
Volume 185, number 1,2 CHEMICAL PHYSICS LETTERS 11 October 1991 

Intensity dependent geminate recombination in water 
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We have observed an intensity dependent geminate recombination of electrons in neat water. Since the recombination dynam- 
ics occurs on a time scale comparable to the salvation dynamics, the kinetics characteristic of an isosbestic wavelength are ob- 
scured. We have hypothesized that this intensity-dependent geminate recombination is due to the existence of two mechanisms 
for electron production with different characteristic thermalization distances. These results clarify the discrepancy between cx- 
periments at higher intensities and those at lower intensities 

1. Introduction 

The equilibrium and dynamic properties of elec- 
trons in liquids is a subject of longstanding and con- 
tinuing interest in chemical physics [l-43]. Early 
studies established the absorption spectra of the 
equilibrium solvated electron in water and other po- 

lar liquids [ 51. With the development of time-re- 
solved pulse radiolysis the dynamics of electron sol- 
vation in alcohols could be investigated, and yielded 
some unexpected results, It was found that an IR ab- 
sorbing precursor, called the presolvated or wet elec- 
tron, i.e. a localized but not fully solvated electron 
appeared prior to the development of the fully equi- 
librated solvated electron spectrum [ 10,121. The 
surprising finding was that the spectrum of the ini- 
tially observed wet electron did not spectrally shift 
in a continuous way with time from its initial IR 
spectrum to the final visible spectrum of the fully 
solvated electron, as a dielectric continuum model 
predicts [ 10,12,17 1. This led to the development of 
what has come to be called the two-state model, i.e. 
that there are principally two electron species pres- 
ent in the early stages of electron solvation, the ini- 
tial IR absorbing wet electron which decays directly 
into the other electron species, the visible absorbing 
solvated electron [ lo,12 1. 
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Although laser picosecond time-resolved studies 
were possible for alcohols [ 13,151, and supported 
the radiolysis results, it was not until the develop- 
ment of subpicosecond lasers that the ultrafast sol- 
vation dynamics in water could be studied 
[ 14,19,40]. A key issue in the water solvation dy- 
namics is whether the two-state model is applicable. 
To this end a study was initiated to determine if there 
is an isosbestic wavelength, i.e. the wavelength at 
which the absorption coefficients of the wet and sol- 
vated electron are equal [ 401. The characteristic ki- 
netics at the isosbestic wavelength is a direct test of 
the two-species model [40]. With the discovery of 
an isosbestic wavelength at 820 nm strong support of 
the two-state model, in agreement with the initial 
conjecture by Migus et al. [ 19 1, was obtained [ 401. 
However there is continuing interest and some con- 
troversy concerning the existence of the isosbestic 
wavelength. Due to its importance in establishing the 
two-state model we have carried out further exper- 
iments which clarify the discrepancy between our re- 
sults and those of Gaudel and co-workers [43]. We 
have discovered that there is an intensity depen- 
dence to the geminate electron recombination ki- 
netics, which in a given intensity range introduces a 
very fast decay that obscures the observation of the 
rise time kinetics at the isosbestic wavelength. This 
intensity-dependent decay that we have found ex- 
plains the apparent discrepancies alluded to above. 
Although the identification of the origin of the in- 
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tensity-dependent recombination is not necessary to 
reconcile these differences it is of interest to examine 
and at least speculate about this finding to better un- 
derstand electron dynamics in aqueous solutions. A 
plausible starting point would assume that the ther- 
malization distances are intensity dependent and thus 
the recombination dynamics observed is intensity 
dependent. One possibility that we will explore is the 
presence of two mechanisms of electron generation, 
which have different intensity dependences. In this 
paper we describe experiments relevant to these 
issues. 

2. Experimental 

The experiments performed were transient ab- 
sorption measurements using an amplified colliding- 
pulse-mode-locked (CPM) laser. Our UV pump 
pulses were generated with a 200 pm BBO (beta-bar- 
iumborate) crystal. Temporally broader pulses are 
generated by a 1 mm KDP (potassiumdihydrogen- 
phosphate) crystal, which we previously used 
[ 38,391. The fundamental pulse width was found to 
be 80 fs fwhm, using a Gaussian pulseshape. To 
characterize the pump-probe pulse widths, i.e. the 
system response function, a cross-correlation tech- 
nique was used. By cross-correlations of the UV pulse 
and the fundamental, the UV pulse was determined 
to be 150 fs fwhm. By difference frequency genera- 
tion, the cross-correlation of the 820 nm probe and 
the UV pump was found to be a symmetric Gaussian 
with the 820 nm pulse 170 fs fwhm in duration. A 
100 pm KDP crystal was used in these measure- 
ments in order to accurately measure the pulse- 
widths. In order to minimize group velocity disper- 
sion between the pump and probe a 200 Frn cuvette 
was used in the experiments below. From these mea- 
surements we have found that the signal from n-oc- 
tane is not instrument-limited as we and others had 
found using broader pulses, but rather has a for- 
mation time of approximately 150 fs [ 19,401. 

