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ABSTRACT: Cluster-size-resolved ultrafast dynamics of the solvated
electron in neutral water clusters with n = 3 to ∼200 molecules are
studied with pump−probe time-of-flight mass spectrometry after
below band gap excitation. For the smallest clusters, no longer-lived
(>100−200 fs) hydrated electrons were detected, indicating a
minimum size of n ∼ 14 for being able to sustain hydrated electrons.
Larger clusters show a systematic increase of the number of hydrated
electrons per molecule on the femtosecond to picosecond time scale.
We propose that with increasing cluster size the underlying dynamics
is governed by more effective electron formation processes combined
with less effective electron loss processes, such as ultrafast hydrogen
ejection and recombination. It appears unlikely that any size
dependence of the solvent relaxation dynamics would be reflected in
the observed time-resolved ion yields.

1. INTRODUCTION

The everlasting interest in the hydrated electron has resulted in
a wide range of experimental and theoretical studies on the
formation mechanisms, the relaxation dynamics, and its
electronic properties in liquid water, amorphous ice, and
anionic, neutral, and sodium-doped water clusters.1−49 Recent
experiments using time-resolved photoelectron spectroscopy
(TRPES) of neutral water clusters50−52 and bulk liquid53

enabled the first detailed comparison of the relaxation
dynamics following direct excitation of water above and
below band gap. It was suggested that the relaxation dynamics
observed in the first few picoseconds is dominated by slow and
fast solvent responses with characteristic solvation times of
∼200 fs and ∼1−2 ps, respectively. An intriguing result is the
apparent independence of the hydrated electron signatures on
the system size. Similar solvation dynamics, vertical binding
energies (VBE), and survival probabilities are reported for both
neutral clusters (average sizes ranging from 300 to 500 water
molecules50−52) and bulk liquid (liquid microjet53) (see Table
1 in ref 51). Likewise, the solvation dynamics and VBEs in
neutral clusters and bulk liquid are also found to be largely
independent of the excitation energy from below to above
band gap in the region from 7.7 to 15.5 eV.
In contrast to water cluster anion studies,4,22 TRPES studies

of larger, neutral clusters cannot exploit the full potential of
cluster studies because cluster size selection is generally not
possible for the latter. Size selection of neutral clusters is still
limited to small clusters (e.g., by using inhomogeneous
electric54,55 and magnetic56 fields), and the same holds for

photoelectron−photoion coincidence studies.57,58 Thus, PES
of larger, neutral clusters represents the average behavior of a
broad cluster size distribution. However, progress in the
measurement of size distributions of neutral clusters makes it
now possible to determine the accurate average cluster size and
width of the distribution.59−61

To shine more light on the 100 fs to ps dynamics of the
hydrated electron after direct laser excitation of neutral water
clusters, we report here a complementary approach that
exploits time-resolved time-of-flight mass spectrometry (TOF-
MS) instead of TRPES. In contrast to TRPES, TOF-MS allows
us to retrieve cluster-size-resolved dynamics, albeit at the price
of losing electronic information. Furthermore, these studies
provide time-resolved information about clusters with fewer
than 200 molecules, for which no TRPES studies have been
reported yet. To this end, we record time-dependent water
cluster ion yields following below band gap excitation with
femtosecond laser pulses of 7.8 eV energy and subsequent
ionization with femtosecond laser pulses of 4.7 eV energy. The
results are compared with our previous TRPES study
performed with the same pump−probe excitation scheme.51

The time-resolved TOF-MS provides complementary cluster-
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size-resolved information about hydrated electron formation
and loss processes.

