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ABSTRACT: An ongoing controversy about water cluster anions concerns the electron-
binding motif, whether the charge center is localized at the surface or within the cluster interior.
Here, mixed quantum-classical dynamics simulations have been carried out for a wide range of
cluster sizes (n ≤ 1000) for (H2O)n

− and (D2O)n
−, based on a nonequilibrium first-order rate

constant approach. The computed data are in good general agreement with time-resolved
photoelectron imaging results (n ≤ 200). The analysis reveals that, for surface state electrons,
the cluster size dependence of the excited state electronic energy gap and the magnitude of the
nonadiabatic couplings have compensating influences on the excited state lifetimes: the excited
state lifetime for surface states reaches a minimum for n ∼ 150 and then increases for larger
clusters. It is concluded that the electron resides in a surface-localized motif in all of these
measured clusters, dominating at least up to n = 200.

Excess electrons in aqueous environments are known as
hydrated electrons.1 Excess electron hydration in bulk

water and in finite size water clusters have important
implications as models for the electronic response to solvation
in various physical, chemical, and biological areas.2−4 For this
reason, hydrated electrons and water cluster anions have been
popular targets for the most advanced ultrafast spectro-
scopic5−11 and theoretical investigations.12−19

Water cluster anions, in particular, have been the focus of
intensive scientific scrutiny in the past decade.6−8,16−18,20,21 It
has been established that finite size hydrated electron systems
form several experimentally distinguishable homologous
sequences with cluster size, depending on the conditions of
cluster formation.8,22,23 The so-called isomer I, which was that
observed in the earliest experiments,24 binds the electron most
strongly for any given cluster size, and has been the subject of
the most detailed experimental studies of dynamics.8,20,25 In
parallel, two main solvation motifs for stable clusters were
established in thermal cluster simulations, predicting the extra
electron to bind either localized at the surface (surface state
clusters) or in the interior (interior state clusters), the latter
being analogous to the hydrated electron in bulk water.26 The
different structural motifs may, in principle, lead to detectable
differences in the measurable physical quantities.16,27 Never-
theless, the identification of the common structural motifs
within the groups of isomers is still a subject of considerable
debate.8,16−18,22,27−29 The essential difficulty lies in the fact that
the experimental conditions of cluster preparation profoundly
influence the outcome, as has been demonstrated both
experimentally8 and theoretically.30 Hence, the possibility that
some set of these isomers represents nonequilibrium trapped
states is a substantial complication. Since the isomer I class is

apparently the only one formed at relatively warmer cluster
conditions,8,22,25 a thermal equilibrium theory of cluster
properties can plausibly be best compared with experimental
isomer I results. It is this cluster type that will be our focus here.
In addition to energetic and static spectroscopic probes,

dynamic signatures offer an additional window that might
distinguish cluster anion structures. One such feature, which
has been studied in considerable detail in the bulk,5,31−35 is the
electronic excited state lifetime following photoexcitation. For
water cluster anions, this might be expected to vary with cluster
size. The earliest such measurement could only report that the
excited state lifetime of moderate size clusters was comparable
to the laser pulse width of 150 fs.36 Paik et al.6 observed two
time scales (300 fs and 2−10 ps) in time-resolved photo-
electron spectroscopy (PES) experiments on water cluster
anions (H2O)n

− with n = 15−35, and attributed these times to
ground state solvent relaxation following nonadiabatic tran-
sition, as suggested in one scenario for the bulk.5 The Neumark
group has performed a comprehensive series of time-resolved
photoelectron imaging (TR-PEI) experiments on (H2O)n

