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The UV absorption spectra of neat water clusters (H2O)n of sizes in the range ofn ) 8-50 are computed.
The simple model used for the excited states includes the dependence of the excitonic interactions on both
the intermolecular and intramolecular coordinates. For a cluster (H2O)n, n excitonic potential energy surfaces
are computed for geometries in the Franck-Condon region. The Coker-Watts potential is used to describe
the interactions in the electronic ground state, and molecular dynamics simulations are performed to sample
geometries for the classical Franck-Condon calculations. There are numerous crossings of different excitonic
potential surfaces for (H2O)n in the range of the geometries sampled. The main findings are (i) the main
absorption peak of (H2O)n shifts to the blue and increases in width as the cluster sizen is increased; (ii) the
widths of the absorption bands increase with temperature, e.g., for (H2O)20, the width is 1.2 eV at 80 K and
1.6 eV at 220 K; (iii) several well-resolved peaks within the absorption band are found for some of the
systems at certain temperatures, and in such cases, each of the peaks generally results from absorption into
different excitonic states; (iv) although the absorption peaks are strongly shifted to the blue, with respect to
the (H2O) monomer, for some cluster sizes, a weak absorption tail to the red side is also observed as the
temperature increases.

I. Introduction

Water clusters of different size ranges have been extensively
studied recently, both experimentally and theoretically.1 Much
progress has been made on the characterization and understand-
ing of many properties of these systems. This is the case for
the vibrational spectroscopy of these clusters, which has
blossomed into a broad area of research, with the introduction
of novel experimental techniques and the development of
improved theoretical models. It is especially true for relatively
small clusters, with rigorous calculations and simulations.2-13

The situation is quite different for the electronic spectroscopy
of neat water clusters. Relatively little seems to be known on
this topic, although it is of potential importance for the
understanding of a range of phenomena. For example, electronic
spectroscopy is essential for the study of photochemical
processes, and water clusters offer a very interesting framework
for the exploration of photochemistry in hydrogen-bonded
networks. The electronic spectroscopy of finite water clusters
is very useful for understanding the electronic properties of
liquid water in bulk, and those of ices. The excited electronic
states of the water molecule, and the related photodissociation
dynamics in the gas phase, have been studied in detail. The
UV absorption cross sections of the three lowest bands (Ã1B1,
B̃1A1, and C̃1B1, respectively) were measured14 and ab initio
calculations of the excited electronic states and the transition
moments were reported.15

There is a wealth of experimental data on vibrational and
rotational state distributions on the electronic states of the
photofragments and on vibrational and rotational product state
distributions.16-19 Good potential energy surfaces are available
from ab initio calculations.20,21 Finally, extensive calculations
on the photodissociation dynamics have been reported.9,22Such
detailed data are not available for water clusters. Ab initio
calculations on the lowest excited singlet state of small water
clusters have been performed by van Hemert and van der
Avoird,23 Sosa et al.,24 and Sobolewski and Domcke.25 Useful
hints on the UV spectroscopy of water clusters can be inferred
from experimental data on spectroscopy and photodissociation
of liquid water and of ice in bulk.26-28 Model calculations of
electronic excitation spectra of water in bulk are also avail-
able.29-31 The present study continues and expands on a previous
theoretical investigation by Harvey, Jung, and Gerber.32 In that
paper, the UV absorption spectra of small water clusters (H2O)n,
wheren ) 2-6, were calculated from a theoretical model of
excited electronic states. The calculations were conducted for
water clusters initially at 0 K, i.e., in the vibrational ground
state. In the present paper, we use the same simple model for
the excited-state potential to explore the UV absorption spectrum
of water clusters (H2O)n of various sizes (up ton ) 50). In
addition, we study the temperature dependence of the absorption
bands. In some of the calculations, the clusters are in a “solid-
like” state, whereas in other calculations, their state is essentially
in the liquid regime. The objective of these calculations is to
serve as a guide for future experiments.