2. EXPERIMENTAL SECTION

The experimental setup was previously used and described in
refs 50, 51, and 62, with the major difference here being the
use of time-of-flight mass spectrometric (TOF-MS) detection
instead of photoelectron detection. Neutral water clusters were
generated in a pulsed supersonic expansion through an Even-
Lavie valve63 with Ne as carrier gas. TOF spectra of the ions
were recorded after femtosecond pump−probe excitation.
Pump pulses with 7.8 eV photon energy from high harmonic
generation (HHG) were isolated in a time-preserving
monochromator. At this pump energy, solvated electrons can
be generated in water clusters below band gap. Probe pulses
with 4.7 eV photon energy were generated by nonlinear
frequency conversion in a pair of BBO crystals. The instrument
response function (IRF) was determined from 1 + 1′
nonresonant ionization of both Xe and O2 and has a width
of ∼194 fs (Figure S1).
TOF spectra of the ionized clusters were detected on a shot-

to-shot basis, which proved to be crucial for a pump−probe
signal with a count rate of about 0.1 ions/shot. At such low
count rates, the usual procedure of averaging TOF-MS traces
would require accumulating many more laser shots to obtain
usable signal, which would make it virtually impossible to
maintain the stability required for recording pump−probe
scans. We amplify the electron current generated by the ions at
the detector62 and record the TOF trace with an oscilloscope
(Teledyne LeCroy WaveRunner 625Zi, 2.5 GHz). The
oscilloscope was operated in an event counting mode where
only the TOF at the maxima of the electron current are stored
on a shot-to-shot basis. Because only TOFs for current maxima
above a certain threshold are stored, the signal is free of
electronic noise. The sampling resolution (number of bins per
TOF interval) is, however, limited because of the repetition
rate of the experiment which sets an upper limit for the
number of bins in a given TOF interval. We selected a TOF
window of 20 μs at an ion extraction voltage of 25 kV, which
limits the detectable ion mass to m/z ∼ 104 (∼600 water
molecules). This range was sufficient to record signal from the
whole cluster size distribution generated by the valve.
Detecting at a rate of ∼200 Hz, the TOFs were binned with
maximal resolution of our oscilloscope (5000 bins/interval, bin
width of 4 ns), resulting in sampling of about 5 data points
across a typical ion signal peak. Our detection scheme enables
single-molecule resolution for clusters up to ∼200 water
molecules. We note that this method only works in the limit
where not more than one ion with the same TOF is detected
within a single laser shot.

3. RESULTS

3.1. Time-Resolved Mass Spectra. Figures 1 and 2 show
TOF spectra as a function of the pump−probe delay Δt, with
the assignment of the cluster size in terms of the number of
water molecules n − 1 (upper abscissa). These spectra were
obtained by subtracting the background spectrum S(n)bg

recorded at Δt = −10 ps time delay from the TOF spectra
S(n,Δt) recorded at time delay Δt (Figure S2). The cluster ion
signals at Δt = 0 fs (zero time delay) arise largely from (1 + 1′)
two-photon ionization of neutral water clusters (H2O)n by the
pump and probe lasers with a total photon energy of ∼12.5 eV.

Small (H2O)n cluster signals are also observed in the
background spectrum S(n)bg (Figure S2), which arise from
multiphoton ionization by the probe laser (4.7 eV). Following
photoionization, water clusters undergo fast proton transfer
and dissociate into H+(H2O)n−1.

64−68 For water clusters
probed at these photon energies, further dissociation and
water evaporation do not play a significant role.64,67,68

Therefore, the time-dependent ion yields of the H+(H2O)n−1
clusters represent the time-dependent ion yields of the
corresponding neutral (H2O)n clusters (vide inf ra). Further-

Figure 1. Background subtracted TOF spectra S(n,Δt) − S(n)bg of
neutral (H2O)n clusters as a function of the pump−probe time delay
Δt. The (H2O)n clusters were excited by a pump pulse of 7.8 eV
photon energy and ionized by a probe pulse of 4.7 eV photon energy.
The number n − 1 of molecules in a cluster H+(H2O)n−1 is indicated
in the upper abscissa.
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more, the spectrum recorded at Δt = 0 fs, S(n,0 fs) (second
trace in Figure 1), represents the size distribution of the neutral
clusters, with an average cluster size of ⟨n⟩ ∼ 100 and
maximum cluster sizes of n ∼ 300.
The cluster-size-resolved ion yield shows clear trends as a

function of the time delay Δt (Figures 1 and 2). No signal of
probe-induced dynamics is observed at negative Δt, in line
with previous studies employing the same probe energy.50−53