− and
(D2O)n

− clusters for a wide range, n = 25−200.8,22 The excited
state lifetimes convincingly extracted from the data over the
whole size range for isomer I clusters are distinctly size-
dependent (decreasing with increasing cluster size) and show a
quite significant solvent isotope effect. Extrapolation of type I
clusters to the infinite size limit results in ∼60 fs excited state
lifetime. D2O water clusters relax more slowly than H2O by a
factor of ∼2−3, increasing with cluster size.8,22 More recently,
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time-resolved photoemission measurements have been re-
ported by two groups for electronic excited state internal
conversion rates using hydrated electrons created in water
microjets.37,38 Those groups reported similar lifetime estimates,
∼ 60 fs38 and ∼75 fs,37 in H2O, comparable to that reported in
the largest measured clusters22 and inferred in the bulk from
photon echo measurements earlier.34 We will consider
reconciliation of the present results with these recent reports
based on microjets in the ensuing discussion.
Up to now, theory has not rationalized the observed trends

for the excited state lifetimes of water cluster anions nor
completed the connection of these observations with bulk
hydrated electron excited state dynamics. In this report, we
present a molecular level description of the electronic dynamics
and solvent relaxation for thermal equilibrium anionic water
clusters that makes it possible to associate the experimentally
observed isomer I lifetimes with theoretically predicted
structural characteristics, and to develop generalizable insights
into radiationless transition phenomena in cluster and solution
environments.
The calculation of the lifetime of the excited state water

cluster anions is based on the quantized autocorrelation
function approach developed by us and applied successfully
for estimating the excited state lifetime of the bulk hydrated
electron.39,40 Here, the quantum mechanical expression for the
first-order perturbation theory rate of radiationless transition,
Fermi’s Golden Rule, for the nonadiabatic transition between
two electronic states 1 → 2 is utilized in its time-dependent
form. The fundamental quantities needed for a given system are
the quantum time autocorrelation functions of (a) the E1 - E2
energy gap and (b) the quantum mechanical nonadiabatic
coupling between the states (see Supporting Information, eqs
S1−S3). The central quantities that need to be evaluated from
trajectory simulations are thus the history of the energy gaps,
ℏΩ12(t), following an initial, essentially instantaneous, tran-
sition to the lowest electronic excited state, the corresponding
temporal history of the nonadiabatic (NA) coupling matrix
elements, V12(t), and the normalized autocorrelation functions,
C̃Ω(t) and C̃V(t), and their Fourier transforms, C̃Ω(ω) and
C̃V(ω), which follow from these histories. The usual Golden
Rule formalism prescribes that this should be done for an
equilibrium ensemble of the system in the initial electronic state
1, with a monitored mean energy gap ⟨Ω12⟩.

39 In the
experimental photoexcitation experiment, the excess electron
is promoted to the excited state and finds itself in a
nonequilibrium solvent environment, initially still equilibrated
with the now unoccupied ground state electron distribution.
The solvent relaxation that follows gradually decreases the
energy gap, and the decreasing gap accelerates the electronic
transition rate, as seen in simulations of the bulk eaq

−.39−41

Thus, to compute the lifetime of the electron in the excited
state, the coupled solvent relaxation and electronic transition
must be taken into account.40 These computed lifetimes can be
directly compared to the lifetimes observed in the ∼100 fs time
resolution experiments of Neumark et al.8,22 The details of the
simulations and the evaluation of the data are given in the
Supporting Information.
First, we illustrate the general behavior of relevant character-

istics for the surface and interior state isomers of the n = 500
water cluster anion. As anticipated, the distributions of the
energy gap (top panel, Figure 1) closely follow a Gaussian
form, similar to the bulk hydrated electron case.40 It is
important to notice that the characteristic energy gaps are

significantly smaller for surface states (summarized in Table S1
in the Supporting Information), as has been observed through
the spectra of water cluster anions.16,27 The squares of the gap-
dependent coupling ⟨V12