The structure of the article is as follows. The theoretical model
used in the calculations is presented in Section II. The results
of the simulations are described and discussed in Section III.
Concluding remarks are presented in Section IV.
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II. Model and Methods

To determine trends in the dependence of the spectroscopy
on cluster size, we performed calculations for the cluster sizes
n ) 8, 11, 20, 40, and 50. The UV spectra of smaller water
clusters (n ) 2-6) were studied theoretically by Harvey et al.32

That study was limited to clusters initially in their vibrational
ground state. In the present paper, we investigate the temperature
dependence of the electronic absorption spectroscopy for clusters
in the temperature range fromT ) 50 K to T ) 300 K. This
range covers both solid-like and liquid-like states of the clusters.

A. Simulations of the Initial State. Calculation of the
Franck-Condon factors requires sampling of the configurations
of the system at a given temperature. We assume that, for the
temperatures considered here (T g 50 K), classical dynamics
can be used for the purpose of sampling configurations.
Obviously, the temperatures considered are very low, compared
with the zero-point energies of the stiff intramolecular vibrations.
However, the distribution of cluster configurations is mostly
determined by the soft intermolecular motions of the water
molecules, and for these low-frequency modes, classical dynam-
ics should be a reasonable approximation at and above 50 K.
However, the intramolecular vibrations of the monomers were
included in the modeling. We used the Coker-Watts potentials33

for the intramolecular force field and for interactions between
water molecules in the electronic ground state. The Coker-
Watts model is not the most-accurate potential currently
available for the interaction between vibrationally flexible water
molecules; for example, it does not include three-body and
higher-order effects. However, the objectives of this study are
only semiquantitative, and we estimate that, for this purpose,
the accuracy of the Coker-Watts model is sufficient. The
Coker-Watts modes were adopted here for their computational
convenience. To sample configurations for a cluster at a given
temperature, molecular dynamics (MD) simulations were per-
formed. The trajectories were computed using the standard
Verlet algorithm and propagated in time to equilibration.34 The
standard MD tests have shown that equilibrium was attained
within time scales on the order of 20 ps. (The equilibration time
differs for each system.) The propagation of the trajectories was
pursued beyond equilibration, and configurations were sampled
at random times. The set of these configurations represents a
sampling of the equilibrium state of the cluster, and photoex-
citation is assumed to occur from this initial state. Each
simulation involved the calculation of a single, sufficiently long
trajectory for a fixed, conserved total energy. The temperature
of such a fixed-energy system obviously fluctuates in time;
however, the fluctuations were computed and determined to be
very small (∆T j1 K, typically). Thus, the temperature was
practically well-defined in the simulations.

There are large-amplitude motions in the clusters at the
temperatures studied. Nevertheless, the minimum-energy struc-
ture is often useful for interpretation and analysis. Thus, a search
for the most-stable structure was conducted for each cluster. In
several cases, other low-energy isomers were computed, because
knowledge of these structures can also be useful in the
interpretation of the spectra. The calculation of the structures
was performed by the simulated annealing method. There is no
certainty in these calculations that, indeed, the global minimum
structure would be determined. Given the extensive searches
that we pursued, we assume that the lowest-energy isomer was
determined in most cases. Except for the lowest temperatures
used, several local minimum structures are sampled by the
trajectories; however, these structures are not necessarily very

different geometrically. The low-temperature simulations seem
to be confined to the vicinity of the global minimum structure.

B. Modeling of the Excited Electronic States.The excitation
modeled in the present study corresponds to theÃ1B1 band in
the case of the monomer, which is the lowest excitation band.
Consider the cluster (H2O)n for a first configuration of the atoms.
If interactions between the water molecules are ignored, there
are n nearly degenerate excited energies in the band for that
configuration, each corresponding to an excitation of a different
water molecule in the cluster. The excitation energies of different
water molecules can differ, if their internal geometries are
slightly different, representing different vibrational displace-
ments from equilibrium. Then excited states are exactly
degenerate for configurations where all molecules in the cluster
have exactly the same vibrational displacements. When the
effects of interactions between the water molecules are incor-
porated, including interaction between the excited monomer and
the other molecules, the result will be the formation ofn
excitonic states from then localized excited states of the
different H2O molecules. When treating the excitonic states, we
followed the model of Harvey et al.32 previously used for
(H2O)n, for n ) 2-6. We constructed the matrix Hamiltonian
in the representation of the basis of the uncoupled water
molecules. Theith basis function can be written as

where ri denotes the electronic coordinates of theith water
molecule, andRi is the nuclear configuration of that same
molecule.Φi