The ion yields are highest at time delays within the IRF (0 and
100 fs) and decrease with increasing Δt. The high yield within
the IRF time mainly results from direct (1 + 1′) two-photon
ionization. The systematic decrease of the ion yield at longer
Δt represents the decrease in the solvated electron signal with
Δt, as previously observed by photoelectron spectroscopy
(Figure 3 and ref 51). In addition to the general loss of ion
signal, the shape of the size distribution also changes with
increasing Δt: the ion yield of smaller clusters decreases more
rapidly than that of larger clusters with increasing Δt.
Figure 2 focuses on three specific size regions. For the

smallest clusters (n − 1 < 5, Figure 2a), most of the cluster
signal is detected for delays comparable to the width of the
IRF. These signals mainly arise from impulsive 1 + 1′
ionization51,53 (see above). The signature of the IRF is also
visible in the O2

+ peak (at ∼1.1 μs), which mainly originates
from 1 + 1′ ionization of residual O2 in the vacuum chamber
(Figure S2). Signals arising from actual pump-induced
dynamics (i.e., from solvated electrons) are very low for
these smallest clusters and only visible at Δt longer than the
IRF. Strong contributions from cold water monomers and
residual background in the vacuum chamber (high noise)
prevent the retrieval of reliable time-dependent information for
H2O and (H2O)2. In the size region n − 1 = 13−23 (Figure
2b) there is an increase in the intensity of the signals from
pump-induced dynamics compared to Figure 2a, which
becomes more pronounced for even larger clusters with n −
1 = 34−43 (Figure 2c). The observed pump−probe dynamics
is clearly cluster-size-dependent.

3.2. Comparison with Dynamics from Photoelectron
Imaging. Our previous photoelectron imaging study of water
clusters using the same pump−probe scheme as in the present
work (7.8 eV pump and 4.7 eV probe) has revealed that the
observed dynamics result from the formation and relaxation of
solvated electrons in the clusters.51 The comparison of the
present ion experiments with the previous photoelectron
experiments provides further indications that the dynamics
depends on the cluster size. To shed more light on this, let us
compare the ion experiments for an average cluster size of ⟨n⟩
∼ 100 with the previous photoelectron experiment for ⟨n⟩ ∼
500a difference that should be large enough to detect a
dependence of the dynamics on the average cluster size. Note
that photoelectron studies for average cluster sizes above ⟨n⟩ ∼
250 find no pronounced effect of the system size on the
dynamics,50−53 while photoelectron studies for ⟨n⟩ < 250for
which size-dependent effects are more likely to manifestare
still missing. Because photoelectron studies of neutral clusters
cannot provide any cluster-size-resolved information, we can
only compare the time-dependent total electron yield Iel(Δt)
from ref 51 with the total ion yield Itot(Δt), that is, with the
sum of the ion signal over all different cluster sizes:

I t S n t S n( ) ( , ) ( )
n

tot
3

196
bg∑Δ = Δ −

= (1)

To be able to compare decay times and to account for
differences in the IRF, we need to analyze Iel(Δt) and Itot(Δt),
with the same kinetic model. The three-step sequential model

(A B C
1/ 1/ 1/1 2 3⎯ →⎯⎯ ⎯ →⎯⎯ ⎯ →⎯⎯

τ τ τ
) used in ref 51 cannot be employed here

because it has too many free parameters that would be
underdetermined by single electron/ion yield curves. We thus
use a reduced kinetic model involving two steps with
characteristic exponential decay times (see the Supporting
Information for details):

Figure 2. Background-subtracted TOF spectra from Figure 1 in the region of H+(H2O)n−1<5 (panel a, blue), H
+(H2O)12<n−1<24 (panel b, red), and

H+ (H2O)33<n−1<44 (panel c, green). The time delay Δt is indicated on the right.