2 (Ω)⟩ (bottom panel, Figure 1) do lie
on a single curve, whether from ground state or midstate
surface simulations, and can be fitted with a simple one-
parameter equation for each cluster size separately.40 Figure 1
reveals critical observations that will underlie the interpretation
of the lifetime data. In particular, it is apparent that the interior
state clusters have larger NA couplings at any given energy gap,
due to the larger number of molecules in the vicinity of the
electron, as one should anticipate, while the surface state
clusters exhibit anticipated smaller energy gaps. However, when
considering the two aspects in combination, Figure 1 clearly
shows the critical fact that the NA couplings are generally
greater for surface states than interior states at the average energy
gaps that are predominantly populated.
The coupling correlation functions are highly oscillatory due

to the role of molecular vibrational momenta and are more
readily discussed in the frequency domain. The spectral density
of these functions (not shown), similar to the bulk hydrated
electron case, indicates strong coupling to librational and
vibrational modes of the aqueous environment.40 The energy
gap correlation functions (Figures S1 and S2 of the Supporting

Figure 1. Ground to first electronic excited state energy gap
distribution (top panel) and energy gap dependence of the squared
nonadiabatic coupling (bottom panel) for surface states (red) and
interior states (blue) for simulated (H2O)500

− clusters. The energy gap
distribution is taken from a representative portion of midstate
simulations; the squared NA coupling distributions are from ground
state (squares) and midstate simulations (circles). The continuous
curves show the Gaussian approximations (top), and the V12

2 (Ω) = a/
(ℏΩ)2 fit (bottom, a = 7.0 × 10−5 for surface and 2.4 × 10−4 for
interior states). The vertical dashed lines guide the eye to the
nonadiabatic coupling in the bottom panel at the most probable
energy gap marked by horizontal arrows; the gap full width at half-
maximum is indicated by the length of the arrows.

The Journal of Physical Chemistry Letters Letter

DOI: 10.1021/acs.jpclett.7b00555
J. Phys. Chem. Lett. 2017, 8, 2304−2309

2305

http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.7b00555/suppl_file/jz7b00555_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.7b00555/suppl_file/jz7b00555_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.7b00555/suppl_file/jz7b00555_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.7b00555/suppl_file/jz7b00555_si_001.pdf
http://dx.doi.org/10.1021/acs.jpclett.7b00555


Information) are rather uniform in their dynamics (within
statistical uncertainty), irrespective of the cluster size and the
electron localization mode, suggesting that the solvent
dynamics in the vicinity of the electron is largely similar in
each environment. For this reason, we constructed a single
master curve for the normalized energy gap autocorrelation
function for each solvent (i.e., H2O, D2O) from the average of
the individual cluster gap correlation functions obtained from
simulation. The individual autocorrelation functions and the
master curves for water and heavy water are collected in Figures
S1 and S2. The master curve is described analytically by a
typical solvation dynamics form (Gaussian plus biexponential
function), which is then used in the lifetime calculations. The
Gaussian inertial regime reflects a solvent isotope effect,5 with
time constants of 10 and 14 fs for H2O and D2O, respectively.
To quantify uncertainties in the gap correlation functions, we
calculated the correlation functions that represent the 95%
confidence interval of the master curves. We then describe this
family of curves with respect to the (mean) master curve using
a parametrized model (see Supporting Information). There we
show that variations corresponding to statistical errors do not
affect the conclusions of this study, and the corresponding
uncertainties are reported with the data, below.
Using the above quantities, it is possible to evaluate the gap-

dependent rate expression (eq S7). Figure 2 illustrates the
computed lifetime (τ1→2(Ω̅(t)) = 1/k1→2(Ω̅(t))) function for
selected water cluster anions (top panel) and the mean energy
gap as a function of inverse cluster size (bottom panel). As
anticipated, small energy gaps induce faster transition for a
given cluster size and type, and larger clusters have shorter

excited state lifetimes for a given energy gap. We may also
notice that interior states are faster to relax at the same gap than
surface state clusters, due to their larger NA coupling
contribution (see Figure 1). Thus, the excited state lifetime
for equilibrium interior states at the estimated ∼0.4 eV
equilibrium gap of the excited state bulk hydrated electron
would be predicted to be roughly 10 fs. The excited state
lifetime of the equilibrium surface state clusters at the same gap
size would be much larger, although still under 100 fs.
Let us now consider the calculation of the survival probability