3. Results and discussion 

From a comparison of the probe signals at 820 nm 
at different pump intensities, figs. la, lb and lc, we 
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Fig, 1, The dynamics of the electron probed at 820 nm as a func- 
tion of UV pump intensity. An increased decay rate is found at 
1owUVpowers (UVz2.5, I/k,~lSps;UV=2.0, l/ka=8f 1.5 
ps; LJV= 1.0, l/kR=4.5& 1.5 ps). In contrast the rise time ofthe 
wet electron was found to be intensity independent. The dots in 
(a) are the cross-correlation of the pump and the probe. 

see that there is a well-defined intensity effect on the 
observed decay within the first few picoseconds. For 
the higher intensity pump we note that the probe sig- 
nal shows no decay initially. fig. la, whereas a sig- 
nificant decay is observed when the intensity of the 
pump is lowered by a factor of 2.5, fig. lc. Thus at 
higher intensities the kinetic characteristic of an 
isosbestic wavelength are found at 820 nm, i.e. a rise 
due to the formation of the wet electron with no 
change in the kinetics as the transition to the sol- 
vated electron occurs. This absence of change in the 
absorption kinetics at the isosbestic wavelength is due 
to the fact that the absorption coefficients of the two 
species are equal at the isosbestic wavelength. If there 
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were many different wet electron species with life- 
times on the time scale of the transition to the sol- 
vated electron then there would be no isosbestic 
wavelength nor the characteristic isosbestic kinetics, 
since they could not all have the same absorption 
coefficients at any given wavelength. It should be 
noted as well that the “flat” part of the isosbestic ki- 
netics is based on the absence of a recombination or 
other loss process on the time scale of the solvation. 
The real kinetics cannot of course be perfectly flat 
since the electron undergoes geminate recombina- 
tion at longer times [38-411. Geminate recombi- 
nation of electrons has also been observed in non-po- 
lar liquids [ 44-47 1. Contrasted with this behavior 
we note at lower intensities, fig. lc, that there is a 
marked decay following the initial rise. The decay 
seen at the lower intensity obscures the “flat” region 
expected for the kinetics at an isosbestic wavelength. 
We attribute this decay to geminate recombination 
of the solvated electron. In other words the solvated 
electron is undergoing a recombination on a time 
scale that is not sufficiently slower than its formation 
time to permit a readily observed separation of these 
processes in time. 

To analyze the experimental results obtained at the 
lower intensities where geminate recombination is 
important in the first few picoseconds, we have in- 
cluded this electron loss process in the kinetic model. 
Since the decay that affects the leveling off at the 
isosbestic wavelength (820 nm) occurs out to 4 ps 
and beyond we can reasonably treat the recombi- 
nation of the solvated electron and neglect the wet 
electron recombination in this long time domain. The 
wet electron has effectively disappeared in 2-3 ps as 
established by the unchanging solvated electron 
spectrum after this time. 

A two-state model that includes electron loss due 
to recombination with the other products of the elec- 
tron photogeneration, namely H,O+ and OH’, can 
be written as follows, 

kl 
elf+ eii,, 

kl 
e wet - es& , 

where e,f is the quasifree electron. We note that the 
kinetics of geminate recombination is in general not 
exponential; however, at short times there is a suf- 
ficiently small amount of recombination that it can 
be approximated as an exponential. 

At high intensities we found the solvated electron 
recombination rate constant k, is slower than (15 
ps)-‘. This is indeed slow compared with the 2-3 ps 
for the completion of the electron solvation and thus 
yields the characteristic isosbestic “flat” leveling off 
kinetics, fig. 1. At low intensities, however, k, is at 
least three times larger having the value of (4.5 f 1.5 
ps) -I. Therefore the recombination is sufficiently 
fast to obscure the expected isosbestic behavior. We 
have found that broader, less intense pulses are typ- 
ically produced with a 1 mm KDP crystal, as was used 
by Gaudel et al. [ 19,41,43]. We believe this is the 
source of the discrepancy between our results (high 
intensity ) and that of Gaudel et al. (low intensity). 

