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Observation of a Continuous Spectral Shift in the Solvation Kinetics of Electrons in Neat
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Multiphoton ionization of neat liquid BD at room temperature (295 K) with 2-eV subpicosecond laser pulses

is used to study the solvation of electrons in this medium. The set of 20 measured kinetic traces covers a
wide range of probing wavelengths (450450 nm), which allows us to obtain a global picture of the spectral
changes that accompany electron hydration. The construction of transient absorption spectra from a proper
normalization of the kinetic traces confirms the well-known existence of two absorbing species, one weakly
bound absorbing chiefly in the infrared and a strongly bound one whose spectrum at long times is that of the
well-characterized hydrated electron. The transient spectra also reveal the occurrence of a stepwise transition
between these two species as well as a concomitant continuous blue shift of the strongly bound-electron
solvent configuration. A nonlinear fit performed simultaneously on all the data allows the estimation of the
characteristic kinetic and spectral parameters of our previously proposed hybrid model of electron solvation
when it is applied to BO. The global fit closely matches the data for the 20 different probing wavelengths
investigated. The electrons are found to get trapped in #. 0602 ps, whereas the stepwise transition and

the continuous blue shift characteristic times are t40.02 and 0.5 0.03 ps, respectively. The extent

in energy of the monoexponential blue shift of the strongly bound electron spectrum i@ eV, a

value which is very similar to the one that was found for electron solvation in methanol. Finally, it is estimated
that about 34% of the electrons get directly trapped into the strongly bound state.

1. Introduction in the near infrared associated with transient encounter
pairs20-24.27.3jy) the role played by a continuous relaxation of

Over atﬂf(\fsllast (decades, many expenmenf‘é%ll and the solvent in the spectral evolution of the absorbing
theoretic studies have been devoted to elucidate the Specied418.26-31,36,40-42,44,46-48.50,5153,5553nd (v) the absorption

physical mechanisms underlying the solvation of electrons in
polar liquids. In the case of electron solvation in water
(hydration), the molecular relaxation time is so fast (less than
1 ps) that its direct observation only became feasible with the
advent of femtosecond pulsed laser photolyig?.19-28,30-38

In spite of these numerous studies on electron hydration, this
process still remains incompletely explained owing mainly to
the fact that it can only be unveiled through a temporal
deconvolution of the observed transient absorption signals. Its
various modelings, which have largely been inspired by the
(slower) solvation of electrons in alcoh@ig'0.12.13.18,26,29,31,35,36,39
all agree on the involvement of a stepwise transition between
two species, one absorbing chiefly in the infrared that we may
generally describefrom an energetic standpoinfs being
“weakly bound” (g,) and a “strongly bound” one [g that
absorbs in the visible and whose spectrum at long times is thatmodels to the entire collection of these data.

0{ the _\(/jvelll-cf:jare_lct%riz;]-:-d fE”y Tydrateddelectrorr]gqle It is In this paper, we present a new set of 20 individual kinetic
also widely admitted that the electrons do not have to create yj.eq that we measured at 50-nm intervals between 450 and
their trap sites since a large number of those fluctuating states; 450 nm (except at 600 nm) in liquid,D and examine them
i i i 3,45,62-64 _ X g X
areh r(lead|ly av_allable to them In pola_{l medfat i thi fN(Ie(;/ h to see whether or not the mechanism of electron hydration differs
ertheless, major controversies are still present in this field. They qualitatively from that of solvation in alcohols. The choice of
concern ma_lnly (i) the ?gbiigvgtggn. of an |§osbest|c POINt Geuterated water was dictated by our attempt to detect the
e ot Shaene ot ou sl e e o2 2 possible beyond 1000 .  sectl egion whee
. . _ 213263137 4850535456 D20 absorbs much less than®l Using the kinetic traces, we
avoid transiting through the g state;2 1320317880858 0ot 8 series of transient spectra that directly illustrate
(ii) the existence of a supplementary absorbing species the existence of the two absorbing species mentioned above.
. T h q hould b ad 4 E-mail These transient spectra also reveal the occurrence of a stepwise
dhouc?e@"gogmer.ﬁg“:ﬁfg; ence  shou ¢ addressed. E-MAT transition between the two species and a continuous shift of
€ Abstract published ilAdvance ACS Abstractdfay 15, 1997. the g, spectrum. In an effort to quantify the various aspects of

of visible or near infrared light by quasi-free electrons prior to
their trapping?3.54.56

In previous studied!-*® we found that the solvation of
electrons in liquid methanol involves more than a strictly
stepwise transition betweef),eand g, We showed that the
collection of kinetics reveals a continuous blue shift of the
absorbing species taking place concurrently (though at a slower
rate) to the stepwise transition between them. Our set of kinetic
traces were successfully fitt€dwith a model that we called
“hybrid” owing to the fact that it involves those two types of
relaxation of the electronsolvent configurations. In the course
of these studies, we found that a clear understanding of the
electron solvation in methanol could only be achieved by the
measurement of transient absorption kinetic traces over a wide
range of probing wavelengths and by the confrontation of the
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the observed spectral changes, we perform a simultaneous fit o4rr——F+——r———————
on all these data using our hybrid solvation model.

0.12} 550 nm -
2. Experiment 0.10
Electrons are directly ejected from the solvent molecules with Y 0.08 [
2-eV laser pulses by a multiphoton ionization process which ¢ “°|
was shown to provide a high yield of solvated electré&¥. E 0.06
The powerful ¢-0.5 mJ) and short~{300 fs) pump pulses are Q L
produced with a colliding pulse mode-locked (CPM) dye laser -3 0.04

followed by four stages of amplification in kiton red and i
rhodamine filled cells pumped by a 10 Hz Nd:YAG laser 0.02
operated at 532 nm. The probe, originating from the same pulse [

