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Femtosecond Electron Solvation Kinetics in Water
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Recent experimental and theoretical studies of electron solvation in liquid water have led to a detailed kinetic
picture of this process. The electron solvation dynamics can be viewed as an excited state relaxation process
between different electronic energy levels of the solvated electron. Simulations have suggested the importance
of direct relaxation from upper excited electronic states as well as from the lowest excited electronic state
(the wet electron state) to the ground electronic state. Using this as a model to analyze the experimental
data, it is found that the quantum yield of wet electron formation cannot be less than 0.5 and that the peak
of the wet electron absorption spectrum shifts to the IR with a decrease of wet electron formation quantum
yield, with limiting values for the peak of 1-41.5 eV.

I. Introduction been proposed-22 In addition to the relaxation path considered
in the standard two-state model, in which the ground electronic
state (hydrated electron) is populated solely from the lowest
excited electronic state (wet electron), the modified kinetic
model included a new relaxation path of the electron directly
from quasi-free electronic state to the ground electronic state
(s-like state) without going through the intermediate wet
electron. The inclusion of this new relaxation path in the kinetic

odel will impact the kinetic parameters and wet electron

bsorption spectrum obtained using the standard two-state
model® In this paper, the effects of the new relaxation path on
the kinetic parameters and the wet electron absorption spectrum
will be examined.

The problem of the solvated electron or equilibrated electron
in water has been of great experimehtéland theoretical
interest?~18 Although the absorption spectra of the solvated
electron in water are understo&tl4it is only recently that the
details of the dynamics of electron solvation have begun to
emerge from ultrafast absorption spectroscopy. Multiphoton
ionization of neat water at room temperature using femtosecond
lasers as the pump source to generate excess electrons followe
by femtosecond transient absorption measurements of the
evolving electrons in water indicates that there are only two
species involved in the solvation dynamics: the wet electron
and the solvated electron. The wet electron is proposed to be
the lowest excited state of the solvated electron and the
equilibrium solvated electron is the ground state of the electron.
Recent experimental results using ih H,O to generate the
electron in aqueous solution further supports the hypothesis thatf
the wet electron is an excited state of the solvated eleétron.

Stimulated by the experimental results, a considerable amoun
of theoretical work has been done on electron solvation using
molecular dynamics simulations methdds'® The results of
early simulations of electron solvation based on adiabatic
relaxation of the electron in water did not agree with experi-

Il. Experimental Section

The experiments discussed in this paper were done by
emtosecond absorption spectroscopy. The sample cells used
were 200um in thickness, and the water was prepared using a
homebuilt distillation apparatus. The cross-correlation function
of the pump and the continuum probe was determined to be
230 fs fwhm from difference frequency generation measure-
ments. Convolution procedure was used in data analysis

. . . . because the electron solvation times are comparable to the
mental observation¥. The disagreement between the adiabatic system response time. Further details can be found in our

simulations and experimental results suggested the importanc ; 5
of nonadiabatic transitions between different electronic stateseIDrevlous papers.
during electron solvation. The recently developed molecular
dynamics methods involving nonadiabatic transitions have made
the simulations of electronic relaxation of the excess electron
possible?® Simulations have theoretically demonstrated the role
of nonadiabatic relaxation in the electron solvation dynaffiés.
Similar results have been obtained for electron solvation in liquid
water using slightly different simulation methotfs The results
from nonadiabatic simulations with flexible water solvent
molecules are consistent with experimental observafiths.
Based on recent nonadiabatic simulations, a modified kinetic
model describing the electron solvation process in water has

I1l. Results and Discussion

A. Electron Solvation Dynamics and the Standard Two-
State Model. Theoretically, if there are only two species present
in the kinetics, one is the precursor of the other and both are
identifiable by their characteristic absorption spectra, then one
would expect to observe an isosbestic wavelength where the
absorption coefficients of the wet electron and the solvated
electron are equal, provided that the adiabatic relaxation of the
electron is much faster than nonadiabatic transitions as suggested
in the adiabatic simulationd. The existence of an isosbestic