(ex) is the excited state of theith water molecule,
and Φj

(g) denotes the ground electronic state of moleculej.
Specifically, the excited state ofΦi

(ex)(ri,Ri) is theÃ1B1 state of
water. Studies of the water monomer indicated that the1B1 state
is obtained by promoting an electron from the lone-pair 1b1

orbital of the ground state into the part-Rydberg, part-antibond-
ing 4al orbital.15,20The diagonal elementsHii of the Hamiltonian
model in the representation of the basis described in eq 1 are
given by32

In this equation,i* refers to theith water molecule in the excited
state,j andk refer to water molecules in the ground state. The
last two terms represent the intramolecular and intermolecular
contributions to the potential from the ground-state molecules,
for which we used the Coker-Watts model.34 Vi* is the excited-
state potential surface of theith monomer, which describes the
intramolecular potential of the excited water molecule. We used
the analytic representation of Engel et al.,35 which was obtained
by fitting the ab initio points of Palma and Staemmler.38 The
second term in eq 2 represents the interaction between the
excited moleculei and the other ground-state molecules. It is
assumed that this interaction is a sum of pairwise interactions
betweeni and each of the ground-state molecules. The interac-
tion potentialVi*,j is represented in the form

The last term in eq 3 represents the Coulomb interactions
between partial charges on the excited moleculei* and the
ground-state moleculej. R labels the partial charge sites oni*,

Φi
(0) ) Φi

(ex)(ri,Ri)∏
j*i

φj
(g)(rj,Rj) (1)

Hii ) Vi* + ∑
j

Vi*, j + ∑
j*i

Vj + ∑
j<k*i

Vj,k (2)

Vi*,j ) VOi* ,Oj
+ VOi* ,Hj

+ VHi* ,Oj
+ VHi* ,Hj

+ ∑
R,â

qi/Rqjâ

Ri/R,jâ

(3)
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andâ is an index of the partial charge sites on the ground-state
molecule. The partial charges for the ground-state molecule were
taken from Coker and Watts.33 The partial charges oni* were
determined, to reproduce the dipole moment of excited H2O
(from ab initio calculations). This dipole moment is in the
opposite direction to that of the ground state. The dipole moment
of the excited water molecule (H2O)* is reproduced by placing
negative charges of-0.225 au on the H atoms, and a positive
charge of 0.45 au at the center of mass. The atom-atom
potentialsVOi

*,Oj
, VOi

*,Hj
, andVHi

*,Hj
were modeled as repulsive

exponentials, whereasVHi
*,Oj

was assumed to be a Morse
function. The parameters of all these pairwise interactions were
determined by fittingVi* ,j to ab initio calculations of that
interaction in the (H2O)*-H2O dimer.32 Approximately 200 ab
initio interaction points were computed using the MCQDPT2
method. The excited-state water molecule is known to be highly
polarizable.15,36This is not explicitly treated by our model, and
we assume that this effect is implicitly incorporated by the
parameter values, through their determination by fitting ab initio
calculations. Note that, in the limit of strong interactions between
water molecules, the pairwise treatment of the diagonal portion
of the excited-state potential may break down. For example,
the diffuse, Rydberg-like electron of theÃ1B1 state of the
monomer may be polarized away from the excited molecule,
leaving an H2O+ core and a delocalized electron cloud. Equally,
the Rydberg-like orbital could be localized to yield a valence-
state excited water molecule, in which the excited electron
occupies a purely antibonding orbital. This can be expressed in
different terms, with adjacent ground-state water molecules
inducing mixing of the various excited states of the water
molecule, such that even the lowest excited manifold of water
clusters is not composed solely of combinations ofÃ1B1-like
states, as assumed in our model. We note that some test
MCQDPT2 calculations have been performed on the trimer,
which give fair agreement with the predictions of the simple
model, despite the fact that the latter was parametrized only
for dimer systems. This suggests that the aforementioned
problems may not be too severe; however, the present work
must be considered to be preliminary, and further tests of the
performance of the potential are needed. Nevertheless, the
qualitative results of our work should give useful insight into
the nature of the excited states of water clusters.