. 0.00

as the pump, covers a wide range of wavelengths after the U EP T TP T T
passage of the pulse through a continuum-generatp@dell. o 20 40 60 80 100
At wavelengths greater than 1300 nm, the (101) absorption band time (ps)

of H2O is sufficiently intense to impair the detection of generated Figure 1. Variation over a large time range of the measured absorbance
photons whereas the corresponding combination band of heavyin liquid D,O at 295 K for a probing wavelength of 550 nm. The
water lies close to 2000 nm. Unfortunately, sufficient signal monotonic decay is caused by the geminate recombination of the
amplitudes could not be attained beyond 1500 nm. Narrow partially and fully hydrate(_j electr(_)ns with th_e jong@ and _the radicals
band-pass and neutral density filters were used to reduce to a2 The strong absorption at time zero is due to an inverse Raman
L . L effect. The solid line is the result of the overall fit which was performed
minimum the amour_1t of pr(_)be I'ghF striking the ceII._ In order simultaneously on the 20 experimental kinetic traces (see text).
to counter systematic amplitude drifts, a shot selection scheme
was implemented. For a particular shot to be accepted it must3 raguits
lie within a specified intensity window which is set before the
recording of a kinetic trace and which remains constant 3.1. The Measured Kinetic Traces. Figure 1 illustrates
thereafter. A chopper intercepts the pump beam so that light the fact that, on a time scale of a few tens of picoseconds, the
absorption with and without exposure to the exciting pulse is measured absorbance decreases monotonically owing to the
alternately monitored to ensure that a change in their ratio is geminate recombination of partially and fully hydrated electrons
solely attributable to events induced by the 2-eV photons. with OD and B3O*. This phenomenon, which is observed
Focusing optics allowed an irradiance~-010” W/m? inside uniformly over the whole spectral range investigated, is well
a 5-mm Suprasil quartz cell filled with D at 295 K. An upper characterized by the Monte Carlo simulation of the diffusion
limit for the duration of the pulses inside the sample was found and encounter kinetics of these speéfesWe used the
to be 420 fs (full width at half-maximum) from the observation distribution [(r) O r? exp(—r/b)] of initial separations between
of transient Raman signal8. The certified minimum isotopic ~ the electrons and the pair GID;O" which is the most
purity of the deuterium oxide provided by MSD Isotopes was appropriate for a few-step random wa&R&® In this case, the
99.9 atom % D. Single-channel traces were collected with mean value off was found to be 1.6 nm. To facilitate the
silicon photovoltaic diodes below 800 nm, whereas germanium inclusion of the recombination into the convolution of the pump
photodiodes were used for detection in the infrared. A small and probe pulses, we describe the survival probability of an
amount of light arising from the continuum generated inside ejected electron with the following functior®(t) = 0.702+
the sample cell by the pump pulse could be observed. Since0.022 exp{-t/1.48)+ 0.073 exp{-t/10.18)+ 0.2 exp(-t/76.4),
the consequence of this effect is to create a constant negativewhich fits very well the numerical results (the times are given
absorbance base line, it could easily be discriminated from thein picoseconds). It has been shown that the recombination
transient signal. kinetics depends on the energetics of the photoioniz#f3i§8
The presence of the high electric field (a few gigavolts/meter) and is thus specific for each experim&nt.7.22.2325:26:32:37.38 65669
may raise the question of a possible dielectric breakdown in We should mention here that, contrary to what was fétim
the sample. This phenomenon was ruled out after conductingexperiments where 4-eV photons are used to ionize water, the
a test with gradually decreasing pump powers (down to a factor recombination kinetics that we observe is unaffected by a 10-
of 10). The slope of the resulting absorbance curve remainedfold attenuation of the pump pulse intensity.
constant throughout, without showing any sign of the sudden  Figure 2 displays 6 of the 20 measured kinetic traces in liquid
deviation that would result at the onset of dielectric breakdown. D,O between 450 and 1450 nm. In order to clearly identify
Moreover, its characteristic light flashes were not observed in the contribution of the hydration kinetics to the observed
the cell. variations of absorbance, we display the slow decay that results
It has been argued that long sample cells (5 mm) would make from the recombination alone. Beyond 2.5 ps, the observed
the system response significantly slower and distort the systemkinetic traces of most probing wavelengths merge into the
response function from the original shape of the laser pllse. recombination survival function, indicating that the hydration
In another paper on electron hydration, McGovetmal 32 have process is essentially completed by that time. An exception to
focused their 3.2-eV pump beam on a 109- flow jet. that behavior is seen at 950 nm where an excess of absorption
Beforehand they had performed experiments in a 10-mm pathis observed to last significantly longer. Between 0.5 and 2.5
length cuvette and found the results identical except for a ps, there is a steady rise in absorbance for probe wavelengths
“slightly poorer” resolution but a larger signal size. When equal to 550 and 650 nm, whereas for longer wavelengths, the
changing from a 2-mm to a 5-mm cuvette, we also observed rise is faster and followed by a decay. As for the structures
superimposable kinetic traces and consequently opted for theobserved around zero time delays, they are due to various
latter cell because higher electron yields could be generated anchonlinear phenomena related to the interaction between the
the signal could be observed farther in the infrared than ever pump and the probe pulses. They will be further explained in
before in spite of a small degradation of the time resolution. section 4.1. For now, we can mention that they prove to be
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Figure 3. Transient absorption spectra of excess electrons in liquid
D,O at 295 K for five time delay values between the pump and the
probe pulses. The absorbances have been normalized (see text) to
account for differences in the experimental conditions from one probing
wavelength to another. The slow decay due to the geminate recombina-
tion has not been removed from those spectra. The dashed curve is a
e Gaussiar-Lorentzian function whose width is that of the fully hydrated
1.0 1t 2 3 4 5 electron and which has been scaled and displaced to the red (by 0.024
eV) to fit the visible part of the 1.7-ps transienj, spectrum. The

error bars are not shown for the sake of clarity but are of the order of
+0.005 below 1100 nm angt0.01 above this probing wavelength.

006 008
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004 probing wavelengths, however, the extinction coefficient of

€,q I too small and this procedure becomes unreliable. The
normalization above 1000 nm was achieved by a calibration of
the evolution of the transient absorption peaks below this limit
wavelength and a subsequent extrapolation of its behavior
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0021 002
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000,
e L beyond 1000 nm.