A result of some interest is our observation that 
the appearance time of the solvated electron, 
(k2 t k$)-’ measured at 625 nm has the same value 
of 540? 30 fs at low and higher intensities. This sug- 
gests that the recombination loss of the wet electron, 
k;, which should be intensity dependent, is not im- 
portant on the time scale of the wet electron lifetime. 
A further result of interest is the observation that the 
rise time kinetics, kl, at the isosbestic wavelength 
(820 nm) was the same (3001! 30 fs) at both the low 
and high intensities. These results on the kinetics of 
the wet and solvated electron show that the forma- 
tion of the wet electron, k,, and the transition of the 
wet electron to the solvated electron, kl, are not de- 
pendent on intensity. From this we conclude that the 
electron solvation dynamics portion of the kinetics 
is the same, regardless of the mechanisms respon- 
sible for the intensity-dependent generation and re- 
combination dynamics. It should also be noted that 
the rate constants obtained by fitting the kinetic data 
to the two-state model with recombination was the 
same at 820 and 625 nm, i.e. independent of the 
probe wavelength. This was found to be the case both 
in the low and higher intensity experiments. 

4. Possible model for intensity-dependent kinetics 

Let us now consider a possible model to explain 
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the observed intensity-dependent kinetics. This 
model is based on two different mechanisms for 
electron generation, which produce different average 
thermalization distances from the parent ions. Due 
to their different intensity dependences they are re- 
sponsible for the observed intensity-dependent gem- 
inate recombination kinetics. The first mechanism is 
the multiphoton excitation of water above its pho- 
toionization threshold at 8.5 eV [ 8,351. The ultra- 
violet photons comprising the femtosecond excita- 
tion pulse are at 4 eV, thus three photons are re- 
quired to exceed the photoionization threshold of 
liquid water. The electron will therefore have at most 
3.5 eV of excess energy, which is likely to result in 
a thermalization distance that greatly exceeds the 
Onsager distance of about 7 A [ 38,39,41,48]. The 
Onsager distance is the distance at which the Cou- 
lomb electron-cation interaction energy is equal to 
the thermal energy kT. At thermalization distances 
greater than this there is a higher probability of elec- 
tron escape and conversely at shorter distances it is 
more likely for the electron to recombine with the 
parent cation. 

At the lower intensity, fig. Ic, we note that the 
electron absorption decay about 20% in the first few 
picoseconds, in contrast to the absence of a clear de- 
cay at the higher intensity, fig. la. We attribute this 
more rapid geminate recombination to a two-photon 
electron generation process. It was experimentally 
established by two different groups more than twenty 
years ago that electrons are produced upon the pro- 
duction of electronically excited states in liquid water 
[ 6,7]. The measured threshold for this process was 
found to be about 6.5 eV, which would require two 
photons in the experiments reported here. The de- 
tails of the mechanism have not been established at 
this time; however, a model has been proposed that 
involves a water molecule in an excited state reacting 
with a water molecule in its ground electronic state 
[ 6,7,35]. The reaction, thought to occur by a proton 
transfer between the water molecules, produces a 
solvated electran, a solvated hydronium ion and a 
hydroxyl radical: 

HzO*+H,O+e-+H,O++OH' . (2) 

Based on a thermodynamic cycle the energy required 
for two water molecules in the liquid state to undergo 
the reaction shown above is about 5.7 eV [7,35]. 
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However, it must be noted that the energies of the 
various parts of the cycle are not all experimentally 
known and require theoretical estimates. Neverthe- 
less this is the only known model that can rationalize 
the generation of electrons with a weak light source 
having photons at a threshold energy of about 6.5 
eV. In this reaction, which produces an e-, H30+, 
and OH’, there is significant nuclear motion in- 
volved and it would be expected that the excess 1.5- 
2 eV above the two-photon energy of 8 eV, does not 
end up exclusively or even chiefly in the electron’s 
kinetic energy. The effect of this indirect process of 
electron generation is that the thermalized electron 
can be much nearer to the cation and hydroxyl rad- 
ical, with which it can recombine, than occurs in the 
three-photon ionization mechanism. 