The off-diagonal elementsHij of the model Hamiltonian are
assumed to be dominated by the interaction between the
transition dipole moments of the monomersi andj. The dipole-
dipole interaction is a term in the multipolar expansion of the
potential between an electronic excited species and a ground-
state species; however, when the transition dipole is large, this
term often dominates. An analytic expression is used38 in the
model for the transition dipole moment, the direction of which
is orthogonal to the plane of the water molecule. The origin of
the transition moment vector is located at the molecular center
of mass. We note that, in the geometries used to determine the
potential parameters in eq 2, the dipole-dipole interaction, by
symmetry, is zero.32 Ab initio calculations at other geometries
of (H2O)*-H2O yield excitonic splittings,32 which our model
attributes to the dipole-dipole interaction. The predictions of
the dipole-dipole model were tested directly against ab initio
calculations in the case of the (H2O)*-H2O dimer and are in
good agreement, at least for the range of distances that are
relevant here.

The diagonalization of the model Hamiltonian for a given
nuclear configuration yieldsn energy levels. These constitute
the excitonic1B1, band of (H2O)n for that given configuration.

The energies obviously are dependent on the nuclear configu-
ration. Note that the model explicitly includes the dependence
on both the intramolecular and intermolecular geometries. The
wave functions determined in the diagonalization process, which
are eigenfunctions of the model Hamiltonian, are the excitonic
states. Analysis of these eigenfunctions can reveal the extent
to which these excitonic states are localized on the monomers,
or perhaps delocalized. Recall that the bands that correspond
to absorption continua of theB̃1A1 and C̃1B1 states of the
monomer are completely neglected in this model. As we shall
see later, the results predict strong blue shifts of theÃ1B1 band,
compared with the position in the monomer. It is expected that
inclusion of the higher states in the model could limit the
magnitude of the computed blue shifts. Unfortunately, such an
extension of the model is complicated and remains a challenge
for the future.

The model Hamiltonian can be expected to be valid only in
the Franck-Condon region for very short time durations after
photoexcitation. Photoabsorption will, after some time, lead to
photodissociation of a monomer in the cluster:

The H atom, which is released with high kinetic energy, can
induce further chemical processes. The model Hamiltonian
cannot describe the photodissociation process, and it is not
applicable beyond the photoexcitation stage.

C. Calculation of the Absorption Spectra.The calculations
presented here of the absorption intensities, as a function of
excitation energy, use a simple classical Franck-Condon
approximation. For each nuclear configurationR, which is
sampled from the MD simulations at equilibrium, a vertical
promotion into the excited-state potential surfaces is assumed
to occur upon photodissociation. The excited-state energies for
that configuration are computed by diagonalization of the model
Hamiltonian at the configurationR. For a cluster (H2O)n, there
are up ton distinct excitonic levels. In obtaining the absorption
intensities, the assumption was made that the transition moments
into the various excitonic states are independent ofR. This, in
fact, suggests that the distribution of cluster geometries is far
more sensitive to nuclear positions than the transition moments.
We note that, in the study by Harvey et al.32 on the smaller
clusters, the dependence of the transition moments on nuclear
positions was treated by an approximate model. Thus, the
present treatment is cruder; however, for larger systems, this
seems more justifiable. Classically, the probability of photoab-
sorption at a range∆R around R in configuration space is
proportional to the time the (equilibrated) trajectory spends in
that region of configuration space, and, therefore, is proportional
to the number of configurations sampled in that region. Thus,
a histogram is constructed such thatN(E)∆E is the number of
sampled points with corresponding excitation energy between
E - ∆E/2 andE + ∆E/2. The plot ofN(E) versusE (for a
chosen “energy bin” of∆E) is given in the same relative units
as the graph of the absorption intensityI(E) against the excitation
energy. This only provides a coarse absorption lineshape. Not
only are quantum effects such as interference completely absent,
but also features of a classical nature may be lost, because of
insufficient density of sample configurations. Nevertheless, this
suffices for a semiquantitative description of the spectra. It was
observed in the calculations that the excitation energies are most
sensitive to a specific geometric aspect of the configuration.
This is the orientation of the excited molecule (H2O)*, with
regard to the nearest ground-state H2O bound to it as an acceptor
of the hydrogen bond. Denoting the OH dipole axis of (H2O)*

H2O(X̃1A1) + pω f H2O(Ã1B1) f H(2S) + OH(X2Π)
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(the H atom is the donor in the hydrogen bond) byµA, and
denoting the OH dipole direction in the nearest-neighbor H2O
by µB, one can define an “orientation” angleθ by

It was found that this angle is the configurational parameter
that most strongly affects (at least on average) the excitation
energies. In our analysis of the spectra, we emphasize the role
of the configurationssand, in particular, the role of the angle
θsin determining the excitonic levels. This provides very
helpful insights into the computed spectra.