The Journal of Physical Chemistry A pubs.acs.org/JPCA Article

https://doi.org/10.1021/acs.jpca.1c03631
J. Phys. Chem. A 2021, 125, 5326−5334

5328

https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.1c03631/suppl_file/jp1c03631_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.1c03631/suppl_file/jp1c03631_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.1c03631/suppl_file/jp1c03631_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.1c03631?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.1c03631?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.1c03631?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.1c03631?fig=fig2&ref=pdf
pubs.acs.org/JPCA?ref=pdf
https://doi.org/10.1021/acs.jpca.1c03631?rel=cite-as&ref=PDF&jav=VoR


A C .
1/ 1/a c⎯ →⎯⎯ ⎯ →⎯⎯

τ τ
(2)

The fit results for Itot(Δt) are shown in Figure 3. The probe
signal arising from states A (dashed blue line) and C (dashed
green line) together with the impulsive signal component
(dash-dotted yellow line), which follows the IRF, make up the
total signal (thick black line). Variable parameters in the fit are
the amplitude of the three signal components (PIRF, Pa, and Pc)
and the decay time of the first step (τa), while the decay time
of the second step is fixed at the previously determined value τc
= 17.0 ps51 because our ion yield curves (Figure 3a) do not
contain any information about very slow decay processes, such
as diffusion-controlled geminate recombination.3,37,39,53,69,70

The impulsive signal component (dashed-dotted yellow line) is
modeled by a Gaussian distribution with a fixed width
FWHMIRF = 194 fs (Figure S1).
Figure 3 illustrates that the experimental ion yields (black

circles) are well reproduced by the model (black line) with a
decay time τa = 491 ± 110 fs for the first step. The equivalent
fit for the electron yields (not shown) results in a substantially
longer decay time τa = 1055 ± 342 fs. Because the average
cluster size is ⟨n⟩ ∼ 100 for the ions and ⟨n⟩ ∼ 500 for the
electrons, this indicates slower dynamics in larger clusters. This

can also be seen when comparing the time-dependent ion and
electron yields after subtraction of the respective impulsive
(IRF) contribution and scaling to the same maximum value
(Figure 3b). The faster decay of the ion yield (thick black line)
compared with the electron yield (dashed blue line51) is clearly
visible. Figure 3b also includes ion yields for subsets of clusters
sizes: one for large clusters (151 ≤ n ≤ 195, thin red line) and
the other for small ones (17 ≤ n ≤ 24, thin green line). These
examples of size-resolved ion yield curves confirm the trend of
faster dynamics in smaller clusters (see also Figure 4).

3.3. Cluster-Size Resolved Dynamics. For a quantitative
comparison of size-dependent ion yield curves, we introduce
the normalized ion yield for cluster size n:

I n t
S n t S n
S n S n

( , )
( , ) ( )
( , 0 fs) ( )

bg

bgΔ = Δ −
− (3)

To a first approximation, the background-corrected ion signal
for cluster size n at zero pump−probe delay (S(n, 0 fs) −
S(n)bg, see section 3.1) is proportional to the product of cluster
abundance, cluster size, molecular photoexcitation cross
sections, and light intensities; that is, I(n,Δt) is proportional
to the abundance of monomers in the form of clusters of a
particular size n. The normalized ion yield I(n,Δt) is thus
proportional to the ion yield per molecule for clusters with size
n (termed normalized ion yield). Figure 4a shows the
normalized ion yields (symbols) as a function of pump−
probe delay. For clarity, we show averages over size intervals
instead of displaying data for all ∼200 individual cluster sizes. n̅
indicates the size at the center of each interval. The gray
shaded area indicates the case of a purely impulsive signal
which follows the IRF, here recorded for residual O2 gas.
At zero time delay, I(n,0 fs) is 1 by definition for all cluster

sizes (Figure 4a and eq 3). For clusters with n < 14
(represented by (H2O)3−4 in Figure 4a, blue circles), I(n,Δt)
decreases with increasing Δt, approaching zero (within the
uncertainty; see typical error bar) for Δt longer than the width
of the IRF, FWHMIRF. In the smallest clusters, longer-lived
electrons that could be ionized by the probe pulse (4.7 eV)
here presolvated and solvated electronseither never form or
decay on time scales faster than the IRF. The term presolvated
electron is used here for electrons that have been ejected from
the molecule but not yet substantially localized, while the term
solvated electron comprises electrons at all stages of different
degrees of solvation (see the Discussion for details). Clear
signals of such longer-lived electrons are only found for clusters
with n ≳ 14, for which I(n,Δt) first increases on the time scale
of the IRF and then continuously decreases with Δt on a 100 fs
to ps time scale. In particular, I(n,Δt) increases systematically
with increasing cluster size at all Δt > FWHMIRF; that is, the
yield of longer-lived electrons per molecule is systematically
higher in larger than in smaller clusters.
The results from the fits (colored lines in Figure 4) with the