1 0 1 2 3 4 5 1 0 1 2 3 4 5 Figure 3 displays the transient spectra that we constructed

time (ps) from the observed kinetics. For each wavelength, an average

was calculated over the values of the optical densities measured

absorbance in liquid D at 295 K for 6 of the 20 probing wavelengths at de]gys close to the §e|ected one. Note thaF, here, the .opycal
considered in this study. The solid lines are the result of the overall fit densities are normalized and the absorption or em'ss'on
which was performed simultaneously on the 20 experimental kinetic Structures around delay zero have been subtracted. One readily
traces (see text). The dashed lines represent the variation of absorbancsees that at least two species contribute to the absorption: one
that would result from the sole process of geminate recombination. best seen at early times which seems to peak between 1200
These survival-probability curves are scaled to merge into the fitted and 1300 nm and the otheabsorbing chiefly in the visibtethat
E?e(teu)ir?ctj E()f)ps for (a)(d) and at the longest observed absorbances gt gradually toward shorter wavelengths and whose ampli-
' tude increases with time. The fact that the buildup in the visible
can be correlated to the decay in the infrared constitutes the
useful for determining the position of delay zero (the coincidence basis on which it has been suggested that the process of
of the pulses). hydration consists essentially of a stepwise transition between

The experimental kinetic traces shown in Figures 1 and 2 a weakly bound species 8 and a strongly bound one
are all accompanied by a solid line that results from a fit (ey).}**® However, it also appears clearly here that this major
performed simultaneously for all the studied wavelengths. The feature of the spectral evolution associated with the hydration
details of the fitting procedure and of the underlying model will of electrons is accompanied by a continuous blue shift (of a
be given in section 4. One can note that the fits are all very few tenths of an electronvolt) of thg,epectrum. The dashed
good and that the signal-to-noise ratio of the data is quite large, curve that we added to Figure 3 illustrates that, on one hand,
especially in the case of wavelengths below 1150 nm for which the visible part of the transient spectrum at 1.7 ps essentially
the probe pulse is more intense. The kinetic traces shown herecoincides with a fully hydrated electron spectrum which is
have not been normalized, and variations of intensity from one displaced to the red by a mere 0.024 eV. It thus seems that the
wavelength to another result from both the changes in the blue shift is almost completed by that time. Also completed is
extinction coefficients of the absorbing species and in the the decay of the g species which can be monitored above
experimental conditions (power of the pump pulse, overlap 1100 nm. On the other hand, the 1.7-ps transient absorption
volume of the probe and the pump in the sample, etc.). spectrum exhibits a significant excess in the range-MM0

3.2. Construction and Analysis of the Transient Spectra. nm. This excess, which is observable up-#ps, is the spectral
The scaling of the measured absorbances is necessary when wmanifestation of the longer relaxation that was noted in Figure
wish to construct the transient spectra. For the major part of 2d.
the studied spectral region, this normalization can be done with  In order to characterize the blue shift and the buildup of the
the help of the known g absorption spectruffi that we €, Spectrum, we monitored at every 100 fs the evolution of the
observe in the long-time limit of our experiment. For the longer transient spectrum from the shortest probed wavelengths to those

Figure 2. Variation with time of the observed (not normalized)
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time (ps) Lorentzian functions that have been used to fit the observed transient
. . o ) ) spectra in liquid RO. The solid line represents an exponential function,
Figure 4. (a) Variation with time of the half-widths at half-maximum  with characteristic rise time equal to 0.52 ps, which was fitted through
(hwhm) of the GaussianlLorentzian functions that have been used to  the data points from 0.9 to 3.0 ps. The dotted curve is the extrapolation
fit the observed transient spectr@)(whm on the Gaussian (red) side.  of this function to shorter time delays. The dashed horizontal line
(@) hwhm on the Lorentzian (blue) side. The dashed lines indicate the indicates the energy (and wavelength) at which the fully hydrated
values of the hwhm for the fully hydrated electron ip@(ref 70). (b) electron exhibits maximum absorption in® (ref 70).
Variation with time of the height of the Gausstahorentzian functions

that have been used to fit the observed transient spectra. Note here . . .
that the effect of the geminate recombination on the height has beenMaximum to yield results that would reflect the evolution of

taken into account. The solid line represents an exponential function, the &, absorption. Moreover, the effects of the convolution
with characteristic rise time equal to 0.39 ps, which was fitted through (due to the duration of the pulses) and of the noninstantaneous
the data points from 0.9 to 3.0 ps. The dotted curve is the extrapolation trapping of the electrons are expected to cause a departure from
of this function to shorter time delays. a simple exponential time dependence at short delays.

Finally, when we study the variation with time of the transient
that slightly exceed the position of the absorption maximum. peak position, we find that it also displays a monoexponential
We excluded most of the low-energy part of the spectrum to behavior when the positions of the absorption maxima are
focus on the g itself. For each delay considered, we fitted the expressed in units of energy. This systematic blue shift of the
observed spectrum with a Gaussidrorentzian function which e,, spectrum is shown in Figure 5. A characteristic shifting
is known to adequately describe the absorption spectrum of time of 0.52 ps is obtained when we again exclude delays shorter
€, Figure 4a shows that the width on the Lorentzian (blue) than 0.9 ps for which the position of the transient peak is likely
side does not vary with time and equals, on average, the valueto be influenced by species other than thgitself.
that was measured fotgby radiolysis’® This crucial obser- In the light of this rather simple analysis of our results, it
vation suggests that the variation in the position of thg e appears that the process of electron solvation in water involves
spectrum’s maximum is not accompanied by a modification of essentially the same elements that were identified in our study
its shape. In contrast, the width on the Gaussian (red) sideof electron solvation in methan&}3® In fact, we observe a
decreases with time and tends only slowly toward the value continuous blue shift of the_gspectrum which is concomitant
measured for & This is most likely due to the fact that the  to the well-known stepwise transition. In this case, however,
&, (and possibly another longer-lived component, as we shall the two processes are harder to separate owing to the comparable
see in section 4) contributes to the absorption at thesetime scales over which they take place. In order to see if the
wavelengths. It thus appears more reliable to characterize thehybrid model, which accounted quantitatively for the observed
intensity of the g, signal with the height of the maximum  kinetics of electron solvation in methanol, can do as well when
rather than with the total area that would include contributions the solvent is liquid RO, we must perform a simultaneous fit
from other absorbing species. Note that, in view of the on all the measured kinetic traces. This fit, which would need
constancy of the g spectral width that we observe on the blue to incorporate the convolution of the data (a critical aspect when
side, the height of the_gspectrum should constitute a good dealing with water), should allow one to circumscribe more
measure of the buildup in the visible that results from the precisely various parameters of the hybrid model of solvation

stepwise transition betweefj,gand €, such as the various relaxation times involved, the amplitude of
Figure 4b shows that the time dependence of the maximum the spectral shifts, and the relative importance of the channel
height of the transient spectra can be well fitted, for delags3 through which quasi-free electrons can get trapped directly into

ps, with an exponential function of characteristic rise time equal €, electror-solvent configurations. It also seems to be the
t0 0.39 ps. For shorter delays, the contribution of the infrared only approach that would allow a characterization of the evasive
absorbing species affects too much the amplitude of the g, spectrum.
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4. Fit of the Kinetics by a simple Gaussian. Third, we find a supplementary signal