“Towh p Hould be add ] wavelength in the electron solvation dynamics has also been

t C(L)Jr%n?n;dccﬁgng)ogeggrct?n:n?gf Cf?eranistrrfsgni'versity of Michigan, suggested in the_ nonad'abatlc_ S'mwat'éﬁs' .
Ann Arbor, MI 48109. Clearly, experimental examinations on whether there exists

¥ Current address: Department of Chemistry, Rutgers University, Pis- such an isosbestic wavelength in the dynamics are important to
cataway, NJ 08855. . . prove or disprove the two-state model of electron solvation in

urrent address: Department of Chemistry, Northwestern University, : . . .

Evanston, IL 60202. water. To find such an isosbestic point we have scanned the

® Abstract published ilAdvance ACS Abstractgduly 1, 1996. probe wavelength from the infrared to the visible. Typical data
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-‘E 0.8 whereNy is the number of electrons made by the ionizing pump
= - pulse andet andegg are the absorption coefficients of the wet
E ™ electrons and the solvated electrons at wavelehgthrom the
g 0.4 data analysis using the standard two-state model, it has been
S 5 0 (©): 1100 nm found that the wet electron formation timeki/was 300+ 40
E‘J ’ ’ fs, and the lifetime of the wet electron ki/was 5404 50 fs.
? 0.0 Using the known values for the solvated electron absorption
T T T 1 at different wavelength&24the wet electron absorption spec-
! Tim:e (ps) 3 trum can also be inferred from data analysis without relying on

absolute absorption measurements, as shown in Figure 2. UV
power fluctuations and the difficulty in reproducing the spatial
overlap of the pump and probe pulses as the probe wavelength
at 550, 820, and 1100 nm are shown in Figure 1. At short is varied make the absolute absorption measurements difficult.
probewavelengths, a slow increase in the signal is observed dudt can be seen that the wet electron absorption has a blue tail
to the formation of the solvated electron, while the signal extending out past 2.5 eV. The absorption has a broad
decreases at longer probe wavelengths after its initial rise duemaximum around 850 nm or 1.46 eV and the overall absorption
to the decay of the wet electron population. This behavior is a strength is similar to that of the solvated electron. It is important
consequence of the fact that the wet electron absorbs moretg note that the absorption spectra of the wet and the solvated
strongly than the solvated electron in the IR region. At 820 ejectron overlap sufficiently that the absorption of both species
nm, the signal remains constant after its fast rise, which is an st he considered in the data analysis at all the wavelengths
|nd|cat|(_)n of an_l_sosbestlc wavelength. In other words, the i died (556-1100 nm). The wet electron absorption spectrum
absorption c_oefﬁcents of the wet and the solvated electror_1 € obtained from our data analysis is similar to the absorption
equal_ at this particular wavelength s.o.that. for an optical spectrum of the intermediate excited state from simulations
experiment the two species are indistinguishable and the resultsi6a
transition of the wet electron into the solvated electron becomes ) ) N

B. Two-Channel Model of Electron Solvation. In addition

irrelevant. The existence of such an isosbestic point is strong : ; ' ) ~ )
evidence that the wet to solvated electron transition involves t0 demonstrating the importance of nonadiabatic transitions in

only two states, which is in agreement with the experiments the dynamics, the recent nonadiabatic simulations revealed
and interpretation of other researchers: A small decay (with a another important feature of electron solvation. The simulations
rate of about 1/15 pg) present at times greater than several showed that about 50% of the electrons go directly to the
picoseconds is due to the much slower geminate recombinationelectronic ground state from the quasi-free electronic state
of the solvated electroh. without going through the intermediate state, while other quasi-
Accordingly, we used a simple kinetic model to fit the data. free electrons relax following the path as described in the
standard two-state model, going to an excited intermediate state
(1) before they reach the electronic ground state.
Stimulated by these results, an interesting comparison can
where 1K; and 1K, are the formation times of the wet and the be made with an extension of the standard two-state kinetic
solvated electrons respectively. For the purposes of this papermodel by including direct decay from quasi-free electronic state