two-step sequential model (eq 2) reproduce the experimental
data well. These fit results (full lines) are also shown in Figure
5 for two examples ((H2O)17−24 and (H2O)151−195) together
with the impulsive component (dashed-dotted yellow line) and
the two decay components (blue and green dashed lines). The
refined fitted amplitudes, PIRF, Pa, and Pc and decay time τa,
which now depend explicitly on the cluster size, are shown in
Figures 4b and 4c, respectively, as a function of n̅. The
behavior of Pa essentially reflects the above-mentioned increase
of I(n,Δt) with increasing cluster size; that is, the observation

Figure 3. (a) Time-dependent cluster ion yield Itot(Δt) (circles) with
fit results (black line) for a sequential kinetic model with two decaying
(blue and green dashed lines) and an impulsive (yellow dashed-dotted
line) signal component. (b) Time-dependent total ion yield (thick
black line) and total electron signal51 (blue dashed line) after
subtraction of the impulsive signal component and scaling to the same
maxima. In both panels, the abscissa is linear up to 0.9 ps (vertical
line) and logarithmic for longer times.
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that the yield of longer-lived electrons per molecule is higher in
larger than in smaller clusters. The evolution of Pa reveals that
this increase is pronounced for clusters with ∼14 < n < ∼50,
while it levels off within the uncertainty for clusters above this
size. For n ≲ 14, Pa is zero within the uncertainty; that is, no

longer-lived electrons are detected for these smallest clusters
(see also Figure 4a). τa systematically increases with cluster
size, although this increase barely exceeds the typical
uncertainty. An increase of τa indicates that the dominant
processes that cause depletion of the normalized signal on the
100 fs to ps time scale slow down with increasing cluster size.

4. DISCUSSION
How can this cluster-size dependence be interpreted? At an
excitation energy of 7.8 eV, it has been suggested that solvated
electrons are generated by water dissociation and proton and
electron transfer processes after one-photon absorption into
the 1B1 (Ã) excited state.37−39,62,73,74 These processes and
electron localization likely occur on the time scale of the
IRF.15,25,30,31,34,42,51,72−74 The presolvated electrons further
relax by fast and slow solvent rearrangement on time scales
around 200−300 fs and 1−2 ps, respectively (see Table 1 in ref
51), resulting in ground-state solvated electrons. The 1B1 state
and all the different types of presolvated and solvated electrons
can be ionized by the probe laser and thus contribute to the
ion signal. The contribution of each species depends on its
abundance and its ionization cross section. Other processes
such as rapid H ejection from the clusters and fast
recombination of electron and hole cannot contribute to the

Figure 4. (a) Symbols: time-dependent normalized ion yield, I(n,Δt),
for specific cluster size intervals (indicated in the legend). The error
bar represents a typical uncertainty. Lines: corresponding fit results
from the two-step kinetic model (eq 2). The gray shaded area is the
normalized IRF recorded for residual O2 gas. The abscissa is on a
linear scale up to 0.6 ps (vertical line) and logarithmic at longer times.
(b) Amplitude Pa, Pc, and PIRF from the kinetic model. (c) Decay
constant τa from the kinetic model. n̅ indicates the cluster size at the
center of each size interval. The shaded areas in panels b and c
represent typical uncertainties estimated from the fit confidence
intervals.

Figure 5. Time-dependent normalized ion yield I(n,Δt) (circles) with
fit results (black line) from the sequential kinetic model with two
decay components (blue and red dashed lines) and an impulsive
component (yellow dashed-dotted line) for the cluster size interval
(a) 17 ≤ n ≤ 24 and (b) 151 ≤ n ≤ 195. In both panels, the abscissa
is linear up to 0.6 ps (vertical line) and logarithmic for longer times.

