines (for perchlorate and sulfate, respectively) were calculated from
the data of Figure 6S(b) assuming the constancy of the oscillator
strength of the corresponding optical transition. (c) Relative quantum
yield φ/φ(I ) 0) of electron photodetachment vsI for the anions shown
in plot (a) (same notation). The linear plots (solid lines marked (i),
(ii), and (iii)) correspond to decreases of 11%, 9.8%, and 6.2% per 1
M ionic strength, respectively.
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are from electron thermalization and solvation. For higher
concentrations of NaClO4, these kinetics become progressively
faster and the optical density at 5-10 ps systematically
decreases. Both of these trends are due to shifting of the
absorption band of the thermalized electron to the blue (section
1S). The decrease in the prompt signal from the presolvated
electron with NaClO4 concentration is relatively small (because
the absorptivity of this presolvated species changes little with
the ionic strength). In water, the maximum of the electron band
is ca. 719 nm,22,36which is close to our probe wavelength (800
nm). In 9 M NaClO4, this band maximum shifts to 636 nm
(section 1). From previous studies of electron thermalization in
water photoionization45-47 and iodide photoexcitation,3 it is
known that the band maximum of the presolvated electron
systematically shifts to the blue in the first 500-800 fs. After
the first 2 ps, this maximum reaches its equilibrium position3,45,47

In the photoionization of neat water,45 further spectral evolution
is due to narrowing of the band to the red of the band maximum
and widening of the band to the blue of the band maximum.45,46

The greater the observation wavelength with respect to this
maximum is, the greater the reduction in the electron absorbance
during the thermalization process is and the faster the thermal-
ization kinetics is.45 This can be demonstrated by changing the
observation wavelength45,46or by increasing the temperature of
the solution (the spectrum of hydrated electron shifts to the red
with increasing temperature, and the effect is exactly opposite
to that shown in Figures 4a and 5a).47,48 The decrease of the

800 nm absorbance at the end of the thermalization process (at
5-10 ps) with [NaClO4] reflects the decrease in the molar
absorptivity of hydrated electron; when the latter is taken into
account using the data obtained in section 1S (see Figure
13S(a)), there is little variation in the yield of the thermalized
electron at 5-10 ps (Figure 13S(b)).

In Figures 4b and 5b, the same kinetics resulting from electron
detachment from the two anions have been normalized at 5 ps
(by which time the spectral evolution due to the electron
solvation and thermalization is over). These normalized kinetics
begin to diverge only after the first 40-50 ps. At 500 ps, this
divergence is very large: the probabilityΩ(t) of the electron
survival rapidly decreases at higher ionic strength. The same
behavior is observed in all cases: for sodium perchlorate and
sodium sulfate solutions of bromide and for sodium perchlorate
solutions of iodide. In the latter case, data at higher ionic strength
show the same trend but with poorer signal-to-noise ratio, and
thus have been omitted from Figure 5.

To a first approximation, thet > 5 ps kinetics shown in
Figures 4 and 5 are biexponential,2-7 and the escape probability
Ω∞ for t f ∞ can be readily estimated from the corresponding
least-squares fits (as explained in section 3.4.3, a more complex
type of fit has actually been used, but the main result does not
depend on the specific prescribed profile of the kinetics). These
escape probabilities are plotted vs the ionic strength of the
corresponding salt solutions in Figure 6a. The survival prob-
ability of the geminate pair decreases linearly with the ionic
strength with a slope (expressed in relative terms) of ca. 9%
per 1 M for bromide (200 nm photoexcitation) and ca. 12% for
iodide (228 nm photoexcitation). This slope is close to the slope

Figure 4. (a) 200 nm pump-800 nm probe transient absorption
kinetics of electron in photolysis of 30 mM NaBr in solution containing
2.4 to 9.25 M sodium perchlorate. The molarity of NaClO4 is indicated
in the color scale. Absorption signal (i) is from 9.3 M perchlorate with
no bromide added (under the same excitation conditions). The absorp-
tion of 200 nm photoexcitation light by perchlorate in the bromide
solutions was negligible. The vertical bars are 95% confidence limits.
(b) The same kinetic data (circles) normalized att ) 5 ps (the upper
trace is for aqueous bromide with no NaClO4 added). The same color
coding used as in (a); the direction of the increase in the nominal ionic
strengthI is indicated by an arrow. The solid lines drawn through the
symbols are simulations using Shushin’s theory (section 3.4.3) with
the parameters given in Figure 6.