III. Results and Discussion

It is useful to mention at the outset the main results of ref 32
on the electronic spectroscopy of the small clusters (H2O)n, for
n ) 2-6. These calculations were made for clusters initially in
their ground vibrational state. It was found that (i) the spectra
all show a single major peak; (b) the spectra are shifted to the
blue, with respect to the water molecule; (iii) the shift to the
blue increases with cluster size, and (iv) among the smaller
clusters, only the dimer also shows (in addition to the strong
blue shift) a weak absorption tail to the red of the water
molecule. This prediction is supported by later experiments by
Imura and co-workers.39 We note that the absorption lineshapes
shown in ref 32 involve a technical error that is, however,
quantitatively small and should not affect the present discussion.

A. Equilibrium Structures. Knowledge of the equilibrium
structure of the clusters seems to be helpful for the interpretation
of some results. The structures shown in Figure 1, which were
obtained by simulated annealing calculations, are likely to be
the global minimum structures for the potentials used. (As noted
in Section II, we assume this is the case, in view of the extensive
search made.) Recall that, at the lowest temperature considered,
T ) 50 K, all the clusters are essentially in a “solid-like” state,
and the excursions from the equilibrium configuration are
moderate. At the highest temperature studied,T ) 300 K, all
the clusters, including the largest ones, are in a liquid-like state
and configurations from the global minimum are visited in the
course of the motions. Several local minima are visited by the
MD trajectories at the higher temperature; however, the system
spends more time in the vicinity of the global minimum than
in that of any of the other local minima.

B. Effects of Cluster Size on the Spectroscopy.Figure 2
shows the electronic absorption spectra of (H2O)8, (H2O)11, and
(H2O)50 at T ) 250 K. At this temperature, the clusters are in
a liquid-like state, with the monomers carrying out large
excursions from the global minimum structure. All three spectra
are strongly shifted to the blue, compared to that of an isolated
water molecule. Furthermore, the shift increases greatly with
increasing cluster size. The maximum of the absorption spectrum
of (H2O)11 is ∼1.3 eV to the blue of the maximum for (H2O)8;
the maximum of the absorption profile of (H2O)50 is shifted by
2.4 eV from the maximum peak position for (H2O)11. The shift
to the blue with increasing cluster size of the high-energy tails
of the absorption bonds is even more dramatic. All this is
consistent with the findings for the small (H2O)n clusters32 and
has the same interpretation. The excitation process promotes a
lone-pair electron into an orbital of partial-Rydberg character.
This electron is repelled by the electron densities around the O
atoms of neighboring water molecules, which increases the
excitation energy. This “confining box” effect for the promoted

electron is larger for more-compact clusters, with more neigh-
boring O atoms available to contribute to the repulsion.
However, as mentioned in the Model and Methods section, the
diagonal component of the interaction potential in the excited

cosθ )
µA‚µB

|µA||µB|
(4)

Figure 1. Computed equilibrium structures of (A) (H2O)8, (B) (H2O)11,
(C) (H2O)20, (D) (H2O)40, and (E) (H2O)50.

Figure 2. Electronic absorption spectra of (A) (H2O)50, (B) (H2O)11,
and (C) (H2O)8, each atT ) 250 K. Intensities are given in relative
units, and the excitation energy is given in electron volts.
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states may not reproduce the confining effect accurately, in case
the pairwise additivity assumption breaks down. In the presence
of more than one neighboring ground-state water molecule, the
electronic structure of the excited molecule may be considerably

different from that in the dimer, and lower (or higher) energies
may be obtained from the excitonic states. The present results
suggest that our simple model may indeed exaggerate the
confining box effect for larger clusters.