The Journal of Physical Chemistry A pubs.acs.org/JPCA Article

https://doi.org/10.1021/acs.jpca.1c03631
J. Phys. Chem. A 2021, 125, 5326−5334

5330

https://pubs.acs.org/doi/10.1021/acs.jpca.1c03631?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.1c03631?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.1c03631?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.1c03631?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.1c03631?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.1c03631?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.1c03631?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.1c03631?fig=fig5&ref=pdf
pubs.acs.org/JPCA?ref=pdf
https://doi.org/10.1021/acs.jpca.1c03631?rel=cite-as&ref=PDF&jav=VoR


ion signal because the probe laser has not enough energy to
ionize the resulting species. These loss processes can only
decrease the ion signal. All these processes are expected to
depend on cluster size (vide inf ra).
The orbital size of the 1B1 state and the electron ejection/

delocalization length at a photon energy of 7.7 eV lie around
⟨r0⟩ ∼ 0.5 nm.8,39,53,75 ⟨r0⟩ exceeds the radii of the smallest
clusters with n ≲ 14 (r = 0.24−0.46 nm) and becomes smaller
than the radii of clusters with 25 < n < 195 (r = 0.56−1.11
nm). In the smallest clusters (n ≲ 14), electron localization (at
the surface or in the interior of the cluster) is likely negligible
because electron scattering is ineffective due to the large extent
of the electron cloud compared with the cluster size and the
relatively small number of degrees of freedom in these clusters.
Furthermore, such small clusters offer only a few suitable
localization sitesif any at all. The loss processes, by contrast,
are expected to be very effective in the smallest clusters. In fact,
for excitation of small neutral water clusters (n ≤ 10) at 7.8 eV,
Liu et al.66 reported that H ejection is the dominant pathway
with proton transfer and other mechanisms contributing only
10% in the smallest clusters and up to 15% for n = 10. Fast
electron−hole recombination might also contribute substan-
tially to the loss in clusters where electron delocalization
lengths exceed the cluster size. Such fast recombination
processes differ from the (much slower) diffusive recombina-
tion primarily by the incomplete separation between hole (ion
core in the cluster) and electron. This is the result of
confinement in clusters that are small compared with the
ejection/delocalization length so that incomplete shielding of
opposite charges and finite overlap between electron and hole
wave functions facilitate recombination. The resulting very low
probability of electron solvation together with the occurrence
of highly efficient loss processes is in agreement with our
experimental observations in Figure 4a, that is, with the fact
that essentially no longer-lived solvated electrons are formed in
clusters with n ≲ 14. Interestingly, near-zero kinetic energy
electron attachment to neutral water clusters leads to a similar
critical size of n ≥ 11 to observe the solvated electron in anions
(H2O)n

−.76,77

Following the same line of argument, it also appears
reasonable that per molecule more longer-lived solvated
electrons are observed with increasing cluster size (Figure
4a; note that the normalized ion yield is proportional to the ion
yield per molecule as explained in section 3.3, eq 3). Together
with the number of degrees of freedom, both the effectiveness
of electron scattering and the number of suitable localization
sites should rapidly increase with cluster size. Then it is not
surprising either that this increase is most pronounced when
the cluster size becomes comparable to the delocalization
length. This is the case for clusters containing a few ten
molecules and might explain the particularly pronounced
increase of Pa for clusters with 14 ≲ n ≲ 50 seen in Figure 4b.
In addition, the loss channels become less important (H
ejection) or slow down (recombination) with increasing
cluster size. While the dissociation of a water OH bond is
hardly affected by the cluster size, H ejection from the cluster
is increasingly less likely the larger the clusters become. If the
H atom is retained in the cluster, OH bond dissociation is not
any more necessarily a loss process, since intracluster H atom
chemistry can lead to the formation of solvated electrons by
reaction of the H atom with H2O molecules (producing
solvated electrons and hydronium ions).39 At the same time,
recombination should also slow down as the spatial confine-