Figure 5. (a) Normalized 228 nm pump-800 nm probe kinetics of
photoelectron generated by photolysis of 10 mM NaI in concentrated
sodium perchlorate solutions. The molarity of perchlorate is given in
the legend. These kinetics were polynominally smoothed and normal-
ized att ) 5 ps. (b) Normalized decay kinetics of hydrated electron
generated by 228 nm photoexcitation of 10 mM NaI in (from top to
bottom) 0, 2.41, 3.21, and 4.78 M NaClO4 (scattered dots; no
smoothing). See also Figure 6a, trace (ii). The solid lines are the least-
squares fits obtained using Shushin’s theory equations. (c) As shown
in the inset, the molar absorptivity of iodide at 228 nm rapidly decreases
with increasing [NaClO4]. For this reason, the prompt∆OD800 signal
from the electron obtained by 228 nm photoexcited 10 mM iodide
solution also decreases with increasing [NaClO4].
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of 8-11% per 1 M observed for the decrease in QY of free
electron in 248 nm photoexcitation of iodide and sulfite (Figure
3(c)). Thus, the answer to the question formulated at the end of
section 3.3 is that the QY of free electron decreases as a function
of the ionic strength due to the decrease in the fraction of
electrons that escape geminate recombination; the prompt yield
of thermalized electrons does not change significantly with the
addition of salts.

Interestingly, the transformations of the kinetics with the
increasing ionic strength shown in Figures 4 and 5 are exactly
opposite to the transformations observed for the decay kinetics
in 200 nm photoexcitation of hydroxide with increasing tem-
perature.7 An increase in the temperature red-shifts the spectra
of halide/pseudohalide anions and the hydrated electron and
increasesΩ∞; the main difference between the effect of the salt
addition and the effect of the temperature increase is that for
the latter the normalized kinetics diverge on the time scale of
tens rather than hundreds of picoseconds.7 Still, the overall
behavior is strikingly similar: the effect of increasing the ionic
strength largely resembles the effect of lowering the solution
temperature.

We will return to the interpretation of the geminate recom-
bination kinetics in section 3.4.3. For now, it suffices to note
that the ionic strength effect on the geminate recombination is
slow to develop: for electrons photodetached from halide anions
it takes 300-500 ps for this effect to develop fully. As shown
in the next section, for other photosystems this time lag is even
longer.

3.4.2. Sulfite and Hydroxide.Figure 7a shows the decay
kinetics of electrons obtained in 200 nm photoexcitation of 40
mM sulfite in concentrated Na2SO4 solution (nonnormalized
kinetics are shown in Figure 14S(a)). The thermalization kinetics
follow the same transformations as those observed for bromide
in NaClO4 solutions (albeit on a smaller scale, due to a smaller
blue shift of the hydrated electron band in the sodium sulfate
solution, Figure 5S). Normalization of the transient absorbance
from the hydrated electron att ) 5 ps by the molar absorptivity
of the electron at 800 nm (which linearly decreases with the
increase in ionic strength, see Figures 13S(a) and 13S(c)) shows
that the prompt yield of the thermalized electrons change very
little in these sodium sulfate solutions (as was also observed
for bromide, see section 3.4.1). When these kinetics are

normalized at 5-10 ps (at the end of the thermalization kinetics)
the “tails” of these kinetics (t >100 ps) barely diverge, though
one can see that att ) 500 ps the escape of electrons in water
is more efficient than this escape in 1.83 M Na2SO4 solution.
Similar behavior was observed for 200 nm photoexcitation of
the sulfate anion in concentrated Na2SO4 solutions (see section
3S and Figures 9S(a) and 10S therein): the escape probability
of the electron att ) 500 ps for 1.8 M solution was ca. 12%
lower than for 0.74 M solution.

For hydroxide, the changes in the escape probability are even
smaller than for sulfite. As shown in Figure 14S(b), the changes
in the kinetics are confined to thermalization dynamics; the
normalized kinetics after 10 ps are nearly the same, with barely
perceptible divergence after the first 200 ps (Figure 7b). The
lack of an ionic strength effect on theset < 500 ps kinetics is
not completely unexpected: Crowell and co-workers7,8 have
studied the effect of addition 1-10 M KOH on the electron
and OH radical dynamics in 200 nm photoexcitation of
hydroxide. No effect was observed. Thus, for hydroxide and
sulfite, not only there is no effect of the ionic strength on the
prompt yield but there appears to be little decrease in the survival
probability of the geminate pair in the first 500 ps after the
electron detachment.