In our experiments it is likely that the indirect two- 
photon mechanism and the three-photon mecha- 
nism are both occurring. Their relative importance 
is determined by the UV laser intensity. At higher 
intensities the three-photon and two-photon mech- 
anisms can occur whereas at lower intensities the two- 
photon mechanism dominates the electron genera- 
tion#‘. At the higher intensities the three-photon 
cross-section a, times the laser intensity 4~ lOI W/ 
cm* is likely to be larger than the two-photon cross- 
section (9x lO-5z cm4 s) [ 161. Note that the three- 
photon ionization can be a direct three-photon pro- 
cess as well as a two-plus-one-photon process. In fact 
from gas phase studies it is known that (2 t 1 )-mul- 
tiphoton ionization is a more efficient means of pro- 
ducing electrons than direct 3-proton ionization 
[ 501. By increasing the intensity in steps over a range 
of 2.5 we observe a significant decrease in the gem- 
inate recombination rate. The decay kinetics for in- 
termediate intensities are shown in fig. 1 b. Although 
we do not know if this model is the one that is re- 
sponsible for the intensity-dependent kinetics, it does 
appear to be consistent with the results of our ex- 
periments and is consistent with the finding that a 
6.5 eV photon produces electrons in neat water. An 
alternate explanation of the observed intensity-de- 
pendent geminate recombination is that at high pump 

We have not included the possibility that the observed inten- 
sity dependence arises from a four-photon ionization. The 
cross-section would typically be too small by several orders of 
magnitude to contribute to the electron generation mecha- 
nism at our intensities [49]. 
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intensities the ionization potential is changed sig- 
nificantly by a Stark-effect-like mechanism. Such an 
effect, above threshold ionization, has been studied 
in gas phase experiments using picosecond and sub- 
picosecond light pulses [ 511. We estimate that un- 
der the conditions of our experiments the pump pulse 
intensity is approximately an order of magnitude too 
low, to significantly shift the vertical ionization po- 
tential of neutral water. 

Assuming for the moment that the two- and three- 
photon model is applicable we can now try to un- 
derstand the implications of finding the same values 
for the wet electron formation time constant k, and 
the same values for the wet to solvated constant kZ 
at the different intensities. It is not surprising that kZ 
is the same for the two mechanisms since we inter- 
pret k, to be an excited state relaxation process from 
the lowest excited electron state (wet electron) to its 
ground state (solvated electron) [ 27,33,34,37,40, 
421. Unless the proximity of the wet electron to the 
H,O+ and OH’ species perturbs this relaxation, we 
should expect the excited state relaxation rate con- 
stant k2 to be the same for the two- and three-photon 
mechanisms. However, finding the same value for k, 
for the two mechanisms is a bit more interesting. In 
the two-photon process we do not expect to produce 
energetic quasi-free electrons as is the case in the 
three-photon ionization process. How then can the 
formation time of the wet electron be the same for 
the two mechanisms? One possibility is that there is 
a common rate limiting step for the two mecha- 
nisms. Let us interpret k, as being determined chiefly 
not by the localization of the quasi-free electron but 
rather by the internal conversion kinetics from high 
excited electron states, perhaps a d-like state, to the 
wet electron (p-like) state. Furthermore we would 
expect that the relaxation from upper states to the 
lowest excited state, i.e. the wet electron state, would 
be expected to be the same regardless of how the up- 
per excited states were initially produced. In other 
words k, is not determined by the localization of the 
quasi-free electron but rather by the relaxation from 
upper excited states of the localized electron to the 
first excited state, i.e. the wet electron. AS with the 
three-photon mechanism the two-photon mecha- 
nism has sufficient excess energy to produce an up- 
per excited state of the electron. The decay of this 
initially produced upper state to first excited state 

would therefore occur at a similar rate to the three- 
photon process. 

5. Conclusion 

We have carried out studies of electron solvation 
and geminate recombination in neat water using im- 
proved pulse characterization, which clarify the con- 
troversy concerning the existence of an isosbestic 
wavelength in the solvation dynamics. The origin of 
the disparate results is an intensity-dependent gem- 
inate recombination that obscures the existence of 
an isosbestic wavelength at lower pump intensities. 
We have hypothesized that this intensity-dependent 
geminate recombination is due to the existence of 
two mechanisms for electron production with dif- 
ferent characteristic thermalization distances. This 
hypothesis is consistent with the known radiation 
chemistry of liquid water. 
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