4.1. The Elements and Constraints of the Model.As that appears very clearly at our lowest probe wavelengths and
mentioned above, the fit of the kinetic traces was done using that gradually blends into the absorbance rise associated with
the hybrid model that we put forth previously to explain the the electron when this wavelength is increased. The presence
spectral changes associated with the solvation of electrons inOf characteristic structures in those rises suggests that this
methanoBL38 In short, this model describes the trapping of component should be included over the whole studied spectral
electrons into two differentinrelaxedtrapped states, namely ~ range. Its kinetics, which is directly observable below 600 nm,
e, and &, and accounts for two types of relaxation mecha- displays a central maximum at time zero which is preceded and
nisms that can occur concurrently. The first one is a first-order followed by small minima in the absorbance (see Figure 2).
stepwise transition betweefgand &, which takes place with 1S _kinetic 2be£1aV|or can be er" ;jesc_nbe_d by the function
a characteristic timese, The second one is a continuous blue 0'1d23 _er>]<p(—_t s1’) — 0.089 exp( /%), W'thr;[ n p'COS_eCOPth
shift (monoexponential in energy) of the spectra of both species. 2" V‘I"t Slh'_t?.435' ps ?nctz =0.501 ps.l T ehlnten5|ty Oh the
The model assumes, for simplicity, that the same characteristicS'9nal. which varies from one wavelength to another, Is
time zcon:applies to the shift of & and &, and that this process _accounteq for by a mult|pllcat|ve factor in our fit. This feature
starts from the moment the electron gets trapped in either of IS most likely due to nonlinear effects that result from an

those states. The extents in energy of the two shifis,, and influence of the h'g.h transient electric flelql qf th_e pump pulse
. . _ . on the water refraction index. Its characteristic kinetic signature
AEgy, are allowed to differ from one another. Since thgie

modeled to relax continuously into the fully solvated species, and its extension over the whole spectrum investigated indicate

its absorption spectrum is assumed to be identical in am Iitudethat Itis not caused by the absorption of a transient chemical
P P _ P species like an ionized or an electronically excited solvent
and shape to that of,gbut translated as a whole along the

; ) ; molecule, as was surmised in previous studfes.26.27.35
energy axis. Jou and Freenf@wery closely described this . L
_ . . i 4.2. The Overall Fit. The estimation of these parameters
€, Spectrum by a Gaussiaiborentzian function. These

atithors found that, for liquid 8D at room temperature, the half- is done with the nonlinear least-squares algorithm of Marquardt

widths at half-maximum (hwhm) on the Gaussian (red) and on which is applied to fit simultaneously the 20 observed kinetic

the Lorentzian (blue) sides are 0.349 and 0.453 eV, respectively,tsr:t?;zctﬁ‘rs gﬁglllﬁaiglee r:1 I?hsFlggr()evieie?ns i sz’intwh?)rftgi ta}[:)en\é?éy
and that the position of the absorption maximum lies at 1.755 y gins. ’ P

70 . X . that, in order to obtain those good fits, we had to extend our
ev.”™ Those values being determined from an independent model to add a weak source of absorption in the near infrared
experiment, we kept them fixed in our fit. As for the spectrum s P

T . . o (800-1100 nm). In fact, the kinetic traces at those wavelengths
of g, it is simply described (to avoid overparametrizing the

. . . . ispl relatively long-lastin rban hat was n in
problem) as another blue-shifting Gaussidworentzian function display a relatively long-lasting absorbance that was noted

. ! . our presentation of Figures 2 and 3, and which appears to be
whose shap_e (simply determmgd Vi and W, t_he Gausglan inconsistent with the faster stepwise transition and spectral blue
and Lorentzian hwhm, respectively) and maximum extinction

coefficient emax remain constant during the whole hydration shift that are observed at the other wavelengths. To keep the

. description of this near-infrared component as simple as
rocesg?! Its peak is set to be located at an endegy,® before . . . . i
{)he beginningpof the continuous shift. Trapping is modeled as possible, we modeled its absorption spectrum with an unshifting

) . LR . Gaussian function. The fit revealed that the characteristic decay
a first-order process with a characteristic timg, Direct

. fth it | ) _ f . time of this component is indeed quite long (2:00.2 ps) in
trapping of the quasi-free electrons into tipadnfiguration is comparison to the values of the other temporal fitting parameters

allowed to occur, and its probability is notBg,. The geminate of the modelj.e., Tyap= 0.16 £ 0.02 Ps,zeiep= 0.41+ 0.02
recombination, which is assumed to start as the electron getsps, andreom= 0.51+ 0.03 ps’2 An important result of the fit

trapped, is also included inside the convolution integral of the is also the determination of the exte&,,, and AEq, of the

combined pulses and applied uniformly over the whole spectral blue shifts experienced by the two trapped electron states. Those
range- were found to be 0.06: 0.02 and 0.34t 0.02 eV, respectively.