In section 3.3, a large effect of the ionic strength on thefree
electron yield was observed for 193 nm photoexcitation of
hydroxide and 248 nm photoexcitation of sulfite. Since our
ultrafast measurements suggest that the initial quantum yield
of hydrated electron does not change with ionic strength of the
solution, it follows that the kinetics obtained at different
concentrations of the salt should eventually diverge. For sulfite
and sulfate, only the initial stages of this divergence were
observed in the first 500 ps. Apparently, what distinguishes
hydroxide, sulfate, and sulfite from halide anions is that the
time scale on which the geminate dynamics diverge (eventually
approaching similarΩ∞) is much longer: the full effect is
perhaps attained on the time scale of a few nanoseconds.

3.4.3. Kinetic Simulations for Halide Anions.As stated in
the Introduction, electron dynamics observed in the previous
studies of electron photodetachment from monovalent aqueous

Figure 6. Simulation parameters used to fit the data shown in Figures
4b and 12S (for bromide) and Figure 5b (for iodide) vs the nominal
ionic strengthI of the aqueous solution. (a) The escape probabilitypd

of the photoelectron in (i) 200 nm photoexcitation of bromide in sodium
sulfate (open squares) and sodium perchlorate (open circles) solutions
and (ii) 228 nm photoexcitation of iodide in sodium perchlorate (filled
circles). (b) Dissociation (Wd, circles) and recombination (Wr, squares)
rate constants for caged (Br, eaq

-) pairs plotted vs ionic strength of
concentrated sodium perchlorate solutions.

Figure 7. Normalized 200 nm pump-800 nm probe kinetics of
photoelectron generated by photolysis of (a) 40 mM Na2SO3 and (b)
200 mM KOH in concentrated sodium sulfate solutions. The molarity
of sulfate is given in the color scale. These kinetics were normalized
at t ) 5 ps. See Figure 14S for nonnormalized kinetics.
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anions broadly conformed to the MFP model. One particular
realization of this model is the semianalytical theory of Shushin.
9 We refer the reader to refs 7 and 9 for a rigorous formulation
of that model. Very briefly, Shushin9 showed that, under most
realistic conditions, the time dependent survival probabilityΩ(t)
of a geminate pair is not sensitive to the radial profileU(r) of
the MFP per se. Rather, this probability depends on a few global
parameters that can be analytically derived from this potential.
These parameters are the Onsager radiusa (at which the
potential equals the Boltzmann energy,U(a) ≈ - kT) and the
first-order ratesWr andWd for the recombination and dissocia-
tion from the potential well (r < a), respectively (so thatW )
Wd + Wr is the total rate of the decay of pairs inside the potential
well). From these three parameters and the mutual diffusion
coefficientD of the pair, two dimensionless parameters can be
obtained: the survival probabilitypd ) Wd/W of the geminate
pair generated inside the potential well (Ω∞ ) pd) and R )
pd(Wa2/D)1/2, which characterizes how rapidly the short-term
exponential kineticsΩ(t) ∝ exp(-Wt) transforms into long-
term kinetics tailing aspd[1 + a/(πDt)1/2]. The overall kinetics
is given by a rather complex formula;7,9 the important point is
that all experimental traces observed so far can be fit by this
formula, or its minor modification7 that provides for the
possibility that some geminate pairs are initially generated
beyond the Onsager radius of the MFP.

The traces for Br- shown in Figures 4b and 12S can also be
simulated using Shushin’s theory equations. Since for bromide
no difference was observed between the kinetics obtained using
200 and 228 nm photoexcitation,6 we assumed that addition of
salts does not change the initial distribution of electrons around
bromine atom and assumed that this initial distribution is entirely
confined within the potential well.

Figure 12S shows a global fit of normalized kinetics for the
Br-/Na2SO4 photosystem using Shushin’s theory equations. In
these least-squares fits, parametersW-1 and R were assumed
to be constant (19.5 ps and 0.552, respectively); only the survival
probability Ω∞ ) pd was allowed to change (Figure 6a gives
the optimum values for this parameter as a function of the ionic
strength). Although this way of fitting the kinetic data obviously
works, all it really conveys is that the change inpd is the main
cause for the kinetic transformations shown in Figures 4b and
12S. Indeed, sinceR andpd explicitly depend onW, it is difficult
to explain how the constancy ofW and R can be reconciled
with a large change inpd, even if the fit quality is good.