function of eq S7 for the excited state lifetime of clusters. The
calculated survival probability functions for n = 500 surface and
interior state clusters (Figure 3) demonstrate that the relative

size of excited state lifetimes reverses if one takes the energy
gap dynamics and the corresponding transition rate depend-
ence into account. Assuming no important differences in
solvent relaxation rate, as inferred from the energy gap
correlation functions, excited state surface clusters relax
electronically much faster than their interior state counterparts,
due to their significantly smaller energy gaps. This factor clearly
dominates the lifetime. Computed excited state lifetimes in
(H2O)500

− clusters are ∼200 fs for the surface state and ∼500 fs
for the interior state cluster, the latter comparable to the value
computed previously for bulk eaq

−,40 with the former noticeably
shorter.
The lifetimes for all the clusters simulated here are collected

in Figure 4, along with experimental data from ref 22. The
computed lifetime for surface state clusters falls in the ∼70−
200 fs region. Within the surface state group, the tendency for
faster transition due to their larger couplings in larger clusters is
compensated by the smaller gap in smaller clusters, so that the
size dependence is both quite weak and nonmonotonic over the
range accessible to theory. We note that the appreciably
increased gaps for the n = 500 and 1000 surface state clusters
compared to smaller clusters also indicate a somewhat deeper
penetration of the excess electronic wave function in the
interior of these clusters. The two large interior state clusters
investigated have a significantly longer lifetime at ∼400−500 fs,
consistent with the simulated lifetime estimate for a bulk
hydrated electron, 330 fs40 (using the same theory at a higher
temperature of 300 K), and with the values inferred from
pump−probe experiments5 and independent excited state
electron scavenging kinetics,10,42 which put the electronic

Figure 2. Equilibrium excited state lifetimes, τ1→2(⟨Ω12⟩) = 1/
k1→2(⟨Ω12⟩), for different sized (n = 66, 200, 1000) H2O clusters,
calculated as a function of the mean energy gap. Solid curves: surface
(s) states; dashed curves: interior (i) states. The bottom panel shows
the mean energy gap as a function of inverse cluster size from ground
state and from midstate simulations.

Figure 3. Electronic excited state survival probability as a function of
time for (H2O)500

− clusters for surface (red) and interior (blue) states.
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excited state lifetime of the bulk excited state hydrated electron
in the ∼300−500 fs range.
Deuteration of the solvent does increase the computed

lifetimes in all cases, but the trends for surface versus interior
state lifetimes are the same as in light water. From a
quantitative perspective, the comparison to experiment8,22

yields agreement between theory and experiment for H2O
clusters that is extremely good, agreement that must be
assumed to be, in part, fortuitous (Figure 4, bottom panel). The
calculated isotope effect (factor of 1.3−1.5) is underestimated,
compared to the experimental reports, for the clusters for which
comparison can be made, although it is of the same magnitude
(Figure 4, top panel). At the same time, we note that an
application of the same theory used here to the bulk hydrated
electron yields an isotope effect of a factor of ∼2 on the
lifetime, while experiment32 does not reveal a significant isotope
effect. We infer that the most likely origin of the quantitative
differences lies in the approximate harmonic nuclear quantiza-
tion scheme incorporated in the current theory.39,40 Never-
theless, one cannot rule out a contribution due to differences in
the properties between the experimental H2O versus D2O
clusters, such as a difference in effective cluster temperature.25