Another contributing factor is the increasing number of
excitonic levels withn. The width of the spectrum is expected
to increase with additional excitonic states. In part, the absorp-
tion bands into individual excitonic components overlap;
however, at least in several cases, the additional excitonic levels
absorb to the blue of the previous ones. Recall that our
calculations model only absorption into the band corresponding
to Ã1B1, in the case of the monomer. For the real systems, other
excited bands, such asB̃1A1 andC̃1B1, are certainly expected to
contribute at sufficiently high excitation energy. As noted in
the Model and Methods section, inclusion of the higher-energy
states is likely to limit the blue-shift effect onÃ1B1. Thus, it is
possible that the model yields exaggerated blue shifts. This is
an important point for future experiments to examine.

C. Effect of Temperature on the Width of the Spectra.
Figure 3A compares the absorption spectrum of (H2O)8 at T )
300 K (top) with that atT ) 50 K (bottom); Figure 3B compares
the UV spectrum of (H2O)11 at T ) 150 K (top) with that atT
) 50 K (bottom), and Figure 3C shows the spectrum of (H2O)20

at T ) 220 K (top) and 80 K (bottom). In all these cases, the
total width of the spectrum increases as the temperature
increases. The cause for this effect is straightforward. As the
temperature increases, the set of configurations accessible to
the system in the ground-state becomes larger, and the Franck-
Condon region becomes more extensive. As mentioned in the
previous section, the geometric parameter that seems to influence
the spectrum most sensitively isθ in eq 4, which measures the
orientation of the OH bond of the excited H2O, relative to an
OH bond in a nearby, ground-state H2O molecule. Figure 4
shows the distribution ofθ values, whereθ is the aforemen-
tioned torsion angle, for (H2O)8 at T ) 150 K (solid line) and
T ) 50 K (dotted line). As expected, the range ofθ values that
are accessible at higher temperatures is considerably wider. The
increased width with increasingT is partly due to the energy
variation within excitonic states that are accessible both at low
temperature and at high temperature and is partly due to the
fact that some excitonic states are not accessible from low-
temperature configurations, but become accessible for certain
configurations at higher temperatures.

D. Multiple Peaks in the Electronic Absorption Spectrum.
For small water clusters (H2O)n, for n ) 2-6, initially in their

Figure 3. Electronic absorption spectra of (A) (H2O)8 (at T ) 300
and 50 K), (B) (H2O)11 (at T ) 150 and 50 K), and (C) (H2O)20 (at T
) 220 and 80 K).

Figure 4. Distribution of torsion angleθ for (H2O)8 (s) at T ) 150
K and (- - -) at T ) 50 K. θ is the angle between an OH axis of the
excited water molecule and an OH axis of a neighboring water molecule
in the ground state.
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vibrational ground state, it seems that only a single, well-
resolved absorption peak is found in the absorption spectrum.32

However, Figure 3A shows three well-resolved peaks for (H2O)8
at T ) 50 K. This multiple-peak structure disappears atT )
300 K. Three peaks are clearly observed in the total absorption
band, and the more-detailed structure may not be realistic, given
the limitations of the model. The multiple peaks are, in most
cases, due to absorption into different excitonic states or groups
of excitonic states. The splittings between different excitonic
levels are so strong that the different peaks can survive even
the broadening effects at quite high temperatures. The sensitivity
of cluster spectra and, in particular, the occurrence of multiple
peaks, depending on the temperature, is of considerable interest
for future experimental studies.

E. Contributions of Different Excitonic States to the
Spectrum. Figure 5 shows the absorption spectrum into each
excitonic state of the cluster (H2O)8. In each of the cases, the
full absorption intensity in the same region of excitation energies
is also shown. As observed from the results, the spectral
contribution of different excitonic states strongly overlap;
however, the overlap is not complete. The results also show
that, in most excitonic states, the absorption contributions of a
single excitonic state exhibit a multiple-peak structure. The
potential energy surface that is associated with each excitonic
state varies strongly with energy, as a function of configuration.
Excitation from different local minimum structures of the cluster
may go into the same excitonic state; however, because of the
different configurations, the energies will be quite different,
resulting in possible different, well-resolved peaks. We note that
the energetic order of the excitonic states is not necessarily the
same for all configurations; i.e., potential surfaces that cor-
respond to different electronic states have intersections in many
cases.