For sodium perchlorate solutions, the range of the kinetic
change is greater, and it becomes apparent that this constancy
with the ionic strength is not maintained: it is impossible to
find optimum parametersW and R for which a change inpd

alone accounts for the observed kinetic transformations. As-
suming constancy of the Onsager timeτc ) a2/D with the ionic
strength, rate constantsWd andWr can be determined from the
least-squares fits for individual kinetic traces in Figure 4b. As
shown in Figure 6b, these optimum rate constants, the decay
constantW, and the survival probabilitypd for bromide, all
decrease linearly with the ionic strength. The same behavior
was observed for iodide (Figures 5b and 6a) for which the
optimumW - 1 increases from 14.3 ps in the aqueous solution
to 16.7 ps in 4.8 M NaClO4 solution.

Since Wr and Wd are complex functions of the potential
U(r),7,9 it is impossible (in the framework of Shushin’s theory)
to pinpoint what specific modifications of the MFP are required
to obtain the changes shown in Figure 6b. Provided that the
Onsager radius of the MFP does not change with ionic strength,
only lowering of the reduced potential energyU(r)/kT (i.e.,

making the MFP more attractive) can decrease both of these
two rate constants. Thus, the most general conclusion that can
be made from fitting these kinetics using the MFP model in its
formulation by Shushin is that addition of salts strengthens the
attraction between the electron and halogen atom. This partially
accounts for the qualitative similarity of the temperature effect
and the ionic strength effect: increase in the temperature
decreasesthis reduced potential energyU(r)/kT and increases
Wd.

4. Discussion

The following picture emerges from the results of section 3:
Addition of molar concentration of salts to aqueous solutions
of CTTS anions does not change the prompt quantum yield for
the formation of hydrated electron, but rather, it decreases the
survival probability of the geminate electron. Monovalent and
polyvalent anions exhibit exactly the same behavior in free
electron yields; the anticipated qualitative difference in the effect
of ion screening on the two types of geminate pairs originating
from these anions (section 1) was not observed. For the same
ionic strength, the decrease in the limiting survival probability
Ω∞ of hydrated electron is similar for all anions (Figures 3c
and 6a), but the rate by which the full ionic strength effect is
attained appears to vary considerably among the photosystems.
For two photosystems only (bromide anion photoexcited by 200
nm light and iodide anion photoexcited by 228 nm light), we
were able to observe the limiting value of the survival
probability in 500-700 ps (which was our observation window,
Figures 4 and 5). For these two halide anions, the kinetics
obtained at different ionic strengths started to diverge after 50
ps, when the fast exponential component was over, and the effect
developed fully on the time scale of hundreds of picoseconds,
when the decay of the electron was controlled by diffusional
migration of the geminate partners to the bulk and their re-
encounters. It is safe to conclude that the ionic strength effect
develops slowly and requires many such re-encounters. Analysis
of the kinetics for halide photosystems in the framework of the
MFP well model of Shushin9 given in section 3.4.3 suggests
that the changes in the kinetics can be rationalized in terms of
the increased attraction between the geminate partners in high
ionic strength solutions.

Some of these observations broadly agree with the anticipated
effect of charge screening. For polyvalent anions, a decrease in
the long-range repulsion between the geminate partners facili-
tates their recombination thereby decreasing the survival prob-
ability of the electron.10 Because this repulsion is already
screened by water, the effect can be observed only at high
concentration of the screening ions and only when the partners
are close; thus, many reencounters are needed. Since photo-
excited polyvalent anions (unlike monovalent anions) yield a
broad distribution of separation distances between the electron
and its geminate partner8,10,49the average distance between these
partners is always very long (2-3 nm) and the screening (which
is a relatively short-range effect) takes a longer time to perturb
the geminate dynamics.

The main observation here is more difficult to rationalize.
For monovalent anions, the MFP potential is attractive and
thought to originate through weak electrostatic interactions
between the geminate partners.11-13 Screening of these interac-
tions would make the attractive force weaker thereby reducing
the efficiency of recombination and increasing the survival
probability. This, apparently, does not happen. The most difficult
observation to accommodate is that photosystems having
different overall MFPs all show a similar relative decrease in
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the survival probability when this potential is modified by
intervening ions. In principle, the decrease in the survival
probability for pairs originating from monovalent anions can
be “explained” within the MFP model with ion screening. For
example, it can be postulated that the reactivity of close pairs
systematically increases with the ion concentration (e.g., due
to pairing of the electron with a cation) and this effect
counteracts the weakening of the attractive potential between
the partners (though this rationale is incompatible with theWr,d

data of Figure 6b). According to our viewpoint, such modifica-
tions are both forced and misguided because the similarity of
the ionic strength effect for various photosystems emerges only
as a consequence of fine-tuning of the model parameters in each
particular case. Can something other than the ion screening cause
the ionic strength effect? Below, we consider three alternate
scenarios in detail.