In view of the fact that the powerful pump pulse that we use . . L - h -
. . The probabilityPg;: of direct trapping into the g configuration
lies in the visible (around 620 nm)_, we expect th_e early-trappgd was determined at 0.34 0.04. As for the absorption spectrum
electrons to be promoted to quasi-free states via the absorption fe it be ch terized Wit = 1660+ 120 n#/mol
of this light pulse. Our numerical simulations of the experiment OF €ypy It CAN DE ChAracterized Wikihax = mol,

have shown that this phenomenon causes an apparent delay i mlagj:_o%gsi OI':Ql eV’GW%_ Oﬁli g.'01 ev, andi. =
the electron-trapping kinetics. It also makes the convolution ™ 0 €V. TIgure & shows ow this spectrum compares
of the pulses narrower since the time span over which the quasi-ith that of g, and of the near-infrared component. One can
free electrons are generated prior to this apparent delay become§€® that the amplitude of thg,espectrum is comparable to
irrelevant. Various fits indicate that the best results are obtained that of &, its small apparent contribution in Figure 3 being
when trapping is set to start 0.350.05 ps after the passage of attributable to the fact that (I) its |ifetimtepis not much |0nger
the pump’s intensity maximum (time zero). than its formation timeap and (ii) a nonnegligible proportion
Concerning the absorption and emission features that appeaPdir Of the electrons do not transit through this state. Finally,
around time zero, they are accounted for by the addition (outside concerning the absorbance structures that are observed around
the convolution integral) of a signal that always has the same time zero and attributed to nonlinear effects caused by the
kinetic behavior but whose intensity is allowed to vary with intense pump pulse, we find that the amplitude of these
the probe wavelength. It should be noted that three types of structures (once normalized like the rest of the kinetics)
such transient components are observed. First, an inversedecreases slightly with probe wavelength. For all practical
Raman absorption is obtained when the energy difference purposes, they can essentially be considered as constant over
between the probe and the pump photons corresponds to théhe studied SpeCtra' range. The main peak at time zero reaches,
energy of a molecular vibrational transitfiisee Figures 1and ~ on average, a value of 0.05 in absorbance.
2a). Second, a stimulated Raman emission is observed when We find it important to note at this point that the determi-
the same energy difference is in favor of the pump photéns. nation of the fitting parameters and of their uncertainty is done
For both of those cases, the transient signal can be approximatedh the context of a fit for which some constraints were imposed,
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energy (eV) electrons to avoid transiting through the intermedigjestate
52 5 ! i could only be evidenced by means of the complete fitting

201 ‘—'— ..... 1 procedure.

18 ) It is interesting at this point to recall the results that were
~ 161 obtained in a similar analysis of the electron solvation kinetics
Tg il in ambient temperature metharféf® In that case, the char-
<t acteristic relaxation times were much larger, owing to the slower
NE 12 molecular motions in this liquid, but the same kinds of
L 10 phenomena were observed. Even from a quantitative point of
© s view, it is worth noting that the extent of the epectral blue
~ s shift was essentially the same as that obtained in the present
Wt study. As for the probabilityPy;, of direct trapping into the

4 L e, State, it was also found to exist in methanol; its value was

ZF . somewhat larger in that medium than it appears to be @ D

0 e 500 7300 1200 150 (0.54 in comparison to 0.34). The similarity between the

mechanisms of electron solvation in those two polar media has
wavelength (nm) often been surmised and is, to a certain extent, informative. For
Figure 6. Molar extinction coefficientse (SI units are used:  example, it could be argued that the observation of a continuous
1 m¥/mol = 10 M™* cmr?) of the various species that are included in 56 shift of the g, spectrum originates mainly from a rapid
the fit of the observed k'net'f:s' The d‘.med lines represent the. SF.’eCt'racooIing of the solvated electrons’ immediate surroundfgs.
of g,, and g, before any continuous shift has occurred. The solid lines H this hvpothesis d t hold in Vi f the fact that
represent the spectra in the long-time lini¢., when the continuous owever, 's, ch? esis does not ho ”,1 viewortne a? a
shift is completed. The arrows indicate the amplitude of the blue shifts. the characteristic time of the spectral shift correlates with the
One should note that, on the energy scale, the widths of the spectratime of a molecular rotation in the studied ligb-12.18.29.34
remain constant. The absorption coefficient of the near-infrared (e.g, it is more than 20 times slower in metha#d¥ than in

component { @—) is calculated here with the assumption that every water) and not with the coefficient of thermal diffusivityhich
ionization of a water molecule leads to the formation of this component. is ahout the same in methanol and in water.

5.2. The Electron Trapping and the Stepwise Transition.
omparing the present determinationz@f, and zsep to those

of the previous studies of electron hydration brings us into the
heart of some controversies that still prevail in this field. In

often on the basis of direct experimental measurements. ThoseC
constraints include the temporal width of the pungsobe
convolution, the normalization of the various kinetic traces, the

posm_ons of_t|me zero, and the delay 'mposed upon electron fact, there is a rather strong dispersion in the quantitative
trapping which results from the absor_ptlon of the pump pul_se assessment of those two relaxation times. Reviewing the
by early-trapped electrons. Changes in any of those constraintSitarature on this issue for the case 0f® we find the values
obviously affect the determination of the fitting parameters. We Twap= 110 1S, Tatep= 240 5 (ref 14):7irap = 180 1S, 7siep= 540
found in particular that the characteristic timesp , Tstep, and fs (ref 19);Tiap + Tstep= 650 fs (ref 26)eiep= 310 s (ref 28);

Tcont @re correlated to the electron-trapping delay mentioned Tuap = 150 15, Tetep= 500 fs (ref 32):zyap = 300 fs, rstep= 540
above. One should thus consider that the uncertainties givensg (pref 37)'77tr;1 =180 fs Teen= 540 fo (ref 38)., Theoretical
here constitute minimal values of the 95% confidence intervals. t,dies ba{sedp on classi,cal ';nolecular dynamics simulations of

It is interesting to note that all our trial fits resulted in a value e solvent coupled with quantum adiabatic and nonadiabatic

of Zcon that exceeded that afep by about 0.1 ps. simulations of the electron’s wave function also yielded various
values of those times, such as;ap, ~30 s (ref 46);7swep~1000
5. Discussion fs (ref 50);7siep= 220 fs (ref 51)rsiep= 160 fs (ref 53). Finally,

