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Femtosecond Studies of Electron-Cation Geminate Recombination in Water
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Femtosecond photoionization studies in neat water at room temperature have been performed. After the electron has solvated,
we have seen for the first time geminate recombination of the electron-tion pair formed upon ionization. The recombination
kinetics appears to level off after roughly 60 ps with 50-60% of the electrons having undergone geminate recombination.

Understanding the properties of water is one of the most fundamental and challenging problems in science. A very interesting
example of this is the behavior of electrons in water. This has
been a subject of great interest and controversy both experimentally and theoretically for many years. For example, attempts
to predict the absorption spectrum of the solvated electron have
only been partially successful.' With the development of femtosecond lasers, the dynamics of an electron solvating in neat water
have been measured.* Another important phenomena common
to all condensed media is geminate recombination of an electrori-cation pair following i~nization.~In a previous report, we
discussed the first femtosecond time-resolved measurements of
geminate recombination in a neat alkane at room t e m p e r a t ~ r e . ~
In this Letter, we will discuss what we believe is the first observation of geminate electron-cation recombination in any polar
solvent, in this case neat water.
The measurements reported here were performed using an
amplified colliding pulse mode-locked dye laser (CPM)5 operating
at 10 Hz, 625 nm, 300 pJ/pulse, 8C-100 fs fwhm. The 312.5-nm
(3.94-eV) pump beam was created by frequency doubling the
CPM beam with a 1-mm KD*P crystal. Since the ionization
potential for liquid water is 6.5 eV, the neat water can be twophoton ionized! The probe beam was either a small fraction of
the remaining fundamental beam or part of a continuum pulse.
The signal recorded was the difference of the probe beam and
a reference divided by the reference. The water used in these
experiments was HPLC grade from Aldrich. Further details will
be published at a later date.
There have been many experimental studies of electron solvation
in watera7 However, until recently, all attempts to measure the
solvation dynamics were instrument limited. Wiesenfeld and Ippen
obtained an upper limit of 0.3 ps for the electron solvation time
in water.* Migus et al. were the first to directly measure the
solvation dynamics of an electron in water by photoionizing the
solvent. Their work supports the notion of a dry, wet, and solvated
electron in water. This is characterized by the appearance of a
delayed IR absorption which shifts to the visible with an absorption
peak at 720 nm. This entire process occurs in approximately 350
fs. Our measurements at early times are in agreement with their
results.
However, at longer times (5-100 ps) our data show dramatic
and previously unreported events. There is a decay in the absorption signal which slows down after approximately 60 ps, and
it appears that the curve levels off at approximately 50-60% of
the original signal height. Typical data are shown in Figure la-c.
Measurements at probe wavelengths of 550,625, and 700 nm show
the same behavior. The available evidence suggests that we are
monitoring only the solvated electron. First, the signal occurs with
a rise time consistent with the solvation time for an electron in
water. If there was an excited-state absorption present, it would
probably appear instantaneously. Second, the signals at all three
probe wavelengths have an identical time dependence. This
eliminates the possibility of having another species contributing
to the signal unless it obeyed the same rise and decay kinetics as
the electron. As the probe wavelength is varied from 550 to 700
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nm, the known electron absorption increases by a factor of 2 (e
= 18 500 cm-l M-' at 720 x ~ m ) .This
~ is the increase we observe.
If there was any other species contributing to the absorption, then
its absorption coefficient would have to change in exactly the same
way as the solvated electron for the wavelengths we have studied.
Furthermore, a second species would effect a change not only in
the relative amplitudes at 550 and 700 nm but also in the kinetic
curves; they would decay to different plateau values, contrary to
what is observed. With respect to the possibility of the solvated
electron undergoing a quenching reaction, it is well-known that
on the picosecond time scale reactions with O2or other impurity
quenchers are negligible.7 The possibility of impurities was
checked by using other water samples, and no change was seen
in the early time behavior. We believe the most likely explanation
is geminate recombination of the electronation pair formed upon
photoionization.
This would imply that the remaining signal at times greater
than 60 ps is due to the electrons that escape geminate recombination. On our time scale 50-60% of the solvated electrons
undergo geminate recombination (Figure 1). In the contimuum
limit, the probability that a thermalized electron, at a distance
r away from the cation at t = 0, escapes geminate recombination
is given by
exp( -

:)

x

where r, is the Onsa er length, e2/ekT.9 For water at 21 OC the
Onsager length is 7 . The dielectric response on the time scale
of the observed geminate recombination will hawe reached its
static value using the response given by the longitudinal relaxation
time.1° With respect to the electron-cation separation, it is more
likely that there is a distribution of thermalization distances. To
obtain the fraction that escape, we must integrate over this distribution
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Figure I. Transient solvated electron absorption signal in neat water,
taken with 1-ps steps, at 21 OC. x axis is time delay in picoseconds, and
y axis is (10- I)/& in normalized units where I is the transmitted beam
signal and IO is the reference beam signal. (a) Xpmb = 550 nm; (b) Xmk
= 625 nm; (c) Xplob = 700 nm.

where g(r) is the probability density of the electron thermalization
distances. If 50% Of the electrons escape geminate recombination,
and the distribution of thermalized electrons is Gaussian, we obtain
a mean thermalization distance of 11 A. In eq 2, g(r) is given
by (1 /r3/*b3)
exp(-9/bz), where b is related to the mean thermalization distance ( r ) ,by ( r ) = 2b/7r1/*.Similar thermalization

Letters
distances are obtained for other distributions, for example exponential. It is important to note that any further decrease in
the escape yield would only decrease the mean thermalization
distance. We can crudely estimate the thermalization distance
by assuming the motion of the electron is given by a random walk.
By use of 9 = 6Dt and the experimentally known diffusion
coefficient for a solvated electron (at 21 "C,D = 4.75 X
cm2/s)l' with a 60-ps recombination time, a thermalization length
of 13 8, is obtained; once again we note that the thermalization
distance is very small. Since the attractive Coulomb interaction
is neglected, this distance is probably a lower bound on the
thermalization distance. Also, due to the small size of this distance
it is very possible that the simple continuum approach implicit
in these calculations is only approximately valid. A more detailed
discussion of these issues will be presented later.
Radiation chemists have measured the yield of solvated electrons
in water after excitation with an electron beam. Several studies
have shown that approximately 60% of the electrons escape
geminate recombination.I2 Early attempts to obtain the time
dependence of the electron escape were not successful due to the
time width of the exciting electron beam.13 Since the ejected
electrons are expected to have more excess energy in the electron
beam experiment, they will thermalize at a larger average separation, resulting in a greater fraction that escape. In our photoionization experiments, the electron has only 1.5-eV excess
energy for a two-photon ionization process. Recent studies of
photoejection of electrons from a metal electrode in water have
shown that the thermalization distance is very energy dependent.14
Thus, an escape yield of 60% can be viewed as an upper bound
on our experiments.
In conclusion, we have performed femtosecond photoionization
experiments on neat water. The early time results for the time
evolution of the solvated electron spectrum are in agreement with
the results of Migus et al.; however, dramatic previously unreported
behavior at longer times has been observed. We have attributed
the observed decays to geminate recombination of the electroncation pair. Analysis of the kinetic data suggests that the thermalization distance is very short compared to the values obtained
for alkanes ( ( r ) = 50-100 8,for typical alkanes).1s*'6 This result
also has important implications for electron solvation since it
suggests that more than half of the electrons are within 11 A of
the cation. The issue therefore arises as to whether the observed
solvation dynamics and energetics are affected by the cation.
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