The first scenario is that the ionic strength effect originates
through narrowing of the initial distribution of the electrons.
The idea is that an addition of salt causes a blue shift in the
absorption spectrum of an anion and therefore is equivalent to
photoexcitation of this anion (in water) at a lower energy. Since
it is known that for some anions an increase in the excitation
energy causes more electrons to escape (due to the broadening
of the electron distribution via enhanced direct ionization),6,14,18

the salt-induced blue shift causes the opposite effect. Though
this scenario cannot be excluded for sulfite6 and hydroxide,6,7

it can be completely excluded for iodide and bromide because
for these two halide anions no wavelength dependence was
observed to the red of their CTTS band maxima.2,6,14

The second scenario is that the ionic strength effect originates
via a purely kinematic effect, such as an increase in the solution
viscosity and/or the ionic atmosphere drag on the electron
diffusion. The drag of a slowly migrating ionic atmosphere on
the rapidly migrating ion is a well-known effect: the ionic
atmosphere needs to readjust itself as the fast ion (e.g., hydrated
electron) migrates. In the Debye-Hückel theory of aqueous
electrolytes (applicable toI < 0.1 M), the relaxation time for
the ionic atmosphere is 55/I ps; that is, at the upper limit of
validity of this theory, it takes the ionic atmosphere ca. 500 ps
to relax.7 Perhaps, this relaxation time continues to decrease
in concentrated solutions (although this trend is opposed by
slowing of the ion diffusion (Figure 1S(b)) and ion pairing
(Figure 2S(b)). Thus, it is possible that the diffusion coefficient
of the electron systematically decreases with delay timet in
the observation window of our ultrafast kinetic experiments.
However, one would expect that the drag on the electron
diffusion develops on the same time scale in all photosystems.
Almost complete lack of kinetic variation with the ionic strength
for some photosystems (e.g., for hydroxide and sulfite, see refs
7 and 8 and section 3.4.2) suggests that this effect is relatively
minor, at least on a subnanosecond time scale. Furthermore,
although a time-dependent (or decreased) electron diffusivity
would change the temporal profile of the kinetics, it cannot
change the survival probability: in the MFP model, the latter
depends on the potential only. Thus, this scenario should also
be rejected.

The third and last scenario is ion association. Before
proceeding any further, let us consider the existing explanations
for salt-induced blue shift in the absorption spectra of halide
(e.g., iodide) anions and the hydrated electron. Both of these
species exhibit very similar blue shifts for a given salt
concentration (cf. Figures 2b and 6S(b)). Since the original
suggestion by Stein and Treinin,33 most authors accounted for
this effect by constriction of the solvation cavity around the

anion/electron (some more exotic explanations have been
considered by Blandamer and Fox),1 though the cause for this
constriction has never been specified. The blue shift of the
solvated/trapped electron spectrum is observed both in liquid
and solid vitreous salt solutions, such as alkaline glasses.50 For
the latter, electron spin-echo envelope modulation (ESEEM)
spectroscopy provides direct evidence for the inclusion of
sodium cation in the first solvation shell of the trapped electron
through the observation of dipole and Fermi coupling of the
unpaired electron to the spin of23Na nucleus.51 In alkaline earth
salt aqueous glasses50 and THF solutions,52 electrons associated
with one or several cations can be distinguished by optical
spectroscopy. In most of these glasses, the visible band coexists
with an IR band that gradually shifts to the blue; for alkaline
glasses the visible band itself shifts to the blue on a sub-
millisecond time scale.50 Many authors speculated that the
cations are actively involved in the trapping site of the electron
causing the delayed trap deepening, and specific “ionic lattice
trap” models detailing this involvement were formulated by
Hilczer et al.53 and Bartzak et al.54 In short, there is much
evidence pointing to structural involvement of alkali cations in
electron dynamics observed for low-temperature glassy solu-
tions.