) ) we can also quote the work of Keszsial56 who reanalyzed

5.1. General Considerations.If we compare the results of  the experimental data of Migu al14 and the simulation results
our empirical analysis of the transient spectra (see Figur& 3 of Murphrey and Rossky to find that the former could lead to
to those of the more rigorous overall fit on the 20 kinetic traces, Tuap= 100 fs andrsiep= 330 fs, whereas the latter can be fitted
we find that the main features of the hydration kinetics seem to \yjth Tvap = 92 fs andrgep, = 67 fs. The dispersion of those
have been essentially grasped by the former approach. In factresults reveals the absence of consensus on a quantitative
the fit, which includes many specific aspects of the experiment, getermination of those kinetic parameters. The general trend
confirms that our entire set of kinetic traces can be well that can be retained is thaga, Seems to be less than 300 fs
described with the hybrld model that involves a stepwise and thathtepexceed&'trap by a few hundred femtoseconds.
transition as well as a monoexponential continuous spectral blue |t \ve consider the case of electron hydration isDwe note
shift. The characteristic times of the stepwise transitief.¢ that much fewer studies have been performed. In each of them
ps) and of the g shift (~0.5 ps) could be well estimated from it was found that the characteristic times were slightly larger in
the transient spectra. This is also true for the extent in energy p,Q. Long et all” suggested that the difference 4€30%,
(0.3-0.4 eV) of the continuous blue shift. Moreover, the fit \yhereas Gauduadt al21.2327 estimated it to be even smaller
confirms the presence of a long-lasting absorption component(~5-10%). A recent quantum nonadiabatic simulation stédy
in the near infrared (between 800 and 1100 nm). As for the also led the authors to conclude that the isotope effect should
spectrum of the g species, its maximum absorption around be small enough to be difficult to observe. This result contrasted
1300 nm (see Figure 6) could already be estimated from an sharply with an earlier simulation stutdywhich yielded a value
inspection of the transient spectra of Figure 3. However, the of e, in DO (800 fs) that largely exceeded its calculated
fit proved essential in the determination of the formation time counterpart in HO (200 fs). In view of all this, the valuesap
of this species (between 100 and 200 fs) and in the assessment= 160 fs andrsiep = 410 fs that we obtain for the hydration
of its rather small spectral blue shift. Finally, the existence and kinetics in DO can be considered to fall well within the range
importance of a direct channel that allows the quasi-free of previous determinations.
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We wish to point out here the similarity between the electron- state, they named it “ground-state solvation”. The small extent

trapping time which is generally found in water150 fs) and in energy of the blue shift observed in these experiments may
the one that we obtained in our study of electron solvation in be attributed to the fact that the electrons start from a fully
methanol (330 fs§*36 On a physical basis, one expectsy to relaxed state. The same measurements were later reanalyzed

be of the same order in those media since the trapping timethrough a comparison with quantum nonadiabatic simula-
should be more related to the density of preexisting traps thantions>557and it was suggested that the observed kinetics were
to the characteristic rotation time of the solvent molecules. In mainly due to a continuous relaxation (with characteristic time
contrast, the stepwise transition time is found to be more than 240 fs) of the solvent around the intermediafg state rather

10 times longer in methan§l>18.29.3L.353¢han in water. The  than around the final g state.

only study in whichreepis considered to be essentially the same It should be pointed out here that all the molecular dynamics

. . : _ )
in water and |_n various alcohols is that of.WthcmtaI. simulations of electron hydration displayed a continuous
5.3. The Direct Channel of Deep Trapping. If we turn to relaxation of the available electronic states both before and after
the determination oPq;, we find that most studies have either e passage of the electron from one state to another. In the
not considered this possibility or assumed it to be negligible. ¢ase where the electrons were considered to start out from a
Those who tried to estimate it fourleir = 0.2 (ref 48), 0.5 g a5jfree state, the kinetics of this continuous relaxation was
(ref 50), 0.6 (ref 53), 0.22 or 0.66 (ref 56), and.5 (ref 37).  ypiversally found to consist of a fast60 fs) component and
These value_s (|nclud|_ng our owrRg;r = 0.34) fall into a range a slower (200 fs) one’647:53 This latter component afoniS
(0'2_0'7) which constitutes a r_easonable consensus. We Sh(_)u'dessentially equal to the longitudinal dielectric relaxation time
point out, however, that the existence of this direct deep-trapping ¢ liquid water which, according to the continuum dielectric

cha_nne_l in water is not firmly esta_blish_ed on an expe_rimentgl models, should govern the solvent response to the emergence
basis since all the measured hydration kinetics can be fitted quite ¢ o point chargé76.:80

satisfactorily without including such a parameter. This is not In th t stud find that th i vent
the case for the solvation of electrons in alcohols of various " '€ Present study, we find that the continuous solven
response, although not rate-limiting as suchf = 510 fs>

chain lengths for which a subpicosecond growth of the absorp- S :
tion in the visible has often been obsen/éd263L36 The basis Tsiep= 410 fs), plays a significant role in the observed spectral
kinetics that result from the hydration of electrons st We

for including thePgj parameter in our modeling of electron - S - . .
hydration thus rests mainly on the analogy that we are temptedalso find that its simple description with a monoexponential
function suffices to grasp its main contribution. It should be

to draw between water and the alcohols. Finally, we wish to . : .
noted that in water, in contrast to the results of our analysis of

point out here that the physical meaning of our paramejgr N 36 >
differs from that of other authors who consider that once the €/€ctron solvation in methant*the extent in energy of the

electron has gone through this channel, its solvation is com- & blue shift is essentially negligible\Ew, = 0.06 eV). That
pleted37485456 |n our model, the solvation only ends when the Of the &, species AEs, = 0.34 eV), however, is considerable.
“long-range” contribution to the solvation energy, which is
expected to build up continuously due to the involvement of a

medium requires some reorientation and displacement of thela‘rf-}je number of moIe_cuIz_ar positions an_d orientations. Al t.h's
surrounding molecules. As a consequence, the existence c)fpomt, the actual contribution of the polarization to the solvation

spectral shifts of the absorbing species is almost certain. The®N€rdy remains uncertain. On_one hand, observ_atlons of the
main question that remains is to know whether or not these solvation of electrons in dilute mixtures of alcohols in alk&hes

shifts can be observed experimentally. They could, for example, suggegt that only a few molecules of alcohols seem to be needed
be too small (in energy) or too fast to be detected. The fact is to provide a deep trap for the electrons. On the other hand, the

that those shiftare observed during the solvation of molecular &ttachment of electrons to water clusters of various Sizés
ions and dipoles in various liquids (including watéh?® In indicate that the electron binding is sensitive to a rather extended

the case of electron solvation in alcohols, earlier studies at low €nvironment. A “long-range” contribution of a few tenths of
temperaturé*6-9 and more recent ones at room tempera- an electronvolt would not be at odds with these latter studies.