F. Shift to the Red in the Low-Energy Tail. The absorption
spectrum of the clusters are basically strongly shifted to the
blue, with respect to the H2O molecule. This basic feature leaves
open the question whether an absorption tail to the red of the
monomer can occur in the low-energy portion of the spectrum.
Among the small (H2O)n clusters (n ) 2-6) initially in the

vibrational ground state, only the dimer was also observed to
possess an absorption tail to the red of the monomer.32 This
was attributed to the asymmetric structure of the dimer.
Although the promoted electron in a cluster experiences mostly
repulsive interactions, because of the O atoms of neighboring
water molecules, in the case of the dimer, there is an additional
attractive interaction mechanism. Consider the hydrogen-bond-
donating molecule in the dimer. There is an attractive component
to the interaction between the excited-state hydrogen-bond-
donating water and the hydrogen-bond-accepting molecule. This
is due to the high polarizability of the excited state, and
inspection of the electronic wave function of the dimer shows
that most of the electron density of the Rydberg-type orbital is
polarized away from the negative charge on the neighboring O
atom.32 The attractive interaction reduces the excitation energy
and results in the red tail of the dimer. The other clusters in the
range ofn ) 3-6 have ring structures, the different molecules
are almost symmetric, and the attractive mechanism does not
occur. We researched whether such an effect of an absorption
tail to the red of the monomer could be found for any of the
larger clusters studied here, and the effect apparently is indeed
unique to the dimer. On the other hand, there is an effect of an
expanding absorption tail on the low-energy side of the spectrum
with increasing temperature. Consider Figure 6, which compares
the absorption spectra of (H2O)8 at T ) 250 K andT ) 200 K.
The absorption tail at the lower energy is expanded to the red
at the higher temperature. This effect is clearly due to the
expansion of the Franck-Condon region asT increases, to
include also configurations that give low excitation energies.
These contributions seemingly result from configurations of
lower symmetry, in which presumably the promoted electron
experiences also attractive interactions with neighboring O
atoms. However, the attraction is not sufficiently strong to
produce a red shift, compared to the H2O monomer.

IV. Concluding Remarks

In this paper, we presented a study of the electronic absorption
spectroscopy of water clusters, based on a simple model of the

Figure 5. Contribution to the UV absorption intensity (dashed line) from the individual excitonic states (solid line), for (H2O)8 at T ) 50 K: (A)
first excitonic state, (B) second state, (C) third state, (D) fourth state, (E) fifth state, (F) sixth state, (G) seventh state, and (H) eighth state.
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excited electronic states in the Franck-Condon region. The
excitonic states were modeled in a framework that includes their
dependence upon the intramolecular and intermolecular coor-
dinates. This, together with classical molecular dynamics
simulations of the initial states of the cluster, enabled us to
calculate the UV absorption spectrum. The excitonic states and
the dependence of their energies on nuclear configuration are
the basis for interpreting the features of the spectra. Although
the simplicity of the model and the lack of data concerning the
excited states of water clusters means that the results are unlikely
to be quantitatively accurate, they should provide useful
qualitative insight.

Most of all, the intent of this study is to provide useful data
for planning future experiments, and we believe such experi-
ments to be feasible, given the present technology. However,
precise selection of cluster size is not yet possible and
experiments may need to be performed for a distribution of
cluster sizes. Trends were observed, with regard to the depen-
dence of the spectra on cluster size and temperature. These
trends could be a useful target for experimental study. Other
predictions, such as the occurrence of multiple, well-resolved
absorption peaks for a given cluster, might also prove to be of
experimental interest. We consider relative properties (e.g.,
relative spectral widths for different cluster sizes) to be the most
useful for testing the model predictions against future experi-
ments.

In the version presented here, the model used is very flexible
and can readily be extended (to water in bulk, ice, water layers
on surfaces, etc.). Adaptation of the model to other hydrogen-
bonded clusters should also be straightforward.
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Figure 6. Electronic absorption spectrum of (H2O)8 (s) at T ) 200
K and (- - -) at T ) 250 K.
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