We suggest that the same process occurs in liquid aqueous
solutions at room temperature: sodium cations are included in
the solvation shell of the electron. The thermalization kinetics
given in section 3.4.1 indicate that in concentrated salt solutions,
the electron spectra blue shift on a time scale similar to that of
electron thermalization in pure water. This means that the
postulated association of sodium cation(s) with the electron
occurs very rapidly, in less than 5 ps. Assuming a diffusion
controlled association of the free sodium cation and the electron
and taking the diffusion coefficients for the electron (in water)
and the sodium cation as 4.9× 10-5 and 1.2× 10-5 cm2/s,
respectively, the association in 1 M NaClO4 would take ca. 45
ps (assuming no clustering of the sodium cations around the
parent anion), whereas the blue shift in the electron spectrum
develops in<5 ps. This estimate suggests that the cation
associated with the electron originates either from the dense
part of the ion atmosphere around the parent anion or from a
cation that is associated with this anion (thereby causing the
blue shift of the anion spectrum). That the latter association
occurs to some degree (at least, for polyvalent anions) via the
formation of solvent-separated ion pairs, follows from many
independent observations (e.g., see section 3.1) which point to
such pairs as the main entity in concentrated solutions. The
association ofeaq

- and Na+ has been previously suggested by
Gauduel and co-workers to account for electron thermalization
and subpicosecond dynamics of geminate pairs generated in
2-photon excitation of aqueous chloride.55

Thus, we suggest that in concentrated salt solutions both the
anion and the electron are associated with alkali cations and
that the cation associated with the parent anion (or included in
the inner part of the ionic atmosphere around this parent anion)
is passed to the electron in the course of CTTS state dissociation
on subpicosecond time scale, possibly, in the manner envisioned
by Gauduel and co-workers.55 The fraction of associated anions
and electrons rapidly increases with the ion concentration. This
association makes the short-range potential more attractive, for
all anions, including polyvalent anions. A possible cause for
this effect is the increased attraction between the radical/atom
and hydrated electron bridged by a cation; rather than screening
the weak attractive forces, such a cation might bind these species
together by excluding the screening water dipoles.
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Although this picture is incomplete, it contains a verifiable
rationale: the ionic strength effect originates from the modula-
tion of short-range attraction between the geminate partners
rather than long-range ion screening. A modification of short-
range MFP for the (X(n-1)-•, eaq

-) pair due to the involvement
of alkali cation(s) in the solvation of the parent anion (Xn-)
and the electron eaq

- is postulated. For reasons not entirely
understood, this association makes the attractive MFP interaction
stronger thereby causing all of the changes observed in section
3.4. Only detailed molecular dynamics simulation of this charge
separation process (along the lines of refs 12, 19, 56, 57, and
58) can shed more light on the mechanism. The first step in
this direction has already been taken by Spezia et al.,59 who
used the umbrella sampling approach of Borgis and Staib12,13

to obtain the MFP for interaction of hydrated electron and Na+.
These simulations suggests the existence of a contact (Na+, eaq

-)
pair with the average distance of ca. 0.2 nm and the binding
energy of 3-4 kT.

5. Conclusion

It is shown that in concentrated solutions of NaClO4 and
Na2SO4 the quantum yield for (free) electron photodetachment
from CTTS anions (such as I-, OH-, ClO4

-, and SO3
2-)

decreases linearly by 6-12% per 1 M ionic strength. In 9 M
sodium perchlorate solution, this QY decreases by roughly 1
order of magnitude. Ultrafast kinetic studies on 200 nm photon-
induced electron detachment from Br-, I-, HO-, and SO3

2-

suggest that the prompt yield of thermalized electron in these
solutions does not change; the ionic strength effect wholly
originates in the decrease in the survival probability of geminate
pairs. Kinetically, this effect manifests itself in much the same
way as the temperature effect studied previously;7 that is,
addition of salt and decrease in temperature cause similar
changes in the electron dynamics. In this respect, the ionic
strength effect on the QY follows the same pattern as the shift
in the absorption spectra of the CTTS anions and the hydrated
electron itself.1,34,36

Within the framework of the recently proposed MFP model
of charge separation dynamics in CTTS photosystems,2,7 the
observed changes can be explained by an increase in the short-
range attractive potential between the geminate partners (pos-
sibly, due to the association of sodium cation(s) with the electron
and the parent anion); ion screening plays minor role. The
precise mechanism for modification of the MFP by these cations
is presently unclear, although electron thermalization kinetics
for halide photosystems suggest that the sodium cation associ-
ated with the parent anion is passed to the photodetached
electron.55 Further advance in the understanding of the ionic
strength effect is predicated on the development of a molecular
dynamics model that directly includes the interactions of the
geminate partners with cations in the ionic atmosphere.
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