Considering the direct comparison with experiment8,22

displayed in Figure 4, it appears that the extrapolation of
cluster lifetimes to the bulk case suggested in ref 22
(reproduced in Figure 4, bottom panel) is a consequence of
the slowly varying lifetimes of clusters near their minimum in
the vicinity of n ∼ 150. The data also show that the

experimental trend for isomer I is closely reproduced by the
simulated surface state clusters, and is not consistent with the
simulated larger (n ≥ 500) interior state clusters; the latter,
with consistently larger energy gaps,16,27 invariably have notably
longer lifetimes for the same cluster size and nominal
temperature. This observation reinforces earlier studies of the
size dependence of the absorption spectrum and radius of the
excess electron16,27 that indicated that the experimentally
observed type I clusters are consistent with a binding motif with
the excess electron resident at the surface of the clusters and
inconsistent with an interior state. The present study extends
this conclusion up to n = 200 and provides an additional
predicted experimental signature, along with distinct absorption
spectral shifts,16 for the appearance of an interior bound
electron, namely, a large increase in excited state lifetime.
Finally, the extrapolation of the experimental data to infinite
size “bulk” clusters, yielding an ultrashort lifetime for eaq

− in the
bulk of ∼60 fs,22 has been argued to be consistent with a
reported experimental inference of a comparable excited state
lifetime,34,38,43 and thus to support the so-called “non-adiabatic
model” for relaxation.20 In that model, the brief dynamics on
the excited state surface has little effect on the observed spectral
dynamics; the spectral evolution is dominated by hot state
relaxation on the ground state surface following the non-
adiabatic transition. The conclusions we have presented in the
current work do not support that line of reasoning for inferring
mechanistic aspects for the bulk eaq

−. Nevertheless, the
nonadiabatic model may well describe the electronic dynamics
for surface state clusters with ultrashort lifetimes.
Given the recent assignment of sub-100 fs excited state

lifetimes for hydrated electrons in water jets,37,38 one might be
inclined to dismiss the current calculation as that of a model in
fortuitous agreement with a measurement. We suggest that
there are also reasons to be uncertain about the experimental
assignment, considering the experimental bulk solution
measurements that have convincingly used chemistry along
with lifetime measurements to assign a much longer eaq

− *
lifetime.10,42 The electrons are observed in the microjet only
200 ps after their photoexcitation of iodide37 or bromide,38

both large halides whose interfacial propensity is readily
observed.44 Hence, the formation of near surface species
should be a significant population. Further, it has been clearly
noted by Karashima et al.38 that elastic scattering with solvent
should yield isotropic photoemission, but photoemission from
the observed excited state is initially anisotropic. The
observation has been attributed38 to a “larger electron density
for the ES [excited state] at the top molecular layer of the
liquid.” Finally, there is increasing evidence also based in part
on observed photoelectron anisotropy, that the electron
probing depth of near threshold photoemission is much
shorter than previously assumed.45 Recent measured photo-
emission data from aerosol water drops46 can be modeled
consistently with a low energy photoelectron mean free path of
∼5 nm; in principle, then, signals would include species well
below the interface. At the same time, theoretical TDDFT
calculations47 indicate that the equilibrated interfacial solvated
electron has an excitation gap comparable to the bulk; this
“infinite” cluster surface state result is consistent with the trend
we see with increasing size (see Figure 4), suggesting, based on
scavenging experiments,10,42 that a quasi-equilibrated interface-
resident hydrated electron should not have an ultrafast lifetime.
Given that the cluster observations in the present work are
explained by physically evident and transparently sensible

Figure 4. Calculated electronic excited state lifetime as a function of
inverse cluster size (1/n) for (H2O)n

− (filled symbols) and (D2O)n
−

(open symbols). Simulated surface states are indicated by red, interior
states by blue. Experimental results (purple) from ref 22 are shown for
type I isomer clusters for H2O (filled triangles) and for D2O (open
triangles). The bottom panel shows the H2O results on an expanded
lifetime axis (τ ≤ 300 fs), and includes both reported experimental22

and simulation error bars, as well as the reported linear fits of
experimental data22 for n ≤ 70 (dashed line) and n > 70 (solid line).
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opposing trends in energy gaps and nonadiabatic couplings and
agree with experiment, while uncertainties exist as to the
species observed in microjet experiments, we believe that there
are good reasons to weigh both these calculations and recent
experiments in this ongoing and still unresolved debate.
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