ture!8.29,3134.363%9gve shown that the role played by the 5.5. The Excess Absorption in the Near Infrared. Another
continuous relaxation of the solvent in the spectral kinetics aspect of the observed spectral kinetics is the existence of a
cannot be neglected in these media. In spite of this, it has long-lasting absorption in the region 960100 nm that we
generally been left out in the modeling of electron hydration, denote here as the near infrared. As was pointed out in section
the rationale for this being that a great deal of the observed 3, this excess absorption can readily be observed in the kinetic
spectral changes seems to be accounted for by the sole transitiotraces as well as in the transient spectra. Our overall fit revealed
between g, and g,'41° Messmer and Simdfwere the first that it could be accounted for by including a supplementary
to include this element in their analysis of the meastfred absorbing component which appears within a few hundred
transient electron absorption spectra in liquid water. They femtoseconds and decays with a time constant as large as 2 ps.
introduced a very extended blue shift{.2 eV) that only In view of the spectral location of this component, it is natural
applied to a fraction of the electrons and whose characteristicto draw a parallel between our observations and those of
time was 250 fs. Barbara and co-work8rsiso found it Gauduel and co-workef8:2427 Those authors first identified
necessary to invoke such a blue shift in their modeling of a very clearly, in highly concentrated HCI| aqueous solutions, an
fairly different experiment in which they performed a 1.6-eV absorbing “species” whose spectrum (probed at many wave-
excitation on a population of fully relaxed hydrated electrons. lengths) peaked around 920 nm and which decayed with a fairly
They observed complicated kinetic responses in the near infraredong characteristic time of 850 8. They associated this
and attributed them to the occurrence of a continuous blue shift absorption to a transient J@* : €] pair which is likely to

that had a small amplitude~Q.1 eV) and which was rather form at the time of electron trapping in such highly acidic
slow (~1.2 ps). Considering that this relaxation process took solutions. Subsequently, they considered the existence of this
place after the electrons have returned to the strongly boundkind of “encounter pair$® in pure liquid water and attributed

5.4. The Continuous Relaxation. From a physical point
of view, the solvation of a charged entity in a polar molecular
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to them the excess absorption that they observed at 820spectra of the absorbing species shift with time and thus no
nm24.27.86 The case was not very convincing in®i since the such point should be observed. As pointed out in a previous
kinetic parameters associated with the formation and decay ofstudy?4it is also essential to carefully correct for the geminate
this species were not significantly different from those gf e ~ recombination kinetics before looking for a probe wavelength
(as determined by these authdts)lin D,O, however, the excess  that would exhibit a flat hydration kinetics. As well, one should
absorption had a distinctive kinetic behavior: its decay time consider the possibility that a supplementary absorbing com-
(0.77 ps) was longer than theep of 0.25 ps derived in that ~ ponent contributes to the sightind that the reactivity of the
study?’ It is worth noting here that a recent std8ipf electron e,,*° could cause the total number of trapped electrons to
hydration in HO also mentions the observation of “an additional decrease in the course of solvation. In our case, we found that
short-lived ¢ ~ 1 ps) infrared-absorbing kinetic component” none of our 20 kinetic traces showed the behavior of an
at 750 nm but does not give further details. isosbestic wavelength. The original observation of Lenhgl1°

We find that if we attempt to fit our measured kinetic traces of such a behavior at 820 nm in.8 was contested by
in DO withoutincluding a continuous blue shift of the trapped Pommereet al2* who measured, at this very position, a decay
electrons’ spectra, we are also led to resort to the introduction that could not be solely attributed to their description of the
of a strongl¥” absorbing component in the near infrared which geminate recombination. These latter authors did not find any
decays with a characteristic time of 0.87 ps. The fit is then probe wavelength for which the kinetic trace (once corrected
fairly good but fails to account satisfactorily for the rise of the for the recombination) could be fitted to a single time constant.
absorption on the blue side of thg, epectrum and for the ~ This observation confirmed the fact that no isosbestic point
long-time component of the excess absorption around 950 nm.appeared in their transient spectfa.
Nevertheless, it is important to realize that the presence of a The absence of an isosbestic wavelength was also quite clearly
supplementary species conveniently located in the near infraredevidenced by the results of recent experimé&ntbat were
causes spectral changes that are not readily distinguishable frontiesigned to monitor the excitation of einto €, and its
a spectral blue shift of g8 We find that, in order to subsequent stepwise deexcitation. In the case where only those
discriminate between those two possibilities, one has to considertwo species absorb and where there are no continuous shifts of
simultaneously a number of kinetic traces that cover a wide the spectra, one would have expected the isosbestic wavelength
range of probing wavelengths. It is therefore possible that the to manifest itself with an absence of variation in the absorbance
departure from a strictly two-state kinetics that Gauduel and during the whole process. In contrast, complicated transient
co-workerd*2?” observed in the near infrared (at 820 nm) was behaviors were observed in the range #3800 nm, and it was
due to the presence of a continuous blue shift that they did not concluded that continuous spectral shifts are involved in the
account for. All one can say is that they probed an intermediate relaxation of the syste#:>57 In spite of this, Shiet al3’
spectral region where the relaxation kinetics was slower than recently based again their analysis of the hydration kinetics on
that measured in the visible and further in the infrared. The the existence of an isosbestic wavelength at 820 nm. A careful
same observation was made by Chase andHuitite alcohols analysis of the contribution of their early recombination kinetics
and led them to conclude that it was “probably due to complex and a display of their transient absorption spectra would perhaps
spectral shifts” that accompany the solvation. A thorough help in elucidating this apparent contradiction between different
discussion on the interpretation of slower kinetics at intermediate sets of experimental results.

wavelengths can also be found in ref 7. 5.7. The Events Preceding Electron Trapping. We end