Figure 1. Electron solvation dynamics in neat water: (a) 550, (b) 820,
and (c) 1000 nm.
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to the ground electronic state of the electron, without passing
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through the lowest excited state, i.e., the wet electron. °
1.2
Ky’ Ko
€quasifrre T €wet — > Esol (3)

One obtains the following by solving the rate equations for
eq 3,wherekt = k'; + K'3. For the purpose of this paper we
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The two-channel model implies the existence of a finite )
“quantum yield” of wet electrons, i.e., not all quasi-free electrons Z;gg{gga&gﬁ;&ﬂ ?F?gcetlr;ﬁﬁgl%f é?:mﬁ;tdilicirgg%.'e(g(?sr;gz et
become wet electrons. In terms of the constants in eq 3 We = 790 (open diamondpue: = 50%. '
obtain the wet electron quantum yiefge: = K1/kt. If K3 <
k'1, then almost all the quasi-free electrons pass through thecates that at least 50% of the quasi-free electrons pass through
intermediate wet electron state and the corresponding wetthe wet electron intermediate state, which is in agreement with

electron quantum yield is high. In contrastki§ > k'; then computer simulation&2
relatively few wet electrons are formed and thereby wet electrons
would hardly be observed. IV. Summary

In the standard two-state kinetic model, at the isobestic
wavelength, only the formation of the wet electron appears in
the dynamics and that rate is given by In the two-channel
model, there is still an isosbestic wavelength observable;
however, the rate of appearance of the wet electron is now given

Il?]y tkhTe ;rtgi(;gfjsaor: dwft:eefr?;rr?:e?ichge?;e rge“slggz:??\%/lgg/k'ZSmc was verified by the confirmation of an isosbestic wavelength
€in the solvation dynamics. The formation rate, decay rate, and
%ogﬂerq\?v%elﬁggglgﬁnf:}st?t?;z:g)rﬁg:;nni%it: i?;:}sbttmzfarlﬁrgﬁgsthe abs_,orptlon spectrum of the wet electron w_ere_meas_ured. Data
words, eqgs 2 and 4 requite =  andk, = K. Furthermore anaIyS|§ basgd ona two-channel model, yvhlf:h is derived from
agreement between the two models is obtained if the time theoretical simulations, shows that the kinetic parameters and
independent preexponential terms in egs 2 and 4 are equalthe wet electron absorption spectrum will depend on the
which leads to the following relation ‘quantum vyield of thg wet elgctron. An important resulf[ of the
' two-channel model is the finding that the quantum vyield for
(Cwor— €sodks K1(€'vat — €'0) wet electrpn_formation must be greater than or equa}l to 0.5.
wet sof 1“1 wet s (5) This puts limits on the peak of the wet electron absorption from
ki =k ky — K roughly 1.1 to 1.5 eV. Because the absorption peak of the wet
) o : . _ electrons shifts toward IR with the decrease of wet electron
where the primes indicate Fhe absorption c’oeﬁ|C|ent$ in the Casequantum yield limits on the wet electron absorption peak can
of the channel model. Usink = kr, kz = K2 and noting that g get hetween roughly 1.2 and 1.5 eV. These observations

€sol = €'sol SiNCe the solvated electron absorption must be the 5re gualitatively consistent with recent simulation results.
same for both cases, it is found that

Recent experimental and theoretical work have led to the
development of a detailed picture of the dynamics of electron
solvation in liquid water. Experimentally, the two electron
species observed are the solvated electron and the wet electron,
an IR absorbing precursor. The existence of only two states
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