ment relaxes and the (dielectric) shielding of opposite charges
improves with increasing cluster size (larger electron−hole
separation). A slowing down of the loss processes is consistent
with the increase in the decay constant τa (Figure 4c). The
increase in the probability of solvated electron formation
together with the slowing down of the loss processes also
explains why per molecule more longer-lived solvated electrons
are observed with increasing cluster size for clusters with n ≳
14 (Figure 4a; note that the normalized ion yield is
proportional to the ion yield per molecule as explained in
section 3.3, eq 3).
As mentioned above, different types of solvated electrons

could have different ionization cross sections (probe laser 4.7
eV). Cluster-size-dependent abundances of those species could
then leave their trace in the size-resolved ion yield curves. The
relevance of this phenomenon is, however, difficult to assess
conclusivelyin particular without further knowledge on
species-dependent ionization cross sections. For water anion
clusters with n ≲ 200, surface-solvated and partially embedded
electrons were observed, with partially embedded clusters
prevailing for sizes with n ≳ 40.78,79 Surface-solvated electrons
have not been identified for neutral water clusters with n ≳
200,50,51 and it is yet unknown whether such surface species
occur at all in smaller neutral clusters. If surface species existed
and if surface and embedded electrons had substantially
different ionization cross sections, they could in principle
contribute to the normalized ion yield in Figure 4a. However,
it appears unlikely that such surface effects would dominate
over the above-mentioned electron formation and loss
processes in determining the observed trends in the
normalized ion yield. Furthermore, even if the solvent
relaxation dynamics itself depended on the cluster size
(which we cannot exclude a priori), this dependence would
have to be very pronounced, and the ionization cross sections
of different species formed during the relaxation process would
have to differ substantially to influence the normalized ion
yield significantly. This does not appear very plausible. On the
contrary, the only minor changes in the vertical binding energy
observed beyond about 250−500 fs suggest that the species
occurring along the relaxation path are rather similar,
presumably with similar ionization cross sections as well.50,51

Thus, even if the relaxation dynamics depended pronouncedly
on cluster size, this would not reflect in a pronounced change
of the ion yield. From these considerations, we expect only a
subtle influence of solvent relaxation processes on the
normalized ions yields and thus on the observed dynamics.

5. CONCLUSIONS
We have employed pump−probe time-of-flight mass spec-
trometry to study cluster-size resolved dynamics of solvated
electrons in water clusters with n < 200 molecules, after below
band gap excitation at 7.8 eV photon energy into the 1B1
excited state. The observed ultrafast dynamics is likely
dominated by cluster-size-dependent formation and loss
processes of the solvated electron. Though it is plausible that
the fraction of surface-solvated and embedded solvated
electrons and solvent relaxation dynamics also depend on the
cluster size, it appears unlikely that the ionization cross
sections of those species differ sufficiently to observe such
effects in the present ion yield experiments.
In clusters below a minimum size of n ∼ 14, solvated

electrons cannot be sustained in any detectable amount. This
can be explained by the large spatial extent of the excited-state
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electron cloud of the 1B1 state compared with the cluster size
together with the relatively small number of degrees of
freedom in these clusters. As a result, inelastic electron
scattering, which is required for the electron to localize, is
ineffective and the number of available localization sites is low,
while loss processes, such as ultrafast H ejection from the
clusters after OH bond dissociations and electron−hole
recombination with the counterion, are highly efficient and
thus dominate.
In larger water clusters, by contrast, the comparison of time-

dependent ion yields with previously recorded electron yields
reveals that solvated electrons are generated and sustained over
many picoseconds. The yield of longer-lived (>100−200 fs)
solvated electrons per molecule increases systematically with
increasing cluster size. This can be explained as the result of a
combination of size-dependent processes: The rapidly
increasing number of degrees of freedom in clusters with n
≳ 14 increases the number of available localization sites and
the effectiveness of inelastic electron scattering, resulting in a
higher probability of solvated electron formation. At the same
time, the effectiveness of the loss processes decreases with
increasing cluster size: H ejection from the cluster becomes
less likely and electron−hole recombination slows down as the
confinement relaxes.
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