The approach adopted by Gauduel and co-worketayhich this discussion with some considerations on the energetics of
consisted of analyzing separately the kinetics at a few testwater photoionization and on the possible absorption of light
wavelengths, led them to introduce a supplementary absorbingby quasi-free electrons. As already mentioned in section 2, our
species in quite aad hocfashion. The best justification for  experiment is based on the ionizing properties of an intense
their choice remains the qualitative analogy that could be drawn 620-nm (2-eV) light pulse. It thus differs from the other
between this phenomenon and the spectrally well-characterizedexperimental setups that make use of more energetic photons
species that they identified in aqueous solutions containing to generate the excess electréh’?.26.32.38.68 \/grious studies
11 M of HCI. have suggested that the process of ionization of the solvent

Similarly, we can ask ourselves whether or not the sthall molecules conditions the state from which the electrons begin
supplementary absorbing component that we introduced in ourto interact with the medium as isolated charéfe’s;32.38.67.68.88,89
model simply constitutes a manifestation of our inability to fully As a consequence, different ionization processes can be distin-
describe a more global relaxation feature. Attempts have beenguished from an analysis of the recombination kinetics that
made, for example, to model the continuous shift with a more follows hydration®® Upon examining our electron survival
complex solvent response function than a monoexponential. Sofunction that was given in section 3 and displayed in Figure 1,
far, none of those were as successful as the overall fit that weone finds that 22% of the electrons have undergone a geminate
present here. For now, we consider the physical origin of the recombination 70 ps after their generation in the medium. This
long-lasting absorption in the near infrared as an open question.proportion corresponds to that found when two 5-eV photons

5.6. The Existence of an Isosbestic WavelengttRegard- are used to ionize watéf:®® In the case where only 8 eV are
ing the kinetics in the near infrared, we wish to comment on deposited, the recombination is significantly more
the much controversial notion of isosbestic wavelength which important!5-17:27.68 |n contrast, an ionization that involves the
is predicted by a description of the hydration that rests strictly deposition of 12 eV or more results in a recombination kinetics

on a stepwise transition betweep, @nd ¢,,1419.2437.48 Most that is extremely weak and slo#®®® It thus appears quite
of the debate on this issue refers to the results obtainedayp H ~ clearly that five 2-eV photons are needed to produce the
but the same reasoning also applies to the case,©f (Even ionizations that we observe.

though there is always a wavelength at which the extinction  As for the intermediate states that intervene in the multiphoton
coefficients of ¢, and g, are equal, it does not necessarily ionization, they cannot be unambiguously determined. Our
lead to the presence of an isosbestic point in the transient spectraearlier studie®-3° of the variation of the & absorbance with

In the framework of the hybrid model that we promote, the laser irradiance raised the question of the role that could be
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played by an excited state of the water molecules. One canhowever, the two-state model is still often considered as the
also wonder whether or not the ionization proceeds through the standard one even though it was shown to be unable to account
absorption of 8 eV (four photons) in a first stage which would for the slower kinetics observed in the near infrared. Some
be followed by electron trapping and subsequent detrapping viaauthors have evoked the existence of a supplementary absorbing
the absorption of a fifth photon. In fact, we already mentioned species to explain thi&:27:38 Others have concluded that the
that our observed hydration kinetics are consistent with a delay spectral shifts resulting from the relaxation of the medium play
that could be caused by the absorption of the pump pulse an important role in the near infrared kinetf@s® The present
photons by trapped electrons. study strongly supports the latter approach. We found that
The subsequent absorption of light by the initially created resorting solely to a supplementary component does not allow
quasi-free electrons remains controversial. The fact that ourto fit globally all the observed kinetics as well as when a
recombination kinetics is significantly faster than that of continuous spectral shift is introduced. More importantly, the
experiments where 12 eV are used to ionize indicates that thehypothesis of the continuous spectral shift relies on sound
guasi-free electrons do not absorb supplementary 2-eV photongphysical considerations regarding the expected relaxation of the
from our pump pulse. It has been sugge%tégthat they may solvent as a whole. In that sense, it appears as a more natural
absorb quite strongly in the near infrared and even in the visible approach to interpret the experimental results. The simplicity
(e at maximum~2 x 10° m?mol), and some modelings of the  of our description of the shift (with a monoexponential variation
kinetics have included this featute. Since this property of  with time) and its similarity with those established for electron
quasi-free electrons is quite uncert8inye preferred not to solvation in alcohols and for ion or dipole solvation in polar
introduce it in our model. Given the short time of localization media in general also reinforce the model we have adopted.
of the electrons, the spectral characteristics of the quasi-freeWe must say, however, that we did introduce in our fit a small
states are very difficult to assess experimentally and cannotsupplementary absorbing component in the near infrared to

realistically be extracted from our type of pumprobe experi- account for the slow~2 ps) relaxation which is observed

ment. around 950 nm. The physical origin of this long-lasting
absorption remains an open question.

6. Conclusion In the present study, we insisted on the necessity of examining

In conclusion, we wish to recall that the present study, simultaneously a large number of probe wavelengths on a wide

performed over a wide spectral range and with a large number SPectral range to capture a global picture of the relaxation
(20) of probing wavelengths, was designed to grasp as g|0b‘,i”yphenomena involved. We also showed that it is crucial to

as possible the spectral changes that accompany the hydratio@ccount for the slower kinetic features, such as the geminate
of electrons. It was found from an inspection of the transient recombination and the excess of absorption in the near infrared,

absorption spectra that the well-known stepwise transition which are entangled to the hydration kinetics at shorter times.

between the weakly bound jfg and strongly bound (g Bearing this in mind, the best way to further elucidate this
electron-solvent configurations is accompanied by a slightly sul:.)jec.t IS to improve .the time resolution of the measurements,
slower continuous blue shift of the latter species’ spectrum. An which is not yet significantly bgtter than the characteristic times
examination of the time dependence of the height and position of the observed phenomena in water.
in energy of the absorption maximum reveals that both the
absorption buildup and the shift can be adequately modeled with
monoexponential functions. Moreover, we find that the evolu-
tion of the ¢, electron-solvent configuration is not ac-
companied by complicate_d modifications of its spectral_ shape. References and Notes
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